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Chapter 1 

General introduction 



Colorectal cancer and liver metastasis 

Colorectal cancer is the second most common cancer in the Western world. At least 8600 new-

cases are diagnosed in the Netherlands each year and each year approximately 4400 patients 

die due to colorectal cancer (wwvv.kankerbestrijding.nl/nieuws/ cijfersoverkanker/2002). The 

most successful treatment of colorectal cancer is still surgical resection. The liver is the main 

organ of colorectal cancer metastasis. At the time of diagnosis, approximately 25% of patients 

have liver metastases whereas another 25% of patients develop liver metastases after resection 

of the primary tumor (1). The overall 5-year survival of colorectal cancer patients is 56%. The 

strongest prognostic factor of survival is stage of disease. The stage of colorectal cancer is 

determined by the depth of penetration of the colorectal wall (T-stage), the presence and 

number of lymph node metastases (N-stage) and existence of distant metastases (M-stage). 

Table 1 shows that the presence of either lymph node metastases or distant metastases is a 

poor prognostic factor. When distant metastases are present, the 5-year survival is less than 

5%. 

TNM 
stage 

I 

II 

III 

IV 

TNM characteristics 

TIN0M0 

T2N0M0 

T3, NO, MO or T4. NO, MO 

Any T, NI. MO or any T. N2, MO 

Any T. any N, Ml 

Dukes' 
equivalent 

A 

A 

B 

C 

D 

Astler-Coller 
equivalent 

A 

BI 

B2 and B3 

Cl-3 

D 

5-Year 
survival 

90-100% 

60-90% 

60-90% 

25-60% 

< 5 % 

Tabic 1: Comparison of classification systems of colorectal cancer. TNM. Dukes' and Astler-Coller. Tl. 
the tumor has invaded the subnuicosa. T2. the tumor has invaded the muscularis propria. T3. the tumor has 
invaded through the muscularis propria into the serosa, and/or nonperitonealized pericolic or perirectal 
tissues. T4. the tumor has invaded other organs or structures, and/or has penetrated the peritoneum. NO. 
invasion of regional lymph nodes (metastasis) is not apparent. Nl. one to three regional lymph nodes are 
invaded. N2. lour or more regional lymph nodes are invaded. MO. distant metastasis is not apparent. Ml. 
distant metastasis is apparent. See: http://vsww.oreilly.corn/medicaVcolon/news/eqwValents.htmJ 

Treatment of colorectal cancer 

Standard treatment of stage I colorectal cancer consists of surgical resection of the tumor 

without any further treatment. Stage II colorectal cancer is treated with surgical resection 

whereas adjuvant therapy is not indicated for most patients. Some patients may be included in 
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a clinical trial. Stage III colorectal cancer is treated with surgical resection and postoperative 

chemotherapy with 5-FU/levamisole. resulting in a reduction in overall death when compared 

with 5-FU alone (2). More recent studies have shown that treatment with 5-FU/leucovorin (a 

biochemical modulator of 5-FU) has a 5% survival advantage over 5-FU/levamisole (3). 

Nowadays, adjuvant chemotherapy with 5-FU/leucovorin is standard treatment for patients 

diagnosed with stage III colorectal cancer. Eligible patients should be considered for entry 

into carefully-controlled clinical trials to compare postoperative chemotherapy regimens, 

postoperative radiation therapy and/or biological therapy to stimulate the immune system, 

alone or in combination. When colon cancer has metastasized to the liver (stage IV), ablation 

of metastases by surgical resection, cryotherapy or radiofrequency therapy is the only curative 

treatment possible (4). However, the majority of these patients cannot be treated by surgical 

resection due to excessive numbers of metastases, the location of the metastases or a general 

bad condition of the patient. For these patients, improvement of quality of life and survival 

are studied at the moment with adjuvant treatment with 5-FU, leucovorin, oxaliplatin and 

isolated liver perfusion with melphalan (5, 6). 

Mechanisms of metastasis 

Metastatic capacity of cancer cells is determined by several factors, including enhanced cell 

motility, altered adhesion and enhanced protease expression. The preference of colon cancer 

to metastasize to the liver has been explained by two mechanisms. First, the "seed and soil" 

theory of Paget (1889) postulates that a "seed" (cancer cell) requires a suitable '•soil" (target 

organ) for successful growth at a secondary site. Cross-talk between cancer cells and the 

microenvironment of the target organ seems to be responsible for organ-specific metastasis. 

Second, Ewing (1928) postulated the "hemodynamic theory" which challenged the theory of 

Paget. According to Ewing, formation of metastases is determined by the anatomical position 

of the target organ in the vascular system indicating that cancer cells lodge in the capillary 

bed that they encounter. The liver is the first capillary bed for colorectal cancer cells when 

they are disseminated in the blood stream. When the cancer cells are disseminated in the 

lymph vessels, they can enter the circulation via the thoratic duct and do not encounter the 

liver as first capillary bed. Of course, a combination of both is also a possibility. This means 

that cancer cells can become arrested in the first capillary bed they encounter (Ewing) but 

only cancer cells that are arrested in the "appropriate" target organ have the capacity to form 

metastases (Paget). 
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Early events in metastasis 

The mechanisms involved in the first event in metastasis, arrest in the target organ, is still a 

matter of debate. The mechanism of cancer cell arrest has been addressed in several 

experimental studies using different experimental approaches. For example, expression of 

specific adhesion molecules on the cell surface of cancer cells in combination with the 

presence of their ligands in the target organ has indicated a functional role of inlegrin-ligand 

interactions in specific homing of cancer cells (7). On the other hand, hepatic metastasis has 

been shown to be dependent on the first-pass trapping of cancer cells (8). Moreover, intravital 

microscopy has shown that cancer cells arrest in rodent liver due to size restriction (9). Cell 

arrest was shown to be independent of the metastatic capacity of cancer cells. Therefore, other 

factors besides cell arrest seem to be important for metastasis to occur. 

The next step after cell arrest is assumed to be extravasation of cancer cells out of the 

capillary into surrounding tissue. In this step, cell motility, cell adhesion and secretion of 

proteases are considered to be essential for the process of extravasation. Cell motility and cell 

adhesion have been studied in vitro and in vivo. Adhesion of cancer cells to specific substrates 

in vitro can provide clues which adhesion molecules play a role in metastasis. In vivo 

experiments have shown that interfering with adhesion by the administration of ROD peptides 

(peptide sequence recognized by integrins) to the circulation reduces liver metastasis of 

colorectal cancer (10) but information on the dynamics was not obtained. Intravital 

microscopy has shown that cancer cells with different metastatic capacities arrest and 

extravasate equally well in the liver. Furthermore, overexpression of tissue inhibitor of matrix 

metalloproteinascs (TIMP-1). a natural inhibitor of matrix metalloproleinases (MMPs) which 

are considered to be important in metastasis, does not affect the capacity to extravasate. This 

implies that post-extravasation events are more important for metastasis than extravasation 

itself and that MMPs are not involved in the process of extravasation. On the other hand, it 

was recently shown that extravasation is not a requirement for metastasis because lung 

colonization was preferentially initiated by intravascularly-growing cancer cells rather than by 

cxtravasatcd cancer cells (II) . 

Animal models of colorectal cancer 

Metastasis formation in animal models is usually studied with end-point assays where tumors 

are induced, a treatment is given and the effect is scored at a given time. However, the process 
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of metastasis is a dynamic process including several steps. These steps occur in different 

stages of tumor development both spatially and temporally. Therefore, treatment may affect 

tumor development in some steps but not in others and visualization of tumor development in 

time may elucidate these time-related mechanisms in tumor development. Transfection of 

cancer cells with marker molecules enables visualization of cancer cells in living animals (12-

14). This allows the analysis of development of metastases in time at the single cell level. 

However, these techniques are invasive and therefore not ideal to follow tumor formation. 

Noninvasive imaging can in principle be performed with magnetic resonance (MR) imaging, 

but spatial resolution at the single cell level is still an illusion at present. 

Matrix metalloproteinases and colorectal cancer metastasis 

The involvement of proteases, and in particular MMPs, in the progression of colorectal cancer 

and metastasis has been the subject of many studies. In humans, correlations between elevated 

MMP expression and colorectal cancer progression have been found (15. 16). As a 

consequence, low-molecular-weight synthetic MMP inhibitors have been developed for the 

treatment of cancer patients. Animal studies have shown that, in general. MMP inhibitors 

inhibit cancer progression and metastasis (17-19). On the other hand, induction of metastases 

by treatment with MMP inhibitors has also been reported in animal models (20). Clinical 

trials using MMP inhibitors for the treatment of various types of cancer have shown little 

benefit so far or even did worse than placebo treatment (21). These data indicate that 

inhibition of MMPs can either inhibit or promote tumor growth. Underlying mechanisms of 

tumor promotion are yet largely unknown. 

Detection of matrix metalloproteinases involved in cancer and metastasis 

MMPs are produced and secreted as inactive enzymes and become activated extracellularly. 

usually by other proteases. Activity of proteases is tightly regulated by pro-enzyme activation 

and inhibition of active proteases by their endogenous inhibitors, such as TIMPs. There are 

several ways to study the involvement of MMPs in cancer and metastasis. However, most 

techniques allow either only localization of the protein and thus do not provide information 

on their activity or determine activity in tissue homogenates and thus do not provide 

information whether the activity is localized in tissue regions that are relevant for tumor 

growth. For a better understanding of the role of MMPs in cancer progression and metastasis, 

the combination of both, localization of activity, may provide more relevant information. One 
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of the few techniques available for the localization of proteolytic activity is in situ 

zymography. The first report on in situ zymography for gelatinolytic enzymes was presented 

by Galis et al. (22). They used FITC-labelled gelatin that was placed on top of unfixed 

cryostat sections. Decreased fluorescence was used as a parameter of gelatinolytic activity in 

situ. However, this often resulted in a poor spatial resolution and low sensitivity. Recently, 

novel substrates for proteases including MMPs have been introduced that fluoresce after 

proteolytic cleavage and can be applied to visualize proteolytic activity in situ (this thesis). 

Application of these substrates has increased sensitivity and spatial resolution because 

disappearance of fluorescence is less sensitive than formation of fluorescence. Localization of 

gelatinolytic activity as precisely as possible may contribute to our understanding of its role in 

tumor progression and metastasis. 

Studies with inhibitors of MMPs 

The most direct way to study the involvement of MMPs in colorectal cancer is by intervention 

studies in animals. Usually, an animal model is selected that represents the human situation as 

closely as possible. In such a model, rumors are induced and the involvement of proteolytic 

enzymes in the development of tumors is studied by administration of MMP inhibitors to the 

animals (18, 20). 

Aim of the study 

The main issue addressed in this thesis is what processes are involved in tumor development 

of colon cancer in the liver and in particular whether MMPs are functionally involved in the 

formation of liver tumors of colorectal cancer. In chapter 2, an experiment of visualization of 

tumor development with MR imaging in live rats is presented. This study shows that kinetics 

of tumor development within individual rats can be obtained by imaging rats multiple times. 

The major advantage of MR imaging is that rats can be imaged in a noninvasive way in time 

without restriction, and thus tumor growth is affected as little as possible. Furthermore, it 

provides information additional to end point measurements. To study early events in invasion 

and metastasis like cancer cell arrest, extravasation and migration, rat colon cancer cells were 

labelled with GFP and used to visualize these processes in livers of live rats (chapter 3). It is 

shown that cancer cells are arrested in livers of rats due to size restriction and that these 

cancer cells do not extravasate but proliferate inside sinusoids, the capillaries of the liver. This 

implies that MMPs are not necessary in these early stages. Interestingly, early interactions 

to 



between cancer cells and hepatocytes were observed instead of interactions between cancer 

cells and the lining sinusoidal endothelial cells. To identify the interactions between cancer 

cells and hepatocytes, adhesion molecules were studied (chapter 4). Candidates of the integrin 

family were identified that may play a role in adhesion between cancer cells and hepatocytes. 

In chapter 5, methods to detect and localize in situ proteinase activity in general and 

gelatinolytic activity in particular are reviewed. Detection of gelatinolytic activity in situ was 

introduced in 1995 (22), but the introduction of quenched fluorescent substrates for 

gelatinases greatly improved precision of localization and sensitivity of the assay. 

Localization of gelatinolytic activity in metastases of colon cancer in rat liver was 

demonstrated with dye-quenched (DQ)-gelatin as substrate (chapter 6). Gelatinolytic activity 

was localized in these metastases and suggests a role in remodelling of tissue related with 

tumor development. However, definite conclusions could not be drawn. Previous studies have 

shown that MMPs in general and gelatinases (MMP-2 and MMP-9) in particular are involved 

in colon cancer progression and metastasis. However, gelatinases are multifunctional proteins 

that can result in both tumor promoton and tumor inhibition (chapter 7). Therefore, a selective 

MMP inhibitor was administrated to rats to investigate the biological role of MMPs in tumor 

progression (chapter 8). It was found that daily administration of MMP inhibitor reduced the 

diameters of tumors that had developed at three weeks after their induction. These findings 

are in line with the findings presented in chapter 6. that suggest a role of gelatinolytic activity 

in tissue remodelling and thus inhibition of remodelling should slow down tumor growth. 

However, daily treatment of the rats with the MMP inhibitor did increase the number of 

metastases that had developed at three weeks after induction by two-fold. It is suggested that 

MMP inhibition also affects the immune response in early stages of metastasis and therefore, 

may be responsible for the increased numbers of metastases observed at three weeks after 

induction. The general discussion (chapter 9) puts the findings described in this thesis into 

perspective of the present views on processes involved in invasion and metastasis of colon 

cancer in the liver. 
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Abstract 

Quantification of tumor growth is a major tool to determine efficacy of therapy. There are 

several ways to quantify tumor growth. During the last decade, the use of magnetic resonance 

(MR) imaging in diagnostics and experimental models has evolved tremendously. MR 

imaging offers the opportunity to quantify tumor growth with several advantages over other 

means of quantification i.e. MR imaging is noninvasive and can therefore be applied multiple 

times on the same animal and provides 3-dimensional information that allows calculation of 

tumor volumes. In the present study, we applied high resolution MR imaging to study the 

development of colon cancer tumors in rat liver. As a model system, we used control diet fed 

and fish oil fed rats because it has been previously shown that the latter diet affects tumor 

growth in the liver. 

MR imaging triggered to the breathing together with a radio frequency coil of novel design 

enabled detailed TI-weighted and T2-\veighted imaging of the liver. T2-weighted images 

clearly identified hyperintense lesions representing tumors. Imaging tumors at 3. 4 and 5 

weeks after their induction enabled calculation of kinetics of their development. It was found 

that tumor volume doubling times obtained by exponential curve fitting of individual tumor 

volumes at three time points was similar in control diet fed and fish oil fed rats. However, 

individual tumor volumes at 4 and 5 weeks after their induction were smaller in fish oil fed 

rats than in control rats. The interpretation of the findings that tumors in fish oil fed rats were 

smaller than in control rats, whereas their volume doubling lime was similar suggests that 

growth of tumors in fish oil fed rats is delayed. Furthermore, our findings demonstrate the 

value of measuring noninvasively kinetics of tumor development over classical end-point 

measurements at the time of death of the animals because it provides relevant additional 

information. It is concluded that MR imaging is a useful tool to quantify tumor growth 

especially to establish effects of treatment or therapy. 

Introduction 

Tumor development is a dynamic process and depends on various factors. Important factors 

for secondary tumors or metastases to establish are cancer cell arrest in distant organs, 

immune response, altered expression of adhesion molecules and proteases and angiogenesis 

(1-3). These factors are important in different stages of tumor development. This implies that 

inhibitors of tumor growth may have their effects in specific stages only. Usually, effects of 
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treatment are determined at a given time after administration of the cancer cells when the 

animals are sacrificed and the effect of a therapy is evaluated (4). In this way, possible 

differences between control and treated animals can be determined but information on the 

kinetics of tumor growth is not obtained. To better understand tumor development and 

metastasis and to interpret outcomes of intervention studies, visualization of tumor growth 

(and the kinetics) would be of great help. 

Development of subcutaneous tumors can rather easily be followed noninvasively in time (5) 

but often these tumors do not grow in their natural environment and therefore do not represent 

tumor growth as it occurs in humans. To mimic the process of tumor development and 

metastasis in humans as closely as possible, tumor development in target organs or orthotopic 

tumor growth are to be preferred (6). 

There are several ways to visualize rumor development. Stable transfections of cancer cells 

with reporter genes like B-galactosidase (Lac-Z) (7, 8) or green fluorescent protein (GFP) (9-

11) have been shown to be powerful tools in the visualization of tumor growth. However, 

Lac-Z cannot be imaged in live animals but only in freshly-isolated tissues. Visualization of 

GFP-expressing tumors is usually performed invasively and therefore measurement is limited 

to a few time points only for ethical reasons. Moreover, surgery involved can affect tumor 

growth. The first noninvasive approach of GFP imaging was shown by Yang et al. (12). 

Orthotopically-transplanted GFP-positive tumors and their metastases were imaged in intact 

mice but the limits of detection appeared to be a function of depth: tumors of minimally 1.9 

mm could be imaged only up to a depth of 2.2 mm in tissues (12). Thus, the development of 

tumors that are growing non-superflcially remained difficult. 

Magnetic resonance (MR) imaging allows detection of tumors throughout the entire body of 

rats and mice. High magnetic fields enable a resolution in the xy-plane of approximately 0.2 x 

0.2 mm (13). Due to the noninvasive character of MR imaging, the same animal can be 

imaged multiple times without harmful effects. Moreover, MR imaging allows optical 

sectioning through the specimen, providing 3-dimensional information which allows more 

precise calculation of tumor volumes. So far. the use of MR imaging of tumors in livers of 

rats has been applied to study the effects of somatostatin on the development of liver tumors 

(14) and growth characteristics of experimentally-induced hepatocellular carcinoma (15). 

Tumor development of colon cancer in the liver is studied in our department in a rat model 

using end-point assays. For example, three weeks after administration of colon cancer cells to 
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the portal vein rats were sacrificed and the effect of a diet enriched with fish oil on tumor 

growth was evaluated (16). Recently, we studied early events in invasion and metastasis of 

colon cancer in rat liver using GFP-expressing cancer cells but analysis of tumor development 

could be performed only invasively (17). In the present study, we have evaluated the use of 

MR imaging to quantify tumor load and to determine kinetics of tumor growth by sequential 

imaging of tumor development in individual rats. We compared tumor development in livers 

of rats that received a fish oil enriched diet starling at two weeks after administration of the 

cancer cells with that in rats receiving a normal diet. We used this model because it was 

shown previously that a fish oil diet which was started at three weeks before administration of 

the cancer cells strongly increased numbers and size of tumors in the liver as compared with 

rats receiving a normal diet (16). 

Material and methods 

Animals 

Adult male Wag-Rij rats (n = 6) (Broekman. Someren, The Netherlands) with a body weight 

of 200-250 g were maintained for 2 weeks under constant environmental conditions with free 

access to food and water. 

Cancer cells 

An established colon carcinoma cell line, CC53 Is, has been developed by Marquet et al. (I IS). 

The cells were cultured at 37°C as monolayers in RPMI-1640 Dutch Modification without L-

glutamine (GIBCO/BRL, Grand Island, NY) supplemented with 10% (v/v) fetal calf serum. 2 

mM L-glutamine. 100 IU penicillin/ml and 100 mg streptomycin/ml. Cells were washed with 

phosphate-buffered saline (PBS) and after detachment with trypsin (0.05% w/v) and 

ethylenediaminetetraacetic acid (EDTA) (0.02% w/v) in PBS and centrifugation (250 g. room 

temp, 10 min), cell suspensions were obtained with a viability of at least 95% (19). 

Surgery 

A small midline incision was made in the abdominal wall of rats under anaesthesia with FFM 

mix (1 ml Hypnorm, 1 ml Midazolam and 2 ml water, 0.27 ml 100 g body weight, 

intrapcritoneally). A suspension containing 5 x 10 cancer cells in 500 ul PBS was injected 

into the portal vein with a 27-gauge needle. 
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Diet protocol 

Two weeks after administration of cancer cells, rats were divided randomly into two groups. 

Rats received either a control diet (n = 3) or a fish oil diet (n = 3) until sacrifice of the 

animals. The composition of the diets and the feeding protocol have been described 

previously (16). 

Visualization of liver tumors 

MR images of each rat were taken at 3, 4 and 5 weeks after administration of the cancer cells. 

The animals were anaesthetized with 1.5% isoflurane and a mixture of N2O/O2 (1:1). Body 

temperature was maintained at 37°C by covering the rats with a bed heated with circulating 

warm water (20). A dedicated 5 x 7 cm microstrip RF coil of novel design was used as 

transmitter/receiver in order to improve the quality of the images. A customized plastic cradle 

was built to accommodate the rat in prone position on the coil. Rats were placed in an MR 

spectrometer (S.M.l.S. console equipped with a Magnex Scientific 7 T/200 mm horizontal-

bore magnet and a 150 raT/m gradient set). After initial monitoring of the liver with fast 

gradient-echo scout images, 16 contiguous coronal images (i.e. parallel to the coil) were 

acquired. The image acquisition protocol consisted of Tl - and T2-weighted spin echos for 

anatomical localization of the liver and detection of tumors. Imaging parameters were: image 

matrix size of 256 x 256, field of view (FOV) of 14 x 14 cm, slice thickness (SLT) of 2 mm 

and 1 signal average per phase-encoding step. The values of repetition time (TR) and echo 

time (TE) were TR/TE = 500/15 ms for the Tl-weighted images and TR/TE = 710/36 ms for 

the T2-weighted images. Image acquisition was triggered on the rats respiration rate. 

Volume measurements 

Total tumor mass per rat (n = 6) was calculated by the sum of the tumor surface area (mm2) 

times the slice thickness (mm). From rats 1, 2. 5 and 6 only individually-growing tumors at 3, 

4 and 5 weeks after their induction were used to calculate the tumor volume doubling time. 

The optical slice with the largest surface area was used to determine the surface area. As all 

tumors were more or less globular, the radius was calculated from the largest surface area 

using r = \'surfacearea/7t. The volume was calculated as v = 4/37tr3. 
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Histology 

Four (n = 2) and five weeks (n = 4) after administration of the cancer cells i.e. after the second 

and third MR imaging session, respectively, animals were sacrificed and the livers were 

removed and examined macroscopically for the presence of tumors for comparison with the 

MR images. After examination, liver pieces with tumors were frozen in liquid nitrogen and 

stored at -80°C until further use. Cryostat sections (S urn thick) of livers containing 

metastases were cut with a motor-driven cryostat with rotary retracting microtome (Bright. 

Huntingdon, UK), at a cabinet temperature of-24°C. air-dried for i hr and fixed in acetone at 

room temp for 10 min. Colon cancer cells were detected with Ulex europaeus agglutinin-1 

conjugated to horseradish peroxidase (UEA-HRP: FY Laboratories, San Mateo, CA), a 

selective marker of colon carcinoma cells (19). Peroxidase activity was visualized by 

incubation for 10 min at RT with a solution containing 20 mg 3-amino-9-ethylcarbazole 

(Sigma). 5 ml diinethylformamide. and 0.01% hydrogen peroxide in 50 mM sodium acetate 

buffer (pH 4.9). After rinsing in distilled water, sections were counterstained with 

hematoxylin and mounted in glycerin gelatin. 

Statistics 

Statistical analysis was performed using the unpaired Students t test. P values < 0.05 were 

considered significantly different. Values are given as means ± SEM. 

Results 

The use of a breathing-triggered MR imaging protocol enabled sharp and detailed Tl -

weighted imaging of the liver, allowing delineation of intrahepatic structures (Fig. 1). Tl-

vveighted imaging did not allow visualization of tumors in the liver after 3 weeks o\' tumor 

development. At 4 and 5 weeks after induction of tumors, some but not all tumors were 

detected as slightly hyperinlense structures (Fig. 2A). However, all tumors could be identified 

clearly as hyperintense lesions at all time points in T2-weighted images (Fig. 2B). Imaging of 

the rats at 3 time points enabled us to follow tumor development in time (Fig. 3). Liver 

tumors developed in all 6 animals either as solitary tumors or tumor aggregates after fusion of 

single tumors. 
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Figure 1. Tl-weighted MR image of the abdomen of the rat. Different organs can be clearly 
distinguished and even within organs such as the liver structures such as blood vessels (arrows) can 
clearly be distinguished from their surrounding. Bar = 2 cm. 

Figure 2. Tl-weighted (A) and T2-weighted (B) MR images from the same optical section of the same rat at 
5 weeks after induction of colon cancer tumors. Only some tumors (arrows) arc faintly visible as 
hyperintense structures in the Tl-weighted images whereas all tumors are clearly visible as hyperintense 
lesions in the T2-wei«hted images. Bar= 2 cm. 

Figure 3. T2-\veighted MR images of the same colon cancer tumors (arrows) at 3 weeks (A). 4 weeks (B) and 
5 u eeks (C) after induction of the tumors. Bar = 2 cm. 

Total tumor mass was calculated as the sum of the areas of all tumors, including solitary 

tumors and tumor aggregates, times the slice thickness per rat per time point. Tumor take was 
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similar in the control diet group and the fish oil diet group (Fig. 4); in each group, one animal 

with low tumor take, one animal with medium tumor take and one animal with high tumor 

take were found. 

- -<• - rat 2 

- — - rat 3 
- - - - - - - rat 4 

— . — rat 5 
— — rat 6 

3 4 5 

Time after tumor induction (weeks) 

Figure 4. Total tumor mass in livers of rats at 3. 4 and 5 weeks after induction of the tumors. Each group contains 
one rat with low tumor take (rats 2 and 5), one rat with medium tumor take (rats I and 6) and one rat with high 
tumor take (rats 3 and 4). Rats 3 and 4 were sacrificed one week before the end of the experiment due to massive 
tumor growth. Total tumor area between both groups (rats 1. 2 and 3 versus rats 4, 5 and 6) is similar. 

The two animals with high tumor take were sacrificed at four weeks after administration of 

the cancer cells for ethical reasons. There was no difference in the mean total tumor mass at 

either time point, and thus total tumor mass increased similarly in time, when comparing 

control rats and fish oil fed rats (Fig. 4). Rats 2 and 5 developed solitary tumors only whereas 

rats 1 and 6 developed both solitary tumors and tumor aggregates. Selection of individual 

tumors and calculation of their volumes at 3, 4 and 5 weeks after their induction allowed 

calculation of growth curves for each individual tumor (Fig. 5). 

Exponential fitting of the growth curves enabled the calculation of tumor volume doubling 

time as a measure of tumor growth rate. The average tumor volume doubling time was 0.59 ± 

0.1 1 weeks in 9 tumors in control animals and 0.58 ± 0.04 weeks in 16 tumors in fish oil fed 

animals (Fig. 6A), which means that growth characteristics of solitary tumors were identical 

in the 2 groups (approx. 4 days). However, the mean tumor volume was significantly different 

at 4 and 5 weeks but not at 3 weeks of tumor development in fish oil fed rats and control rats 

(Fig. 6B). These measurements show that the tumor volume doubling lime was similar in both 

groups whereas the average volume of solitary tumors was significantly lower in fish oil fed 

rats. Similar tumor volume doubling times and smaller tumor volumes in fish oil fed rats 

suggest that tumor development is only temporarily inhibited by treatment with a fish oil diet. 
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Figure 5. Growth curves of individual tumors in control rats (A) and fish oil fed rats (B). Curves are fitted as 
exponential growth curves. 
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Figure 6. Tumor volume doubling time in control (C) and fish oil fed rats (F). Doubling times are similar in 
both groups (A). Average tumor volume at 3. 4 (left axis) and 5 weeks (right axis) after induction in control 
(C) and fish oil fed (F) rats (B). The average tumor volume is smaller in fish oil fed rats than in control rats 
(significant differences at 4 and 5 weeks). 

Discussion 

MR imaging studies in the early nineties have shown that it is a powerful tool to study tumor 

development in live animals (14, 21). During the last deeade. the technology in MR imaging 

has been improved considerably by the development of stronger magnetic fields, modified 

coils and improvement of imaging protocols which has resulted in improved signal-to-noise 

ratios and increased spatial resolution (22). Noninvasive imaging of the liver in live animals is 

difficult due to motion artefacts caused by respiration. However, triggering of the MR 

protocol to the breathing of the animal enabled us to acquire well-contrasted and detailed 

images of rat livers and to image tumor development of colon cancer in the liver. As an 

example, we have compared tumor development in livers of rats that were either fed a control 
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diet or a fish oil diet, which has been shown previously to facilitate tumor growth 

dramatically (16). 

There are several ways to evaluate tumor growth in animal models as a test for efficacy of 

therapy or treatment. Usually, these studies are performed as end-point assays. This approach 

does not provide information on changes that occur during tumor development. In order to 

monitor tumor development without interference it should be done noninvasively. The GFP 

technology has proven to be a powerful tool in the visualization of tumors in live animals (9-

1 1). Noninvasive whole body imaging has been performed on mice bearing GFP-positive 

tumors but sizes of tumors that can be imaged appeared to have an inverse relation with the 

depth of location (12). In contrast. MR imaging of tumors does not rely on transfection of 

cancer cells with any reporter gene, can be performed noninvasively for multiple times and 

tumors can be imaged in any part of the animal. Therefore. MR imaging provides a valuable 

tool for imaging tumor development in live animals. 

In Tl-weighted images of the liver, only a small part of the tumors could be detected with 

small differences in intensity as compared with liver tissue. However. T2-weighted imaging 

clearly showed hyperintense lesions in the liver. Imaging of the rats at 3. 4 and 5 weeks 

enabled us to visualize tumor development as it occurs in time. One way of determination of 

tumor growth is calculation of the total tumor mass as has been described by Qin et al. (14). 

In analogy, we calculated total tumor mass present in the livers in time. Total tumor mass as a 

measure of tumor load was similar in control rats and fish oil fed rats suggesting that in this 

small group of animals the tumor load was similar. Furthermore, total tumor mass at 3. 4 and 

5 weeks after induction of the tumors indicated similar kinetics of tumor development in both 

groups. 

Quantification of growth of solitary tumors appeared to be possible as well. Tumor volume 

doubling times obtained by exponential curve luting of solitary tumor volumes at 3. 4 and 5 

weeks showed that the tumor volume doubling time of solitary tumors was similar in both 

groups. However, by comparing mean tumor volumes that were used to calculate the tumor 

volume doubling time, it became evident that the mean tumor volume in fish oil treated rats 

was lower than in the control rats at 4 and 5 weeks after administration of the cancer cells. 

Taken into account that the tumor volume doubling times were equal, it suggests that tumors 

that were growing in fish oil fed rats were only temporarily delayed in growth as compared 

with tumors growing in control rats. After the delay, growth showed similar rates in both 
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groups. Proliferation of hepatocytes after partial hepatectomy has been shown to be inhibited 

due to a fish oil enriched diet (23). Possibly, a similar mechanism is responsible for the delay 

in tumor development in fish oil fed rats. Apparently, treatment of rats with a fish oil diet that 

was started at 2 weeks after administration of the cancer cells has a different effect on tumor 

development than a diet that is started before cancer cells are administered (16). 

Taken together, we have shown that MR imaging is a valuable tool to study tumor 

development in livers of live rats. Calculation of kinetics of tumor growth provides additional 

information that is not obtained by end-point studies which can lead to different insights in 

tumor growth characteristics. For example, when only judging tumor volumes at the end-

point of 5 weeks, one could conclude that tumors in fish oil fed rats grow slower than tumors 

in control rats. However, on the basis of additional information on the kinetics of tumor 

development this conclusion appeared not correct. It shows that tumors grew at a similar rate 

but tumors in fish oil treated rats were inhibited in their growth only temporarily. Therefore, 

we conclude that dynamic observations during tumor development provides additional and 

sometimes crucial information as compared with end-point observations only. 
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Abstract 

Colon cancer preferentially metastasizes to the liver. To determine cellular backgrounds of 

this preference, we generated an enhanced green fluorescent protein (eGFP)-expressing rat 

adenocarcinoma cell line (CC531s) that forms metastases in rat liver after administration to 

the portal vein. Intravital videomicroscopy (IVVM) was used to visualize early events in the 

development of tumors in livers of live animals from the time of injection of the cancer cells 

up to 4 days afterward. Based on information obtained with IVVM. tissue areas were selected 

for further analysis using con focal laser scanning microscopy (CLSM). electron microscopy 

(EM), and electron tomography. It was shown that initial arrest of colon cancer cells in 

sinusoids of the liver was due to size restriction. Adhesion of cancer cells to endothelial cells 

was never found. Instead, endothelial cells retracted rapidly and interactions were observed 

only between cancer cells and hepalocytes. Tumors developed exclusively intravascularly 

during the first 4 days. In conclusion, initial steps in the classic metastatic cascade such as 

adhesion to endothelium and extravasation are not essential for colon cancer metastasis in 

liver. 

Abbreviations: CLSM, con focal laser scanning microscopy: IVVM, intravital 

videomicroscopy; eGFP. enhanced green fluorescent protein; EM. electron microscopy; PBS, 

phosphate-buffered saline. 

Introduction 

Many types of cancer of the gastrointestinal tract preferentially form metastases in the liver.' 

Metastasis of colon cancer in liver is found in 25% of patients at the time of colorectal 

resection, whereas 50% of patients eventually develop liver metastases. Approximately 90% 

pf patients who die from colorectal cancer have liver metastases." Metastasis is a multistep 

and dynamic process. Several steps are considered essential for the formation of metastases. 

These steps include detachment of cancer cells from the primary tumor, entry into the 

circulation and exit from the circulation at a secondary site by interactions with endothelial 

cells, and subsequent extravasation. Completion of all these steps is considered necessary for 

metastasis. Two processes have been proposed to explain the high incidence of colon cancer 

metastasis in liver. One explanation is based on the seed-and-soil theory of Paget (1875) in 

which preferential adhesion of colon cancer cells (homing) forms the basis.4" Alternatively, 
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experimental data have shown that cancer cells cannot pass the liver because they are arrested 

physically in the too narrow sinusoids of the liver.1"' 

The next steps after cancer cell arrest are also a matter of debate. Extravasation is considered 

the next step, but experimental data have shown that cancer cells can then either be dormant' 

or form micrometastases in the circulation.' 

Experimental end-point animal models of metastasis allow for quantification of numbers and 

sizes of metastases'" but provide little information on processes that are involved in the 

development of metastases. Early events in metastasis were thus far not easy to study because 

identification of single cancer cells or micrometastases in tissues was difficult. To enable the 

analysis of early events in the formation of metastases, cancer cells have been transfected 

with the Escherichia coli (i-galactosidasc (lacZ) gene, which enables detection of 

micrometastases in tissue sections " and quantification of cancer cells in tumor tissue 

homogenates.14 However, lacZ does not allow direct visualization of cancer cells in live 

animals, which would help us to understand dynamic processes related to invasion and 

metastasis of cancer. _> Green fluorescent protein is a suitable heritable marker and has been 

proven to be a powerful tool for the visualization of cancer cells in live tissues 6"1S in intact 

animals using lime-lapse confocal laser scanning microscopy (CLSM)1'' and intravital video-

microscopy ( IWM) . ' Therefore, we generated a rat adenocarcinoma cell line (CC531s) 

stably transfected with the enhanced green fluorescent protein (eGFP) coding sequence to 

study early events in the development of metastases, particularly with respect to homing of 

colon cancer cells in the liver and subsequent steps in tumor development. 

I W M was used to study the behavior of these fluorescent cancer cells in livers of live rats at 

the time of administration to the portal vein up to 4 days afterward. Based on I W M analysis, 

areas of interest in the livers were selected and CLSM, electron microscopy (EM), and 

electron tomography were applied to obtain detailed information at high resolution on 

interactions between cancer cells and their environment. 
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Materials and Methods 

Plasmid preparation. 

Construction of an expression vector containing both the eGFP gene and the Zeocin resistance 

gene were constructed as follows. The pcDNA3.l/Zeo^ vector (Invitrogen, Carlsbad. CA) 

containing the chimeric intron from pCT (Promega. Leiden. The Netherlands) between pCMV 

and the multiple cloning site was used. The peGFP-N2 vector was obtained from Clontech 

(Palo Alto, CA). Both vectors were digested with restriction enzymes Bamlll'Notl. The eGFP 

complementary DNA fragment from the peGFP-N2 vector was unidirectionally subcloned 

into the pcDNA3.1/Zeo" vector, resulting in a pcDNA3.1/Zeo"7eGFP vector. CsCl-purified 

plasmid DNA was digested with the restriction enzyme Sail, and the linearized DNA 

fragment containing both the eGFP gene and Zeocin resistance gene was isolated. This DNA 

fragment was used for transfection of CC531s cells. 

Cell culture. 

An established colon carcinoma cell line (CC531s) was obtained from a moderately 

differentiated and weakly immunogenic adenocarcinoma after experimental induction in 

WAG-Rij rats by treatment with 1.2-dimethylhydrazine." Cells were cultured at 37°C as 

monolayers in RPMI 1640 Dutch modification containing 10% fetal calf serum, L-glutamine 

(2 mmol/L), penicillin (100 lUAnl), and streptomycin (100 ug/ml) (all obtained from 

Gibco/'BRL. Grand Island, NY). Cells were washed twice with phosphate-buffered saline 

(PBS). After detachment with trypsin (0.05% wt/vol) in the presence of 

ethylenediaminetetraacetic acid (0.02% wt/vol) in PBS and centrifugation (250g at room 

temperature for 5 minutes), a single cell suspension was obtained with a viability of at least 

95%. 

Transfection. 

Cells that were confluent for 70% to 90% were harvested for transfection and resuspended in 

"cytomix". After 10 minutes of incubation with the Sail-digested DNA containing the eGFP 

gene, cells were electrophorized (260 V; 1,500 uF) and seeded in P25 culture flasks. Forty-

eight hours after transfection of the CC531s cells with the eGFP gene, selection with the 

antibiotic Zeocin (750 ug/ml; Invitrogen) was started to select Zeocin-resistant eGFP-positive 
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cells. At 3 weeks posttransfection. eGFP-posiiive cells were collected with a cell sorter 

(FACS Vantage: Becton Dickinson, San Jose. CA). Excitation was performed at a wavelength 

of 488 nm, and fluorescence was captured with a band pass filter (530 ± 15 nm). These cells 

were cultured further until a sufficient number of eGFP-positive CC531s cells was obtained. 

Aliquots of eGFP-positive cells were frozen and stored in liquid nitrogen. 

Doubling time of cell lines. 

CC531s parental cells and CC531s-eGFP cells were seeded in densities of 1.0 x 105 and 2.5 x 

10' cells in 60-mm culture dishes (Costar, Corning, NY). Cells were harvested and counted 

every 24 hours using a Biirker chamber. The doubling time was calculated from the cell 

growth curve over 4 days. 

Animals. 

Male WAG Rij rats (200-220 g) were obtained from Broekman (Somercn. The Netherlands). 

The animals were kept under standard environmental conditions with free access to food and 

water. All rats had acclimatized for 1 week before entering an experiment. All animal 

experiments were performed in agreement with the animal ethics committee of the Academic 

Medical Center. 

Administration of cancer cells. 

Logarithmically growing cells were washed twice with PBS. harvested after trypsinization. 

and resuspended in PBS. For determination of the optimum dose to induce colon cancer 

metastases in rat liver, single cell suspensions containing 1 x 10^ up to 1 x 107 CC531s-eGFP 

cells suspended in 0.5 ml PBS were administered to the portal veins after surgical midline 

incision in the abdominal wall of rats, using a 27-gauge needle as described previously.24"25 

During operation, animals were kept under anesthesia with FFM (I ml Hypnorm. 1 ml 

midazolam, and 2 ml water; 0.27 ml/100 g body wt). Three weeks after administration of the 

cancer cells, animals were killed and the numbers of metastases were counted that were 

visible by the naked eye at the liver surface. The optimal dose of cells to induce countable 

numbers of metastases was established to be 5 x 10ft CC531s-eGFP cells, and this amount was 

administered to rats in all further experiments. Aliquots of thawed cells were cultured, 

harvested, and administered to the animals as previously described. Animals were killed 30 

minutes. 1 hour. 2 hours. 2 days, or 4 days after administration of the cancer cells. 
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Liver perfusion. 

To determine whether cancer cells that were administered to the portal vein were arrested in 

the liver, the following experiments were performed. Animals (n = 3) were anesthetized by 

150 pi pentobarbital intraperitoncally (6 mg/ml: Sanofi Saute, Maassluis. The Netherlands) 

per 100 g body wt. To avoid blood clotting, animals were injected intravenously with 1.000 

IU heparin (Leo Pharmaceutical Products. Weesp. The Netherlands). The portal vein was 

cannulated. and the hepatic vein was dissected. Livers were perfused with oxygenated and 

carbogenated Ringer's solution (15 ml/min) at 37°C. After 5 minutes, 5 x 106 cells in 0.5 ml 

PBS were added to the Ringer's solution and 100 ml of the perfusate was collected from the 

hepatic vein to determine whether fluorescent cancer cells were present in the perfusate. 

Furthermore, fluorescent cancer cells (5 x 10*') were administered to 3 rats according to the 

protocol previously described. After 30 minutes, 1 hour, and 2 hours, the entire animals were 

fixed with 4% formaldehyde in PBS via heart perfusion. Liver, lung, kidney, spleen, and brain 

were removed and postfixed in 4% formaldehyde in PBS for 4 hours at 4°C followed by an 

overnight incubation in 20% (wt/vol) sucrose in PBS as cryoprotcctant. Pieces of tissues were 

frozen in liquid nitrogen and stored at -80°C. Cryostat sections (30 pm thick) of all tissues 

were examined for the presence of fluorescent cancer cells. Nuclei were counterstained with 

propidium iodide (0.01 mg/ml in PBS). 

Intravital imaging. 

For I W M , animals were kept under FFM anesthesia as previously described. Livers were 

surgically exposed while the blood supply was kept intact. Animals were lying on their back 

with the abdomen spread, exposing the liver. For real-lime imaging of cancer cells in live 

animals, the mesenteric vein was cannulated and a platform was placed under the median lobe 

to avoid movement due to respiration as much as possible. Imaging of the median lobe was 

performed at the time of administration of 5 x 10 cancer cells to the mesenteric vein. One 

hour after administration, the abdomen was closed and a second I W M analysis was 

performed 2 and 4 days after operation (n = 3. respectively). Imaging was performed with a 

fluorescence microscope (type BH-2: Olympus, Tokyo, Japan) with an eGFP filter block 

XF100 (Omegafilters. Brattleboro. VT). Images were obtained using an intensified CCD 

camera (LI-pCAM; Lambert Instruments. Leutingewolde. The Netherlands) and either single 

digital images were imported with Lip Win 2.16 software or time series (25 frames second) 

with a digital video recorder (DVCAM DSR-20P: Sony. Middelburg. The Netherlands). 

30 



Visualization of microvasculature. 

To visualize the liver vasculature, micrometastases-containing livers were perfused with 

Texas red-labelled latex beads (diameter. 1 urn) in a solution of 1% low-gel ling-temperature 

agarose (Sigma. Zwijndrccht, The Netherlands) at 37°C. Then the livers were placed in PBS 

at 4°C to cast the agarose and cut into 1-mm-thick slices. CLSM was used to visualize Texas 

red-positive blood vessels and eGFP-positive micrometastases with a TCS SP2 fitted to a 

DM-1RB inverted microscope (Leica, Mannheim, Germany). Excitation of eGFP was 

performed at 488 nm, and fluorescence was captured at 500 to 530 nm. Excitation of Texas 

red was performed at 543 nm, and fluorescence was captured at 590 to 650 nm. 

Electron microscopy. 

To study the precise localization of cancer cells and the interaction of cancer cells with their 

environment 30 minutes, I hour. 2 days, and 4 days after administration of the cancer cells, 

small pieces of liver tissue (<1 mm) containing micrometastases were selected based on 

IVVM analysis and were fixed overnight in a mixture of 1% (wt/vol) glutaraldehyde and 4% 

(wt/vol) formaldehyde in 100 mmol/L sodium cacodylale buffer (pH 7.4) and incubated at 

4°C. Subsequently, tissue blocks were rinsed twice in the same buffer and postfixed in 1% 

osmium tetroxide in the same buffer (pH 7.4) for 1 hour at 4°C and dehydrated according to 

routine procedures. Finally, tissues were embedded in LX-112 epoxy resin. To assess the 

preservation of tissue morphology, semithin sections (1-2 urn thick) were studied. Areas of 

interest were selected and ultrathin sections (40-50 nm thick) were cut with an Ultratome III 

(LKB, Stockholm. Sweden) and collected on copper slot grids carrying a Formvar film. 

Ultrathin sections stained with uranyl acetate and lead citrate were investigated with a 10c 

transmission EM (LEO. Obcrkochen. Germany). 

Electron tomography. 

For detailed study of the interactions between cancer cells and host tissues, EM tomography 

was used. Sections (250 nm) were mounted on carbon-coated slot grids labelled with 6-nm 

gold particles. After counterstaining with uranyl acetate and lead citrate, the grids were coated 

again with carbon and labelled with 15-nm gold particles. Gold particles were used for the 

determination of the thickness of the sections as well as alignment. Reconstructions of areas 

of interest were made from double axis tilt series (-55° to +55°. increment 5°) with a pixel 

size of 1.6 nm. Till series were made with an EM420 electron microscope (FEI. Eindhoven, 
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The Netherlands) operated at 120 kV. Images (12 bit) were captured with a SIS Megaview 

camera (Soft Imaging System. Munster, Germany). Alignment and reconstructions were 

performed with an IBM RS6000 (IBM. White Plains. NY) and a Linux Beowulf cluster 

(BCE. Amsterdam. The Netherlands).26 Visualizations were performed with an SGI octane 

(SGI. Mounlainview. CA). 

Results 

Selection and stability of eGFP fluorescence in CC531s cells In vitro. 

After 3 weeks of culture of eGFP-lransfected CC531s cells in the presence of Zeocin, a large 

number of cells appeared to be Zeocin resistant but eGFP negative. To obtain a purified 

cGFP-expressing cell population, we selected eGFP-positive cells from the mixed population 

by fluorescence-activated cell sorting, resulting in 100% eGFP-expressing cells (Fig. I). 

These cells showed eGFP expression in vitro in the presence and absence of Zeocin for at 

least 6 weeks. A doubling time of 22.5 ± 2.2 hours (n = 4) for CC531s cells and 23.9 ± 2.7 

hours (n = 4) for CC531s-eGFP cells was calculated. Apparently, in vitro proliferation rates 

of parental cells and transfected cells did not differ significantly. 

10 10' 102 103 

eGFP fluorescence 

Figure I. Distribution of fluorescence of CC53ls cancer cells as determined by fluorescence-activated cell 
sorting. All cancer cells expressed eGFP. 

/// vivo growth of'CC531s-eGFP cells. 

Various amounts of CC531s-eGFP cells were administered to the portal vein of rats to 

establish how many cancer cells had to be used to induce an appropriate number of metastases 
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in liver 3 weeks after administration. When 1 x 10(' cells or less were administered, no 

metastases were observed after 3 weeks. Administration of 2.5 x 106cancer cells led to a mean 

number of 20 ± 7 metastases per liver (n = 4) and administration of 5.0 x 106 cells led to a 

mean number of 67 ± 35 metastases per liver (n = 4), whereas administration of 7.5 x 10" and 

1,0 x 107 cancer cells resulted in the development of uncountable numbers of metastases in all 

livers. In these cases, liver weight was determined. The mean liver weights were 23 ± 8 g (n = 

3) and 32 ± 11 g (n = 8), respectively, whereas a liver of a normal adult rat weighs 

approximately 8 g. Therefore, we administered 5 x 106 cancer cells in all further experiments. 

Passage of colon cancer cells through the liver. 

Perfusion of isolated livers with Ringer's solution containing eGFP-expressing colon cancer 

cells showed that cancer cells did not pass the liver. Perfusates, collected after 5 x 10 cancer 

cells were administered to the portal vein, did not contain any fluorescent cancer cells (n = 3). 

Fluorescence microscopy of the livers showed that fluorescent cancer cells were present in 

these perfused livers. Furthermore, examination of various organs (liver, lung, brain, spleen, 

and kidney) of rats 30 minutes. I hour, and 2 hours after administration of cancer cells to the 

portal vein of intact animals showed that fluorescent cells were not present outside the liver. 

Lungs contained some fluorescent structures with diameters of 5 to 7 urn, but staining with 

the DNA marker propidium iodide showed that all of these structures were stripped cancer 

cell nuclei. Sections of brain, spleen, and kidney never contained any cell or cell nucleus that 

was positive for eGFP. This means thai cancer cells entering the liver via the portal vein are 

unable to pass the liver. 

Day 0. 

Appearance of fluorescent cancer cells in livers of live animals was visualized with I W M 

from the moment that the cells were administered to the portal vein. The images captured in 

real time clearly showed that cancer cells entered the liver and were entrapped in sinusoids. 

Cells were arrested abruptly, and "rolling" of cancer cells was never observed (see video clip 

in this issue of HEPATOLOGY at www.hepatology.org). Cancer cells were homogeneously 

distributed over all liver lobes. Cells were found in sinusoids between portal tracts and central 

veins (Fig. 2A). Occasionally, they were found at sites where the portal vein branched into 

sinusoids (Fig. 2B). Time-lapse imaging of cells during the next 50 minutes showed that these 

cells were completely immobile (Fig. 2C). 
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Figure 2. (A) Single fluorescent eGFP-expressing colon cancer cells in the liver of a live rat immediately 
after administration of the cells to the portal vein. Cancer cells are present in the sinusoidal bed. Bar = 75 
urn. (B) Single fluorescent colon cancer cells in the liver of a live rat immediately after administration of 
the cells to the portal vein. Cancer cells are present at sites where a portal vein branches into sinusoids. 
Bar = 150 urn. (C) Time-lapse series of arrested colon cancer cells in the liver of a live rat. Image I was 
taken immediately after cell arrest, and each successive image was taken at time intervals of 2.5 minutes up 
to 50 minutes after cell arrest in image 20. Bar = 150 urn. 

EM was used to study arrested cancer cells in detail. Thirty minutes after administration of 

cancer cells to the portal vein, individual cancer cells were present in liver sinusoids. Cancer 

cells filled the entire sinusoidal lumen (Fig. 3A). Sinusoidal endothelial lining was found to 

be intact when cells other than cancer cells were present in the sinusoidal lumen (Fig. 3A and 

B). At sites where cancer cells were trapped, the endothelium was always disrupted or even 

absent, allowing direct contact between cancer cells and hepatocytes (Fig. 3C). Tilting and 

subsequent electron tomography of ullrathin sections showed typical electron-dense material, 

forming characteristic bridges spanning the relative large gap between the microvilli of 

hepatocytes and cancer cells (Fig. 4A). 
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Figure 3. (Panel A) A single colon cancer cell (C) in a liver sinusoid 30 minutes after administration of colon 
cancer cells to the portal vein. This cell was obstructed in the too small sinusoid. Note the absence of 
endothelial lining around the cancer cell. H. hepatocyte: E. erythrocyte: V. microvilli. Bar = 4.0 ̂ m. (Panel 
B) Leukocyte (eosinophil) (L) in a liver sinusoid. Note the presence of a continuous endothelial lining (F.) 
between lymphocyte and hepatocytes. Bar = 2.0 urn. (Panel C) Cell-cell contact between cancer cell (C) and 
hepatocyte (II). Note the disruption and absence of sinusoidal endothelial lining (E) between the cancer cell 
and hepatocytes. Arrows indicate direct contacts between cancer cell and hepatocytes. Bar = 1.0 urn. 

The substructures found in these bridges were also found in the glycocalyx of the cancer cells 

but never in the much thinner basal lamina of the hepatocytes. The bridges as previously 

described were found exclusively between cancer cells and microvilli of hepatocytes and 

never between cancer cells and remnants of endothelial cells (Fig. 4B). between cancer cells 

and other (blood) cells, or between 2 hepatocytes. 
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ligure 4. (A) Electron tomography of cell-cell contact between cancer cell (C) and hcpatocyte (II). Electron-dense 
complexes are present in the glyeocalyx of cancer cell (small ellipses). The same complexes can he recognized in a bridge 
between cancer cell and hcpatocyte (large ellipse). Bar = 60 nm. (Hi Electron tomography of a cancer cell (C) and 
(fragments of) an endothelial cell (12). ülcctron-dense material between cancer cell and endothelial cell was not present. 
11, hcpatocyte. liar = 80 nm. 

Days 2 to 4. 

Two and 4 days after administration fluorescent cancer cells, distribution patterns were 

similar to those observed immediately after administration of cancer cells. At this stage, 

individual cancer cells and clusters of cancer cells (4-16 cells) were found in sinusoidal beds. 

IVVM information was used as a guide to select parts of the livers of interest containing 

micrometastases for further analysis with CLSM. Perfusion of livers with fluorescent beads 

allowed visualization of the microvasculature. Cancer cells appeared to be present only in 

sinusoids at 2 days after administration. Cancer cells were found to be located at bifurcations 

of sinusoids (Fig. 5A) and in sinusoids where they completely blocked the blood flow (Fig. 

5B). Micrometastases at 4 days after administration of the cancer cells were still present in 

sinusoids only (Fig. 5C). 
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Figure 5. (A) Localization of a cancer cell (green) in relation to sinusoids (orange) in rat liver 2 days after 
administration of cancer cells to the portal vein. The cancer cell is present at the bifurcation of 2 sinusoids. 
Bar = 30 urn. (B) Localization of a cancer cell (green) in relation to sinusoids (orange) 2 days after 
administration of cancer cells to the portal vein. The cancer cell is blocking a sinusoid, preventing blood 
flow. Bar = 20 utn. (C) Localization of cancer cells (green) in relation to sinusoids (orange) 4 days after 
administration of cancer cells to the portal vein. Cancer cells are present in a sinusoid. Bar 40 urn. 

EM confirmed findings obtained with CLSM showing single cancer cells in sinusoids (Fig. 

6A) and clusters of cancer cells in expanded sinusoids (Fig. 6B). At all stages of tumor 

development, the endothelial lining of the sinusoids was completely absent. 

Figure 6. (A) EM image of a single colon cancer cell (C) in rat liver 4 days after administration of colon 
cancer cells to the portal vein. Cancer cell is located in a sinusoid. Note the complete absence of endothelial 
lining between cancer cell and hepatocytes (H). V. microvilli. Bar = 2.0 urn (B) F.VI image of a small cluster 
of colon cancer cells (C) in rat liver 4 days after administration of colon cancer cells to the portal vein. Cancer 
cells are located in an expanded sinusoid lacking endothelial lining. 11. hepatocyte. Bar = 4.0 fun. 

Immunohisiochemical detection of proliferating cell nuclear antigen, a marker of cell 

proliferation, showed that cancer cells were proliferating cell nuclear antigen positive 2 and 4 

days after administration, indicating that clusters of cancer cells were formed by cell 

proliferation rather than by aggregation of the cancer cells (data not shown). 
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Discussion 

An eGFP-expressing syngeneic rat colon carcinoma cell line was generated by stable 

transfection of a high expression vector containing the eGFP gene to study early events in 

invasion and metastasis of colon cancer in rat liver. Green fluorescent protein-expressing 

cancer cells have been shown to be a powerful tool for in vivo and ex vivo investigations of 

invasion and metastasis.""'1 The use of eGFP-expressing colon cancer cells enabled us to 

perform dynamic observations of early events in invasion and metastasis in live animals. We 

have found that cancer cells enter sinusoids in the liver rapidly after administration to the 

portal vein and that they are all arrested abruptly in the sinusoids within seconds after 

administration. Rolling of cancer cells along sinusoidal endothelium, a phenomenon 

described for activated leukocytes,"' was never observed. Time-lapse imaging showed that 

cancer cells did not move after they had been arrested. These in vivo observations strongly 

suggest that cancer cells are arrested in the liver due to size restriction in the 

microvasculature. These findings are in agreement with previous reports on the arrest in the 

liver by size restriction of mammary cancer cells,'1'20 melanoma cells/' and tongue carcinoma 

cells." The complete arrest of CC531s cancer cells in liver was further established in 

additional experiments. It was shown that cancer cells administered via perfusion medium 

were not able to pass isolated livers and intact cancer cells were never found in the lung, 

brain, kidney, and spleen after administration of colon cancer cells to the portal vein. We 

conclude that cancer cells administered to the portal vein are not able to pass the liver. Based 

on the abrupt cell arrest in vivo, the immobility of colon cancer cells after initial arrest, and 

the entire filling of sinusoids by cancer cells as observed with EM. we conclude that the major 

mechanism of cancer cell arrest is size restriction. Whether this phenomenon also occurs in 

humans has not been established thus far. Recently, it was shown that numbers of cancer cells 

in mesenteric venous blood were significantly higher than in hepatic venous and peripheral 

blood, indicating the filtering of cancer cells in the liver."' When our rat model is a good 

model for the human situation, the high incidence of colorectal cancer metastasis in the liver 

can be explained by the fact that all colon cancer cells that are transported to the liver via the 

blood stream are arrested in the liver. In that case, colon cancer cells that are present in the 

systemic circulation or that have metastasized in other organs must be either cancer cells that 

were released from the primary tumor via lymph vessels and have reached the circulation via 

the thoracic duct or these cancer cells are derived from metastases in the liver. 
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The second surprising finding of our study was lhat the endothelial lining around cancer cells 

was disrupted or even absent within 30 minutes after cell arrest. As a consequence, cancer 

cells were in direct contact with hepatocytes. It is not clear how and why the endothelial 

lining between cancer cells and hepatocytes disappears so rapidly. It may be a response to 

signals of the cancer cells, a reaction of the sinusoidal endothelial cells to local ischemia, or 

mechanical forces. Similarly, retraction of endothelial cells in coculture with breast cancer 

cells has been described." Conditioned medium of pancreatic cancer cells also induced 

retraction of endothelial cell monolayers, which was dependent on decreased focal adhesion 

kinase ppl25 I A K in endothelial cells/2 Lung carcinoma and melanoma cells induced 

endothelial cell retraction due to the production of !2(S)-hydroxycicosatetraenoic acid, a 12-

lipoxygenase metabolite of arachidonic acid. This retraction was nondestructive and 

reversible/" In vivo, retraction of endothelial cells precedes tumor cell invasion through 

interendothelial junctions after which the endothelial lining is restored, completing the 

extravasation step/ However, in our model, the disappearance of endothelium seems 

destructive and irreversible. Whether this phenomenon is cancer cell-specific is uncertain. It 

has been shown by Gupta et al. that, after hepatocyte transplantation, translocation of the cells 

is preceded by disruption of sinusoidal endothelium. However, disruption of endothelium and 

subsequent translocation of hepatocytes into liver plates occurred only at 16 to 20 hours after 

transplantation and disruption of endothelium seems to be much slower than in our study." 

Furthermore, we have found that protein bridges between cancer cells and host tissue appear 

exclusively between cancer cells and hepatocytes and not between cancer cells and 

endothelium or any other cell type. This suggests that adhesion to endothelium does not play 

a role in initial arrest of cancer cells in sinusoids in this model. This is in contrast to other 

studies in which cancer cells adhere to endothelium of lung vessels with a diameter larger 

than a cancer cell and that stimulation of melanoma cells with interleukin la stimulates 

adhesion to portal endothelium/6 indicating arrest due to specific adhesion rather than arrest 

due to size restriction. However, the interactions between cancer cells and hepatocytes may 

occur via adhesion molecules. Although these adhesion molecules do not seem to be involved 

in initial arrest, they may be important for anchorage-dependent cell survival. The importance 

of these interactions has been stressed by Nishibori et al. They showed that coculture of colon 

cancer cells and hepatocytes. and not cancer cell-conditioned medium, activates transforming 

growth factor p due to an unspecifid interaction between cancer cells and hepatocytes/7 

Transforming growth factor p is a cytokine shown to be involved in metastasis of colorectal 
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cancer: therefore, activation of transforming growth factor (B might be a critical event It 

should be realized that EM tomography as we have used here visualizes nonspecifically 

stained material. Characterization of these molecular interactions between cancer cells and 

hepatocytes with the use of monoclonal antibodies is currently being performed. 

Furthermore, our study shows that. 2 and 4 days after administration of cancer cells, single 

cells and clusters of cancer ceils are still present only in sinusoids. This means that 

extravasation of cancer cells does not occur in this model and that proliferation of cancer 

cells, as determined with proliferating cell nuclear antigen staining, takes place within the 

lumina of sinusoids. Proliferation of cancer cells within blood vessels has also been described 

by AI-Mehdi et al. but is in contrast to the general assumption that extravasation is a 

prerequisite for metastasis and the experimental data of Luzzi et al.' and Morris et al. 

Apparently, cancer cells behave differently. In any case, our microscopic analysis of early 

stages of development of secondary tumors of colon cancer in liver shows that extravasation 

and invasion of host tissues is not an essential step in metastasis. 

In conclusion, transfection of CC531s cells with the eGFP gene provides a powerful tool for 

the analysis of early events in metastasis of cancer. The use of these transfected cells enabled 

us to visualize cancer cells, dynamics of colon cancer cell arrest, and subsequent minor 

development in live animals. It was shown here that cancer cell arrest is due to size restriction 

followed by rapid disappearance of endothelial lining and molecular interactions between 

cancer cells and hepatocytes. Moreover, it is shown that extravasation is not a requirement for 

tumor growth because cancer cells remained in sinusoids and tumors developed within 

sinusoids up to 4 days after administration of cancer cells to the portal vein. This implies that 

initial steps in the classic metastatic cascade (i.e., specific homing and extravasation) are not 

required for the development of colon cancer metastasis in liver. 
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Chapter 3A 

Letter-to-the-editor. 

Katr ien Vekemans 1 , Filip Braet, PhD.2 , Eddie Wisse, PhD.1 

'Laboratory for Cell Biology and Histology, Free University Brussels (VUB), 

Laarbeeklaan, Brussels-Jette, Belgium 

"Department for Molecular Biomedical Research, Molecular Cell Biology Unit, 

Ghent University, Zwijnaarde, Belgium 

CC531S-induced damage of the rat liver sinusoidal endothelial lining is mediated by the 

Fas/FasL pathway 

To the Editor: 

We read with great interest the article by Mook et al.' in the August 2003 issue of 

HEPATOLOGY. A similar method to trace labelled CC531s cells has been discussed recently 

by our group," in which CC531s were prelabelled with the lipophilic and fluorescent stable 

probe 3.3-dioctadecyloxacarbocyanine perchlorate (DiO). Additionally, latex bead injection 

into the penile vein before perfusion-fixation enabled us to trace Kupffer cells (KCs) in vivo 

as well. In contrast to Mook et al.,1 early interactions of liver macrophages with lumor cells 

could be visualized. Briefly, we could conclude that KCs form protrusions around the CC53 Is 

1 hour after injection of the labelled CC531s cells. After 8 hours the CC53ls were 

phagocytosed, resulting in a double-labelled KC with latex beads (tetramethylrhodaminc 

isothiocyanate: TRITC) and DiO (from the CC53ls remnants).2 In contrast, Mook et al.' 

postulated that the CC531s got trapped in the sinusoid and proliferated there. Furthermore. 

Mook et al.' also used a perfusion of latex beads (I urn) in a low-gelling temperature agarose. 
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visualizing the microvasculature. However, these latex beads, in this short time frame, can be 

taken up by KCs. Interestingly. Mook et al.' mentioned the disruption or absence of the 

sinusoidal endothelial lining when CC531s were trapped in the liver sinusoids, whereas in the 

absence of CC531s the sinusoidal lining remained intact. However, they remained unclear 

about the possible mechanisms involved to disrupt the endothelial lining. In the August 2003 

issue of Liver International we showed that liver sinusoidal endothelial cells (LSECs) 

underwent apoptosis after contact with CC531s. LSECs are known to express functional 

Fas3"4 and CC531s express FasL. Mook et al.' revealed irreversible disruption of the 

endothelium, from 30 minutes on until 4 days after injection of the cancer cells. In our study. 

CC531s induced apoptosis in LSECs in vitro after 18 hours by using the Fas/FasL pathway. 

However, after 3 hours no apoptosis could be observed. In vivo, parallel to Mook et al., we 

visualized, with scanning electron microscopy (18 hr) the disruption of the sinusoidal 

endothelial lining when a CC531.S was trapped in the liver sinusoid. It has been shown that 

colon cancer cells present at the secondary site express FasL. Moreover, colon carcinoma 

cells are able to induce apoptosis in parenchymal cells by the Fas/FasL pathway.1 However, 

these results were obtained in late events of metastasis, whereas the study by Mook et al. and 

our study are based on earlier time points. Therefore, we postulated that CC531s provided 

themselves a gateway toward the hepatocytes by inducing apoptosis and therefore retraction 

of the LSECs. By this means a gap was induced in the sinusoidal lining, enabling the colon 

cancer cells to access the hepatocytes (Fig. I). Once the colon cancer cells accessed the 

parenchyma they were out of reach from the local immune system present in the liver, such as 

hepatic natural killer cells and KCs. 
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Figure I. Schematic overview of the liver sinusoid. Note the LSECs and the CC53Ls (T). Fas expressing 
LSECs (I) undergo apoptosis by FasL expressing CC531s (1. II). By doing so. the colon cancer cells provide 
their own gateway toward the liver parenchyma as the LSECs retract and gaps are induced in the liver 
sinusoidal lining (III). Subsequently, the CC531s has free access to the hepatocyte, which is also expressing 
Fas (III). By doing this the CC531s are able to invade the liver parenchyma. 
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Chapter 3B 

Reply to the letter-to-the-editor of Vekemans et al. 

Olaf R. F. Mook, M.Sc, Wilma M. Frederiks, PhD., 

Cornelis J.F. Van Noorden, PhD. 

Department of Cell Biology and Histology, Academic Medical Center. 

Amsterdam, The Netherlands 

Reply: 

Vekemans el al. raise a number of issues in relation to our report1 based on their 

simultaneously published study." Vekemans et al. showed that CC531s cells express FasL, 

whereas liver sinusoidal endothelial cells (LSEC) express Fas. The investigators showed that 

the Fas/FasL signaling pathway is involved in induction of apoptosis in LSEC in vitro after 18 

hours but not alter 3 hours of coculture of LSEC with CC53ls cells. The investigators 

hypothesized that this mechanism may also occur in vivo and show that al 18 hours after 

administration of CC531s cells into the circulation of rats, disruption of LSEC occurred. 

However, involvement of the Fas/FasL signaling pathway was not shown in vivo, for 

example, by pretreatment of CC531s cells with antagonistic antibodies against FasL followed 

by administration of these cells to rals. In any case, the study of Vekemans et al. showed that 

CC531s cells can provide themselves a gateway towards hepatocytes al 18 hours after 

administration. However, we found retraction to occur almost immediately after 

administration of the cancer cells to the portal vein (in less than an hour). Therefore, on the 

basis of both studies'""1 we conclude that both at an early and al a later stage there is retraction 

of LSEC surrounding CC531s cells allowing direct contact between CC531s cells and 

hepatocytes. Second, the argument that our approach to visualize sinusoids with fluorescent 

latex beads with a diameter of 1 urn may reflect uptake by Kupffer cells (K.C). as Timmers et 

al.' have recently shown, is correct. I lowever. in our study, we administered so many beads 
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that the entire lumen of all blood vessels was filled with fluorescent beads. As a consequence, 

phagocytosed beads by KG' present in vessels could not be discriminated from beads in the 

lumen of the sinusoids. Third, our study showed that CC531s cells initially proliferated in 

sinusoids, whereas both the study of Vekemans et al. and Timmers et al.2"' suggest that cancer 

cells are unable to survive in the microcirculation because they are destroyed by the immune 

system. Although the majority of cancer cells are indeed destroyed by the immune system 

after they entered liver sinusoids, this destruction is not universal. Therefore, their and our 

data are not in contradiction. In the study of Timmers et al.3 it is stated that "'CC53ls cells 

could be imaged within sinusoids of the liver" up to 72 hours after administration of the 

cancer cells, suggesting that cancer cells had not extravasated but were not eliminated at that 

time point either. Taken together, we were pleasantly surprised as the study of Vekemans et 

al." is largely complementary to our findings.' Both publications unravel possible mechanisms 

that allow direct contact between CC531s rat colon cancer cells and hepatocytes. 
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Abstract 

Steps involved in colon cancer progression and metastasis are increased protease expression, 

cell motility and altered expression of adhesion molecules. For cancer cells to metastasize, 

they need to detach from the primary rumor and attach at a secondary site. Adhesion 

molecules play a role in these processes. The role of adhesion molecules as regulators of 

cellular processes is well established now. We have previously shown that upon 

administration of colon cancer cells to the portal vein of rats, endothelial cells in the liver 

retract rapidly and cancer cells undergo interactions with hepatocytes directly. In the present 

study, we investigated adhesion molecules expressed by cancer cells as possible candidates 

for the observed interactions between cancer cells and hepatocytes. Cancer cells were found 

to be negative for the integrin subunits o.L. B2 and B3. It is therefore unlikely that the integrins 

a.LB2. adB2, amB2, axB2, avB3 and a.IlbB3 are used by cancer cells. On the other hand, av, 

a 6 and Bl integrin subunits and CD44 and CD44v6 were expressed on cultured cancer cells. 

Cancer cells in livers at 1, 2 and 3 days after their administration were found to be positive for 

ct6, CD44 and CD44v6. Trypsinization of cultured cancer cells resulted in loss of CD44 and 

CD44v6 staining but staining of a6 and Bl was more resistant to trypsinization and therefore 

it is not likely that CD44 or its splice variant is involved in early interactions between cancer 

cells and hepatocytes. It is concluded that av, a6 and Bl are potential candidates for the 

observed early interactions between cancer cells and hepatocytes. However, more information 

on the precise localization of these integrin subunits should be obtained with electron 

microscopy. 

Introduction 

Colorectal cancer patients mainly die of metastatic disease rather than the primary tumor. Key 

events in metastasis are increased protease production, increased cell motility and altered 

expression of adhesion molecules (1). On the one hand, adhesion molecules play a significant 

role in development of tissue structures and maintenance of tissue morphology. On the other 

hand, adhesion molecules are essential in processes such as cell migration, inflammation and 

repair of damaged tissue. However, expression patterns are different in these cases (2). 
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Cell adhesion molecules can be classified into five major groups (3, 4): integrins. selecting, 

cadherins. immunoglobulin-like molecules and other molecules. Numerous reports suggest 

their involvement in cancer progression and metastasis. Specifically two types of adhesion 

molecules, the integrins and the CD44 hyaluronic acid receptors, are of specific interest with 

respect to the development of colon cancer and its metastasis (5. 6). 

Integrins are a diverse family of glycoproteins that form heterodimcric receptors for 

extracellular matrix (ECM) molecules and some non-ECM proteins. The family can form at 

least 25 heterodimers of its 18 a-subunits and 8 B-subunits (2). A common motif in 

(extracellular matrix) proteins that is recognized by intergrins is the Arg-Gly-Asp (RGD) 

sequence. Binding of integrins seems to be partly dependent on recognition of this sequence, 

but specificity is determined by the combination of the a- and B-subunit. Administration of 

synthetic RGD peptides to the circulation of animal models of colon cancer metastasis have 

shown to suppress metastasis of colon cancer in the liver (5). 

Adhesion molecules such as integrins are also involved in signal transduction. For example, 

Gu et al. (7) identified an extracellular signal-regulated kinase-2 (ERK2)-binding site on the 

B6 integrin subunit. Interactions between B6 and ERK2 have been shown to be responsible for 

induction of the expression of matrix mctalloproteinase-9 (MMP-9) in colon cancer cells (7). 

Furthermore, it has been shown that invasiveness of colon cancer cells is mediated by the 

unique C-terminal cytoplasmic tail of the B6 integrin subunit that is linked to the protein 

kinase C (PKC) signalling pathway (8). Therefore, MMP-9 expression can be upregulated via 

the unique cytoplasmic tail of B6 that can bind ERK2 and thus induces PKC-mediated 

signalling. Furthermore, interactions of urokinase-lype plasminogen activator (uPA) with the 

uPA receptor (uPAR) results in ERK activation (9). Later it was shown that Bl associates 

with uPAR and in that way it is responsible for transmission of the signal inside cells (10). 

Furthermore, integrin avB3 has been shown to be involved in pericellular localization of 

active MMP-2 (11). So it seems thai integrin expression is involved in a number of processes 

in invasion and metastasis of cancer. 

The CD44 family is a group of glycoproteins encoded for by a total of 20 exons. The most 

commonly expressed form is CD44s. the 85 kD standard form. There is a diversity of forms 

and functions of CD44 proteins due to alternative splicing and different degrees of 

glycosylation. CD44 isoforms contain additional peptide domains inserted in the membrane-

proximal extracellular portion of the molecule, and are expressed by lymphocytes, fibroblasts 
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and epithelial cells. The major ligand of CD44 is hyaluronic acid (HA), but CD44 also has 

affinity for collagens, fibronectin and laminin (12). Its major function is related with homing 

and activation of T-lymphocytes. probably by binding to HA attached to endothelial cells 

(13). CD44 also has a signal transduction function. Stimulation of CD44 has been described 

to induce expression of the integrin leukocyte function-associated antigen-1 (LFA-1), 

hepatocyte growth factor (HGF) (14) and MMP-2 (15). Colon carcinoma cells express high 

levels of CD44 (13). CD44s expression is correlated with malignancy and metastatic potential 

of gastric and colon cancers (6. 16). The v6 splice variant is expressed by activated T-

lymphocytes and cancer cells and exhibits greater HA-binding than the standard form (17). 

Again, apart from adhesion, CD44v6-HA interactions also mediate signal transduction, 

causing increased levels of cytosolic calcium ions (17). It has been found to play a role in 

various proliferation and differentiation processes, such as embryogenesis. angiogenesis and 

carcinogenesis (18. 19). For example, normal liver parenchymal cells express CD44v6 during 

liver regeneration upon partial hepatectomy (20). In colorectal carcinoma, the relationship 

between the expression of CD44 splice variants and the degree of malignancy is controversial. 

In various studies, CD44v6 expression was correlated with metastatic potential of colorectal 

cancers (6, 20-22) or poor prognosis (23), whereas other studies reported no such correlation 

(6. 24). 

We have previously shown that colon cancer cells administered to the portal vein of rats 

undergo molecular interactions with hepatocytes rather than with endothelial cells (25). 

Therefore, wc investigated molecules that may be involved in these interactions by evaluation 

of the expression of various adhesion molecules on cultured rat colon cancer cells and in 

tumors of colon cancer in different stages of development in rat liver. 

Materials and Methods 

Animals 

For all experiments, male syngeneic WAG-Rij rats of 200-220 g (Broekman. Someren. The 

Netherlands) were used, kept under constant environmental conditions with food and water ad 

libitum. Animal care was performed in accordance with the guidelines of the University of 

Amsterdam. 
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CC531s cancer cell line, culture and cytospins 

An established colon carcinoma cell line. CC531s, transfected with the eGFP gene (CC531s-

eGFP) was described previously (25). The cells were cultured at 37°C as monolayers in 

RPMI-1640 Dutch Modification without L-glutamine (GIBCO/BRL, Grand Island, NY) 

supplemented with 10% (v/v) fetal calf serum. 2 mM glutamine. 100 IU penicillin/ml and 100 

mg streptomycin/ml. Cells were washed with phosphate-buffered saline (PBS) and after 

detachment with trypsin (0.05% w/v) and ethylenediaminetetraacetic acid (EDTA) (0.02% 

w/v) in PBS and centrifugation (250 g. room temp. 10 min), single cell suspensions were 

obtained with a viability of at least 95% (26). To investigate the effects of trypsinization. 

cytospins of cancer cells were made by centrifugation of 250 ul cell suspension onto clean 

glass slides with a Nettich 1502 centrifuge (Nettich Zcntrifugen, Tiiv. Germany) at 400 g. 

Furthermore, in vitro cell-cultures of 1, 2 and 4 h were made by culturing cancer cells on 

sterile clean glass slides for the specified number of hours. For longer lasting cultures, cell 

suspensions were brought onto clean round glass slides, and grown for up to 3 days. After 

gentle washing with PBS. the cultures were air-dried for 1 h and stored at -20°C. 

Induction of tumors in rat liver 

To induce tumors in livers of rats, the animals were anesthesized by intraperitoneal injection 

of FFM mix (1 ml Flypnorm. 1 ml Midazolam and 2 ml water; 0.27 ml per 100 g body 

weight) and after a small midline incision, single cell suspensions of 2.5 x 10' CC531s-eGFP 

cells in 0.5 ml PBS were injected into the portal vein. The animals were sacrificed with an 

overdose of sodium pentobarbital after 4 h. 1. 2. 3 days or 3 weeks after injection of the 

cancer cells. The livers were removed immediately, and tumor- containing liver blocks were 

dissected and snap-frozen in liquid nitrogen for storage at -80°C until further use. 

Cryostat liver sections 

Serial sections (8 urn thick) of liver specimens with different stages of tumor growth were cut 

with a motor-driven cryostat with rotary retracting microtome (Bright. Huntingdon. UK), at a 

cabinet temperature of -24°C. Sections were collected on clean glass slides at room 

temperature, and stored at -20°C until use. 
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Western blotting 

For Western blotting, homogenates of scraped cultured CC531s-eGFP cells, and 3-weeks-old 

liver tumors were prepared. The samples were sonificated for 3 x 5 sec at 14 A. in 10 ul 

Eekhout buffer (1 M NaCl, 0.01% (v/v) Triton X-100 and I uM ZnCL in 10 mM sodium 

cacodylate buffer. pH 6.0) per mg wet tissue weight, and stirred overnight at 4°C. After brief 

centrifugation at 10 000 g, 1 part of 3.x Laemni loading buffer (30% (v/v) glycerol, 6% (w/v) 

SDS. 0.3% (v/v) brome fenol blue (BFB). 10 mM dithiothreitol (DTT) in 150 mM Tris/HCl, 

pH 6.8) was added to 2 pails supernatant. The samples were heated to 56°C for 30 minutes or 

to 100°C for 5 minutes and electrophorezed on a 10% SDS-PAGE gel at 30 mA. Proteins 

were blotted onto nitrocellulose membranes (Schleicher & Schuel. Dassel. Germany) and the 

blots were immunohislochemically stained for various adhesion molecules according to 

standard procedures. Prior to antibody incubations, nonspecific binding was blocked with 5% 

protifar in PBS-Tween (PBST) for 1 h. Incubations were performed in the presence of 2.5% 

protifar in PBST. 

Immunohistochemistry and immunocytochemistry 

Sections of livers containing tumors and cultured cells were air-dried for at least 1 h before 

fixation in acetone or 4% formaldehyde (in PBS) at room temperature for 10 minutes. After 

acetone fixation, sections were air-dried for 10 minutes before incubation with the primary 

antibody (Tabic I). All incubations were performed in PBS. containing 0.2% bovine serum 

albumin (BSA) and 1% normal rat serum (NRS) to block nonspecific binding, in a moist dark 

chamber at room temperature for 60 minutes. 

Peroxidasc-labelled secondary antibodies were visualized using 3-amino-9-ethylcarbazole 

(AFC) as peroxidase substrate (20 mg AEC in 5 ml dimethylformamide (DMF) and 95 ml 

acetate buffer, pH 4.9, containing 0.01% hydrogen peroxide). The peroxidase reaction was 

performed for 10 min at room temperature. Sections were rinsed in water, counlerstained with 

haematoxylin and mounted in glycerin-gelatin. The result was evaluated using standard light 

microscopy. Fluorescence-labelled secondary antibodies were visualized with a Leica DM 

IRBE confocal laser scanning microscope or with a Leica DMRA widefield fluorescence 

microscope (Leica. Mannheim, Germany). Nuclei were counterstained with DAPI (1 ug ml). 
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Table 1. Primary and secondary antibodies used in immunostaining and Western blotting procedures. 

Primary antibodies 

Antigen 

ocL(CDlla) 

<xv(CD51) 

a6: C28 
(CD49f) 
BI (CD29) 

B2(CD18) 

63(CD6I) 

CD44 

D44v6; 
1.1ASML 

Ulex 
Europaeus 
agglutinin 1 
(UEA-1) 

UEA-HRP 

Isotype 

mouse 

Arm. 
hamster 
Arm. 
hamster 

Dilution Origin 

1:50 IH ' Instruchemie, Hilversum. The Netherlands 

1:250 WB Pharmingen, San Diego, CA. USA 

1:10 IH 
1:60 WB 

Arm. n 1:200 IH 
hamster 1:1000 WB 
mouse 

mouse 

mouse 

Lectin 

Lectin 

1:50 IH 

1:50 IH 

1:1000 IH 
1:4000 WB 
1:300 IH 
1:800 WB 

1:100 IH 

kind gift dr.Wijnands, NKI (25) 
Amsterdam, The Netherlands 
Pharmingen 

Instruchemie 

Pharmingen 

Pharmingen 

kind gift dr. Sleeman. Institut rur 
Toxikologie und Genetik. Karlsruhe. 
Germany 
Dakopatts, Glostrup, Denmark 

1:70 IH Dakopatts 

Secondary antibodies 

Antibody 
Rabbit-anti-
mouse IgG 
Goat-anti-Arm. 
hamster IgG 
Goat-anti-
mouse IsG 
Goat-anti-Arm. 
hamster IgG 
Swine-anti-
rabbit IgG 
Rabbit-anti-
mouse 
Rabbit-anti-
UEA-1 

Label 
PO 

PO 

FITC 

FITC 

TRITC 

TRITC 

PO 

Dilution 
! :200 IH 
1:1000 WB 
1:120 IH 
1:500 WB 
1:100 IH 

1:100 IH 

Origin 
Dakopatts 

Jackson. Baltimore. MA. USA 

Jackson 

Jackson 

1:40 IH Dakopatts 

1:200 IH 1 Dakopatts 

1:60 IH 1 Dakopatts 

Abbreviations: Ann. hamster. Armenian hamster: UEA-1. Ulex europaeus agglutinin-1: FITC. fluorescein 
isothiocyanate; TRITC. tetramethyl rhodamine isothiocyanate: IH. immunohistochemistry and cytochemistry; 
WB. Western blotting: PO. peroxidase. 
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Results 

Western blotting of cultured cells and tumor homogenates 

Homogenates of scraped cultured cells and homogenates of metastases collected from rat 

livers at 3 weeks after induction of the tumors were investigated for expression of the integrin 

subunits av, fjl, CD44 and CD44v6. 

The subunits were all expressed both in cultured cells and in tumors. Blotting of a6 was not 

possible with the antibody available, whereas blotting of aL, B2 and (33 was not performed 

because immunohistochemistry did not reveal any positivity on CC531s-eGFP cells (see 

below). The anti-av antibody revealed a band of 150 kD in both samples. In homogenates of 

cultured cells but not in homogenates of tumors, a second band of lower molecular weight 

was present (Fig. 1, lanes 1 and 2) indicating expression of an av-isoform by cancer cells in 

culture that is lost during tumor progression. Western blots stained with anti-(31 antibodies 

revealed a 130 kD band both in cultured cells and tumors. In contrast to ctv. tumor 

homogenates revealed an extra band of pi staining that was absent in cultured cells (Fig. 1, 

lanes 3 and 4). This could be either due to co-expression of an altered pi molecule by 

CC531s-eGFP cancer cells in tumors or, more likely, stromal cells that synthesize a different 

pi-subunit than cancer cells. Staining of CD44 revealed in both cultured cells and metastases 

an 85 kD band showing the presence of the CD44s form, and two isoforms of approximately 

180 kD (Fig. 1. lanes 5 and 6). The anti-CD44v6 antibody recognized the isoforms only 

showing specificity of the antibody for the v6 domain. It shows that both CD44 isoforms 

contain the v6 domain (Fig. 1. lanes 7 and 8). 

1 2 3 4 5 6 7 8 

Figure 1. Western blots of homogenates of tumors (lanes I. 3. 5 and 7) and cultured cancer cells (lanes 2. 
4. 6 and 8) for the integrin subunits av (1 and 2). (31 (3 and 4). CD44 (5 and 6) and CD44v6 (7 and X). In 
culture, cancer cells express an av isoform which is lost during tumor progression, whereas in tumors a 
Bl isoform is expressed which is absent in cultured cells. 

Imniunolocalization 
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At 3 weeks after intraportal injection of CC531s-eGFP cells, moderately-differentiated liver 

tumors of 2-3 mm in diameter were present. Cancer cells in acinar structures and stromal cells 

can be clearly distinguished (Fig. 2). The u6 and pi integrin subunits as well as CD44 and 

the v6 isoform were all abundantly present in these tumors (Fig. 2). 

Figure 2. Localization of Bl (A: bar = 40 um). <x6 (B; bar = 60 um) integrin subunits and CD44 (C; bar = 
150 urn) and its splice variant CD44v6 (D: bar = 60 um) in cryostat sections of rat liver containing tumors 
at 3 weeks after administration of cancer cells. The Bl integrin subunit is localized at the plasma membrane 
of cancer cells (C) and is abundantly present in tumor stroma (arrow) (A). Localization of the u6 integrin 
subunit is restricted to the basal side of cancer cells in acini (B). CD44 is localized at the plasma membrane 
of cancer cells (C) and in tumor stroma (arrow) (C). whereas CD44v6 is restricted to cancer cells (C. D). 

The antibodies against av did not allow immunolocalization. The subunits aL, P2 and (33 

could not be detected on cancer cells, whereas (31 and CD44 showed similar staining patterns 

with strong stromal and pericellular staining of cancer cells. Endothelium of larger hepatic 

vessels was positive for CD44. Staining for CD44v6 was restricted to cancer cells showing a 

pericellular localization pattern. Liver sinusoidal endothelial cells also expressed the (31 

integrin subunit. Possibly, part of pi staining in tumor stroma is present on endothelial cells 

of newly formed vessels, although CC531s-eGFP tumors are not rich in blood vessels 

(unpublished observations). Expression of a.6 in tumors was restricted to the basal side of 

cancer cells. Tumor stroma was negative for ct6. In liver parenchyma, cc6 expression was 

found on epithelium of bile ducts, and only weakly on endothelial cells of larger vessels. 

Cultured cell preparations and cytospins 

CC531s-eGFP cells cultured for 3 days did not stain for the integrin subunits aL, p2 which 

are the u and 6 chain of LFA-1 and P3 (Table 2). Sections of rat spleen were used as positive 

control for specificity of the P3 antibody, and revealed intense staining of lymphocytes. The 

aL and. (32 antibodies stained leukocytes. CC531s-eGFP cells were found to express the 

integrin subunits pi and a6 and CD44, and its CD44v6 splice variant (Fig. 3). All adhesion 
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molecules were localized in a similar way on the cancer cells. Staining intensities were rather 

homogenous, with clusters of cells staining slightly more intense than others. Antigens were 

localized pericellularly. suggesting localization of the adhesion molecules on the cell 

membrane. This was confirmed by confocal laser scanning microscopy. Various adhesion 

molecules were localized only at the cell surface without intracellular staining (Fig. 4). 

Figure 3. Cultured colon cancer cells stained for Bl (A: bar = 20 um). a6 (B: bar = 50 um). CD44 (C; bar = 
40 um) and CD44v6 (D: bar = 40 jam). All antigens are localized at the plasma membrane of cancer cells. 

Figure 4. Optical section obtained with confocal microscopy of a cultured colon cancer cell stained for CD44. 
Localization of the antigen is restricted to the cell surface. Bar = 40 um. 

Cytospins of freshly-harvested cells were also stained with these antibodies. Harvested single 

cancer cells were mildly positive for the integrin subunils Bl and a6 (Fig. 5A, B and Table 2), 

and after 2 h of culture, staining was stronger as compared with cytospins. 
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As expected, harvested cancer cells were negative for integrin subunits otL, B2 and 03 (Table 

2) but were also negative for CD44 (Fig. 5C and Table 2) and its v6 splice variant. 

. - • 

r r 

-a 
13 

Figure 5. Cytospins of freshly harvested CC531s-eGFP cells. Intense staining of the plasma membrane is 
obtained in cells stained for integrin subunit pi (A; bar = 20 um). moderate staining is obtained with cells 
stained for uf> (B; bar = 30 um). whereas CD44 antigen is absent (C: bar = 25 um). 

Table 2. Antigen staining in cytospins and different stages of cell culture. 

Antibody 
Anti-aL 
Anti-a6 
Anti-Bl 
Anti-B2 
Anti-B3 
Anti-CD44 
Anti-CD44-v6 

Cytospin 
-

± 
+ 
-
-
-
-

1 h 

+ 
+ 
-
-
-
-

2h 

-
++ 
-
-
-
-

4h 
-
+ 
++ 
-
-
± 
± 

3 days 
-
+-H-
-H-+ 
-
-
+-H-
-H-+ 

Positivity for antigen staining in cytospins and at 1-4 h and 3 days after culture. -. No staining; ±, heterogeneous 
staining: + to +++, mild to abundant staining. 

Liver metastasis at 4 h, 1,2, and 3 days after induction 

Double staining of cancer cells with the lectin UEA and antibodies against integrin a6 or 

CD44 and CD44v6 was possible at 1.2, and 3 days after induction of tumors. At 4 h after 

administration of cancer cells, only faint staining of a6 was achieved. It was impossible to 

visualize any Bl labelling of cancer cells, if present, because of surrounding Bl-expressing 

sinusoidal endothelial cells at all time points studied. At 2 days after administration of cancer 

cells, a6 staining was found to be restricted to and to colocalize with cancer cells, particularly 

localized at the periphery of small cancer-cell clusters. This polarized appearance of a6 

expression was even more pronounced at 3 days (Fig. 6A-C). and was similar with the 

periacinar localization found in tumors at 3 weeks after induction. 
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Expression of CD44 was found to be largely restricted to cancer cell clusters, with occasional 

'clouds' of non-malignant CD44-positive cells in the vicinity of cancer cells, probably 

immune cells (Fig. 6D-F). Staining of CD44v6 was restricted to cancer cells at 1. 2 and 3 

days after administration of cancer cells (Fig. 6G-I). 

Figure 6. Double staining of colon cancer cells (A: bar = 30um. D: bar = 50 urn and G: bar = 30 um) and 
«6 (B). CD44 (E) and CD44v6 (II) with their respective overlay with colon cancer cells (C. F and I) after 
three days of tumor development. The overlay shows that rx6 is localized at the basal side of the cancer 
cells (C). CD44 is present on cancer cells but also on non-cancer cells (F), whereas CD44v6 is 
exclusively present on cancer cells (I). 

Discussion 

We have previously shown that colon cancer cell arrest in rat liver sinusoids is due to size 

restriction rather than adhesion to endothelium. After cancer cell arrest, endothelial cells 

retract rapidly and cancer cells have direct interactions with hepatocytes (25). In the present 

study, we evaluated possible candidate molecules involved in the interaction between cancer 
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cells and hepatocytes. Adhesion molecules are likely involved and therefore, expression of 

different integrin subunits and CD44 and CD44v6 was investigated on cultured cancer cells 

and in livers containing tumors. 

Leukocyte function-associated antigen-1 (LFA-1) molecules that interact with ICAM play a 

role in T-cell and B-cell cancers (27). Furthermore, it has been shown that cancer cells of 

epithelial origin can express leukocyte-associated adhesion molecules. For example, 

melanoma cells express very late antigen-4 (VLA-4) that can interact with VCAM (28). It is 

hypothesized that epithelial cancer cells may use similar mechanisms that are used by white 

blood cells. However, in the present study, neither cultured cancer cells nor colon cancer 

tumors in rat liver at different stages of development expressed either subunits aL or B2 of 

LFA-I or VLA-4. It is therefore unlikely that these cancer cells use "immune cell" adhesion 

molecules including aLB2, adB2. amB2 and axB2. Furthermore. 133 was not expressed on 

cultured cells or tumors at any stage of development. This suggests that the integrins avB3 

and aIlbB3 are not expressed on these cancer cells either. On the other hand, av, a6 , Bl, 

CD44 and CD44v6 were expressed on cultured cancer cells and in 3 weeks old metastases as 

shown with Western blotting and immunohistochemistry. Expression of several integrin 

subunits or dimers have been correlated with enhanced malignancy in various human tumors. 

For example, in vivo selected colon cancer metastases revealed upregulated expression of, 

among others, Bl integrin and CD44v6 (29), whereas ct6 expression was correlated with 

enhanced malignancy of prostate cancer (30) and breast cancer (31, 32). Decreased expression 

of a6 was shown to be involved in tumor progression of skin carcinoma (33) and was also 

observed in more aggressive colon tumors (34). 

In the present study, we were interested in adhesion molecules that may play a role in the 

initial stages of tumor development i.e. the first hours to days after arrest of cancer cells in the 

liver. Therefore we also evaluated the presence of a.6. Bl. CD44 and CD44v6 on cancer cells 

in the state as when they are administered to rats, namely after trypsinization of cancer cells 

cultures. It was found that a6 and Bl were still present at the plasma membrane after 

trypsinization whereas CD44 and CD44v6 protein could not be detected. Staining of CD44 

and CD44v6 reappeared weakly after 4 h of culture (Table 2). Apparently, the integrin 

subunits a.6 and Bl are more resistant to trypsinization than CD44 and CD44v6. This implies 

that CD44 and CD44v6 are less likely candidates for interactions between hepatocytes and 

cancer cells after initial cell arrest. 
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In conclusion, in the present study, we have investigated a number of adhesion molecules that 

may be involved in interactions between cancer cells and hepatocytes. It was found that the 

integrin subunits av, a6 and IJI are expressed at the protein level by cultured and harvested 

colon cancer cells whereas cxL, 62 and B3 were not detectable, even not on cultured cells. 

CD44 and CD44v6 were expressed on cultured colon cancer cells but were lost after 

trypsinization. Therefore, av. a6 and Bl are potential candidates for the observed initial 

interactions between cancer cells and hepatocytes. Localization of these integrin subunits at 

the EM level should provide more information on the precise localization of the integrin 

subunits. These studies are currently in progress. 
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Abstract 

Proteases are essential for protein catabolism and regulation of a wide range of biological 

processes by processing of bioactive proteins. Dysregulation of protease activity is related 

with many pathological conditions such as cardiovascular diseases, neurodegenerative 

diseases, arthritic diseases, infection and cancer. Various techniques are used to determine 

presence of proteases in cells and tissues. Localization of the activity of proteases in cells and 

tissues provides essential additional information on the exact role of proteases in 

physiological and pathological processes. For this purpose, small-molecular synthetic 

chromogenic or fluorogenic substrates have been developed for many but not all proteases. 

However, localization of activity of proteases such as matrix metalloproteinases is not 

possible (yet) with these small-molecular chromogenic or fluorogenic substrates, because they 

exert activity against a broad spectrum of substrates of the extracellular matrix. For the 

localization of the activity of these proteases, in situ zymography has been introduced some 

decades ago. The procedure is based on zymography using SDS polyacrylamide gels 

containing gelatin, casein or fibrin as substrate. The gels are used as overlay of cell 

preparations or tissue sections. Application of specific inhibitors as well as information on the 

molecular weight of the enzyme under investigation using parallel zymography allows the 

determination of the proteinase responsible for substrate breakdown. For in situ zymography, 

either a photographic emulsion containing gelatin or a fluorescence-labelled proteinaceous 

macromolecular substrate is brought in contact with a tissue section or cell preparation. After 

incubation, enzymatic activity is revealed as white spots in a dark background or as black 

spots in a fluorescent background. However, this approach does not allow precise localization 

of proteinase activity because of limited sensitivity. A major improvement in sensitivity was 

achieved with the introduction of dye-quenched (DQ-)gelatin. which is gelatin that is heavily 

labelled with F1TC molecules so that its fluorescence is quenched. After cleavage of DQ-

gelatin by gelatinolytic activity, fluorescent peptides are produced that are visible against a 

weakly fluorescent background. The incubation with DQ-gelatin can be combined with 

simultaneous immunohistochemical detection of a protein on the same section. In addition to 

gelatin, substrates such as casein and fibrin with quenched fluorescence are available which 

allow the localization of activity of plasmin and plasminogen activators when incubated in the 

presence of plasminogen. To draw valid conclusions from the findings with in situ 

zymography, specific inhibitors need to be used and the technique has to be combined with 
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immunohistochemistry and zymography. In that case, in situ zymography provides data that 

extend our understanding of the role of specific proteinases in various physiological and 

pathological conditions. 

Introduction 

A protease can be defined as an enzyme that hydrolyses peptide bonds. Proteases can be 

divided into endopeptidases or proteinases which cleave internal peptide bonds in proteins. 

and exopeptidases which cleave terminal peptide bonds. Exopeptidases can be further 

subdivided into aminopeptidases and carboxypeptidases depending on which end of the 

protein amino acids are cleaved off. Proteases can be classified as aspartic proteases (e.g. 

cathepsins D and E. pepsin, renin), cysteine proteases (e.g. cathepsins B, L, S. K, Q. calpains 

and caspases), metalloproteases (e.g. gelatinases A and B), serine proteases (e.g. plasminogen 

activators, plasmin and chymase) and threonine proteases (e.g. proteasome), depending on the 

nature of the active site. Selective inhibitors can be used to distinguish between these classes 

of proteases. Protease activity is regulated in vivo by altering the rate of their synthesis and 

degradation, activation of (pre-)proforms, and binding with endogenous inhibitors. 

Initially, proteases were considered as hydrolytic enzymes that were associated with protein 

catabolism. but it is widely accepted now that the highly specific hydrolysis of peptide bonds 

can regulate a wide range of biological processes (e.g. via processing of bioactive peptides) in 

all living organisms. This highly specific substrate cleavage is referred to as proteolytic 

processing, a process that regulates the activity and the compailmentalization of many 

proteins and thus many cellular processes (Barrett et al. 1998; Lopez-Otin and Overall 2002). 

Dysregulation of protease expression and in particular their activity is involved in various 

pathological conditions such as cardiovascular and neurodegenerative diseases, arthritic 

diseases, infection, and cancer. Therefore, proteases are attractive potential therapeutic 

targets. 

Various techniques are used to determine the presence of proteases in tissues. Northern blot 

analysis and reverse transcription-polymerase chain reaction are applied to quantify mRNAs 

in tissue extracts, whereas in situ hybridization is used to localize mRNA in cell preparations 

or tissue sections. However, transcriptional activity does not necessarily reflect the amount 

and activity of the protein product of a certain gene. Western blots and immunohistochemistry 

are used to determine the amount and localization of the protease protein, but do not provide 
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information on the activity of a protease, because proteases are synthetized in an inactive 

proform or preproform which requires proteolytic processing for activation. Moreover, 

endogenous protease inhibitors can bind proteases and inhibit them. Biochemical techniques 

have been developed to detect protease activity in tissue extracts. However, homogenization 

of tissues for these assays does not allow localization of enzyme activity. In addition, 

extraction procedures can artificially activate enzymes or result in interactions of active 

enzymes with their respective inhibitors, when they are localized in different compartments in 

intact tissues. Therefore, techniques to localize specific proteolytic activity in cell 

preparations or tissue sections may provide crucial additional information on the exact role 

played by proteases in various physiological and pathological conditions. 

Metabolic mapping of protease activity 

Over 30 years ago. Robert E. Smith and colleagues developed synthetic substrates for specific 

proteinases with the leaving group 4-methoxy-2-naphthylamine (MNA; Smith et al. 1972: 

Smith and Van Frank 1975). The substrates consist of the MNA-leaving group attached to an 

amino acid sequence specific for the proteinase under study (Lojda 1984). The latter can be 

coupled after proteolytic removal of the amino acids either to a diazonium salt such as Fast 

Blue BB to give a colored final reaction product (Lojda 1984). to hexazotized pararosanilin or 

new fuchsin for electron microscopic purposes (Schroeder and Gossrau 1982). or to 5-

nitrosalicylaldehyde, which results in a yellow fluorescent reaction product (Dolbeare and 

Smith 1977). Figure 1 shows the ultraslruclural localization of cathepsin B activity in 

lysosomes of rat liver parenchymal cells as demonstrated with Z-ala-arg-arg-MNA as 

substrate and hexazotized pararosanilin as coupling reagent. The procedure was performed as 

described by Schellens et al. (2003). 

Diazonium salts have been applied in simultaneous coupling methods for localization of 

various proteinases and peptidases (Lojda 1984). However, cysteine proteinases cannot be 

demonstrated very well with the simultaneous coupling method, because these proteinases 

require SH groups for their activity and SH groups destroy diazonium salts. Moreover, 

diazonium salts strongly inhibit the activity of proteinases non-competitively. 
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Figure 1. Electron micrograph of an unfixed penneabilized isolated liver parenchymal cell incubated for 
demonstration of cathepsin B activity with Z-ala-arg-arg-4-methoxy-2-naphthylamide as substrate and 
hexazotized p-rosanilin as coupling reagent. After incubation, cells were fixed in a mixture of glutaraldehydc 
and formaldehyde, postfixed in a solution of osmium tetroxide and embedded in Kpon. Final reaction product 
is localized exclusively in lysosomes. 

Therefore, either the fluorescence method with the use of 5-nitrosalicylaldehyde (Van 

Noorden et al. 1987) or a post-coupling method with Fast Blue BB as coupling reagent (Van 

Noorden et al. 1989) are the methods of choice to localize activity of cysteine proteinases. 

The synthetic substrates for proteases with MNA as leaving group which are commercially 

available are listed in Table I. 

Yietal(2001) applied synthetic fluorogenic substrates with 7-amino-4-lrifluoro-

methylcoumarin (AFC) as leaving group to demonstrate protease activities in the wound of 

swine skin, which approach was proposed by Lojda (1996). The substrate was incorporated in 

agarose, so that the water-soluble fluorescent tag AFC could be properly localized. Substrates 

with AFC as leaving group are commercially available for many proteases. However, the 

activity of only a limited number of proteases has been localized thus far (Lojda 1996; Yi et 

al. 2001). 

It is becoming increasingly recognized that enzymes may behave differently in living cells 

and tissues than in frozen or fixed cells or tissue sections. 
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Table I. Synthetic substrates with 4-metho.\y-2-naphthylamine as leaving group for metabolic mapping 
of proteases 

Substrate 

H-Gln 
H-Ala 
H-Leu 
H-Phe 
Bz-Arg 
Bz-Val-Lys-Lys-Arg 
H-Phe-Pro-Ala-Met 
Z-Ala-Arg-Arg 
Z-Arg-Arg 
Z-Phe-Arg 
Z-Val-Lys-Lys-Arg 
H-Gly-Arg 
H-Gly-Phe 
H-His-Ser 
H-Pro-Arg 
Bz-Arg-Gly-Phe-Phe-Leu 
Bz-Arg-Gly-Phe-Phe-Pro 
H-Arg 
Z-Phe-Arg 
Glu-Ala-Ala-Phe 
Suc-Phe-Leu-Phe 
Z-Pro-Ala-Gly-Pro 
H-Lys-Ala 
H-Lys-Pro 
H-Arg-Arg 
H-Gly-Pro 
H-Lys-Pro 
Glu-Ala-Ala-Ala 

Enzyme 

aminopeptidase A 
aminopeptidase M 

cathepsin B 

cathepsin C 

cathepsin D 

cathepsin H 
cathepsin L 
chymotrypsin 

collagenases 
DPPII 

DPPTII 
DPPIV 

elastases 
H-D-Val-Leu-Arg ' kallikreins 
H-Leu leueyl aminopeptidase 
Glu-Ala-Ala-Phe 
Z-AIa-AIa-Lys 
Z-Ala-Pro 
Z-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser 
Z-Gly-Pro-Arg 
Z-Gly-Gly-Arg 
Z-Arg-Arg-Arg 
Z-Gly-Gly-Arg 
Z-Gly-Gly-Arg 

neutral endopeptidase 
plasmin 
prolyl endopeptidase 
Rennin 
thrombin 
tissue-type plasminogen activator 
trypsin 

urokinase-type plasminogen activator 

Therefore, techniques are being developed for the detection of protease activities such as 

dipeptidyl peptidase IV (DPPIV) and cathepsin B in living cells (Van Noorden et al. 1997. 
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1998). A review on fluorogenic substrates available for metabolic mapping in living cells was 

recently published (Boonacker and Van Noorden 2001). Rhodamine-based fluorogenic 

dipeptide substrates have been synlhetized first by Leytus et al. (1983) for aminopeptidase, 

DPPIV. cathepsin B, cathepsin K and cathepsin L. Recently, a new type of fluorogenic 

substrate for proteases has been synthetized based on the leaving group cresyl violet (Lee et 

al. 2003; Van Noorden et al. 1997, 1998). The methods to localize protease activity in living 

cells using cresyl violet-based and rhodamine-based substrates have been critically evaluated 

by Boonacker et al. (2003). 

Fluorogenic substrates for caspases are based on peptide sequences that are 18 amino acids 

long containing motifs that are specifically recognized by caspases and two identical 

fluorophores covalently attached near their termini. In such dimers. the fluorophore 

fluorescence is quenched for 90% and fluorescence is generated when the substrate is cleaved 

(Komoriya et al. 2000; Kohier et al. 2002). The same type of substrate with quenched 

fluorogenic properties is also available for cathepsin D and MMP-2 (Bremer et al. 2001a,b). 

So far, these methods were applied on living cells. Whether the localization of the final 

fluorescent reaction product is precisely enough to localize protease activity in tissue sections 

has yet to be established. 

Proteolysis in tumor cells has been utilized by Weissleder et al. (1999) to develop an in vivo 

imaging system for tumors. An optimally quenched near-infrared fluorescence (NIRF) probe 

generates a strong NIRF signal after proteolytic activation. The probe is cleaved by lysosomal 

cysteine and serine proteases. This approach may also provide perspectives for localization of 

protease activities in tissue sections. 

An entirely different approach to demonstrate activated caspases in living cells is the use of 

Caspa Tags, which are carboxyfluorescein-labelled fluoromethylketone inhibitors (Kohier et 

al. 2002). These cell-permeable inhibitors bind more or less specifically and irreversibly to 

the active site of caspases. Since the active site is available only in mature caspases, the Caspa 

Tags can exclusively stain cells containing the processed caspases of interest and the probes 

will not accumulate in normal (non-apoptotic) cells. This principle may have perspectives for 

the demonstration of other active proteases as well. 

In conclusion, reliable techniques are available for the demonstration of activities of cysteine 

proteinases, serine proteinases and aspartic proteinases using artificial substrates which 
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contain small numbers of peptides, but demonstration of activities of MMPs with these small 

substrates had only limited success due to the large numbers of peptide bonds which can be 

cleaved by MMPs and the overlap between different MMPs. 

Zymography 

Zymography is a simple, sensitive, quantifiable, and functional approach for the analysis of 

proteolytic activity in cell and tissue extracts, that was introduced more that 20 years ago 

(Heussen and Dowdle 1980). It is widely used to study extracellular matrix (ECM)-degrading 

enzymes, in particular matrix metalloproteinases (MMPs). MMPs are zinc-dependent 

endopeptidases capable of degrading ECM including the basement membrane. The MMP 

family consists of at least 26 members and has been classified into subgroups based on 

substrate preference and molecular structure. These are interstitial collagenases. gelatinases, 

stromelysins and matrilysins. although all enzymes have overlapping substrate specificity. A 

recently discovered MMP family consists of membrane-type MMPs which arc characterized 

by a transmembrane domain or a GPI-anchor (Visse and Nagase 2003). 

The standard method for zymography is based on the use of SDS polyacrylamide gels 

copolymerized with a protein substrate, in particular gelatin, casein or fibrin. Proteases which 

have the ability to renature after removal of SDS and exert proteolytic activity on a 

copolymerized substrate, can be analyzed with this method. MMP-2 (gelatinase A. 72 kDa) 

and MMP-9 (gelatinase B. 92 kDa) can be detected on gelatin zymograms and MMP-7 on 

casein gels. Coomassie blue staining of the gel reveals sites of proteolysis as white bands on a 

dark blue background. Figure 2 shows a zymogram of a homogenate of a tumor of colon 

cancer cells in mouse liver containing four bands responsible for gelatin breakdown. Based on 

the molecular weights, these bands reflect inactive and active MMP-2 and inactive and active 

MMP-9 (Ackema, unpublished results). 

Polyacrylamide gel copolymerization with plasminogen and gelatin allows detection of the 

plasminogen activators urokinase-type plasminogen activator (uPA) and tissue-type 

plasminogen activator (tPA) as plasmin generated by uPA and/or tPA degrades gelatin (Fig. 

3; Leber and Balkwill 1997). 

Casein zymography has been used as an alternative assay for fibrinolytic enzymes because of 

the ability of plasmin to degrade casein. Kim et al. (1998) introduced fibrin zymography to 

detect fibrinolytic enzymes by incorporating fibrinogen and thrombin in SDS polyacrylamide 

72 



gels. Although gelatin and casein are satisfactory substrates for plasmin. all fibrinolytic 

enzymes are not able to cleave these substrates as plasmin is. Apparently, fibrin is an in vivo 

substrate for plasmin and plasmin-like enzymes which can be demonstrated reliably with 

fibrin zymography. 

< 92kDa, pro-MMP-9 

< 82 kDa, active MMP-9 

< 72 kDa, pro-MMP-2 

-< 62 kDa, active M M P-2 

Figure 2. Gelulin zymography of a homogenate of colon cancer metastases in mouse liver. ProMMP-9 (92 
kD). proMMP-2 (72 kD). active MMP-9 (82 kD) and active MMP-2 (62 kD) are present. 

gelatin 
casein 
fibrin 

tPA 
plasminogen — - plasmin 

uPA 

breakdown 
products 

Figure 3. Principle of detection of activity of urokinase-type plasminogen activator (uPA) and tissue-type 
plasminogen activator (tPA). 

Zymography offers advantages over other methods such as ELISA: expensive materials are 

not required (e.g. antibodies) and proteases with different molecular weight showing activity 

towards the same substrate can be detected and quantified on a single gel. For example. 

MMPs are released from cells in a proteolytically inactive proform (zymogen) which is 

approx. 10 kDa larger than the activated form. Since the proform becomes activated during 

the process of denaturation and renaturation after gel electrophoresis, both forms can be 

detected on zymograms. In addition. MMPs in solution are often associated with endogenous 
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tissue inhibitors of metalloproteases (TIMPs). During electrophoresis the inhibitors dissociate 

from the MMP and do not interfere with detection of the enzymatic activity. Therefore, total 

proteolytic activity is determined in this assay. On the other hand, sandwich ELISA can 

discriminate between MMP/TIMP complexes and free MMPs resulting in determination of a 

potential active fraction (Zucker et al. 1992; Ratnikov et al. 2002: Catterall and Cawston 

2003). 

It can be concluded that zymography enables the detection of protease activity in cell or tissue 

homogenates using gelatin, casein or fibrin as substrates. On the basis of molecular weight 

markers, the molecular weight of the proteolytic band can be determined and by comparison 

with recombinant proteins and the use of specific protease inhibitors, the type of protease can 

be established. However, information on the localization of the proteolytic activity in cells or 

tissues cannot be obtained on the basis of zymography. 

In situ zymography of gelatinase activity 

In the last decade, in situ zymography has been applied to localize gelatinasc activity in tissue 

sections (Galis et al. 1994) which was based on the principle of gel substrate zymography. 

Galis et al. (1994, 1995) used gelatin that contains fluorescein or an autoradiographic 

emulsion as substrate layer on cryostat sections of human atherosclerotic plaques to assess 

gclatinolytic activity in situ. Autoradiographic emulsions were introduced because gelatin is 

the main component of the emulsion and gclatinolytic activity during incubation results in 

decreased amounts of silver in specific sites that can be visualized by photographic 

development. Microscopy reveals transparent spots on top of the areas with gclatinolytic 

activity against a black background (Galis et al. 1994). Fluorescein-coupled gelatin was 

introduced to try to improve the precision of localization of gclatinolytic activity because 

disappearance of fluorescence indicates areas with gelatinolytic activity (Galis et al. 1995). 

Because fluorescein is a fluorophore that does not have optimal fluorescent properties for 

microscopy. Oregon Green conjugates were introduced which have similar spectral 

characteristics as fluorescein, but its fluorescence is more photostable and less pH-dependent 

than fluorescein (Pirila et al. 2001; Faia et al. 2002). 

The principle introduced by Galis et al. (1995) has been modified in the procedure to 

demonstrate breakdown of gelatin differently. Instead of fluorescent gelatin, some authors 

used pure gelatin that was stained after incubation with Ponceau S (Loy et al. 2002), or amido 
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black (Furuya et al. 2001; Ikeda et al. 2000). Another approach based on zymography was 

used by Kurschat et al. (2002) who incorporated gelatin in polyacrylamide gels of 50 urn 

thickness, which were brought in contact with unfixed cryostal sections. After incubation, 

sections and gels were separated and gels were stained with Coomassie blue. All the 

approaches have in common that a decrease in staining intensity is a reflection of gelatinolytic 

activity. Details of the principles of photographic emulsion-based and fluorescently-labelled 

substrate-based in situ zymography were recently reviewed by Yan and Blomme (2003). 

These authors concluded that the photographic emulsion technique was more sensitive than 

the fluorescent gelatin principle. 

The approach of gelatin in situ zymography has been applied to study involvement of 

gelatinolytic activity in many (pathophysiological processes in tissues such as arteries (Knox 

et al. 1997; Bruno et al. 1998), veins (George et al. 1998; Fernandez et al. 1998; Kranzhofer et 

al. 1999), heart (Tyagi et al. 1996; Robert et al. 1997), lung (Pardo et al. 1996; Leco et al. 

2001), skin (Fisher et al. 1997; Krejci-Papa and Paus 1998), eye (Zhou et al. 1998; Hanyu 

1999), equine hoof (Mungall and Pollitt 1999, 2001; Mungall et al. 1998), joints (Freemont et 

al. 1999: Yamanaka et al. 2000). colon (Tarlton et al. 2000), muscle (Kieseier et al. 2001), 

nerve (Siebert et al. 2001; Duchossoy et al. 2001). ovary (Khandoker et al. 2001; Curry et al. 

2001), gingiva (Pirila et al. 2001), adipocytes (Maquoi et al. 2002), and endometrium (Zhang 

and Salamonsen 2002; Zheng et al. 2002). All studies indicate that gclatinases have a role in 

remodeling and/or degradation of the ECM. 

Based on the high-level expression and proenzyme activation of gelatinases in tumors, in situ 

zymography has been used to study the involvement of gelatinolytic activity in cancer 

progression. Gelatinolytic activity was demonstrated in a series of human malignancies such 

as those of ovarium (Furuya et al. 2001: Lengyel et al. 2001), breast (Iwata et al. 2001), lung 

(Ikeda et al. 2000: Kaji et al. 2003). thyroid (Nakamura et al. 1999), esophagus (Koyama et al. 

2000). oral cavity (Shimada et al. 2000). brain (Nakada et al. 1999), kidney (Kamiya et al. 

2003) and liver (Kaneyoshi et al. 2001). In almost all cases, MMP-2 appeared to be 

responsible for gelatinolytic activity and activity was assumed to be related with the invasive 

and metastatic properties of the cancers. 

The approach that was used in these studies was reduction in staining intensity of the gels on 

top of the sections. This approach has two major disadvantages: first, sensitivity of reduction 

in staining intensity is less than that of formation of staining and second, it is doubtful 
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whether this principle can be used for quantitative purposes (Thomas et al. 1998: Mungall and 

Pollitt 2001). Therefore, other procedures were developed in which a colored or fluorescent 

product was formed at the site of gelatinolytic activity. Ratnikov el al. (2000) introduced 

biotinylated gelatin as a substrate to demonstrate gelatinolytic activity in solution. After 

cleavage of the substrate, the proteolytic fragments bearing the biotin moieties are captured by 

streptavidin coated on the plastic surface of a 96-well microliter plate. Activity of horseradish 

peroxidase conjugated to streptavidin is measured. This biotinylated gelatin may also have 

perspectives for in situ localization when using diaminobenzidine or aminoethylcarbazole to 

localize peroxidase activity. 

The application of gelatin as substrate for in situ zymography has the advantage that, as far as 

we know, only MMP-2 and MMP-9 have a high affinity for this substrate. However, definite 

conclusions about the specific enzyme(s) which is (are) responsible for gelatin breakdown can 

only be drawn when selective inhibitors are used and the in situ zymography is combined 

with gelatin zymography and immunohistochemistry of MMP-2, MMP-9 and other potential 

gelatin-degrading enzymes. Gelatin zymography enables the assessment of molecular weights 

of the proteins that degrade gelatin. Moreover, differences in molecular weight of pro

enzymes and activated enzymes allow estimation of relative amounts of pro-enzymes and 

active enzymes in homogenates of tissues under study. 

It can be concluded that in situ zymography with gelatin as substrate enables the localization 

of MMP activities, but so far precise localization is not possible. 

In situ zymography with quenched fluorogenic DQ-gelatin 

Precise localization of gelatinase activity in sections and cells became possible by the 

introduction of dye-quenched (DQ)-gelatin. which is gelatin that is heavily labelled with 

FITC molecules so that its fluorescence is quenched (Oh et al. 1999: Curry et al. 2001: 

Duchossoy et al. 2001: Goodall et al. 2001: Lindsey et al. 2001: Teesalu et al. 2001: Wang 

and Lakatta 2002: Zhang and Salamonsen 2002: Mook et al. 2003). After cleavage of DQ-

gelatin by gelatinolytic activity, fluorescent peptides are produced that can be visualized 

against a weakly-fluorescent background (EnzCheck. Molecular Probes, Eugene. OR). The 

substrate was developed for assaying protease activity in solutions, but the substrate has 

properties that enable localization of protease activity in cells or tissues under certain 

conditions. Oh et al. (1999) incubated unfixed cryostat sections of developing optic nerves 
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and cultured live oligodendrocytes with an aqueous medium containing DQ-gelatin. After 

overnight incubation without any further fixation or washes, gelatinolytic activity was 

localized and photographed. This procedure enabled localization of MMP-2 and MMP-9 

activity in developing optic nerves. It appeared that the activity had a similar distribution 

paitern as myelin basic protein. Activity was also found pericellularly at growing tips of 

oligodendrocytes. Formation of fluorescent peptides was prevented by addition of 

phenanthroline or T1MP-1 to the incubation media, which indicates that MMP activity was 

demonstrated. Parallel investigations on MMP-2 and MMP-9 of oligodendrocytes with 

zymography lead to the conclusion that MMP-9 was the gelatinase involved in myelin 

formation by oligodendrocytes. Curry et al. (2001) added 1% agarose to DQ-gelatin in 

analogy with the principle introduced by Galis et al. (1995). After spreading this solution on 

glass slides and gelling at 4°C, unfixed cryostat sections were mounted on the gelatin 

substrate, coverslipped and incubated for 20 h al 37°C. Fluorescence was detected in rat 

ovaries during follicular growth, ovulation and early luteal formation. Production of 

fluorescence was prevented by EDTA and ilomastat, a synthetic MMP inhibitor. Therefore, it 

was concluded that gelatinolytic activity by MMPs was demonstrated in these tissues. 

Teesaluu et al. (2001) used DQ-gelatin, agar and unfixed cryostat sections to localize 

gelatinolytic activity in inflammatory lesions due to experimental autoimmune 

encephalomyelitis and demonstrated that MMP-9 was responsible for the in situ gelatin 

breakdown on the basis of parallel zymography experiments. MMP-9 activity was detected in 

the vicinity of infiltrating neutrophils in canine myocardium subjected to ischemia and 

reperfusion with the use of DQ-gelatin applied to unfixed cryostat sections (Lindsey et al. 

2001). Gelatinolytic activity was inhibited by both EDTA and neutralizing MMP-9 antibody. 

Moreover, gelatinolytic activity was not observed in non-ischemic myocardium. It was 

concluded that infiltrating neutrophils were the source of active MMP-9. 

MMP-2 activity was localized on elastin fibers in blood vessel walls after incubation of 

cryostat sections of inferior mesenteric veins of patients with abdominal aortic aneurisms with 

DQ-gelatin (Goodall et al. 2001). Phenanthroline inhibited production of fluorescence and 

gelatin zymography demonstrated the presence of active MMP-2. The authors concluded that 

MMP-2 plays a primary role in aneurism formation. However, it should be realized that 

autofluorescence of elastin fibers may interfere with detection of fluorescence due to 

gelatinolytic activity. Duchossoy et al. (2001) combined in situ zymography using DQ-gelatin 

with immunodetection of laminin to study the role of MMPs in spinal cord injury. For this 
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purpose, unfixed spinal cord cryostat sections were incubated overnight in media containing 

DQ-gelatin and antibody against laminin. After a rapid wash, sections were incubated with 

secondary antibodies and studied with fluorescence microscopy. Gelatinolytic activity was 

colocalized with laminin surrounding blood vessels in injured spinal cord and was detected in 

lesion sites in and around infiltrating ceils. Preincubation with blocking antibodies against 

MMP-2 and MMP-9 strongly reduced fluorescence intensity, suggesting the involvement of 

gelalinase activity. The authors concluded that gelatinases play a role in blood spinal barrier 

disruption, leukocyte infiltration, disruption of the ECM and clearance of debris after spinal 

cord injury. Because it is difficult to imagine that soluble fluorescent peptides produced by 

cleavage of DQ-gelatin can be detected after a wash of the sections and additional incubation 

with secondary antibodies, it has to be concluded that extracellular localization of gelatinase 

activity must be the result of binding of fluorescent peptides to MMPs in the ECM. 

Zhang and Salomonsen (2002) were not successful in combining in situ zymography using 

DQ-gelatin and immunostaining of MMPs on the same section of human endometrium. This 

may be due to the fact that cryostat sections were fixed in formalin and 2% gelatin was added 

to the DQ-gelatin-containing incubation medium. It has been established that fixation with 

formaldehyde and thus no doubt formalin completely inhibits gelatinolytic activity (Mook et 

al. 2003). Moreover, the addition of 2% gelatin to 0.01% DQ-gelatin may reduce the efficacy 

of breakdown of DQ-gelatin. /// situ zymography without simultaneous immunohistochemical 

detection of MMP-2 and MMP-9 resulted in findings from which it was concluded that 

MMPs were more active in menstrual endometrium as compared with other stages of the 

cycle which suggests that MMPs play a role in matrix degradation during menstruation. Wang 

and Lakatta (2002) demonstrated gelatinolytic activity to be increased in the wall of rat aortae 

in relation with aging using DQ-gelatin. However, detailed descriptions of the method they 

applied were lacking. It was concluded that activity mainly resulted from MMP-2. because 

activity was almost completely inhibited by a blocking antibody against MMP-2. 

The first application of /'// situ zymography with DQ-gelatin on cancer was performed by 

Mook et al. (2003). The procedure was based on the incubation of unfixed cryostat sections of 

rat liver containing colon cancer metastases using a low-gelling temperature (LGT) agar- and 

DQ-gelatin-containing incubation medium. The time of incubation was 60 min only, the 

method could be combined with immunohistochemistry on the same section and the method 
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was extensively tested for its specifieity. Gelatinolytic activity due to MMP-2 was detected in 

stroma of colon cancer metastases. (Figure 4) 

It can be concluded that the use of DQ-gelatin instead of labelled or unlabclled gelatin is 

superior for in situ zymography because fluorescence is produced at sites of gelatinolytic 

activity instead of decreased staining intensity at gelatinolytic areas. However, limitations 

described above for in situ gelatin zymography apply for DQ-gelatin as well. 

Figure 4. In situ zymography of gelatinolytic activity with DQ-gelatin as substrate in colon cancer 
metastasis in rat liver. Fluorescence due to gelatinolytic activity (green) was found in the extracellular 
matrix of tumors. Nuclei arc shown in red. 

/// situ zymography with other quenched fluorogenic substrates 

Most studies performed so far with in situ zymography using quenched fluorogenic substrates 

dealt with gelatinolytic activity. However, other quenched fluorogenic substrates are available 

as well. These are DQ-collagen type I, DQ-collagen type IV, DQ-elastin. DQ-bovine serum 

albumin (BSA), DQ-ovalbumin and DQ-casein (Jones et al. 1997). These substrates have 

been developed in the first place to demonstrate activity of proteinases in solution. However, 

the substrates can in principle be used as well to detect proteinase activity in unfixed cryostat 

sections or cell preparations when LGT-agar or another gelling compound is added to the 

incubation medium. 

DQ-collagen type I was applied to fixed cryostat sections of endometrial biopsies in the 

presence of gelatin (Zhang and Salamonscn 2002). Collagenase activity was observed in 
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small foci within the tissue in all phases of the menstrual cycle, but collagenase activity was 

most abundant premenstrually and during the menstrual phase. Collagenase activity was 

localized extracellularly and was abolished when sections were pretreated with 

phenanthroline. It was concluded that MMP-1 was responsible for the breakdown of collagen 

type I, because the protein showed a similar localization pattern. MMPs seem to play a critical 

role in matrix degradation during menstruation. 

DQ-collagen type IV has been mainly applied to cells cultured on matrices containing the 

substrate (Horino et al. 2001: Sameni et al. 2001; Elner 2002; Premzl et al. 2003). Invasion of 

fibrosarcoma cells in gelatin matrix was accompanied by collagenolytic activity due to MMP 

activity (Horino et al. 2001). Sameni et al. (2000. 2001) investigated the site of proteolysis in 

a 3-dimensional gelatin matrix embedded with DQ-collagen type IV and human cancer cells 

cultured on top of it. Cells at all levels in the matrix accumulated fluorescent degradation 

products of DQ-collagen IV intracellularly in vesicles. Based on findings using inhibitors, it 

was concluded that lysosomal proteinases such as cathepsin B are responsible for intracellular 

degradation of collagen type rV in human breast cancer cells, glioma cells and colon cancer 

cells and is involved in cancer cell invasion. A similar approach was used by Premzl et al. 

(2003) who localized the breakdown of DQ-collagen IV by ras-transformed breast cancer 

cells during invasion in matrigel. Intracellular and extracellular cleavage of collagen type IV 

was detected that was largely due to intracellular and extracellular cathepsin B activities. Yan 

and Blomme (2003) demonstrated breakdown of DQ-collagen type IV in cryostat sections of 

rat tibia. Fluorescence was observed in the distal portion of the hypertrophic zone of growth 

plates of the tibia. MMP-9 was held responsible for collagenolytic activity, because EDTA 

prevented the production of fluorescence, and protein and mRNA of MMP-9 were similarly 

localized as the fluorescence due to collagen type IV breakdown. 

In situ zymography of uPA was introduced by Sappino et al. (1991) using plasminogen and 

casein as substrate. Plasminogen was converted by uPA to plasmin which degraded casein. 

De Vries et al. (1995) demonstrated with this approach uPA activity in sprouting capillaries in 

melanomas. The production of fluorescent peptides from DQ-casein was recently used for the 

precise localization of uPA activity in unfixed cryostat sections of mouse liver with colon 

cancer metastases (Ackema. unpublished results). Figure 5 shows the localization of 

fluorescent breakdown products of Bodipy-cascin in colon cancer metastases of mouse liver. 

DQ-BSA has also been used instead of DQ-cascin as substrate for the localization of uPA 
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activity in matrices containing fibrosarcoma cells (Horino et al. 2001) and retinal pigment 

cells (Elner 2002). The specificity of extracellular proteolysis of BSA by uPA was assessed 

by inhibition with PAI-1. BSA can be cleaved by many proteinases and therefore, specificity 

tests are very important. Koblinsky et al. (2000) showed that intracellular cathepsin B is 

responsible for the intracellular accummulation of degraded DQ-BSA in translected 

fibroblasts grown on a gelatin matrix containing DQ-BSA. 

Figure 5. In situ zymography of urokinase plasminogen activator activity with Bodipy-casein as substrate and 
added plasminogen in colon cancer metastasis in mouse liver. Fluorescence due to caseinolytic activity (red) 
was found in intratuinoral stroma of tumors. Nuclei are shown in green. 

Summarizing, dye-quenched fluorogenic natural substrates other than gelatin have mainly 

been used in gel matrices containing cultured cells and have hardly been applied to cryostat 

sections. The use of these substrates has potential for the localization of activity of proteinases 

but it has to be emphasized that proper controls have to be performed to establish the 

proteinases involved, such as the use of inhibitors and combination with detection methods 

such as immunohistochemical localization and zymography. 

In conclusion, precise localization of proteinase activity using natural substrates containing 

quenched fluorescence is a valuable tool to study its role in (patho)physiological processes. 

The value of the method may even increase when fluorescence production can be measured 

locally. Fluorescence should then be measured locally during incubation and measurements 

should fulfill a series of criteria as formulated by (Stoward 1980) as has been established for 

many other enzyme histochemical procedures (Van Noorden and Frederiks 1992). Moreover, 

81 



in situ zymography localization should be combined with immunohistochemical localization 

preferably on the same sections or at least on serial sections. Finally, zymography of cell or 

tissue homogenates should be performed as well to assess the nature of the protein and as a 

consequence the type of proteinase which cleaves the substrate. 

Protocol I. The method of choice to detect gelatinolytic activity with in situ zymography 

and DQ-gelatin in cells or tissues. 

Dissolve 1 g low-gelling temperature agarose in 100 ml phosphate-buffered saline (PBS: pi I 7.45) under 

continuous stirring and heating in a water bath (80°C) until a clear solution is obtained. 

Store the clear agarose-containing solution at 4°C in air-tight \ ials. 

Meat the agarose-containing solution to 60°C to obtain a clear solution before incubation. 

Cool the desired volume of the solution to 37°C before incubation. 

DQ-gelatin (Molecular Probes. Eugene. OR) was dissolved in a concentration of 1 mg ml in distilled water. 

The DQ-gelatin solution was diluted 1:10 in the agarose-containing solution. 

Use unfixed cells or unfixed cryostat sections of the tissue to be investigated (S-10 urn thick). 

The DQ-gelatin agarose mixture (40 ul) was put on top of the dried cells or sections and covered with a 

covers!ip of 24 x 40 mm. 

The agar was gelled at 4°C. 

Incubation was performed for 1 up to 24 h at room temp dependent on the enzyme activity. 

Fluorescence of FITC was detected with excitation at 460-500 nm and emission at 512-542 run. 

Control incubations should be carried out on cells or serial cryostat sections by adding 20 mM EDTA or a 

selective MMP inhibitor to the incubation medium. 

Moreover, cells or sections should be preincubated for 1 h at room temp with the different inhibitors dissolved in 

PBS. 

The presence of autotluorescence in cells or sections should be tested by incubating in the agarose-containing 

medium which lacks DQ-gelatin. 

Nuclei can be counterstained by adding DAPI (I ug/ml) or propidium iodide (0.5 ug/ml) to the incubation 

medium. 

82 



Analyse the cells of sections: compare the fluorescence of FITC formed after incubation in the presence ofDQ-

gelatin with the fluorescence produced after incubation in the absence of DQ-gelatin or in the presence of DQ-

gelatin and MMP inhibitors. 

Protocol II. The procedure of choice to detect gelatinolytic activity with in situ 

z\mography in cells or tissues in combination with immunohistochemistry. 

Cells or cryostat sections were air-dried for I h at room temp. 

Cells or cryostat sections were fixed in acetone for 10 min at room temp. Cross-linking fixatives should be 

avoided, because they affect enzyme activity. 

The immunohistochemical procedure for the desired antigen was performed according to standard procedures 

using a fluoresccntly-labelled secondary antibody with other spectral properties than FITC. 

The procedure as described in protocol I was performed to detect gelatinolytic activity. 

Analyze the cells or sections: compare the localization of the fluorescence of FITC with that of the other 

fluorophore. 
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Summary 

Matrix metalloproteinases (MMPs) such as gclatinases arc believed to play an important role 

in invasion and metastasis of cancer. In this study we investigated the possible role of MMP-2 

and MMP-9 in an experimental model of colon cancer metastasis in rat liver. We 

demonstrated with gelatin zymography that the tumors contained MMP-2 and MMP-9, but 

only MMP-2 was present in the active form. Immunolocalization of MMP-2 showed that the 

protein was localized at basement membranes of colon cancer cells and in intratumor stroma, 

associated with extracellular matrix (ECM) components. However, zymography and 

immunohistochemistry (IHC) do not provide information on the localization of MMP activity. 

Therefore, we developed an in situ zymography technique using the quenched fluorogcnic 

substrate DQ-gelatin in unfixed cryoslat sections. The application of DQ-gelatin in 

combination with a gelled medium allows precise localization of gelatinolytic activity. 

Fluorescence due to gelatinolytic activity was found in the ECM of tumors and was localized 

similarly to both MMP-2 protein and collagen type IV. its natural substrate. The localization 

of MMP-2 activity and collagen type IV at similar sites suggests a role of MMP-2 in 

remodeling of ECM of stroma in colon cancer metastases in rat liver. 

Key words: gelatinase activity, DQ-gelatin matrix, metalloprotcinase. metastasis, extracellular 

matrix. 

Introduction 

Matrix metalloproteinases (MMPs; e.g., gclatinases. collagcnases, stromelysins, matrilysins 

and membrane-type MMPs) play an important role in invasion and metastasis of cancer 

(Crawford and Matrisian 1994). These enzymes degrade the extracellular matrix (ECM) 

(Knittel et al. 2000). enabling cancer cells to migrate and proliferate (Ray and Stetler-

Stevenson 1994; Koyama et al. 2000). Expression of MMP-2 and MMP-9 is increased in 

many tumors compared with normal tissues (Liabakk et al. 1996; Davidson et al. 1999), and 

activation of the proform of MMP-2 is crucial for the metastatic capacity of primary tumors 

(Waas et al. 2002). MMP-2 and MMP-9 are considered to be the major MMPs involved in 

invasion and metastasis because of their capacity to degrade type IV collagen, an important 

component of basement membranes. Degradation of basement membranes is an essential step 

in invasive growth and metastasis (Himelstcin et al. 1994: Liabakk et al. 1996; Ratnikov et al. 

2000). However, it is becoming appreciated that MMPs are not only involved in the 
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degradation of matrix components. In addition to collagen type IV, a number of soluble 

growth factors, growth factor receptors, and cytokines are also natural substrates for MMP-2 

and MMP-9 (Gearing et al. 1994: Schonbeck et al. 1998; Yu and Stamenkovic 2000). Soluble 

growth factors and cytokines are secreted and can be "stored" bound to ECM components. On 

matrix remodeling, these molecules are liberated and activated or inactivated, giving rise to a 

local increase or decrease in bioactive molecules (McCawley and Matrisian 2000). 

Furthermore, processing of growth factor receptors by MMP-2 or MMP-9 can activate or 

inactivate their biological function (Levi et al. 1996; Lombard et al. 1998). Im-

munohistochemical (1HC) studies demonstrated that MMP expression is not restricted to 

cancer cells but can also be found in stromal cells of tumors (Meyer and Hart 1998: Baker et 

al. 2000). 

MMP inhibitors, such as batimastat and marimastat. are currently used to inhibit cancer 

growth and metastasis in animal models and have been tested in Phase III clinical trials 

(Rasmussen and McCann 1997; Prontera et al. 1999). Treatment with batimastat reduced the 

vascular density of metastases in mice and therefore appeared to inhibit angiogenesis (Wylie 

et al. 1999). On the other hand, liver metastases were also induced by batimastat, which was 

in accordance with upregulation of MMP-2 and MMP-9 mRNA levels in these livers (Kruger 

et al. 2001). In line with these experimental data, synthetic MMP inhibitors have been shown 

to exert dual effects in clinical trials. Marimastat treatment increased progression-free survival 

in patients with inoperable gastric cancer, but in advanced pancreatic cancer no benefit was 

found in comparison with the current standard treatment with gemcitabine. Bayer 

Pharmaceuticals (West Haven, CT) halted all clinical trials of its MMP inhibitor BAY 12-

9566 because, in a trial of small-cell lung cancer patients, the inhibitor did worse than the 

placebo (McCawley and Matrisian 2000). These contradictory findings indicate the 

complexity of the involvement of gelalinases in tumor progression. Therefore, the success of 

treating cancer patients with MMP inhibitors is largely dependent on our understanding of the 

molecular mechanisms involved. 

A model of metastasis of colon cancer cells in rat liver has been used in our group to study 

processes involved in metastasis (Jonges et al. 1993; Griffini et al. 1997). With respect to the 

role of proteases, we found that inhibitors of extracellular cathepsin B delayed rather than 

inhibited colon cancer metastasis in rat liver. We concluded that active extracellular cathepsin 

B was involved in the development of these tumors but that its function was not an essential 
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requirement (Van Noorden et al. 1998). Therefore, we arc now investigating whether MMP-2 

and MMP-9 activity is essential in the development of these metastases. Because MMP 

activity is highly regulated by activators of preforms, mostly other proteases, as well as by 

endogenous inhibitors, such as tissue inhibitors of matrix metalloprotcinases (TIMPs; 

Koyama et al. 2000). localization of MMPs with specific antibodies does not provide 

information on the activity of these enzymes. On the other hand, gelatin zymography, a 

technique that is frequently used to demonstrate MMP-2 and MMP-9 activity in tissue 

homogenates after polyacrylamide gel electrophoresis (Heussen and Dowdle 1980: Creemers 

et al. 1998), does not allow conclusions to be drawn with respect to localization of activity. In 

situ zymography enables localization of activity in unfixed cryostat sections. This principle 

was introduced by Galis et al. (1995) using FITC-labelled gelatin, which allows the 

localization of enzyme activity in tissue sections. However, this technique resulted in poor 

localization of gelatinase activity and quantification was not possible, mainly because 

decreases in fluorescence rather than production of fluorescence must be detected. 

In this study we investigated the possible involvement of MMP-2 and MMP-9 activity in 

experimentally induced colon cancer metastases in rat liver using gelatin zymography and 

IHC. Moreover, we demonstrate a technique for specific and sensitive localization of 

gelatinolytic activity in unfixed cryostat sections of rat liver containing metastases using DQ-

gelalin as fluorogenic substrate. We show that DQ-gelatin. which was introduced for the 

fluorometric determination of gelatinolytic activity in vitro, is an excellent substrate for 

visualization of gelatinolytic activity in situ. 

Materials and Methods 

Animals 

Adult male WagRij rats (Broekman; Someren, The Netherlands) with a body weight of 200-

250 g were maintained for 2 weeks under constant environmental conditions with free access 

to food and water. All animal experiments were performed in agreement with the Animal 

Ethics Committee of the Academic Medical Center. University of Amsterdam. 
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Cancer cells 

An established colon carcinoma cell line. CC531s. was developed by Marquet et al. (1984). 

The cells were cultured at 37C as monolayers in RPMI-I640 Dutch Modification without 1-

glutamine (GIBCO/BRL: Grand Island. NY) supplemented with 10% (v/v) fetal calf serum, 2 

mM glutamine. 100 1U penicillin/ml. and 100 mg Streptomycin/ml. Cells were washed with 

PBS and, after detachment with trypsin (0.05% w/v) and ethylenediaminetetraacetic acid 

(EDTA) (0.02% w/v) in PBS and centrifugation (250 g, RT. 10 min), single cell suspensions 

were obtained with a viability of at least 95% (Griffini et al. 1997). 

Surgery 

A small midline incision was made in the abdominal wall of rats under anesthesia with FFM 

mix (1 ml Hypnorm. 1 ml Midazolam, and 2 ml water, 0.27 ml/100 g body weight IP). A 

suspension containing 5 x 105 cancer cells in 500 ul PBS was injected into the portal vein 

with a 27-gauge needle. The portal vein was closed by treatment of the incision with an 

aqueous solution of thrombin (Central Laboratory of the Netherlands Red Cross Blood 

Transfusion Service; Amsterdam. The Netherlands) using a cotton bud. After 3 weeks, on 

average 10 metastases had developed per liver, particularly at the surface of liver lobes, with 

diameters ranging between 0.5 and 3.0 mm. The rats were sacrificed with an overdose of 

sodium pentobarbital and the livers were removed immediately and cut into small cubic 

pieces (5 mm thick), which were frozen in liquid nitrogen and stored at -80C until used. Some 

metastases were isolated from liver parenchyma and separately frozen in liquid nitrogen. 

From one control animal, kidney, and duodenum were removed and frozen in liquid nitrogen. 

Serial sections (8 urn thick) were cut at a cabinet temperature of-25C using a motor-driven 

cryostat (Bright; Huntingdon, UK). 

Gelatin zymography 

MMPs in tissue extracts of liver metastases were determined by modification of the sodium 

dodecyl sulfate (SDS)-poly-acrylamide gel electrophoresis (PAGE) procedure (Heussen and 

Dowdle 1980; Creemers et al. 1998). Tissues were ultrasonically homogenized: 15.0 mg wet 

tissue in 0.2 ml extraction buffer [1% (w/v) Triton X-100, 50 mM Tris-HCI, pH 7.6, 200 mM 

NaCl, and 10 mM CaCb)] (Forsyth et al. 1998). After an overnight incubation at 4C, the 

samples were centrifuged for 10 min at 9700 g. Supernatants (15 pi) were diluted 1:4 with 

sample buffer (0.1 M Tris-HCI, pH 6.8), 4% (w/v) SDS, 20% (w/v) glycerol, 0.005% (w/v) 
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bromophenol blue. 10 mM EDTA) and electrophoresed, together with molecular weight 

markers, on a 10% polyacrylamide gel containing 1 mgml gelatin. After electrophoresis, gels 

were washed for 30 min in a buffer containing 50 mM Tris-HCl (pH 7.5), 2.5% (w/v) Triton 

X-100. and 5 mM CaCL and incubated overnight (16 hr) in incubation buffer at 37°C [1% 

(w/v) Triton X-100, 50 mM Tris-HCl, 5 mM CaCl:, 0.02% (w/v) NaN3, pH 7.6]. Gels were 

stained with Coomassie blue and destained by acetic acid in methanol and dH?0 (1:3:6), both 

for 60 min, to visualize bands with gelatinolytic activity (Woessner 1995; Oh et al. 1999). 

Furthermore, DQ-gelatin (0.25 mg'ml) instead of regular gelatin was added to the 

polyacrylamide gel to ascertain that DQ-gelatin is a suitable substrate for MMP-2 and MMP-

9. Further procedures were similar to those described above. To characterize the enzyme(s) 

responsible for gelatin breakdown, the following protease inhibitors were added to the 

incubation buffer: 20 mM EDTA (general MMP inhibitor). 10 uM CT-1166; Celltech. 

Klamath Falls, OR (selective inhibitor of MMP-2 and MMP-9). 20 uM pepstatin A (inhibitor 

of aspartate proteinases), 1 mM phenylmethanesulfonyl fluoride (PMSF: inhibitor of serine 

proteinases) and 50 uM trans-epoxysuccinyl-1-leucylamido (4-guanidino)-butane (E64. 

inhibitor of cysteine proteinases), all three obtained from Sigma, (Zwijndrecht. The 

Netherlands). 

Immunohistochemistry 

Cryostal sections (8 urn thick) of livers containing metastases were air-dried for 1 hr and 

fixed in acetone at RT for 10 min. Colon cancer cells were detected with Ulex europaeus 

agglutinin-1 conjugated to horseradish peroxidase (UEA-HRP; EY Laboratories, San Mateo, 

CA), a selective marker of colon carcinoma cells (Griffini et al. 1997). Peroxidase activity 

was visualized by incubation for 10 min at RT with a solution containing 20 rrig 3-amino-9-

ethylcarbazole (Sigma). 5 ml dimelhyllbrmamide, and 0.01% hydrogen peroxide in 50 mM 

sodium acetate buffer (pH 4.9). After rinsing in dFLO, sections were counterstained with 

hematoxylin and mounted in glycerin-gelatin. MMP-2 was demonstrated with a mouse 

monoclonal antibody against human active and inactive MMP-2 (diluted 1:800; Neomarkers, 

Fremont, CA) and collagen type IV with a goat polyclonal antibody against human collagen 

type IV (diluted 1:500: SBA, Birmingham. AL). Crossreactivity of the anti-human antibodies 

with rat MMP-2 and collagen type IV. as described by the manufacturer, was tested. 

Incubations with the first antibodies were performed for I hr at RT in PBS containing 0.2% 

(w/v) bovine serum albumin (BSA). After rinsing in PBS for 15 min. sections were incubated 
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with rabbit anti-mouse and rabbit anti-goat immunoglobulins coupled to TRITC or F1TC 

(Dako: Glostrup. Denmark), diluted 1:200. in die presence of 0.2% (w/v) BSA and 1% (v/v) 

normal rat serum for 1 hr at RT. Nuclei were countcrstained with 4.6-diamidino-2-

phenylindole (DAP1: 1.0 ug /ml). The specificity of the IHC procedures was determined by 

omitting primary antibodies in the first incubation. 

//; situ zymography 

Gelaiinolytic activity was demonstrated in unfixed cryostat sections (8 urn thick) using DQ-

gclatin as a substrate (Enz-Chek: Molecular Probes. Eugene. OR). Cryostat sections of livers 

containing metastases, kidney, and duodenum were air-dried for 10 min. DQ-gelatin was 

dissolved in a concentration of 1 mg/ml in water and then 1:10 diluted in 1% (w/v) low 

gelling temperature agarose (Sigma) in PBS containing DAPI (1.0 ug/ml) or propidium iodide 

(PI; 0.5 ug/ml) to counterstain nuclei (Weber et al. 1999). The mixture (40 pi) was put on top 

of the sections and covered with a coverslip. After gelling of the agar at 4C, the incubation 

was performed for 1 hr at RT. Fluorescence of FITC was detected with excitation at 460-500 

nm and emission at 512-542 nm. DAPI was detected with excitation at 340-380 nra and 

emission at 425-x nm. PI was detected with excitation at 540-580 nm and emission at 608-

682 nm. Specificity of the gelaiinolytic activity due to MMP activity was determined with 20 

mM EDTA and 10 uM CT-1166. The effects of the same inhibitors that were used for gelatin 

zymography (see above), either separately or in a mixture, were also studied. Cryostat 

sections were preincubated for 1 hr at RT with the different inhibitors dissolved in PBS. Then 

incubation with DQ-gelatin was performed as described above in the presence of the 

inhibitors. To ascertain the enzymatic nature of the appearance of fluorescence and its specific 

localization patterns, collagenase-degraded DQ-gelatin and unconjugated FITC (fluorescent 

peptides and fluorescent molecules, respectively) were applied to the sections. Furthermore. 

4% formaldehyde fixation of sections for 10 min was applied to inactivate enzymes. 

In situ zymography combined with IHC 

For combined localization of gelatinolytic activity and MMP-2 protein or collagen type IV in 

the same section, IHC was performed as described above, with a TRITC-Iabelled secondary 

antibody, followed by in situ zymography with DQ-gelatin. Nuclei were countcrstained with 

DAPI (1.0 ug/ ml). Fluorescence of FITC was detected with excitation at 460-500 nm and 

emission at 512-542 nm and fluorescence of TRITC was detected with excitation at 540-580 
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nm and emission at 608-682 nm. DAPI was detected with excitation at 340-380 nin and 

emission at 425-<o nm. 

Results 

Gelatin zymography 

Gelatin zymography perfonned on a series of tumor homogenatcs showed similar 

gelatinolytic patterns. The banding patterns represented proteins responsible for breakdown of 

gelatin. On the basis of molecular weights, the following gelatinolytic enzymes could be 

identified in the rumors: inactive pro-MMP-9 (92 kD), inactive pro-MMP-2 (72 kD). and 

active forms of MMP-2 (62 and 59 kD) (Figure 1). Addition o\' EDTA to the incubation 

medium prevented formation of lysis bands, indicating enzymes responsible for gelatin deg

radation were MMPs. Inhibition of the formation of bands by CTI166 showed that the bands 

represented MMP-2 and MMP-9 (Figure I). Inhibitors applied to inactivate aspartate, serine, 

and cysteine proteinases did not affect the intensity of the lysis bands (data not shown). 

1 2 3 4 5 

Figure 1. Lane 1. molecular weight markers. Gelatin zymography of a homogenate of colon cancer 
metastases in rat liver (Lane 2). ProMMP-9 (92 kD). proMMP-2 (72 kD), and active MMP-2 (62 kD and 59 
kD) arc present. Inhibition of MMP activity with EDTA (Lane 3) and CTI 166 (Lane 4) prevented lysis of 
gelatin, indicating that (lie lysis bands from the tumor homogenate are due to MMP-2 and MMP-9 activity. 
Gelatin zymography with DQ-gelatin as substrate showed identical lysis bands as for gelatin (Lane 5). 
Because of the low DQ-gelatin concentration. Coomassie staining was far less intense and is the reason for 
the less contrasted image. 

Gelatin zymography using DQ-gelatin instead of gelatin as substrate for gelatinases showed 

identical lysis bands, which were affected by the inhibitors similarly to the bands obtained 

after gelatin lysis (Figure 1). This indicates that DQ-gelatin can serve as substrate for MMP-2 

and MMP-9. 
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Immunohistochcmistry 

Tumors can be distinguished from liver parenchyma on the basis of their morphology. Cancer 

cells were clustered in acini, surrounded by intratumor stroma (Figure 2). MMP-2 protein was 

found within intratumor stroma and at basement membranes of colon cancer cells (Figure 3). 

Immunohistochcmistry revealed that the ECM of intratumor stroma and basement membranes 

contained collagen type IV (Figure 4). The localization patterns of MMP-2 and collagen type 

IV were largely similar, suggesting a strong spatial relationship between these molecules. As 

positive control, immunostaining of type IV collagen was found in kidney and duodenum at 

basement membranes of podocytes and endothelial cells in glomeruli, and at basement 

membranes of epithelial cells that are known to contain collagen type IV (data not shown). 

Gelatinolytic activity detected with DQ-gelatin 

When DQ-gelatin was applied to unfixed cryostat sections of rat liver containing metastases, 

fluorescence was localized at basement membranes of colon cancer cells and in intratumor 

stroma. The localization had a fibrillar appearance in intratumor stroma (Figure 5). Both 

EDTA and CT1166, a general MMP inhibitor and a selective MMP-2 and MMP-9 inhibitor, 

respectively, strongly reduced fluorescence generated by breakdown of DQ-gelatin but did 

not completely abolish it (Figure 6). Fixation of basement membranes with formaldehyde 

prevented the formation of fluorescence. Inhibitors of aspartate, serine, and cysteine 

proteinases did not have an effect on the generation of fluorescence. In kidney and duodenum, 

fluorescence was not generated due to lysis of DQ-gelatin. The specificity of the generation of 

fluorescence due to lysis of DQ-gelatin by gelatinolytic activity was further confirmed by the 

findings that incubation of sections with collagenase-digested DQ-gelatin or unconjugated 

FITC molecules gave a homogeneous green fluorescence in the overlay but did not result in 

localized fluorescence. 

Combined staining of gelatinolytic activity, MMP-2 protein, and collagen type IV 

Combined staining of MMP-2 protein and gelatinolytic activity in the same cryostat sections 

showed that red and green fluorescence (MMP-2 protein and gelatinolytic activity, 

respectively) were localized at the same sites (Figure 7). The green fluorescence caused by 

DQ-gelatin breakdown was also localized in a similar way as the red fluorescence of collagen 

type IV immunostaining (Figure 8). Therefore, it can be concluded that MMP-2 may be 
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actively involved in gelatin breakdown because MMP-2 activity is present at the site of its 

natural substrate. 

Figure 2. Imnuinohistochemical detection of cancer cells (red) in colon cancer metastasis in rat liver. 
Metastasis is surrounded by liver parenchyma (P) and consists of cancer cells (C) in tube-like and 
acinar structures and intratumor stroma (S). Bar = 400 um. 

Figure 3. Immunoliistochemical detection of MMP-2 protein (red) in colon cancer metastasis in rat 
liver. MMP-2 is present in intratumor stroma (S) and at basement membranes (arrow) surrounding 
cancer cells (C). Nuclei are shown in blue. Bar = 50 um. 

Figure 4. Immunoliistochemical detection of collagen type IV (green) in colon cancer metastasis in rat 
liver. Collagen type IV is present in intratumor stroma (S) and at basement membranes (arrow) 
surrounding cancer cells (C). Nuclei are shown in blue. Bar = 75 um. 

Figure 5. In situ /ymography of gclatinolytic activity with DQ-gclatin as substrate in colon cancer 
metastasis in rat liver. Fluorescence due to gclatinolytic activity (green) was found in intratumor 
stroma (S) of tumors and at basement membranes (arrow) surrounding cancer cells (C). Nuclei are 
shown in blue. Bar = 50 um. 

Figure 6. In situ zymography of gelatinolytic activity with DQ-gclalin as substrate in colon cancer 
metastasis in rat liver. Fluorescence due to gelatinolytic activity (green) was generated in the presence 
of DQ-gelatin (A). Bar = 75 um. Formation of fluorescence is strongly reduced by EDTA (B). Nuclei 
are shown in red. Bar = 50 um. 
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Figure 7. Combined gelatinolytic activity with DQ-gelatin as substrate (A) and immunolocalization of MMP-2 
protein (B) in the same ciyostat section. Overlay of the red signal (MMP-2 protein) and the green signal 
(gelatinolytic activity) shows similar localization patterns (orange-yellow) (C). Bar = 25 um. 

Figure 8. Combined gelatinolytic activity with DQ-gelatin as substrate (A) and immunolocali/ation of 
collagen type IV (B) in the same cryostat section. Overlay of the red signal (collagen type IV) and the green 
signal (gelatinolytic activity) shows similar localization patterns (orange-yellow) (C). Bar = 50 urn. 

Discussion 

In this study we investigated the possible involvement of MMP-2 and MMP-9 in metastasis 

of colon cancer in rat liver. For that purpose, we used a technique for the demonstration of 

gelatinolytic activity in sim. 

Gelatin zymography showed that MMP-2 and MMP-9. which are the major MMPs involved 

in gelatin breakdown, were expressed in liver metastases of colon cancer. MMP-2 was found 

in the biologically relevant active form, whereas MMP-9 was found only in the inactive form. 

Other proteinases were not found to be responsible for gelatin breakdown, based on the 
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experiments with various proteinase inhibitors in both gelatin zymography and in situ 

zymography. Therefore, in the present study we focused on the localization of MMP-2 in all 

further experiments. MMP-2 protein was found in intratumor stroma and around acinar 

structures of colon cancer cells in rat liver containing metastases. Gelatinolytic activity was 

localized with an /'/; situ zymography technique using DQ-gelatin. DQ-gelatin was originally 

introduced for fluorometric determination of gelatinolytic activity in vitro (Delia Porta et al. 

1999) and was applied in the present study in an /'// situ assay. The principle of fluorescence 

production is based on the presence of quenched FITC molecules in DQ-gelatin that are 

liberated and start to fluoresce on proteolytic degradation of DQ-gelatin into peptides. The 

water-soluble fluorescent peptides are kept at the site of their production because a gelled 

overlay is used. The method using DQ-gelatin enables precise localization of gelatinolytic 

activity. Fluorescence was found at basement membranes surrounding cancer cells and in 

association with ECM components in intratumor stroma, whereas fluorescence was not 

produced in control tissues, such as kidney and duodenum. A general MMP inhibitor (EDTA) 

and a selective MMP-2 and MMP-9 inhibitor (CT-1166), both of which prevented the 

formation of lysis bands in gelatin zymograms, strongly but not completely blocked 

gelatinolytic activity in situ. These differences in the effects of inhibitors in zymograms and 

in situ zymography may be due to differences in the accessibility of MMPs in zymograms and 

sections for the inhibitors. Homogenates that were used for zymography have been prelreated 

extensively (sonification, treatment with Triton X-100 and SDS). whereas in unfixed cryostat 

sections the enzymes are in their natural environment, bound to other molecules. 

Inhibitors of aspartate, serine, and cysteine proteinases did not affect fluorescence formation, 

which is in accordance with gelatin zymography showing that MMPs were the enzymes that 

degraded gelatin. 

Because the only active gelatin-degrading proteinase was MMP-2, as judged from gelatin 

zymography. IHC of MMP-2 and the DQ-gelatin method to demonstrate gelatinolytic activity 

were performed on the same sections. These experiments were performed because 

localization of MMP-2 with monoclonal antibodies does not discriminate between the active 

and inactive protein or MMP-2 bound to TIMP. MMP-2 protein and gelatinolytic activity 

were localized at the same sites, suggesting that MMP-2 is at least partly responsible for the 

degradation of DQ-gelatin. Collagen type IV. the natural substrate of MMP-2, also showed a 

similar localization as gelatinolytic activity. These findings strongly suggest that active 
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MMP-2 is associated with its natural substrate collagen type IV. To rule out nonspecific 

formation of fluorescence due to interactions between components in the tissue sections and 

DQ-gelatin, kidney and duodenum were used for in situ zymography. These tissues are both 

rich in collagen type IV and express MMP-2 and MMP-9 protein but contain little MMP-2 

and MMP-9 activity (Jalalah et al. 2000; Tarlton et al. 2000). DQ-gelatin was not degraded in 

these tissues, which indicates that DQ-gelatin degradation by gclatinolytic activity was 

responsible for the appearance of fluorescence in the tumors. It was excluded that FITC 

peptides or FITC molecules, which in theory could have been generated at other sites, have 

affinity for collagen by the finding that collagenase-degraded DQ-gelatin or FITC molecules 

did not colocalize with collagen type IV in liver metastases, kidney, and duodenum. Instead, a 

homogeneous fluorescence all over the section was observed. Moreover, blocking enzyme 

activity by formaldehyde fixation of the sections abolished the generation of fluorescence. 

Therefore, it can be concluded that the appearance of fluorescence from DQ-gelatin in the in 

sim zymography assays of colon cancer metastases is most likely due to activity of MMP-2. 

This conclusion was confirmed by the findings that, in both gelatin zymography and in situ 

zymography. gelatinolytic activity was not affected by inhibitors of proteases other than 

MMPs and the appearance of a lysis band due to active MMP-2 in gelatin zymography when 

DQ-gelatin was used as substrate. Because of the absence of a specific inhibitor of MMP-9 

only, it cannot be completely excluded that MMP-9 also plays a role in the degradation of 

DQ-gelatin. However, this seems unlikely because no active MMP-9 was found with gelatin 

zymography. 

Similar localization patterns of MMP-2 and collagen type IV can be explained on the basis of 

the molecular structure of MMP-2. MMP-2 contains an extra domain consisting of three 

contiguous copies of the fibronectin-derived type II homology unit (Collier et al. 1988,1992; 

Massova et al. 1998; Nagase and Woessner 1999; Briknarova et al. 2001). This fibronectin-

like domain is situated directly at the amino-terminal side of the zinc-binding site inside the 

catalytic domain (Steffensen et al. 1995; Massova et al. 1998) and accounts for the gelatin-

binding properties of these MMPs. It also provides the capacity to bind to collagen type IV. 

Although other parts of the catalytic domain are responsible for its proteolytic activity. 

Murphy et al. (1994) found that this activity is largely dependent on the fibronectin-like 

domain. Therefore, gelatinases present in the ECM and at basement membranes of colon 

cancer cells may bind via their fibronectin-like domain to collagen type IV. The fibronectin-

like domain possesses at least two collagen-binding sites that can be simultaneously occupied 
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by two collagen molecules (Steffensen et at. 1995). This means that MMP-2 bound to 

collagen type IV can simultaneously bind and degrade DQ-gelatin. 

In conclusion, it has been shown that gdatinolytic activity, as detected with a modified in situ 

zymography technique for unfixed cryostat sections, is present in colon cancer metastases in 

rat liver. On the basis of the findings obtained with zymography and IHC. we concluded that 

gelatinolytic activity was due to active MMP-2. Whether MMP-2 plays a decisive role in tu

mor development or is involved only in remodeling of ECM remains to be established in 

further experiments. 
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Abstract 

Various proteases are involved in cancer progression and metastasis. In particular, gelatinases. 

matrix metalloproteinase-2 (MMP-2) and MMP-9, have been implicated to play a role in 

colon cancer progression and metastasis in animal models and patients. In the present review, 

the clinical relevance and the prognostic value of messenger ribonucleic acid (mRNA) and 

protein expression and proenzyme activation of MMP-2 and MMP-9 are evaluated in relation 

to colorectal cancer. Furthermore, expression of tissue inhibitors of MMPs (TIMPs) in 

relation with MMP expression in cancer tissues and the relevance of detection of plasma or 

serum levels of MMP-2 and/or MMP-9 and TIMPs for prognosis are discussed. Furthermore, 

involvement of MMP-2 and MMP-9 in experimental models of colorectal cancer are 

reviewed. In vitro studies have suggested that gelatinasc is expressed in cancer cells but 

animal models indicated that gelatinase expression in non-cancer cells in tumors contributes 

to cancer progression. In fact, interactions between cancer cells and host tissues have been 

shown to modulate gelatinase expression in host cells. Inhibition of gelatinases by synthetic 

MMP inhibitors has been considered to be an attractive approach to block cancer progression. 

However, despite promising results in animal models, clinical trials with MMP inhibitors 

have been disappointing so far. To obtain more insight in the (patho)physiological functions 

of gelatinases, regulation of MMP-2 and MMP-9 expression is discussed. Mitogen activated 

protein kinase (MAPK) signalling has been shown to be involved in regulation of gelatinase 

expression in both cancer cells and non-cancer cells. Expression can be triggered by a variety 

of stimuli including growth factors, cytokines and extracellular matrix components. On the 

other hand. MMP-2 and MMP-9 activity regulates bioavailability and activity of growth 

factors and cytokines, affects the immune response and is involved in angiogenesis. Because 

of the multifunctionality of gelatinases it is unpredictable at what stage of cancer development 

and in which processes gelatinase activity is involved. Therefore, it is concluded that the use 

of MMP inhibitors to treat cancer should be considered carefully. 

Introduction 

With few exceptions, death of colorectal cancer patients is caused by metastatic disease rather 

than the primary tumor [1]. The process by which malignant cells escape from the primary 

tumor and develop tumors at a secondary site is called the metastatic cascade. Key events in 

the cascade are generally considered to be invasion of stroma, intravasation of the circulatory 

system at the primary site, extravasation at the secondary site and outgrowth of new tumors. 
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These processes require degradation of extracellular matrix (ECM) components by proteolytic 

enzymes [2]. Various types of proteinases have been found to participate in ECM turnover, 

but matrix metalloproteinases (MMPs) are the principal ECM-degrading enzymes.. MMPs 

have historically been categorized in four subgroups on the basis of their specificity for ECM 

components: collagenases. gelatinases. stromelysins and matrilysins. As the list of MMPs was 

growing, a numbering system was adapted and MMPs are classified now according to their 

structure. Eight structural classes are recognized, five classes of MMPs being secreted and 

three being membrane-type MMPs (MT-MMPs; Table 1). Matrix degradation is a normal 

physiological process involved in embryonic development, organ morphogenesis, blastocyst 

implantation, ovulation, hair follicle growth, bone remodelling and wound healing [3]. 

Upregulation of MMP expression has been implicated in various diseases including arthritis, 

arthcrosclerosis and tumor progression and metastasis [4]. 

One particular group of MMPs, the gelatinases A and B (structure group: gelatin-binding) 

also known as 72-kD and 92-kD type IV collagenase or MMP-2 and MMP-9, respectively, 

are of particular interest with respect to the development and progression of colorectal cancer. 

Historically, interest in these enzymes was based on the capacity of these enzymes to degrade 

type IV collagen, a major component of basement membranes. Degradation of basement 

membranes is considered to be essential in invasive growth and metastasis. However, we now 

know many more biological functions of gelatinases. It has been shown that they are also 

involved in cell differentiation, apoptosis. angiogenesis, immune surveillance and cancer cell 

growth [5]. 

Gelatinases are expressed and secreted as inactive proenzymes. Expression is regulated by 

growth factors, cytokines, cell-matrix and cell-cell interactions. Enzyme activity is regulated 

extracellularly and its regulation is mainly based on the balance between proenzyme 

activation and inhibition by tissue inhibitors of MMPs (TIMPs) of which four are known at 

present (TIMP-1-4). TIMP-1, -2 and -4 are soluble proteins whereas TIMP-3 is matrix-

associated. TIMP-1 and TIMP-2 are endogenous inhibitors of all types of active MMPs 

whereas TIMP-3 and TIMP-4 are inhibitors of most MMPs. Furthermore. TIMP-1 forms a 

specific complex with pro-MMP-9 and this complex formation inhibits activation of pro-

MMP-9. TIMP-2 also complexes with pro-MMP-2. Low TIMP-2 levels are associated with 

MTl-MMP-mediated MMP-2 activation, whereas high TIMP-2 levels directly inhibit MT1-

MMP-mediated MMP-2 activation [6]. 
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Tabic I. 

Classes of MMPs and MM!' nomenclature. Historical names in bold. Adapted from Egeblad and Werb Nature 
Rev 2002:21.161. *Whcn MMP-I9 was cloned it was called MMP-1S. However, an MMP from Xenopus had 
already received that name and therefore this MMP is called now MMP-19. 

Secreted MMPs 

Structural class 

Minimal domain 

Simple hemopexin 
domain 

Furin activated and 
secreted 

Gelatin-binding 

Vitronectin-like 
insert 
MT-MMPs 
Transmembrane 

GPI-linked 

Type II 
transmembrane 

Names and synonyms 

Matrilysin. matrin. PUMP1, small uterine 
metalloproteinase 
Matrilysin 2. endometase 
Collagenase-I. interstitial collagcnase, 
fibroblast collagenase. tissue collagenase 
Collagenase-2, neutrophil collagenase, 
PMN collagenase. granulocyte collagenase 
Collagenase 3 
Stromelysin 1. transin-1. proteoglycanase. 
pro-collagenase activating protein 
Stromelysin 2. transin-2 
Metalloelastase, macrophage elastase, 
macrophage metalloelastase 
Collagenase-4 (no human homologue) 
RASI-l.MMP-18* 
Enamelysin 
None 
Stromelysin 3 

Epilysin 
Gelatinase A. 72-kD gelatinase, 72-kD type 
IV collagenasemeutrophil gelatinase 
Gelatinase B, 92-kD gelatinase, 92-kD type 
IV collagenase 
Homologue of Xenopus XMMP 

MT1-MMP 
MT2-MMP 
MT3-MMP 
MT5-MMP 
MT4-MMP 
MT6-MMP, leukolysin 
Cysteine array MMP (CA-MMP). 
femalysin. MIFR. MMP-21/MMP-22 

MMP nomenclature 

MMP-7 

MMP-26 
MMP-1 

MMP-8 

MMP-13 
MMP-3 

MMP-10 
MMP-12 

MMP-18 
MMP-19 
MMP-20 
MMP-27 
MMP-11 

MMP-28 
MMP-2 

MMP-9 

MMP-21 

MMP-14 
MMP-15 
MMP-16 
MMP-24 
MMP-17 
MMP-25 
MMP-23 

Furthermore. TIMPs also have other functions besides inhibition of MMPs. For example. 

TIMPs have been shown to induce or inhibit apoptosis in various cell types [7]. 
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Gelatinases have been reported to be associated with invasive and metastatic behavior of 

malignant tumors on the basis of their elevated expression in relation with invasion and 

metastasis. Tumors consist of cancer cells and stroma. Although cancer cells may be the 

source of gelatinases in some cases, in the majority of cases only stromal cells express 

gelatinases [8, 9]. However, elevated mRNA or protein levels in tumors are not necessarily 

linked with invasion and metastasis because these are not per se biologically or pathologically 

relevant. Only active forms of MMP-2 and MMP-9 are. 

In the present review, recent studies are discussed on the clinical significance of gelatinase 

expression in combination with TIMP expression in colorectal cancer and metastasis. We also 

evaluate animal sftidies and in vitro studies on the role of gelatinases in colon cancer and 

metastasis. 

Clinical relevance of the correlation between gelatinase expression and tumor 

progression 

Expression at the mRNA level 

Levels of mRNA have been detected by in situ hybridization and polymerase chain reaction 

(PCR). protein levels by immunohistochemistry and Western blot and activity levels by 

gelatin zymography and hydrolysis of quenched fluorescent substrate. It is particularly the 

latter approach that provides information on functional involvement of gelatinases in colon 

cancer. Expression of MMPs in general and gelatinases in particular has been extensively 

studied in biopsies and resection material of primary tumors and metastases of colon cancer 

patients. MMP-2 mRNA levels have been found to be overexpressed in carcinomas [10-13]. 

Overexpression of MMP-2 mRNA has been found in all Dukes' stages and expression levels 

did not correlate with the stages in the study of Heslin [14], whereas Collins et al. [12] 

showed a significant increase of MMP-2 mRNA levels in Dukes* stages B and C but mRNA 

levels of MMP-9. MT1-MMP, TIMP-1 and TIMP-2 remained unaltered. As a consequence, 

the MMP-2/T1MP-2 ratio was found to be increased in Dukes' stages B and C as compared 

with normal mucosa. Similar findings with respect to levels of mRNA of MMP-2. MT1-MMP 

and TIMP-2 were reported by Ornslein and Cohn [13]. On the other hand, MMP-2 mRNA 

levels were increased in all stages of colorectal carcinomas, whereas TIMP-2 mRNA levels 

were decreased in Dukes' stages C and D in the study of Chan et al. [11]. As a consequence. 

109 



the MMP-2/TIMP-2 ratio was also elevated in Dukes" stages C and D. This shows that 

increased MMP-2/TIMP-2 ratios can be a result of either increased MMP-2 expression or 

decreased TIMP-2 expression. 

In line with the observations of Collins et al. [12], MMP-2 mRNA was significantly more 

often present in tumor lesions than in normal colon tissue whereas MMP-9 mRNA expression 

was not significantly different in tumors of the colon and healthy mucosa in the study of 

Masuda and Aoki [15]. Also in this study. TIMP-1 and TIMP-2 mRNA expression was 

similar in normal colon and colon cancer. However, a relationship between MMP-2 mRNA 

levels and Dukes' stage was not found. Patients with or without metastases did not show any 

difference in expression of MMP-2. MMP-9. TIMP-1 and TIMP-2 mRNA [15]. but 

interestingly, MMP-2 mRNA expression in normal colon tissue of these patients was 

correlated with the presence of metastases (Dukes' D). It was concluded that prognosis of 

colorectal cancer patients is possible on the basis of expression patterns of MMP-2 and 

TIMP-2 mRNA in normal colon tissue [15]. In conclusion, MMP-2 has been shown to be 

overexpressed in colorectal cancer. However, clear correlations between MMP-2 expression 

levels and Dukes' stage have only occasionally been reported. On the other hand, an increased 

ratio of MMP-2 and TIMP-2 has been shown more frequently in cancer and it seems that an 

increased MMP-2/TTMP-2 ratio correlates with Dukes' stage. 

Besides the studies of Collins et al. [12] and Masuda and Aoki [15] that did not show a link 

between MMP-9 expression and colorectal cancer progression, MMP-9 mRNA was detected 

in half of the colorectal tumors investigated, whereas a significantly higher incidence was 

found when liver metastases were present indicating that MMP-9 expression is correlated 

with tumor progression [16]. Furthermore, elevated MMP-9 mRNA levels in colorectal 

cancer tissues as compared with healthy colon tissue indicated a shorter disease-free period 

and a shorter overall survival [9, 17]. Roeb el al. [18] also showed that MMP-9 mRNA levels 

were elevated in colon carcinomas but not in rectal carcinomas whereas TIMP-1 mRNA 

levels remained unchanged. Heslin et al. [14] found that MMP-9 was overexpressed in all 

Dukes' stages but a correlation between MMP-9 expression and Dukes' stage was not 

apparent. 

In conclusion, elevated levels of mRNA of MMP-2 or MMP-9 in colorectal cancer tissues as 

compared with healthy mucosa suggests involvement of these enzymes in cancer progression. 
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but a correlation between MMP-2 or MMP-9 mRNA levels and Dukes" stage has only been 

reported incidentally. 

Levels of TIMP-3 mRNA have been found to be increased in colorectal cancer, but protein 

levels of TIMP-3 were decreased in correlation with Dukes' staging [19]. In the study of 

Powe et al. [20] it was concluded that loss of TIMP-3 mRNA expression may contribute to 

enhanced cancer progression. Although it has been shown that TIMP-1 and TIMP-2 mRNA 

expression remain unaltered or TIMP-2 mRNA expression is downregulated in advanced 

stages of cancer, overexpression of TIMP-1 mRNA was found to correlate with lymph node 

metastasis and distant metastasis [21-23] and elevated TIMP-2 mRNA expression was found 

to be related with clinical staging from dysplasia to adenocarcinoma [24, 25]. These findings 

suggest that besides inhibition of MMPs by TIMP-1 and TIMP-2 in relation to 

carcinogenesis, overexpression may also induce cancer cell growth and development, due to 

other functions of TIMPs and in particular their growth factor-like properties [26]. However, 

it should be realized that translation of mRNAs into proteins of MMPs and TIMPs is also 

regulated so that protein levels may be a better indicator for the role of these proteinases and 

their inhibitors in invasion and metastasis. 

Expression at the protein level 

Tissue MMP-2 protein levels increase as polyps progress to adenocarcinoma [27] and 

increased levels of MMP-2 protein have been observed in invasive regions of colorectal 

tumors [28]. Protein levels of MMP-2 in colorectal cancer correlated significantly with 

Dukes" staging in the study of Levy et al. [10]. MMP-2 protein was significantly increased in 

Dukes' D whereas TIMP-2 protein levels were decreased in Dukes' C and Dukes" D tumors 

in the study of Chan et al. [11]. As a result, the ratio between MMP-2 and TIMP-2 was 

increased in Dukes' C and Dukes' D tumors [11]. Furthermore, Kim and Kim [29] found a 

positive correlation between MMP-2 protein levels and both Dukes' staging and 

angiogenesis, whereas a positive correlation between both MMP-2 and MMP-9 protein levels 

and Dukes" staging has been found as well [30]. In a small set of colorectal cancer samples 

the absence of type IV collagen was related with the presence of MMP-9. Absence of type IV 

collagen has been found in all patients with colorectal cancer that had metastases, and only in 

a quarter of the patients without metastases [31]. Immunolocalization showed that MMP-9 is 

more frequently expressed in advanced tumors and particularly in invasive tumor regions, 

where cancer cells are in close proximity of inflammatory cells, suggesting that localized 
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proteolytic activity contributes to invasion [32]. On the other hand, the number of MMP-9-

and urokinase-typc plasminogen activator receptor (uPAR)-positive cells was also found to be 

inversely correlated with metastasis of colon cancer, suggesting that MMP-9 and uPAR can 

have a dual role. They can both promote cancer development and be involved in host defence 

[33]. In contrast. Ring et al. [34] observed that the presence of MMP-2 and MMP-9 protein 

did not correlate with Dukes' staging or survival time. On the other hand, TIMP-2 was more 

often present at basement membranes and/or subglandular structures in primary colorectal 

tumors of patients without metastases than in those of patients with metastases [34]. It should 

be noted that only tumors of different Dukes' stages were compared in this study and not 

expression levels in tumors in comparison with normal mucosa. Nevertheless, it was 

demonstrated that TIMP-2 staining correlated negatively with metastasis. So. despite the fact 

that MMP-2 and MMP-9 staining did not correlate with tumor stage in this study, the study 

indicated that the MMP2/TIMP-2 protein ratios may be in favour of proteolysis in advanced 

stages. 

On the other hand, elevated TIMP-1 expression but not TIMP-2 expression correlated 

positively with Dukes' staging and negatively with survival in the study of Joo et al. [35]. 

Therefore, it was hypothesised that TIMP-1 expression may be growth-promoting as well. 

However, MMP-2 and MMP-9 protein expression was not evaluated in this study. This may 

be crucial for understanding the physiological role of TIMP-1 because Baker et al. [36] 

showed significantly higher TIMP-1 levels in tumors whereas overall MMP activity was also 

higher in these tumor tissues (see below). This indicates that determination of TIMP-1 protein 

levels is only informative when linked with levels of MMPs. 

In conclusion, MMP-2 and MMP-9 protein levels in colorectal tumors are elevated as 

compared to normal mucosa. In general, correlations have been found between MMP-2 and 

MMP-9 protein levels and metastatis of colorectal cancer, whereas both decreased and 

elevated TIMP protein levels have been found in relation with metastasis in colorectal cancer 

patients. 

Expression at the activity level 

The functional status of MMP-2 and MMP-9 can be obtained by studying activity of these 

proteinases. Activation of the proenzymes has been studied with SDS-PAGF. gelatin 

zymography. Lysis bands of active MMP-2, and not of active MMP-9, have been found in 
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gelatin zymograms by Yagamala and Emmert-Buck in colon cancer specimens in comparison 

with healthy colon tissue [28. 37]. Activation of MMP-2 was considered to be a feature of the 

malignant phenotype of colorectal cancers [38] because proenzyme activation of MMP-2 was 

elevated in Dukes' D colorectal cancer. Activation of both MMP-2 and MMP-9 has been 

found in colon carcinomas in comparison with healthy mucosa [18, 39]. Furthermore, the 

active form of MMP-2 and MMP-9 was predominantly present in patients with metastases 

[31]. In the study of Baker et al. [30], gelatin zymography showed that colorectal cancer 

tissues express significantly more often active MMP-2 and MMP-9 as compared with normal 

mucosa. Levels of inactive and active MMP-9 but not of active MMP-2 correlated with 

Dukes' staging [30]. Waas et al. [40] reported that absolute levels of active MMP-2 but not of 

active MMP-9 were significantly lower in stage D tumors than in stage B tumors. Ratios of 

active and inactive MMP-2 were increased 5-fold in tumors as compared with normal 

mucosa, whereas the ratio for MMP-9 was largely decreased in tumor tissues [40]. 

Gelatin zymography discriminates between inactive and active MMPs but does not allow a 

distinction between free MMPs and those complexed with natural inhibitors. Therefore, 

absolute values of gelatinolytic activity cannot be obtained in this way. Fluorogenic substrate 

hydrolysis provides quantitative values of gelatinolytic activity. Baker et al. [36] showed with 

a quenched fluorescent substrate that gelatinolytic activity was higher in tumor homogenates 

than in normal tissue homogenates and higher in homogenates of carcinomas than of 

adenomas. A correlation between gelatinolytic activity and Dukes* staging was not found but 

T3 and T4 tumors showed a higher activity than Tl and T2 tumors. Waas et al. [40] showed 

that gelatinolytic activity as determined by substrate hydrolysis was significantly higher in 

homogenates of colorectal tumors and at the transition of cancer tissue and healthy tissue as 

compared with homogenates of normal colorectal tissues. However, the activity did not 

correlate with any clinopathological parameter including T staging which was in contrast with 

zymographic findings on MMP-2. Only homogenates of transitional tissue of patients with 

metastases showed higher activity as compared with those tissues of patients without 

metastases [40]. 

In conclusion, proenzyme activation of MMP-2 and MMP-9 is in general increased in 

colorectal tumors as compared with healthy mucosa. For both active MMP-2 and active 

MMP-9 correlations have been shown with Dukes' staging. Therefore. MMP-2 and MMP-9 

are considered to be involved in the malignant phenotype of colorectal cancer. Gelatinolytic 
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activity is elevated in tumors compared with healthy tissue, however gelatinolytic activity 

within the tumor does not correlate with Dukes* staging but it has been shown that it rather 

represents the progression of the tumor. Furthermore, elevated gelatinolytic activity in 

transitional tissue has been linked with the presence of metastases. 

Gelatinases in plasma and serum 

Because MMPs are regularly overexpressed in colorectal tumors and may be released into the 

circulation. MMP levels in serum or plasma of cancer patients have been evaluated as a 

prognostic tool. A relation was shown between levels ofMMP-9 in plasma of patients and the 

presence of colorectal cancer, but plasma levels of MMP-9 did not enable discrimination 

between metastatic and non-metastatic disease [41, 42]. Later, it was reported that elevated 

plasma levels of either MMP-9 or MMP-9/T1MP complexes correlate with reduced survival 

of Dukes' D patients [43]. In contrast, MMP-2 levels in serum [42] or plasma [44] of 

colorectal cancer patients were not found to be elevated. Furthermore, Pucci-Minafra et al. 

[39] demonstrated that pro-MMP-9 levels but not pro-MMP-2 levels in serum were associated 

with cancer. Lysis bands at 220. 200 and 116 kD were observed in serum of cancer patients 

and not in serum of healthy individuals. The 200 and 116 kD bands have been interpreted as 

pro-MMP-9/TIMP-l complexes and the 220 kD band as a dimer of pro-MMP-9. Activated 

MMP-2 and MMP-9 were never found in sera of both cancer patients and healthy individuals, 

despite the fact that active MMP-2 and MMP-9 were present in tumors. These differences in 

gelatinolytic patterns in sera and tumor homogenates suggest that gelatinolytic activity in 

blood of cancer patients is not predictive for gelatinolytic activity in the tumor. 

Elevated pre-operative TIMP-1 plasma levels have been found to be correlated with poor 

prognosis [45] and with Dukes" stage D of colorectal cancer [46] which is in line with high 

levels of T1MP-I mRNA and protein that have been found in colorectal tumors. Furthermore. 

Yukawa et al. [47] found that elevated TIMP-1 plasma levels predicted invasion of the serosa 

and Dukes' C and D stages in two thirds of colorectal cancer patients. On the other hand, 

significant differences in TIMP-1 levels were not found by Oberg et al. in Dukes" A-C stages 

versus controls [48]. A combination of TIMP-1 serum levels with carcinoembryonic antigens 

(CEA) levels increased the prognostic value over that of TIMP-1 levels alone. When protein 

levels of CEA and not oi' TIMP-1 were increased, it was an indication of lymph node 

invasion, whereas elevated serum levels of both CEA and TIMP-1 indicated that metastases 

were present [49. 50]. 
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Another approach to determine the status of disease of patients was introduced by Okada et al. 

[51]. They collected bile of patients with and without liver metastases for the detection of 

inactive and active forms of MMP-2 and MMP-9. Active MMP-2 appeared to be significantly 

elevated in bile of patients with metastases as compared with patients without metastases, 

whereas levels of pro-MMP-2 were similar. On the other hand, inactive MMP-9 was 

significantly higher in patients with liver metastases whereas active MMP-9 was not detected. 

It was suggested that active MMP-2 and pro-MMP-9 may be useful markers for predicting 

liver metastasis in colorectal cancer. 

In conclusion, the involvement of MMP-2 or MMP-9 or both in colorectal cancer has been 

demonstrated more convincingly at the protein level than at the mRNA level. Correlations 

have been found between MMP-2 and MMP-9 protein levels and Dukes* staging whereas 

activation of pro-MMP-2 and pro-MMP-9 seem to be key events in tumor progression. 

Detection of TIMP-1 and TIMP-2 levels increases the discriminating power because ratios of 

MMPs and their inhibitors provide clues for the net proteolytic capacity. However, TIMP-1 

and TIMP-2 expression has been associated with tumor progression as well, probably due to 

their growth factor-like properties [26]. Quenched substrate hydrolysis by tumor homogenates 

represents net gelatinolytic activity. Net gelatinolytic activity is elevated in carcinomas but 

diffentiation between Dukes' stages on the basis of gelatinolytic activity does not seem to be 

possible. Interestingly, depth of invasion of the tumor is sometimes correlated with elevated 

gelatinolytic activity. Attempts have been made to predict tumor stages on the basis of plasma 

or serum levels of MMP-2 and/or MMP-9 but so far with little success. TIMP-1 plasma levels 

in combination with CEA levels were shown to be more powerful in prognosis. 

Experimental studies 

Gelatinasc expression in colon cancer cells 

Metastatic capacity of colorectal cancer cells and elevated levels of gelatinases in tumors have 

often been considered to be due to enhanced MMP production by the malignant cells [52]. 

This relationship between elevated metastatic capacity and increased MMP expression has 

been shown indirectly in in vitro experiments. For example, serum-free culture media of 

poorly metastatic and highly metastatic murine colon carcinoma cells both contained MMP-2 

and MMP-9. but the amounts of MMP-2 were markedly higher in the highly metastatic cell 

line [53. 54]. Kishi et al. [55] examined TIMP-1 and TIMP-2 expression in poorly metastatic 
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(NM11) and highly metastatic (LuMl) murine colon carcinoma cells. They found that poorly 

metastatic cells secreted lower levels of gelatinases and higher levels of TIMP-1 and TIMP-2 

than highly metastatic cells. The balance between gelatinases and inhibitors in the poorly 

metastatic cell line was in favour of the inhibitors whereas the balance was in favour of 

proteolysis in the highly metastatic cell line. Hyuga et al. [56] used the same cell lines and 

showed that an autocrine factor was responsible for the upregulation of MMP-9 (but not of 

MMP-2) in the highly metastatic cell line. Hewitt et al. [57] showed that a more tumorogenic 

colon cancer cell line (SW620) expressed lower levels of TIMP-2 and TIMP-3 than a less 

tumorogenic cell line (SW480). This again indicates that a balance in favour of proteolysis 

promotes invasion. Surprisingly, a ten-fold increased expression of TIMP-1 was found in the 

more tumorogenic cell line as well [57]. This is in line with the findings that increased levels 

of TIMP-1 in colorectal cancers and serum of colorectal cancer patients are an indicator for 

poor prognosis [35. 45, 46]. 

MMPs and TIMPs expressed by cancer cells may be important in invasion and metastasis. 

However, studies have shown that cultured cancer cells which do not express MMP-2 and 

MMP-9 can be metastatic in vivo as well [58, 59]. Tumors developed in vivo contained 

substantial amounts of MMP-2 and MMP-9, which was produced by stromal cells such as 

fibroblasts, monocytes and macrophages. Cancer cell-host cell interactions and the generation 

of a tumor-specific microenvironment for the regulation of MMP expression in host cells are 

appreciated as important factors in metastasis. Therefore, MMPs and TIMPs may be 

important even when cancer cells do not produce these proteins themselves. 

Gelatinase expression in non-cancer cells 

Tumors consist of cancer cells and non-cancer cells. There is a large contribution of non-

cancer cells in gelatinase expression in tumors. Gelatinases are expressed by fibroblasts and 

by a variety of immune cells including macrophages, monocytes, dendritic cells, natural killer 

cells, lymphocytes and neutrophils (reviewed in Opdenakker et al. [60]). 

MMP-2 mRNA in colon cancer tumors is mainly localized in fibroblasts whereas MMP-9 

mRNA is mainly expressed in tissue macrophages. Thus it seems that MMP-2 and MMP-9 in 

colorectal tumors is mainly produced by fibroblasts and macrophages respectively. However, 

a number of other cells involved in tumor biology have been found to express MMP-2 and 

MMP-9. For example, migration of monocytes is partly inhibited by doxazosin due to 
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inhibition of MMP-9 activity [61]. Monocyte-derived dendritic cells (DC) activate naive T-

cells into cytotoxic T-cells (CTL) which are essential to initiate the specific immune response. 

DC, transfccted with colon cancer cell total RNA. showed an increased anti-tumor CTL 

response in vitro [62]. Stimulated DC showed increased migration through matrigel mainly-

due to increased MMP-9 expression and decreased TIMP-1 and TIMP-2 expression [63]. 

Furthermore, migration of natural killer (NK) cells into tumor metastases is a prerequisite for 

their cytolytic function in cancer. NK cells have been reported to express MMP-2 and MMP-9 

and degrade matrigel in an interleukin-2 (lL-2)-dependent manner [64]. MMP-9 is expressed 

constitutively in resting T-cells, whereas MMP-2 expression is induced and MMP-9 

expression is elevated upon T-cell activation [65]. Epstein-Ban- virus-immortalized B-cells 

showed increased MMP-9 expression upon IL-1B and IL-8 treatment [66]. IL-8 causes the 

immediate release of MMP-9 from neutrophils [67] and a direct role of MMP-9 in migration 

of neutrophils was shown in MMP-9 knock-out mice where migration was significantly 

impaired in young mice. However, these effects were much less pronounced in adult mice and 

apparently the lack of MMP-9 was compensated for [68]. 

Therefore, gelatinase expression in tumors is not necessarily a consequence of gelatinase 

expression in cancer cells. Many, if not all. immune cells express either MMP-2 or MMP-9 or 

both. Their primary function is probably related with migration of immune cells. Cancer cells 

may use host cell gelatinases for their own purpose. To do so, colon cancer cells can modulate 

MMP expression in host cells and in combination with dampening of the immune response 

(see below) use host-derived gelatinases for their own advantage. 

Interaction of colon cancer cells with host cells 

Cultured colorectal cancer cells were found to induce MMP-9 expression in fibroblasts via 

direct cell-cell contact. In contrast, cancer cells derived from liver metastases and lymph node 

metastases did not induce MMP-9 expression in fibroblasts [69]. Fibroblasts, cultured in the 

presence of MMP-2-negative metastatic colorectal cancer cells (TF-43C), were stimulated to 

produce pro-MMP-2 but not when cocultured with non-metaslatic cells (TF-I7C). 

Furthermore, conditioned medium of metastatic cancer cells can induce similar effects, 

showing that soluble factors secreted by cancer cells can induce MMP-2 expression in 

fibroblasts [59]. On the other hand, cancer cells or conditioned medium did not induce MMP2 

production in fibroblasts in the study of Ko et al. [70]. These contradictory findings suggest 

that either fibroblasts behave differently in their response to cancer cells or that colon cancer 
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cells differ with respect to their effects on fibroblasts. The first hypothesis was confirmed by 

Fabra et al. [71] who showed that cocultures of an invasive and metastatic colon cancer cell 

line KM12SM and cither colon or lung fibroblasts produced significant amounts of pro-

MMP-2 and active MMP-2 in the medium, whereas cocultures with skin fibroblasts did not. 

Coculture of monocytes with MMP-2- and MMP-9-negalive metastatic colon cancer cells 

(SW62Ü-S5) induced secretion of moderate levels of MMP-9 and high levels of MMP-2. 

Conditioned media of these cancer cells induced similar responses in monocytes, implicating 

a paracrine regulation. Cocultures of monocytes with non-metastatic cancer cells (SW620-P) 

reduced MMP-9 secretion, whereas MMP-2 secretion was unaffected [72]. These studies 

clearly show that metastatic colon cancer cells are able to induce MMP expression and/or 

MMP secretion in stromal cells, either via direct contact or via paracrine regulation. 

Animal studies 

The in vitro findings described above have been confirmed by in vivo experiments. 

Ortholopically-implanted tumors on the cecum of recipient mice derived from MMP-2- and 

MMP-9-negative human colorectal cancer cell lines with different metastatic potentials 

(SW480, SVV62Ü and SW620S5, respectively) expressed significant amounts of MMP-2 and 

MMP-9. MMP-9 was host-derived and was expressed by stromal cells. These findings 

strongly suggest that not cancer cells but stromal cells are the major source of MMP-2 and 

MMP-9 and thai metastatic cancer cells are able to upregulate MMPs in host cells in vivo 

[58]. Cancer cell-host cell interactions may even be more important than MMP expression by 

cancer cells themselves since MMP-2-expressing cancer cells (TF-17C) have been found not 

to be tumorogenic whereas colon cancer cells (TF-43C), that do not produce MMP-2, can be 

both tumorogenic and metastatic [59]. Furthermore, intraportal injection of cultured colon 

cancer cells (CC531s) that do not produce MMP-2 and MMP-9 results in liver metastases that 

contain considerable amounts of MMP-2 and MMP-9 [73]. 

Natural inhibitors in animal models 

The importance of MMPs in cancer progression and metastasis has been established by 

application of inhibitors of MMPs in animal models. Introduction of a functional T1MP-3 

gene in a TIMP-3-deiïcient human colon cancer cell line (DLD-I) decreased its growth 

potential, and the reduction was related with the amount of T1MP-3 that was expressed [74]. 

Transfection of cancer cells or endothelial cells with the TIMP-2 gene resulted in inhibited 
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invasion of these cells in matrigel and 50% inhibition of tumor development in mice treated 

with TIMP-2-transfectcd cancer cells. Growth rates of established tumors were significantly 

reduced by a single local injection with a TIMP-2 gene-containing adenovirus [75J. 

Interestingly. Brand et al. [76] showed that overexpression of TIMP-2 in hepatocytes reduced 

metastasis in the liver by 95% after cancer cell (LS 174T) inoculation. Furthermore, 

transfection of the TIMP-2 gene to livers with preexisting metastases resulted in 80% 

reduction in tumor growth [76]. Growth of primary tumors of orthotopically-implanted colon 

cancer cells (K.M12SM) and development of liver metastases in nude mice were inhibited 

when the colon cancer cells were transfected with the TIMP-1 gene [77]. These data clearly 

show that overexpression of natural inhibitors of MMPs in cancer cells or host cells can 

inhibit experimental colon cancer growth and metastasis (Table 2), whereas an inducing effect 

of either TIMP-1 or TIMP-2 has not yet been described in animal models. 

Synthetic inhibitors in animal models 

In analogy with endogenous MMP inhibitors, administration of synthetic MMP inhibitors 

affects colon cancer progression and metastasis in animal models. Balimastat (British 

Biotech; BB-94). a first-generation broad-range MMP inhibitor, reduced growth of 

orthotopically-implanted primary colon tumors, local invasion and distant metastases [78]. 

Liver metastasis was completely prevented when treatment with batimastat was started al the 

time of intraperitoneal injection of cancer cells, whereas treatment that was started at 13 days 

after administration of cancer cells did not prevent liver metastasis but resulted in reduced 

liver metastasis and prolonged survival [79]. Treatment with batimastat that was started at 10 

days after inoculation of cancer cells (C170HM2) significantly reduced both numbers and 

diameters of liver metastases [80]. On the other hand, batimastat introduced liver metastases 

in an animal model of breast cancer and induced liver metastases derived from a T-cell 

lymphoma. Furthermore, daily administration of balimastat to healthy animals induced MMP-

9 expression and increased expression of MMP-2 in liver tissue [81]. In conclusion, broad-

range inhibition of MMPs in animal models of colon cancer metastasis has shown the 

involvement of MMPs in colon cancer progression and metastasis. Early MMP inhibition 

inhibits primary tumor growth and metastasis whereas this effect on established metastases is 

less pronounced (Table 2). 

Clinical trials with batimastat and marimastat, the human analogue of batimastat, revealed 

undesirable side effects which led to the development of more selective MMP inhibitors. 
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Selective MMP inhibitors have been shown to affect colon cancer progression and metastasis 

in animal models as well. CT1746 (Celltech; a selective MMP-2. MMP-3 and MMP-9 

inhibitor) reduced both primary tumor growth, tumor spread and metastasis of a human colon 

cancer cells (Co-3) in nude mice [82]. Drummond et al. [83] showed that administration of 

the MMP inhibitor BAY 12-9566 (a selective MMP-2. MMP-3 and MMP-9 inhibitor) reduced 

primary tumor growth by 35% and distant metastasis by 50% in nude mice. Moreover, the 

sizes of metastases were smaller, indicating that the effect of the inhibitor is both at the level 

of cancer cell dissemination and tumor growth. The MMP inhibitor R-94I38. which is 

selective for MMP-2 and MMP-9. reduced in vitro invasiveness of HT-29 and LS174T cells. 

two colorectal cancer cell lines that both express MMP-2 and MMP-9. and reduced the 

numbers of lymph node metastases in vivo [84]. KB-R7785. a selective inhibitor of MMP-1. 

MMP-3 and MMP-9. showed 90% inhibition of primary tumor growth of C-26 colon cancer 

cells in a transparent chamber model and strongly reduced the number and sizes of lung 

metastases [85]. MM1-166. a selective inhibitor of MMP-2 and MMP-9. reduced the number 

of mice that developed liver metastases from 80% to 20"o after orthotopical implantation o\' 

fragments of tumors of colon cancer cells (TK-4) as well as growth of the primary tumor [86]. 

Administration of MMI-166 or BPHA. a selective inhibitor of MMP-2, MMP-9 and MT1-

MMP, to nude mice after injection of C-1H colon cancer cells into the spleen resulted in 

reduction of liver metastases by 60% and 40%, respectively [87, 88]. Simultaneous treatment 

of animals with MMI-166 and chemotherapy with mitomycin C or Irinotecan (CPT-11) 

synergistically reduced liver metastases of TK-4 and C-1H colon cancer cells, respectively 

[89, 90]. It can be concluded from these studies that application of selective MMP inhibitors 

reduces colon cancer progression and metastasis. Similar effects of broad-range inhibitors and 

selective MMP inhibitors suggest a large contribution of gelatinases in colon cancer 

progression and metastasis. However, one should interpret such results with care since 

"selective' MMP inhibitors applied at high doses can have a broad inhibitory profile. Finally, 

simultaneous treatment with MMP inhibitors and cytotoxic agents is synergistic in the 

efficacy of colorectal cancer treatment. 
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Table 2. 

Application of natural inhibitors and synthetic small-molecular MMP inhibitors in experimental models of colon 
cancer, their specificity and their effect: (=) no effect. (T) increased and [I) decreased. * AC 1935 is a 5th 
passage primary colon adenocacinoma obtained from patient AC 1935. 

Inhibitor 

BB-94 
(batimastat) 

BB-94 
(batimastat) 

BB-94 
(batimastat) 

BB-94 
(batimastat) 

BB-2516 
(marimastat) 
MM 1-166 

MM I-166 
MM1-166 

MMI-166 

AG-3340 
KB-R7785 

CTI746 

BAY 12-9566 

R-94138 

BPHA 

Specificity 

Broad range 

Broad range 

Broad range 

Broad range 

Broad range 

MMP-2. 9, 14 

MMP-2,9, 14 
MMP-2, 9, 14 

MMP-2, 9, 14 

Broad range 
MMP-1,3,9 

MMP-2. 3. 9 

MMP-2, 3, 9 

MMP-2, 9 

MMP-2,9. 14 

Type of 
cancer cell 
C170HM2 

DHD/K12 

C170HM2 

AC 1935* 

C-1H 

TK-4 

C-1H 
TK-4 

C-1H 

C-1H 
C-26 

Co-3 

9 

HT-29, 
LS174T 
C-1H 

Effects 

From day 10 (ip administration of 
cancer cells) liver metastases 4-, 
diameter 4 
From day 2: prevention of 
peritoneal carcinomatosis and 
liver metastases. From day 13: 
peritoneal carcinomatosis 4-, 
number liver metastases 4-
From day 0 and day 10: 
peritoneal carcinomatosis 4, 
ascites (day 0) 4-, ascites (day 10) 

From day 7: orthotopic primary 
tumors 4-, local and regional 
invasion -l. distant metastases 4 
Colonization: metastases = 

Orthotopic primary tumors =, 
liver metastases: incidence 4. 
diameter 4 
Liver colonization: metastases 4 
Orthotopic primary tumors =. 
liver metastases 4, angiogenesis 
4-, synergistic effect with 
mitomycin C. 
Liver colonization: metastases 4, 
synergistic effect with CPT-11 
Liver colonization: metastases 4 
Primary tumors (dorsal skinfold 
chamber) 4. aneioeenesis 4. lun» 
metastases: number -l. diameter 4-
Orthotopic primary tumors 4, 
tumor spread 4-, metastases 1 

Orthotopic primary tumors 4-, 
distant metastases 4. diameter 4-
Lymph node metastases 4 

Liver colonization 4-

Reis 

[80] 

[79] 

[198] 

[78] 

[88] 

[86] 

[88] 
[89] 

[90] 

[88] 
[85] 

[82] 

[83] 

[84] 

[87] 
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TIMP-1 

TIMP-2 

TIMP-2 

TIMP-2 

T1MP-3 

MMP-9 

MMP-2 

» 

MMP-2 

MMP-2 

KMI2SM 

C5I 

LSI74T 

LS!74T 

PLD-1 

TTMP-1 expression in cancer 
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Regulation of Mi\TP-2 and MMP-9 expression 

The promotors of MMP genes are under control of growth factors, cytokines and tumor 

promotors via signal transduction pathways.Three MAPK pathways are known to regulate 

MMP-2 and MMP-9 expression, the p38 kinase, c-Jun N-terminal kinase (.INK) and 

extracellular signal-regulated kinase (ERK). The p38 kinases and JNKs are generally 

activated in response to inflammatory cytokines, osmotic stress and apoptotic signals. ERKs 

;v. orally respond to cytokines, growth factors and phorbol esters. As a consequence, a group 

protein kinases (MAPK kinase kinases [MAPKKKs]) phosphorylate MAPK kinases 

(MAPkk) which phosphorylate and activate MAPK. Active MAPKs translocate to the 

nucleus and activate a series of transcription factors that interact with transcription factor 

binding sites in MMP promotors (Fig. 1). 

The MMP-2 gene has long been considered not to be sensitive to modulation due to a lack of 

.> 'I-characterized regulatory elements in the MMP-2 promotor [91]. However, sequence 

analysis of the human MMP-2 promotor revealed a number of cis-acting regulatory elements 

including binding sites for cAMP-response element-binding protein (CREB). p53, Ets-1, 
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Figure 1. General schematic representation of signaling pathways thai regulate MMP2 and MMr9 
expression. Components of MAPK signaling pathway are depicted in gray. Extracellular signals like 
phorhol ester (TPA), integrins, growth factors and cytokines activate MAPK. Active MAPK can regulate 
MMP-2 and MMP-9 expression. 
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Figure 2. Potential regulatory elements in the promotor regions of the MMP-2 and MMP-9 genes. The relative 
positions of the regulatory elements, indicated as boxes, are not drawn to scale. Regulatory elements with 
established physiological roles are depicted in red. Transcription-factor binding sites include: 00 c-myc/c-myb 
(proto-oncogene found in avian myeolocyiomalosis virus). (CA)n (CA box). C/EBP (CCAAT/enhancer binding 
protein site), CREB (cyclic AMP-response element binding protein site), GCN4 (yeast transcriptional activator), 
ISRli linterferon-stimuiated regulatory element). KRE-M9 (kcratinocyte differentiation factor-1 regulator)' 
element), NF KB (nuclear factor-KB site), NIP (nuclear inhibition protein), p53 (p53 binding site). PEA3 (polyoma 
enhancer A binding protein-3 site), SI and S2 (silencer sequence 1 and 2 site), Spl (Sp-I binding/consensus site). 
TIE (transforming growth factor-13 inhibitory element). YBI (Y-bo.x transcription factor binding site'/. 
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CCAAT/enhancer-binding protein (C/EBP), Spl consensus site (GC box). AP-1 binding site 

(TPA responsive element (TRE)) and an AP-2 binding site which may be involved in the 

regulation of MMP-2 expression [92]. One cis-acting enhancer element was designated r2 in 

man or RE-1 in rat and contains binding motifs for the transcription factors activating protein-

2 (AP-2). p53 and Y-box transcription factor (YB-I: Fig. 2).Bian and Sun [93] showed that 

activation of the MMP-2 promotor was dependent on a p53-binding site. The transcription 

factors AP-2 and YB-I were shown to synergistically enhance MMP-2 expression due to 

hetcromerie AP-2-YBI complex binding to the RE1 element [94]. Afterwards, it was found 

that AP-2/p53 and AP-2/YB-I act together in complexes, whereas YB-I competes with p53 

for binding. The combination of AP-2, YB1 and p53 transcription factors resulted in a major 

increase in RE1 binding [95]. Furthermore. nm23-B in rat or nm23-Hl in man competes for 

the YB-1 site resulting in a dose-dependent reduction in MMP-2 expression [96]. Spl and 

Sp3 transcription factors, which both bind to Spl binding sites, are activators of the MMP-2 

promotor and are synergistic in enhancing MMP-2 expression [92]. Spl activation was shown 

to be dependent on ERK activity via MKK1 and can be suppressed by nonsteroidal anti

inflammatory drugs (NSAlDs) [97]. Fibroblasts immortalized with SV40 large T-antigen 

(TAg) but not normal fibroblasts require c-jun to sustain expression of MMP-2 [98]. On the 

other hand, ATF3 suppressed MMP-2 promotor activity as an antagonist of p53 [99]. Active 

serine/threonine kinase (AKT) stimulates MMP-2 expression whereas activation of 

phosphatase and tensin homologue deleted on chromosome ten (PTEN) attenuates AKT 

activity and likely suppresses MMP-2 expression [100] (Fig. 3). 

n n O V U VII I \TP3 P«3 Spl Sp3 

Figure 3. Positive and negative regulators of MMP-2 expression, -t positively regulates MMP-2 expression, 
negatively regulates MMP-2 expression. 

124 



Therefore, it can be concluded that MMP-2 expression is constitutive but MMP-2 promotor 

activity is also inducible. Regulation is dependent on the activation of several transcription 

factors that can both upregulate or downregulate MMP-2 promotor activity. 

The MMP-9 promotor has several transcription factor-binding motifs including AP-1 and AP-

2 binding sites, nuclear factor KB ( N F K B ) consensus sites, stimulating protein 1 (SP1) sites 

and polyoma enhancer A binding protcin-3 (PEA-3) sites GT-boxes. interferon-stimulated 

regulatory element (ISRE). transforming growth factor-6 inhibitory element (TIE), 

keratinocyte differentiation factor-1 regulatory element (KRE-M9), nuclear inhibition protein 

(NIP) binding sites [101] (Fig. 2). 

MMP-9 expression is regulated by binding of multiple factors to their response elements. 

NFKB upregulates MMP-9 transcription via the tumor necrosis factor a (TNFa) signalling 

pathway due to a recognition sequence at -600 bp [102]. Interferons downregulate MMP-9 

expression by activation of interferon regulatory factor 1 (IRF1) and signal transducer and 

activator of transcription 1 (STAT1) which compete with binding of N F K B [103]. KiSS-1 

diminishes MMP-9 expression by reducing N F K B binding to the promoter [104]. Active c-fos 

inhibits MMP-9 expression via the AP-1 site at -79 bp [105]. whereas signals which activate 

JNK1 or active c-jun stimulate MMP-9 expression via AP-1 at -79 bp [102]. Thus, opposite 

effects on MMP-9 expression can be mediated via the same recognition site, depending on 

which binding proteins are activated. This was also found for ETS transcription factors. ETS-

2 induces MMP-9 promotor activity whereas myocyte enhancer factor (MEF), an ETS 

transcription factor, reduces MMP-9 promotor activity probably due to competition for the 

same ETS site [106]. Stimulation of MMP-9 expression by phorbol ester was reported to be 

both p38 dependent [107] and AP-1 (-79 bp) dependent and MMK.6 was shown to be 

involved AP-1 dependent MMP-9 promotor activity [10.8]. A hydroxymethylglutaryl 

coenzyme A reductase inhibitor which affects Ras signalling decreases MMP-9 but not 

MMP-2 expression in NIH 3T3 fibroblasts and Ras-transformed NIH 3T3 fibroblasts (Fig. 4). 
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Figure 4. Posilive and negative regulators of MMP-9 expression. + positively regulates MMP-2 expression -

negatively regulates MMP-2 expression. 
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In addition, lovastalin also reduced AP-1- and NFicB-binding activities [109]. In conclusion, 

all three MAPKs i.e. ERK. JNK and p38, can be involved in the regulation of MMP-9 

transcription. Activation of transcription factors can either upreguiate or downregulate MMP-

2 and MMP-9 expression. This is dependent on which transcription factor is activated but can 

also be dependent on the cell type. 

Extracellular signals involved in regulation of MMP-2 and MMP-9 

The intracellular signalling cascades that are involved in regulation of expression of MMP-2 

and MMP-9 can be induced by extracellular signals such as growth factors, cytokines, 

mitogens, environmental stress and interactions with ECM components. 

Effects of growth factors and cytokines on gelatinase expression by colon caucer cells 
i 

Transforming growth ('actor 6 (TGFB) induces secretion of MMP-9 by colon cancer cells in a 

cell line-dependent manner. Highly metastatic cells (LuMl) showed a strong response, 

whereas poorly metastatic cells (NMI1) were not affected very much [110J. Furthermore, a 

regulatory role of TGFB I in invasion and metastasis-related processes has been illustrated by 

differences in matrigel invasiveness of two colon cancer cell lines. U9 and HD3 colon cancer 

cells expressed similar amounts of TGFB I and its receptor but responded differently to 

TGFB1. The U9 cell line exhibited autocrine upregulation of growth in vitro by TGFB1, 

whereas HD3 cells showed an opposite response, an autocrine!downregulation of growth. U9 

cells were 13-fold more invasive in matrigel than HD3 celts upon TGFB1 stimulation [111]. 
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This phenomenon strongly suggests that signalling events downstream of the TGFB receptor 

are involved in MMP-9 secretion and (hat signalling events are cell line-dependent. Colon 

cancer cells (U9A) transfccted with antisense TGFB1, thai expressed a third of the amounts of 

TGFB1 mRNA and protein in comparison with parental cells, were severely growth-retarded 

in vivo and 3-fold increased in lag time in anchorage-dependent colony formation in vitro. 

The parental cell line was 44-fold more invasive in matrigel than the transfected cell line 

[112]. Therefore, it appears that invasiveness of colon cancer cells can be modulated by 

TGFB1. Keeping in mind that the liver is a major organ for colorectal cancer metastasis, it is 

interesting to note that significantly more active TGFB I is released in a co-culture of human 

colon carcinoma cells and hepatocytes than in cultures of the cancer cells or hepatocytes alone 

[113]. These data indicate that cell-cell interactions are responsible for the release of active 

TGF81. Moreover, it has been shown that TGFB1 is involved in stabilization of MMP-9 

mRNA and MMP-2 proenzyme in prostate cancer cells [114]. Thus. TGFB may induce 

invasion of colon cancer cells by induction of gclatinase activity. 

Besides TGFB, other growth factors and cytokines can regulate MMP-9 secretion by colon 

cancer cells. For example, secretion of MMP-9 by LuMl cells is enhanced by IL-1B and 

tumor necrosis factor a (TNFo.) [110]. However. TNFa can exert different effects on MMP-9 

expression. TNFa upregulates MMP-9 expression via N F K B and downregulates MMP-9 

expression via interferons (IFNs). In vitro administration of IFNa and IFNB but not IFNy 

downregulates basic fibroblast growth factor (bFGF) expression in colon cancer cells [115]. 

bFGF is a known inducer of MMP-2 and MMP-9 expression and therefore downregulation of 

bFGF may have an effect on MMP expression. Colon cancer tumor growth, tumor 

vascularization and expression of bFGF and MMP-9 mRNA and protein were similarly 

reduced 'm mice after treatment with IFNa [116]. Therefore, the effects of IFNa and IFNB on 

MMP-2 and MMP-9 expression can be mediated via signalling pathways that downregulate 

bFGF expression. IFNy, downregulates MMP-9 expression directly via different signalling 

molecules [103] and inhibits MMP-9 expression independently of bFGF expression. 

Hepatocyte growth factor (F1GF) has been demonstrated to promote invasiveness of colon 

cancer cells (Caco-2) in matrigel with concomitant enhancement of protease production. 

Administration of an antibody against HGF inhibited both protease production and 

invasiveness of cancer cells. A synthetic general MMP'inhibitor and neutralizing antibodies 

against MMPs and urokinase-type plasminogen activator (uPA) significantly inhibited HGF-
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promoted cell invasion. Moreover, specific inhibitors of protein kinase C (PKC)a/Bl and 

phosphoinositide-3 (PI3) kinase decreased both HGF-induced cell invasion and protease 

expression. Therefore. PI3 kinase and PKC seem to be involved in HGF-induced invasiveness 

of these colon cancer cells at two levels, namely by induction of cell motility and 

overproduction of proteases [117]. Invasion in matrigel of L-10 colon cancer cells was also 

stimulated by HGF with concomitant expression of MMP-2. This process was inhibited by 

batimastat, TIMP-1 and T1MP-2 [118]. Matrigel invasion by colon cancer cells, which 

express HGF receptors and IL-4 receptors, was significantly increased by exogenous HGF. 

HGF stimulated production of MMP-I, -2. and -9 by these cell lines. These phenomena were 

antagonized by IL-4 and it was proposed that IL-4 is a potent inhibitor of HGF-induced 

cancer cell invasion [119]. ERK-MAPK was shown to be involved in HGF-mediated MMP-9 

expression in keratinocytes. The duration of ERK activation was shown to be crucial for 

MMP-9 expression because only HGF and epidermal growth factor (EGF) induced sustained 

ERK activation and concomitant MMP-9 expression, whereas transient ERK activation by 

insulin-like growth factor (IGF) and keratinocyte growth factor (KGF) did not [120]. This 

signalling pathway may be similar in colon cancer cells since EGF was shown to induce 

MMP-9 secretion in colon cancer cells (LuMI) as well [110]. DLD-1 colon cancer cells 

overexpress the receptor tyrosine kinase (RTK) c-kit and its ligand stem cell factor (SCF) 

thereby establishing an autocrine c-kit mediated loop which regulates several cellular 

responses. One of the responses of exogenous SCF is uprcgulation of MMP-9 expression, but 

not of MMP-2 expression, which is required for matrigel invasion [121]. These findings show 

that a number of growth factors and cytokines are involved in the regulation of gelalinase 

expression in colon cancer cells (Table 3). 

Effects of growth factors and cytokines on gelatinase expression by non-cancer cells 

Cancer cells can be stimulated to express MMP-2 and MMP-9 by different growth factors and 

cytokines but cancer cells can also secrete factors that induce gelatinase expression in non-

cancer cells (Table 3). This is especially interesting since MMP-2 and MMP-9 expression in 

many colorectal tumors is mainly found in stromal cells and this expression in stromal cells is 

also regulated by growth factors and cytokines. For example. TGFBI and granulocyte-

macrophage colony-stimulating factor (GM-CSF) are produced by malignant colon cancer 

cells and may induce cell contact-independent uprcgulation of MMP-2 and MMP-9 secretion 

by monocytes [72]. Furthermore, colon cancer cell lines have been reported to secrete 
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platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), TNFa, 

TGFa. IGF-2. IL-1 and IL-10 [59, 122]. Furthermore, expression of IL-8 by colon cancer 

cells is associated with their potential to metastasize [123]. This implies that secretion of 

growth factors and cytokines by colon cancer cells can stimulate gelatinase expression in host 

cells. 

TNFa and 1L-1B stimulated secretion of MMP-9. but not of MMP-2. TIMP-1 or TIMP-2 in 

cultured human fibroblasts in the study of Wong et al. [124] but induction of MMP-2 

expression by IFNy. IL-1 a, IL-1B. TGFB and TNFa has also been reported. Furthermore, 

MMP-9 in fibroblasts is upregulated by ILla alone or synergislically with phorbol 12-

myristate 13-acetate (PMA). oncostatin M, PDGF. TNFB. MMP-9 in fibroblasts is 

upregulated by TGFB alone and in synergism with both 1L-1B and TNFa. Finally, IL-la and 

TNFa interact synergislically on MMP9 expression with either PDGF or bFGF (Table 3; 

reviewed in [125]). 

MMP-2 secretion in monocytes is induced by TNFa [126] and MMP-2 expression in 

monocytes is upregulated by monocyte chemoattractant protein-1 (MCP-1) and TGFB [127, 

128], whereas MMP-9 is upregulated by GM-CSF. MMP-9 expression is also upregulated by 

IL-1B and TNFa which act both synergislically with JL-1B, MCP-1, M-CSF, PMA, TGFB and 

TNFa. Furthermore, MCP-2 [129] and macrophage inflammatory protein la (MlP-la) 

induces MMP-9 gene expression and secretion in monocytic cell lines and peripheral blood 

monocytes [130]. IL-4 downregulates the production of monocyte MMP-9 via prostaglandin 

E2 (PGE2) [131] whereas IL-10 is a suppressor of monocyte MMP-9 expression but does not 

affect MMP-2 expression [132] (Table 3). In macrophages, MMP-2 expression is not induced 

by cytokines whereas MMP-9 is upregulated only by GM-CSF. PMA and IL-1 B. On the other 

hand, IFNy. IL-4 and IL-10 downregulate MMP-9 expression and IFNy and IL-4 

synergistically abolish MMP-9 expression in macrophages almost completely (Table 3). 
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Table 3. 

The effect of growth factors and cytokines on MMP-2 and MMP-9 expression and secretion in different cell 
types: (=) no effect, (T) inducing effect. (•!•) repressive effect. (+) synergizes with. (-) antagonizes with. 

Cell type 

Colon cancer cell 

stimulus 

TGFB 

IL-1B 
TNFa 

IFNa and IFNB (via 
bFGF I) 
IFNy (bFGF 
independent) 
HGF 

Fibroblast 

Monocytes 

HGF - IL-4 
EGF 
SCF 
TNFa 

EL-IB 

IL- la 

TGFB 

IFNy, 

TNFa 

MCP-I 

TGFB 
GM-CSF 
TL-1B 

TNFa 

RANTES 

MIP-la 

IL-4 
IL-10 

Effect on MMP-2 

Expression >i-

Expression T 
Expression -l 

Expression = 
Secretion =, 
Expression t 

Secretion =, 
Expression f 
Expression t 

Expression t 

Expression t 

Secretion T 

Expression T 

Expression T 

Expression = 

Effect on MMP-9 

Secretion t , secretion 

Secretion t 
Expression T, 
expression 4-
Expression i 

Expression I 

Expression T 
Expression 4-
Secretion i 
Expression T 
Secretion T. 
Expression T + 
(PDGF.bFGF) 
Secretion t 

Expression T + (PMA, 
oncostatin M. PDGF, 
TNFB. bFGF) 
Expression T + (IL-
1B, TNFa) 

Expression T 
Expression t + (1L-
1B,MCP-LM-CSF. 
PMA. TGFB. TNFa) 
Expression T + (IL-
1B.MCP-LM-CSF, 
PMA. TGFB. TNFa) 
Expression 1. 
Secretion T 
Expression T, 
Secretion t 
Expression i 
Expression 1 
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Macrophages 

T-lymphocytes 

CD34+ 

Endothelial cells 

Cytokines in general 
GM-CSF 
PMA 
1L-IB 

IFNY 
IL-4 
IL-10 
IL-2 
IL-l ,MlP-la ,MIP-
1B. PMA, RANTES 
and TNFa 
IL-4 
IL-10 
CSF, G-CSF, GM-
CSF, M-CSF.SDF-1, 
IL-3,IL-6, IL-8, 
TNFa 
HGF. VEGF 
TNFa 
PMA 

Expression = 

Expression t 

Expression f 

Expression T 

Expression T 
Expression T 
Expression T 
Expression I + (IL-4) 
Expression I 
Expression 4-
Expression T 
Expression T 

Expression I 
Expression -l 
Expression t 

Expression T 
Expression 1 + (IL-
1 a. TNFa) 

MMP-2 expression in T-lymphocytes is upregulated by IL-2 whereas IL-1, IL-2, MlP-la . 

MIP-1B, PMA, RANTES and TNFa can upregulate MMP-9 (Table 3). MMP-2 and MMP-9 

are induced in steady-state bone marrow progenitor cells (CD34+) by CSF, granulocyte-CSF 

(G-CSF), GM-CSF, macrophage-CSF (M-CSF), stromal cell-derived factor-1 (SDF-1), IL-3. 

IL-6, IL-8 and TNFa with concomitant increased matrigel invasiveness (Table 3) [133, 134]. 

MMP-2 expression in endothelial cells is upregulated by MGF and VEGF whereas MMP-9 is 

upregulated by TNFa and PMA alone and by PMA in synergy with ILla or TNFa (Table 3). 

In conclusion, growth factors and cytokines are strongly involved in regulation of MMP-2 

and MMP-9 expression in cancer cells and stromal cells. The effects of growth factors and 

cytokines are different for MMP-2 and MMP-9 but more importantly, are cell-type 

dependent. Various combinations of cytokines that are present in inflammatory sites, as well 

as their balance in the different stages of inflammation may provide signals necessary for 

regulating MMP expression. Colon cancer cells can also contribute to a local increase in 

growth factors and cytokines and thereby stimulate gelatinase production and secretion by 

stromal cells. 
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E CM components 

Cell-ECM interactions provide cells with information on their environment. Loss of cell-

ECM interactions, changes in expression of adhesion molecules or changes in the 

composition of the ECM can have profound effects on the behavior of cancer cells and 

stromal cells. Modified Arg-Gly-Asp (RGD) peptides inhibit endothelial cell adhesion and 

growth in vitro whereas a single dose of modified RGD peptides results in decreased tumor 

angiogenesis in vivo [135]. Furthermore, administration of both a modified RGD sequence 

and metastatic colon cancer cells (26-L5) into the portal vein of mice resulted in a marked 

suppression of the numbers of liver metastases in a dose-dependent manner. The modified 

RGD sequence inhibited degradation of gelatin by MMPs produced by colon cancer cells (26-

L5) [136]. These data imply that integrins are also involved in regulation of MMP expression. 

Furthermore. avB6 integrin expression in colon cancer cells (SW480) was shown to correlate 

with induction of MMP-9 expression and concomitant elevated matrigel invasion [137]. An 

ERK2-binding site was identified on the (36 integrin subunit and interactions between 136 and 

ERK2 was shown to be responsible for induction of MMP-9 expression in WiDr and HT-29 

colon cancer cells [138]. It was shown that MMP-9 expression in colon cancer cells is 

mediated by the unique C-terminal cytoplasmic tail of the B6 integrin subunit that is linked to 

the PKC signalling pathway [139]. Therefore. MMP-9 expression can be upregulated via the 

unique cytoplasmic tail of (36 that can bind ERK2 and then involves PKC-mediatcd 

signalling. Furthermore, it has been shown that av(36 binds to and activates latent TGF131 and 

TGF133 via interactions with their pro-peptide. the latency-associated peptide (LAP) [140]. As 

described above. TGFI3 is an inducer of MMP-9 expression. 136-Transfected colon cancer cells 

revealed that LAP. which contains a RGD sequence, is a high-affinity ligand for avI36 and 

that the interactions of LAP with av(36 induce phosphorylation of downstream components of 

iniegrin-signalling complexes which can also be involved in regulation of MMP-9 expression 

[141]. This defines a novel paradigm of integrin-mediated signalling in colon cancer because 

non-ECM components act on an ECM-binding site. 

Simultaneous administration of antibodies against the 64 integrin subunit and colon cancer 

cells (LoVo C5) stimulated metastasis in vivo which is in line with the fact that both 

invasiveness in matrigel and MMP-2 expression are induced by antibodies against (34 [142]. 

PI3K is assumed to be involved in the signalling cascade. Interestingly. a6f34. which is the 

only known dimer that involves (34, is a laminin receptor. This may explain how laminin 2-
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binding of cells can induce MMP-2 expression. Apparently, laminin binding induces signal 

transduction leading to MMP-2 expression probably mediated also via phospholipase D 

(PLD) and its product phosphatide acid [143]. Fibronectin binding to the fibronectin receptor 

o.5Bl induced increased expression of MMP-2 in melanoma cells [144] and MMP-9 secretion 

by ovarian cancer cells. These effects are dependent on dual activation of both the 

MAPK/ERK kinase (MEK1) and the PI3K signalling pathways [145]. Furthermore, cc3Bl, in 

association with tetraspanin, has been implicated in PI3K-dependent MMP-2 production and 

matrigel invasion of MDA-MB-231 cells [146]. It has been shown that divalent ligation of Bl 

integrins stimulated expression of pro-MMP-2 in ovarian cancer cells [147]. Therefore, it can 

be concluded that interaction of cancer cells with ECM components via integrins can 

modulate gelatinase expression and the invasive capacity of cancer cells. 

Not only cancer cells but also stromal cells can modulate their gelatinase expression in 

response to integrin/integrin-substrate interactions. For example, colon cancer-fibroblast cell-

cell contacts upregulate MMP-9 in fibroblasts and this process was inhibited completely by an 

antibody against the integrin subunit Bl and partly by the integrin subunits ct5 and av [69]. 

MMP-9 expression is upregulated in macrophages grown on collagen type IV and fibronectin 

whereas laminin upregulates both uPA and MMP-9. Upregulation of uPA but not MMP-9 

upon interactions with laminin is mediated by a6BI integrin [148] whereas interactions of 

a5Bl with fibronectin are suggested to induce MMP-9 gene expression in differentiating 

macrophages [149]. T-cell adhesion via a4Bl to CS-1 peptide of fibronectin induced 

expression of MMP-2 and MMP-9. Interactions of u4Bl with vascular cell adhesion molecule 

I (VCAM-1), the second major a4Bl ligand. induced expression of MMP-2 but failed to 

induce MMP-9 expression. Apparently, adhesion of T-cells via a4Bl to different ligands 

triggers intracellular events leading to distinct patterns of MMP expression [150]. MMP-9 is 

expressed constitutively in resting T-cells, whereas MMP-2 expression is induced and MMP-

9 expression is increased upon T-cell activation. Migration of resting T-cells in matrigel is 

mediated by MMP-9 whereas activated T-cells in principle can use both gelatinases for 

matrigel invasion [65]. Fibronectin upregulates MMP-9 and induces MMP-2 and MT1-MMP 

expression whereas TIMP-2 expression is downregulated in T-cell lines. Blocking antibodies 

against the integrin subunits a4 , a.5 and av strongly reduced fibronectin induced MMP-2 and 

MMP-9 production in T-cells [151]. 
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Degradation of the ECM can also reveal cryptic sites, which in turn can affect MMP 

expression. For example, proteolytic degradation of laminin-1 by elastase generates laminin-1 

fragments which stimulate MMP-9 expression in macrophages via phosphorylation of MAPK 

(ERK1/2). In contrast, laminin fragments generated by MMP-2, MMP-7 or plasmin did not 

exert this effect [152]. 

In conclusion, both animal studies and in vitro studies have shown the involvement of 

interactions between colon cancer cells as well as stromal cells and ECM in the regulation of 

MMP-2 and MMP-9 expression. This is dependent on the type of integral expressed and the 

type of ECM components that are encountered. Interestingly, degradation of ECM can also 

reveal cryptic binding sites which in turn affect MMP expression. 

Activation of MMP-2 and MMP-9 

MMP-2 and MMP-9. like most proteolytic enzymes, are expressed and secreted in a 

biologically inactive proform. MMP-2 and MMP-9 can be activated non-cnzymatically by 

aminophenyl mercuric acid (APMA). However, activation in vivo (usually) occurs by 

proteolytic removal of the pro-sequence by other proteases (Fig. 5). The mechanism of MMP-

2 activation has been largely elucidated. Pro-MMP-2 activation occurs in a ternary complex 

with TIMP-2 and MT1-MMP. Complex formation between MT1-MMP and TIMP-2 seems to 

be an initial step, which is followed by binding to pro-MMP-2. Then, pro-MMP-2 is activated 

by a TIMP-2-free active MT1-MMP molecule [153]. In this way, TIMP-2 levels are crucial 

for pro-MMP-2 activation since excess of TIMP-2 lowers the free MT1-MMP levels and low 

levels of TIMP-2 fail to localize pro-MMP-2 to the cell surface [154]. The integrin avB3 is 

involved in docking of MMP-2 to the plasma membrane, but it is still a matter of debate 

whether it is actively involved in pro-MMP-2 activation [155. 156]. All MT-MMPs, except 

MT4-MMP are able to activate MMP-2 [157-159], whereas MMP-9 is not activated by any 

MT-MMP. Trypsin-2 can activate pro-MMP-9 and partially activate pro-MMP-2 [160]. 

Downregulalion of trypsinogen 2 prevents activation of pro-MMP-9 in colon cancer cells 

[161]. In ovarian cancer, high levels of trypsin have been associated with activation of pro-

MMP-9 but not of pro-MMP-2 [162]. Both pro-MMP-9 and pro-MMP-2 can be activated by 

stromelysin-1 (MMP-3) [163. 164], collagenase-1 (MMP-1) [164, 165], matrilysin-I (MMP-

7) [164. 165] and the uPA-plasmin cascade [166-168] . Furthermore. pro-MMP-9 can be 

activated by MMP-2 [169]. stromelysin-2 (MMP-10) [170], coIIagenase-2 (MMP-13) [171] 

and matrilysin-2 (MMP-26) [172]. In fact. MMP-2 and MMP-9 can be activated by a large 
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series of active proteases. However, it has to be realized that these proteases have to be 

activated by other proteases and thus it is likely that proteolytic cascades are needed to 

activate MMP-2 and MMP-9. Here, we focus on direct activators of MMP-2 and MMP-9 

(Fig. 5) without discussing complete proteolytic cascades. 

Gelatinases are unique in the MMP family in that they contain three fibronectin type II (FN-

II)-Iike domains. FN-I1 domains of pro-MMP-2 and pro-MMP-9 are mainly involved in 

binding to ECM. This binding can be relevant for the fate of gelatinases. Extracellular 

autoproteolytic activation of MMP-2 has been described by Crabbe ct al. [173] and may 

involve binding of MMP-2 to ECM components as was demonstrated in the process of auto-

activation of MMP-2 that is accelerated by heparin [173] and elastin [174] by a template 

mechanism. In analogy with template activation, binding of MMP-9 to gelatin or collagen 

type IV has been proposed to be a novel activation mechanism for MMP-9 [175]. After ligand 

or substrate binding. MMP-9 becomes proteolytically active without removal of the pro-

sequence (Fig. 5). 

MTl-MMP 

MT2 MMP 

MT3-MMP 

MT5-MMP 

MT6-MMP 

Auloactivatton-template 
heparin 

Autoactivation-template 
elastin 

Figure 5. All known direct activators of MMP-2 and MMP-9. Although most activator arc proteases that 

have to be activated thereselves by other proteases i.e. activation via proteolytic cascades, we focused on the 

direct activators off MMP-2 and MMP-9 without discussing their activators. 

In conclusion, activation of pro-MMP-2 and pro-MMP-9 occurs by a number of activated 

proteases including other MMPs. the uPA-plasmin cascade and trypsin. Binding of 
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gelatinases to ECM components can lead to activation of these enzymes due to accelerated 

auto-activation or activation without removal of the pro-sequence. 

MMPs have other substrates than ECM components 

Traditionally, MMPs are believed to be mainly involved in degradation of ECM. thereby 

facilitating cell migration. However, many non-ECM proteins are substrates for MMP-2 and 

MMP-9 as well. These include proteins involved in growth, immune response and 

angiogenesis independently of ECM destruction. The discovery of such mechanisms of 

gelatinases has put the role of gelatinases in cancer progression into a different perspective. 

Growth factors and cytokines 

Growth factors can be sequestered in the ECM and can be liberated upon matrix remodelling. 

The majority of growth factors are present in an inactive pro-form such as, EGF. HB-EGF. 

TGFa, TNFa, c-kit ligand and CSF-1 or are bound, and thereby inactive, to binding proteins, 

such as IGF-1, IGF-2, TGFB and FGF-2 [ 176]. MMPs can liberate inactive growth factors 

from the ECM and evidence is accumulating that MMPs can activate liberated growth factors 

or degrade binding proteins, which result in an increase in bioactive growth factors. For 

example, IGF bioactivity is controlled by several high-affinity binding proteins (IGFBPs). 

Excess of IGFBPs results in little free IGF. MMP-2 and MMP-9 can modulate IGF bioactivity 

by degradation of IGFBPs [176]. MMP-9 has been found to be localized at the cell surface in 

complex with CD44 and the complex can activate TGFB in normal keratinocytes [177]. Pro-

TNFa is activated by MMP-9. although at a lower rate than by other MMPs [178]. Synthetic 

MMP inhibitors and TIMP-2, but not TIMP-1, inhibit shedding of TNFa receptors from 

human colon cancer cell lines (Colo 205 and SW626); [179]. 

Another mechanism involving growth factors is reported by Levi et al. [180] who show that 

MMP-2. but not MMP-9. is involved in shedding of FGFR1. Shedding resulted in the release 

of an active ectodomain which can still bind FGF. Since FGF is an inducer of MMP-2 (see 

above) it may cause a feedback mechanism that can downregulale cellular responses to FGF 

[180]. 
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Immune responses 

MMPs are expressed in white blood cells and participate in and promote inflammatory 

processes, but they may also blunt such processes. As discussed above, gelatinases are 

involved in the migration of many types of immune cells. In this way, immune cells can 

migrate towards cancer cells, which is a prerequisite for the recognition and killing of cancer 

cells. Gelatinase-dependent migration of immune cells is a direct link of gelatinases to the 

host defence system but, indirectly, gelatinases are also involved in host defence. For 

example, chemokin.es provide directional cues for leukocyte migration and activation that are 

essential for normal leukocyte trafficking and for host responses during processes such as 

inflammation, infection, and cancer. However, cancer cells have developed many ways to 

escape the immune system. Recent data show that MMP-2 and MMP-9 are involved in 

various processes that dampen the immune response. MCP3 was identified as a physiological 

substrate of MMP-2. Cleaved MCP3 can bind to CC-chemokine receptors 1, 2, and 3. but 

unlike intact MCP-3 no longer induces intracellular calcium fluxes or promotes chcmotaxis, 

but acts as a general chemokine antagonist that dampened inflammation instead [181]. 

Growth-related oncogene a (GRO-a), connective tissue activating peptide-III (CTAP-III) and 

platelet factor-4 (PF-4) are degraded into multiple fragments by MMP-9 thereby also 

dampening the immune response [60]. Another immune regulatory link was found by Sheu et 

al. [182] who showed shedding of IL-2Ra by MMP-9 activity. lL-2Ra-IL-2 interactions on 

T-cells initiates and propagates the immune response against cancer cells and receptor 

shedding dampens this response [182]. Active TGFB is an important inhibitor of T-cell 

responses to tumors [183J. As mentioned above. MMP-9 is an activator of TGFB and thus can 

contribute to inhibition of the T-cell response. Resistance of cancer cells to cytotoxic natural 

killer cells is increased when intercellular cell adhesion molecule 1 (ICAM-1) is shed from 

the HL-60 cancer cells due to MMP-9 activity [184]. Furthermore, ICAM-1, CD44 and 

collagen type IV [185] are cell surface docking molecules for MMP-9 [186]. Therefore, 

localization of MMP-9 at the cell surface due to ICAM-1 and subsequent activation of MMP-

9 can result in ICAM-1 shedding and thus increasing resistance of cancer cells to killing by 

immune cells. 

On the other hand. pro-IL-lB can be activated by MMP-9 and to a lesser extent by MMP-2. It 

is noteworthy to recall that IL-IB is a classical inducer of MMP expression, including MMP-2 

and MMP-9. thus creating a positive feedback loop [187]. IL-8, also known as neutrophil 
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chemoattractant CXCL8, is cleaved by MMP-9, resulting in a ten-fold increase in activity of 

IL-8. IL-8 induces the release of neutrophil MMP-9 thereby also generating a positive 

feedback loop. A similar mechanism was demonstrated for neutrophil MMP-9 and 

endothelium 1 (ET-1). The processing of ET-1 by MMP-9 generates ET-1 that induces the 

release of MMP-9 from neutrophils [178]. This suggests that MMPs are both effectors in 

migration of immune cells and regulators of the inflammatory response. Through its tightly-

regulated expression and its potentiating and activating effect on cytokines, MMP-9 acts more 

as a tuner and amplifier of immune functions than MMP-2. Thus, specific inhibition of MMP-

9 may result in direct anti-inflammatory effects by inhibition of migration of leukocytes by 

blocking cleavage of matrix components and modification of chemokines. 

Angiogenesis 

Induction and formation of blood vessels is crucial for tumor progression. Angiogenesis is 

dependent on the capacity of endothelial cells to proliferate and migrate. Tumor growth is 

inhibited in MMP-2 knock-out mice due to impaired angiogenesis [188] and MMP-9 is 

involved in the angiogenic switch during carcinogenesis [189]. MMP-2 activity is involved in 

invasion of endothelial cells whereas MMP-9 may be involved as well in the generation of 

bioactive molecules that inhibit angiogenesis. For example. TNFa enhances angiostatin 

production by induction of uPA or tPA activity and the release of MMP-9 by prostate cancer 

cells. These studies support a model in which the antiangiogenic effects of TNFa on tumor 

microvasculature are mediated by generation of angiostatin by MMP-9 [190]. These results 

are in line with findings that MMP-9-transfected CT26 colon cancer cells, and not MMP-9-

negative parental colon cancer cells induce increased angiostatin serum levels. As a 

consequence, tumors of MMP-9-transfected cancer cells are smaller and less well 

vascularized [191]. Furthermore, in vitro studies have shown that MMP-9 but not MMP-2 

generates endostatin. a C-terminal fragment of collagen type XVIII [192]. Both angiostatin 

and endostatin are potent inhibitors of endothelial cell proliferation. In addition, endostatin 

inhibits endothelial cell invasion by prevention of pro-MMP-2 activation and activity [193]. 

MMP-2 and the integrin avB3 are functionally associated on the surface of angiogenic blood 

vessels. The C-terminal hemopexin-like domain of MMP-2 (PEX), which has no catalytic 

function, prevents interactions of active MMP-2 with avB3 on the cell surface of endothelial 

cells and inhibits angiogenesis in chick chorioallantoic membrane (CAM) models [194]. 

Organic molecules selected for binding to avB3 and concomitant inhibition of interactions 
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with MMP-2 reduced angiogenesis in CAM models independently of integrin binding and 

MMP-2 activity [156] suggesting that only localized MMP-2 activity plays a role in 

angiogenesis. This suggests a dual role of MMP-2 and MMP-9 in tumor progression. 

Localized MMP-2 activity on endothelial cells plays a direct role in angiogenesis as it is 

involved in endothelial cell migration. MMP-9 is indirectly involved in angiogenesis. MMP-9 

can act pro-tumorogenic as it plays a role in the angiogenic switch by modulation of VEGF 

mobilization as well as anti-tumorogenic as it generates anti-angiogenic factors. In 

conclusion, gelatinases can be involved in cancer progression independent of matrix 

degradation. Gelatinases can modulate growth factor bioavailability, can promote as well as 

dampen the immune response and influence angiogenesis both positively and negatively. 

Conclusions 

A growing body of clinical and experimental evidence demonstrates that MMP-2 and MMP-9 

play a role in colorectal cancer progression and metastasis. In the last decade, development of 

new techniques, cloning of TIMP genes and the synthesis of broad-range and selective MMP 

inhibitors has greatly improved our understanding of physiological and pathological roles of 

MMP-2 and MMP-9. 

Early clinical evidence of the involvement of MMP-2 and MMP-9 in cancer progression was 

mainly based on correlations between colorectal cancer progression and MMP-2 and/or 

MMP-9 mRNA or protein expression. Later, it became evident that not absolute levels of 

MMPs but rather their active fraction is relevant. More importantly, the (im)balance between 

pro-enzyme activation and inhibition by TIMPs is being recognized as an important factor for 

colorectal tumor progression. Furthermore, in the case of TIMP-1 and TIMP-2 not only an 

inhibitory effect but also a growth-promoting effect has been observed in tumors. TIMPs may 

be inhibitors of cancer progression by inhibiting particular MMPs but may also promote 

cancer progression in a MMP-independent manner. It is still unclear how TIMP-1 and T1MP-

2 are exactly involved in cancer progression. 

Increased expression and proenzyme activation of MMP-2 and MMP-9 have made them 

attractive candidates for therapeutic intervention. Application of synthetic MMP inhibitors in 

preclinical studies have in general shown to reduce cancer progression and metastasis. 

However, application of broad-range and selective synthetic MMP inhibitors in treatment of 

different types of cancer in clinical trials have shown only little clinical efficacy, no efficacy 
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at all or even did worse than placebo treatment [195]. However, these trials were all 

performed on patients with advanced stages of cancer. Animal experiments showed that MMP 

inhibitors can be effective but only when they are administered in early stages of tumor 

development. Therefore. MMP inhibitors are assumed to be useful as additive therapy for the 

prevention of cancer progression in early stage tumors or the development of undetected 

micrometastases after surgery. However, the involvement ol' immune cells in tumor 

progression has been an issue of debate. Increased numbers of macrophages have been 

correlated with decreased metastatic potential. On the other hand, macrophage MMP-9 is 

proposed as pro-tumorogenic as it is used for matrix degradation necessary for tumor 

infiltration of surrounding tissues. Furthermore, immune cells are involved in the first line of 

defence against disseminating cancer cells. A wide range of immune cells express MMP-9. 

MMP-2 or both. The physiological role of MMP-2 and MMP-9 is most probably related to 

migration of immune cells towards and into inflamed tissue sites. In this process gelatinases 

are postulated to be important for the host immune defence. In advanced tumors, in which the 

efficacy of the immune system often is downregulated. immune cells may be a ready source 

of gelatinases to promote tumor progression. 

A second physiological role of gelatinases in relation with the immune response is the 

activation and inactivation of cytokines that can either stimulate or dampen the immune 

response. When MMP inhibitors are used in early stages of cancer or to prevent the 

development of undetected micrometastases, one should keep in mind that the host defence 

also needs the same gelatinases. This means that when the host defence is still capable of 

clearing cancer cells, adverse effects of treatment with MMP inhibitors is a possibility. 

MMP-9 is the gelatinase that is most involved in the immune system, but is has also been 

linked with the generation of antiangiogenic molecules. This raises the question which 

specific MMPs have to be blocked and whether inhibition of other proteases in combination 

with MMP inhibition will have stronger effects since metastatic disease is often delayed but 

not completely abolished in animal models by treatment with MMP inhibitors. 

The rapidly expanding field of MMP research has shown that MMPs are not only ECM-

degrading proteases. MMP-2 and MMP-9 have other functions as well. They are involved in 

growth factor release, growth factor activation, immune surveillance, angiogenesis. they have 

pro-angiogenic and anti-angiogenic properties, generate bioactive matrix components and 

uncover cryptic binding sites in matrix molecules. In animal models, the final outcome of all 
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these functions is tumor promoting, but some evidence has been presented that gelatinases 

can have a protective function against tumor development as well. The latter aspect of MMP-

2 and MMP-9 may be the reason why most clinical trials with MMP inhibitors have been 

disappointing so far. Although many novel functions and mechanisms of action of MMP-2 

and MMP-9 are being revealed, there are striking differences in the substrates of MMP-2 and 

MMP-9. In other words, although MMP-2 and MMP-9 are almost identical proteinases, their 

contribution to biological or pathological processes can be strikingly different and it is unclear 

which of the two, MMP-2 or MMP-9. is most important in tumor progression and metastasis. 

Although MMP-2 and MMP-9 are structurally very similar, it is surprising that the substrate 

recognition profiles of MMP-2 and MMP-9 are strikingly different [196, 197]. It has been 

speculated that more potential MMP substrates could be identified and these may differ in 

affinity for MMP-2 and MMP-9. In the development of anti-cancer therapies focussed on 

MMP-2 and MMP-9 these functions, and functions that are yet unknown, have to be 

considered in order to have a good rationale for the development of therapy against colorectal 

cancer and metastasis. 
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Abstract 

Colon cancer metastasis is the major cause of death in colorectal cancer patients. Enhanced 

expression of matrix metalloproteinases (MMPs) and in particular MMP-2 and MMP-9 has 

been correlated with cancer progression and metastasis. Broad-range and MMP inhibition 

inhibits cancer growth, however, clinical trials with MMP inhibitors have been a 

disappointment so far. 

An animal model of tumor development of colon cancer in the liver has been used to study 

the role of tumor progression in the liver. We have previously shown that gelatinolytic 

activity is present in these tumors but its pathological function was not established. Therefore, 

in the present study, we evaluated the effect of a selective MMP inhibitor on the in vivo 

development of liver tumors. 

Daily treatment with a low-dose and a high-dose selective MMP inhibitor resulted in a 

marginal inhibition of tumor volume only in the high-dose inhibitor group. However, the 

number of tumors was increased 2-fold due to selective MMP inhibition. The effect of 

selective MMP inhibition on the involvement of the host immune response was therefore 

investigated. Treatment of rats with the selective MMP inhibitor had no effect on the number 

of circulating white blood cells in unchallenged rats, however, when rats were challenged 

with cancer cells, it seems that recruitment of neutrophils was affected. 

It is concluded that treatment of cancer patients with MMP inhibitors should be considered 

because induction of adverse effect is a possibility. 

Introduction 

Colorectal cancer is one of the most frequent cancers in the western world. The 5-year 

survival in 1995 in Europe was 40% (1). Nowadays, the 5-ycar survival in The Netherlands is 

50-60% (www.kankerbestrijding.nl/nieuws/cijfcrsoverkanker/2002). Poor prognosis is mainly 

related with metastasis. Tumor invasion and metastasis require several crucial steps among 

which degradation of extracellular matrix (ECM) and basement membranes (BM) is 

considered to be essential. Various types of proteinases participate in matrix turnover, but 

matrix metalloproteinases (MMPs) are the principal matrix-degrading enzymes. MMPs can be 

expressed by cancer cells as well as stromal cells including endothelial cells, macrophages, T-

cells, neutrophils and fibroblasts (2). It has become evident that MMPs also play a role in 
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other steps in the metastatic cascade i.e. angiogenesis, immune surveillance, proliferation and 

apoptosis (3). Therefore, MMPs are considered important regulators of tumor growth, both at 

the primary site and in distant metastases (4). MMPs are a family of at least 25 matrix-

degrading proteinases, which in concert can degrade all ECM components. One particular 

group, the gelatinases, also known as 72 kD and 92 kD type IV collagenasc, or gelatinase A 

and gelatinase B, or MMP-2 and MMP-9. respectively, are of particular interest with respect 

to the development and progression of colorectal cancer. MMP-2 and MMP-9 are elevated in 

colorectal cancer tissues at the mRNA level (5, 6), protein level (7, 8) and activity level (9). 

Furthermore, it has been reported that metastases have higher levels of MMP-2 and MMP-9 

as compared with the primary tumor (10). 

These aspects have provided the rationale to block MMP activity as a therapeutic strategy in 

the treatment of cancer. In animal models, both broad range and more selective MMP 

inhibitors have shown growth inhibition of primary tumors and decreased distant metastasis 

in colon (11), prostate (12), mammary (13) and lung cancer (14). On the other hand, the broad 

range MMP inhibitor, batimastat. introduced liver metastases in a breast cancer model 

whereas liver metastases were not observed in control animals (15). Similarly, liver 

metastases were increased in number in T-cell lymphoma after treatment with batimastat. 

Furthermore, daily administration of batimastat to healthy animals induced MMP-9 

expression and increased expression of MMP-2 in liver tissue (15). 

MMP inhibitors have shown disappointing results in clinical trials to prevent cancer 

progression of various types of cancers (16). MMP inhibitors of the hydroxamate-type (like 

batimastat) never have shown any significant advantage over placebo so far. Prinomastat 

(AG3340) phase III studies were terminated preliminarily because beneficial effects over 

chemotherapy were not observed (www.agouron.com/Pages/press_releases/pr080400.html). 

The application of BAY 12-9566 in a phase II clinical trial showed stabilization of the disease 

in some cases but a phase III trial was terminated preliminarily as treatment did worse than 

the placebo group (www.bayerusa.com/news/co0221.asp). These disappointing results may 

be explained by the multifunctionality of MMPs which are involved in more than matrix 

degradation alone. For example. MMPs can be involved in cell proliferation, (cancer) cell 

survival, angiogenesis. invasion and immune surveillance (reviewed in (3)). 

An animal model of tumor development of colon cancer in liver has been developed in rat by 

administration of CC531(s) cancer cells to the portal vein (17-19). With respect to the role of 
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proteases, it was found that inhibitors of extracellular cathepsin B rather delayed than 

inhibited colon cancer metastasis in rat liver. It was concluded that active extracellular 

cathepsin B was involved in the development of these tumors but that its function was not an 

essential requirement (20). Later, it was shown that gelatinolytic activity was present in these 

tumors (21) but whether it plays a decisive role in tumor development is not yet established. 

Therefore, we investigated in the present study the functional role of gelatinolytic activity in 

the development of tumors of colon cancer in liver by daily oral administration of a selective 

inhibitor of MMP-2, MMP-9 and MT1-MMP. 

Material and Methods 

Animals 

Male WagRij rats (Broekman, Someren, The Netherlands) with a body weight of 200-250 g 

were maintained for 2 weeks under constant environmental conditions with free access to 

food and water. All animal experiments were performed in agreement with the Animal Ethics 

Committee of the Academic Medical Center. University of Amsterdam. 

Cancer cells 

An established colon carcinoma cell line, CC531s, was developed by Marquet et al. (22) and 

stably transfected with eGFP by us (23). The cells were cultured at 37°C as monolayers in 

RPMI-1640 Dutch Modification without L-glutamine supplemented with 10% (v/v) fetal calf 

serum, 2 mM L-glutamine, 100 IU penicillin/ml and 100 mg streptomycin/ml (all obtained 

from GIBCO/BRL, Grand Island. NY. USA). Cells were washed with phosphate-buffered 

saline (PBS) and after detachment by treatment with trypsin (0.05% w/v; GIBCO) and 

ethylenediaminetetraacetic acid (EDTA; 0.02% w/v; Sigma, Zwijndrecht, The Netherlands) in 

PBS and centrifugation (250 g. room temp. 10 min), single cell suspensions were obtained 

with a viability of at least 95% (19). 

Surgery 

A small midline incision was made in the abdominal wall of rats under anaesthesia with FFM 

mix (I ml Hypnorm. I ml Midazolam and 2 ml water, 0.27 ml/100g body weight, 

intraperitoneally). A suspension containing 2.5x10" cancer cells in 500 ul PBS was injected 

into the portal vein with a 27-gauge needle. 
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Drug treatment end-point studies 

The synthetic MMP inhibitor RO 28-2653 (5-biphenyl-4-yl-5-[4-(-nitro-phenyl)-piperazin-l-

yl]-pyrimidine-2,4.6-trione) was kindly provided by Dr. H-W. Krell (Roche Diagnostics 

GmbH. Penzberg. Germany). Animals were treated daily by oral administration of 45 

nig kg/day (n = 9) or 100 mg/kg/day (n = 9) RO 28-2653 dissolved in vehicle, starting at the 

day of cancer cell administration until sacrifice. Control animals (n = 17) received vehicle 

(0.2% carboxymethylcellulose) only. Three Weeks after administration of the cancer cells, 

animals were sacrificed and livers were removed. Tumors that were visible by the naked eye, 

were quantified by counting the numbers and measuring diameters with a callipers as 

described previously (24). 

Immune response studies 

To evaluate the effects of RO 28-2653 on the immune response of the animals to the 

administration of cancer cells, rats were treated with vehicle (n = 4) or 100 mg/kg/day RO 28-

2653 (n = 4) respectively. Administration of vehicle and inhibitor started at 2 days before 

administration of the cancer cells, until the day of sacrifice at 4 days after administration of 

the cancer cells. Prior to both administration of the cancer cells and sacrifice of the animals. 

EDTA blood was collected from the lateral tail vein. The number of circulating lymphocytes, 

monocytes, neutrophils, eosinophils and basophils was determined with a CellDyn 4000 

autodifierential cell sorter (Abbott Diagnostics, Chicago, MI. USA). Liver tissues were 

collected and the immune response in the liver was analyzed quantitatively. 

Histology 

Liver tissue containing tumors of control animals and inhibitor-treated animals were frozen in 

liquid nitrogen and stored at -80°C until used. Serial sections (8 pm thick) were cut at a 

cabinet temperature of -25°C using a motor-driven cryostat (Bright, Huntingdon, UK). 

Sections were air-dried for one hour and fixed at room temperature in either 4% formaldehyde 

in PBS (to detect MMP-9) or acetone (to detect EDI, OX8 and RPI). MMP-9 was 

demonstrated with a mouse monoclonal antibody against human active and inactive MMP-9 

(diluted 1:400: Neomarkers. Fremont. CA. USA). Newly recruited monocytes, macrophages 

and Kupf'fer cells were demonstrated with EDI (diluted 1:500 in PBS in the presence of 0.2% 

(w/v) BSA and 1% (v/v) normal rat serum), suppressor T lymphocytes and natural killer cells 

were demonstrated with OX8 (diluted 1:100 in PBS in the presence of 0.2% (w/v) BSA and 
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1% (v/v) normal rat serum) both obtained from Serotech (Oxford. UK) and neutrophils were 

detected with RP1 (diluted 1:2000 in PBS in the presence of 0.2% (w/v) BSA and 1% (v/v) 

normal rat serum) obtained from BD PharMingen. San Diego, CA. USA. Secondary 

antibodies were labelled with Alexa 488 (Molecular Probes. Eugene. OR. USA). Nuclei were 

counterstained with 4,6-diamidino-2-phenylindole (DAP1: 1.0 ug ml; Molecular Probes). 

Fluorescence of Alexa 488 was detected with excitation at 460-500 nm and emission at 512-

542 nm. DAPI was detected with excitation at 340-380 nm and emission at 425-x nm. 

To determine the number of cells positive for these antigens. 3 different parts of the liver were 

sectioned and stained with each antibody. From each section, five random fields of view were 

recorded and scored for the number of positive cells present in the liver parenchyma at 4 days 

and 3 weeks after induction of metastases. 

Data analysis 

Statistical analysis was performed with GraphPad Prism software (GraphPad, San Diego. 

CA). The one-way analysis of variance (ANOVA) with the Turkey-Kramer multiple 

comparison test and the unpaired Student t test were used. Differences of p<0.05 were 

considered significant. Data are presented as mean ± SF.M. 

Results 

Effects on tumor development after 3 weeks of selective MMP inhibition 

Animals were either treated daily with vehicle (n = 17; control group), 45 mg/kg'day RO 28-

2653 (n = 9; low-dose group) or 100 mg/kg/day (n = 9; high-dose group) starting at the day of 

administration of cancer cells until sacrifice at 3 weeks after the administration of cancer 

cells. All tumors appeared on the surface of the liver lobes as globular structures. The average 

diameter of the tumors was 1.86 ± 0.06 mm in the control group. 1.67 ±0.10 mm in the low-

dose group and 1.53 ± 0.08 mm in the high-dose group (Fig. 1A). The difference between the 

control group and the low-dose group was not statistically significant whereas the difference 

between the control and the high-dose group was significant (p<0.05). The number of tumors 

found macroscopically at the surface of the liver at 3 weeks after administration of the cancer 

cells was 89 ± 13 in the control group. 169 ± 15 in the low-dose group and 171 ± 3 3 in the 
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high-dose group (Fig. IB). Differences between the control and both treatment groups were 

statistically significant (pO.01). 
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Figure 1. Effects of MMP inhibition on mean size (A) and mean number (B) of tumors in rat liver developed 
at 3 weeks after intraportal administration of colon cancer cells. The mean diameter of the tumors in the 
control group (C) and the low-dose group were not significantly different, but the difference between the 
control group and the high-dose group was statistically significant (p<().()5). The mean number of tumors in 
the treated group were both significantly different from those in the control group (C) fjxO.01). 

Analysis of* white blood cells 

To evaluate the effects of RO 28-2653-treatment and administration of cancer cells on the 

host defence, blood was collected from control animals (n=4) and animals treated with 100 

mg/kg/day MMP inhibitor (n=4). Blood was collected prior to induction of metastases and at 

4 days after induction of metastases and was analyzed for the number of circulating 

neutrophils, eosinophils, basophils, lymphocytes and monocytes. Prior to administration of 

cancer cells but 2 days after the start of treatment with the inhibitor, differences in the 

numbers of white blood cells were not found (Fig. 2A). At 4 days after induction of tumors, 

differences in the number of circulating eosinophils, basophils, lymphocytes and monocytes 

between untreated animals and animals treated with inhibitor were not observed but the 

number of circulating neutrophils was significantly lower in the RO 28-2653-treated rats as 

compared with control animals (2.0 ± 0.4 x 109/1 versus 3.6 ± 0.5 x 10q/l. respectively; 

p<0.05; Fig. 2B). Because numbers of circulating neutrophils prior to induction of tumors 

were similar (1.7 ± 0.1 x 109/1 versus 1.5 ± 0.3 x 10'Vl, respectively), it is likely that 

recruitment of neutrophils was impaired in RO 28-2653-treated animals. 
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Figure 2. Number o!" circulating white blood cells prior to induction of tumors (A) and at 4 days after 
induction of tumors of colon cancer in livers of rats (B). Prior to induction of tumors, there were no 
differences between control animals (C) and animals treated with the inhibitor (RO) in the circulating 
numbers of neutrophils (Ncu). lymphocytes (Lym) (left Y-axis), eosinophils (Eos), basophils (Baso) and 
monocytes (Mono) (right Y-axis). At 4 days after induction of tumors, all types of white blood cells were 
similar in the control group and the treated group except for the number of neutrophils. In the control group, 
the number of circulating neutrophils had more than doubled due to the administration of cancer cells 
whereas treatment with the inhibitor prevented that significantly (p<0.05). 

Analysis of the local immune response at 4 days and 3 weeks after induction of tumors 

3 Weeks after induction of tumors, numbers of MMP-9-positive cells, monocytes/ 

macrophages (ED I-positive cells), natural killer cells (NK)/cytotoxic T-lymphocytes (CTL) 

(OX8-positive cells)) and neutrophils (RP-1 -positive cells) were not significantly different in 

liver parenchyma of control animals and RO 28-2653-treated animals (Fig. 3A). To 

investigate whether differences between control animals and RO 28-2653-treated animals 

with respect to circulating white blood cells at 4 days after induction of the tumors were also 

reflected in liver parenchyma. MMP-9-positive cells, monocytes/macrophages (EDI). natural 

killer cells (NK)/cytotoxic T-lymphocytes (CTL) (OX8-positive)) and neutrophils (RP-I) 

were also scored in liver parenchyma of these animals. At this stage, numbers of MMP-9-

positive. ED I-positive, OX8-positive cells and RPl-positive cells were not different in 

control as compared with RO 28-2653-treated animals (Fig. 3B). When comparing Fig. 3A 

and Fig. 3B. it becomes clear that numbers of EDI-positive cells. MMP-9-positive cells and 

RPl-positive cells are larger in liver parenchyma at 4 days after administration of cancer cells 

as compared with 3 weeks after administration of cancer cells, whereas there is no difference 

in the number of OX8-positive cells between these 2 stages. 
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Figure 3. Number of cells positive for EDI (monocytes and macrophages) (left Y-axis). MMP-9. 0X8 
(cytotoxic T lymphocytes and NK cells) and RP1 (neutrophils) (right Y-axis) per 0.1 mm2 in liver 
parenchyma at 3 weeks (A) and 4 days (B) after induction of rumors in control animals (C) and inhibitor-
treated animals (RO). Significant differences between animal groups were not observed. 

Discussion 

General and more selective MMP inhibitors have shown to inhibit cancer progression and 

metastases in animal models (11, 14. 25). We have previously shown in situ gelatinolytic 

activity in tumors of colon cancer in rat liver, the same animal model as was used in the 

present study. It was found that gelatinolytic activity was localized in the extracellular matrix 

of tumors but conclusions on the biological function could not be drawn (21). Therefore, in 

vivo inhibition of* gelatinase activity was applied to define the relevance of gelatinolytic 

activity in this tumor model. For that purpose, tumors were induced in rat liver by 

administration of colon cancer cells into the portal vein. Daily administration of a low dose 

and high dose of a selective MMP inhibitor (RO 28-2653; selective for MMP-2, MMP-9 and 

MT1-MMP) was applied to test the involvement of those MMPs in the development of liver 

tumors of colon cancer cells. Blood plasma levels of this selective inhibitor have been 

determined previously (12). It appeared that plasma levels between 30 ug/l and 50 ug/l were 

reached in rats treated with 30 mg/kg/day whereas plasma levels ranged between 80 ug/l and 

120 ug/l in rats treated with 100 mg/kg/day. Therefore, we selected treatment with a daily low 

dose of 45 mg/kg/day and a high dose of 100 mg/kg/day. 

Daily oral treatment with RO 28-2653 starting at the day of administration of cancer cells 

until the animals were sacrificed resulted in a limited decrease in size of the tumors 

(approximately 30% after treatment with the high dose). Histopathology of the tumors was 
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not clearly affected by treatment with the inhibitor. The relative portion of cancer cells, 

stroma and immune cells was similar in all 3 animal groups. The reduced size of the tumors 

may be in line with our previous findings that at 3 weeks after administration of the cancer 

cells, gelatinolytic activity is present in the extracellular matrix in tumor stroma and may be 

involved in the growth of the tumors. This activity may well be involved in matrix 

remodelling necessary for tumor expansion and consequently inhibition of gelatinolytic 

activity results in reduced tumor growth. Inhibition of angiogenesis may also have had an 

effect but angiogenesis was not investigated in the present study. The marginal reduction of 

30% in the high-dose group and the kick of reduction m tumor size in the low-dose group 

indicates in our opinion that the inhibitor is not significant for the treatment of cancer. 

Moreover, numbers of tumors were increased by 2-fold in both treatment groups as compared 

with the control group. Because the total tumor load in livers of rats treated with the inhibitor 

is in fact higher than that in livers of control rats and histopathological features of the tumors 

were not different, it can be concluded that treatment did not reduce the cancer cell mass in 

the animals at all. In agreement with these findings, it has been reported that metastases of T-

cell lymphoma and breast carcinoma are induced in liver by batimastal treatment (15). It was 

shown that treatment with batimastat lead to increased expression of MMP-2 and induced 

expression of M.MP-9 in healthy livers and upregulation of angiogenesis-promoting factors 

(15). It was concluded that these effects may even promote cancer metastasis. 

Increased numbers and reduced sizes of tumors suggest, unlike the study of Kruger (15), a 

biphasic effect of the treatment with the inhibitor. Reduced tumor size as discussed above is 

opposed to increased numbers of tumors. A possible explanation is that there is a survival 

advantage for cancer cells in the early steps of tumor formation due to treatment with the 

inhibitor. The immune response is held responsible for clearance of cancer cells in a target 

organ (26-28). Therefore, an impaired immune response to cancer cells could result in a 

survival advantage of cancer cells and subsequently result in more tumors. Gelalinases are 

also expressed by immune cells including macrophages, lymphocytes and neutrophils 

(reviewed in (29)). Macrophages are involved in inhibition of tumor development (30) and 

macrophage-derived MMP-9 (and uPAR) inhibits hematogenous metastasis (27). 

Furthermore, depletion of macrophages before tumor cell administration induces the number 

of macroscopic tumors dramatically (31). T-lymphocytes isolated from patients with 

myelopathy have been shown to use gelalinases for migration across artificial basement 
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membranes (32) and it has been postulated that gelatinases expressed by NK cells play a 

crucial role in their migration towards and into tumors (33). Furthermore, neutrophils have 

been shown to be cytotoxic to cancer cells in vitro (34). //; vivo, neutrophils have been 

implicated in tumor cytotoxicity (35). Therefore, it can be concluded that because gelatinases 

are expressed by a variety of immune cells and are involved in their migration and because 

immune cells are involved in tumor growth inhibition, inhibition of the immune response in 

early stages of tumor development due to the administration of RO 28-2653 may be 

responsible for increased numbers of tumors at 3 weeks after their induction. 

The amounts of cells positive for MMP-9, EDI, 0X8 and RP-1 were similar in liver 

parenchyma containing tumors of control animals and RO 28-2653-treated animals at 3 weeks 

after induction (Fig. 3A). However, tumors are established after 3 weeks of growth and are 

unlikely to be very much affected by the immune system. Therefore, we also studied effects 

of RO 28-2653 treatment on the immune response in early stages of tumor development. It 

was found that treatment with RO 28-2653 for 2 days prior to the administration of cancer 

cells had no influence on the amount of circulating white blood cells. However, when rats 

were challenged with cancer cells, blood neutrophil counts were increased more than 2-fold in 

rats not treated with the inhibitor whereas in RO 28-2653-treated animals this increase was 

not found. This indicates that recruitment of neutrophils was altered in RO 28-2653-treated 

animals. Impaired recruitment of neutrophils was shown in MMP-9-knock-out mice as well 

(36). The importance of neutrophils in cytotoxicity towards cancer cells has been shown in 

several studies (28, 37-39). Therefore, decreased neutrophil recruitment in the blood due to 

RO 28-2653 treatment may well be responsible for decreased cancer cell clearance in early 

stages of tumor development and therefore result in increased numbers of tumors at 3 weeks. 

However, the number of neutrophils in livers of rats as detected with the RP1 antibody was 

not different in inhibitor-treated animals and control animals. One possible explanation is that 

the RP-I antibody reacts only with neutrophils at a certain stage of development whereas 

circulating neutrophils are detected in every stage of development. As a consequence, 

neutrophil values in livers do not necessarily reflect blood values. Another explanation could 

be that neutrophil counts in the liver lag neutrophil counts in the blood and therefore, 

differences in the liver could appear later. 

In conclusion, our study in a rat model of tumor development of colon cancer in the liver 

suggests a dual effect of MMP inhibition on the formation tumors. First, MMP inhibition only 
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marginally reduced the size of tumors and this small reduction has little clinical significance. 

Second, MMP inhibition induced increased numbers of tumors at 3 weeks after administration 

of the cancer cells, likely because MMP inhibition affects recruitment of neutrophils and 

impaired recruitment of neutrophils may have resulted in the development of a higher number 

of tumors. 

In the past. MMP inhibitors have been tested in the treatment of advanced stages of cancer in 

clinical trials. However, clinical trials have shown poor efficacy of MMP inhibition and 

treated patients have even been reported to do worse than the placebo group (40). It was 

speculated that MMP inhibitors could be more effective when given in early stages of the 

disease or to prevent development of undetected micrometastases (3). However, our data 

suggest that the use of MMP inhibitors in early stage of the disease or as preventative drug 

may well induce adverse effects i.e. promotion instead of inhibition of tumor development 

because in our model the host's immune system seems to be impaired by MMP inhibitors. 
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Chapter 9 

General discussion 



Liver metastases from colorectal cancer is still the main cause of death in colorectal cancer 

patients. The high incidence of metastases of colorectal cancer to the liver is poorly 

understood. There are several ways to explain this high incidence. Two main hypotheses, 

those of Paget and Ewing, explain this high incidence by the "seed and soil" theory and the 

haemodynamic theory, respectively. The "seed and soil" theory postulates that only the 

appropriate "seed" will grow in the matching "soil"" whereas the haemodynamic theory 

postulates that the anatomical orientation of an organ is the determinant of metastasis to 

occur. Animal experiments have shown that the theory of Ewing fits our model because colon 

cancer cells administered to the portal vein are all retained in the liver. This finding explains 

the high incidence of liver metastasis from colorectal cancer because this suggests that all 

cancer cells shed into the blood stream will be trapped in the liver and that arrest in the liver is 

a nonspecific event. However, the success of the development of a tumor at a secondary site is 

dependent on more factors than cell arrest. Extravasation and migration are considered to 

localize the cancer cell to a favourable site for proliferation. Our studies have shown that 

arrested cancer cells are not very mobile and do not need an extravasation step in order to 

start proliferation but initially proliferate intravascularly. Extravasation means that cancer 

cells leave the blood vessels and invade liver parenchyma, consequently being in contact with 

hepatocytes. In our model endothelial cells retract rapidly allowing direct contacts between 

cancer cells and hepatocytes. In the end. the result is the same but the mechanism is different. 

This indicates that extravasation of cancer cells is not essential for the formation of tumors in 

the liver. 

The fact that different colon cancer cell lines have different capacities of forming tumors in 

the liver indicates that events after cell arrest play crucial roles as well. Organ-specific tumor 

growth can be dependent on a microcnvironment matching the cancer cell allowing tumor 

development in that specific organ. A match between adhesion molecules expressed on cancer 

cells and ECM present in the target organ can allow development of a secondary tumor. 

However, it was also found that cancer cells rapidly undergo interactions with host tissue after 

initial cell arrest. These findings suggest that interactions between the "seed" and the "soil" 

are important for tumor development as well. It may well be that both hypotheses are valid to 

explain the high incidence of liver metastases from colorectal cancer. In our model, it means 

that cancer cells arc retained due to the anatomical properties of the liver whereas only cancer 

cells that have the right properties in relation with host tissue (hepatocytes) are able to form 

tumors. 
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Another mechanism of tumor progression is considered to be expression of matrix 

metalloproteinases and in particular gelatinases. They have been correlated with stage of 

disease and animal models have shown inhibition oi' tumor growth when using both natural 

inhibitors of MMPs and sythetic inhibitors. 

Detection of proteinases in tissue sections using dye-quenched (complete) substrates allows 

localization of proteolytic activity. Localization of gelatinolytic activity at the ECM of tumors 

was demonstrated on unfixed cryostat sections. This localization suggests a role of gelatinases 

in tissue remodelling and/or angiogenesis, but the (patho)physiological role in tumor 

progression remains speculative. Therefore, the effect of in vivo MMP inhibition on the 

development of liver tumors was evaluated. Daily administration of a selective MMP 

inhibitor marginally reduced tumor volume. In contrast, the number of tumors that developed 

was increased by 2-fold. A possible explanation is that the host immune system is also 

affected by MMP inhibition. It has been suggested that the effects of MMP inhibitors in 

clinical trials have been disappointing so far, because patients with advanced cancer were 

included in these trials. Therefore, it was hypothesized that MMP inhibitors may be beneficial 

for early stage cancer patient or to prevent undetected metastases. However, our results do not 

support that hypothesis but show that even the opposite effect i.e. induction of tumors is a 

possibility. It is difficult to predict what the final outcome is of inhibition of MMPs in the 

treatment of cancer because it has become evident that MMPs are not simply "bulldozers" 

that destroy ECM but also have many functions which are not related with destitution of 

ECM. These functions can be protumorogenic and antitumorogenic and the sum of these 

actions will determine the outcome. 
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Summary 

The major issues that are addressed in this thesis are introduced in Chapter 1. Colorectal 

cancer patients rather die because of the consequences of metastasis than due to the primary 

tumor. Metastasis to the liver is most commonly found in colorectal cancer patients. Options 

for curative treatment are limited and most of the therapies are palliative. There are several 

ways to explain the high incidence of colorectal cancer metastasis in the liver. In this thesis, a 

rat model has been used to establish what mechanisms are involved that rule colorectal cancer 

metastasis in the liver. 

Chapter 2 describes a study on the visualization of tumor growth noninvasively in live rats 

using magnetic resonance (MR) imaging. Tumors in livers of rats were visualized relatively 

easily without transfection or other modifications necessary to visualize tumors 

noninvasively. It was shown that MR imaging, performed multiple limes on the same rat, 

allows determination of kinetics of tumor development. It is shown that tumor growth kinetics 

provide additional information over "classical" end-point assays to evaluate of tumor 

development and that end-point assays may lead to misconceptions of what happens in tumors 

in time. However, spatial resolution at the single cell level is still an illusion. 

In chapter 3. early events in colon cancer metastasis in the liver were investigated. In order to 

do so. colon cancer cells were stably transfected with green fluorescent protein (GFP) so that 

the process could be visualized at the single cell level. The use of GFP-positive cancer cells 

enabled us to establish that cancer cell arrest in liver sinusoids is due to size restriction. All 

cancer cells targeted to the liver were retained in the sinusoids. Interactions between cancer 

cells and hepatocyles instead of endothelial cells were observed because endothelium between 

cancer cells and hepatocytes retracted rapidly. Extravasation of cancer cells into the liver 

parenchyma was not observed either and micrometastases appeared to develop intravascularly 

up to 4 days after administration. It is concluded that general assumptions that initial steps in 

the metastatic cascade, adhesion to endothelium and subsequent extrevasation, are not 

essential for tumor formation in the liver. The letter-to-the-Editor of Vekemans et al. (chapter 

4A) describes a possible explanation of disruption of endothelium on the basis of their in vitro 

findings. However, in our reply (chapter 4B) we argue that the mechanism proposed by them 

was not shown in vivo. 

164 



Chapter 4 describes the expression of different adhesion molecules that potentially are 

involved in the interactions between cancer cells and hepatocytes as described in chapter 4. 

The expression of adhesion molecules of the integrin family and the CD44 family were 

assessed on scraped cultured cancer cells. Several integrin subunits were expressed whereas 

others were not. Cancer cells were also found to be positive for CD44 and its splice variant 

CD44-v6. Trypsinization of the cancer cells that is routinely used prior to administration of 

cancer cells to animals removes CD44 and its splice variant but not integrins. Apparently, 

members of the integrin family are more resistant than CD44 and its splice variant which 

were completely lost after trypsinization. These adhesion molecules were localized 

immunohistochemically in livers of rats 0-72 h after administration of cancer cells. Adhesion 

molecules that are potentially involved in interactions between cancer cells and hepatocytes 

were identified, but precise localization of these molecules should be obtained with electron 

microscopy. These studies are presently performed. 

Chapter 5 is an overview of methods to detect proteolytic activity in situ. Small synthetic 

peptides with MNA or AFC as leaving group have been used lo assess proteolytic activity of 

a wide range of proteases in situ. In situ zymography methods to detect activity of proteinases 

such as MMPs are discussed in particular. To obtain additional information on the 

(pathophysiological role of active gelatinases, localization of activity in situ is of great help. 

Various methods that have been developed to detect gelatinolytic activity in situ are discussed 

in conjunction with their biological applications. It appears that the introduction of dye-

quenched (DQ)-gelatin as substrate greatly improved the resolution of these in situ assays for 

the detection of gelatinolytic activity and the applications of this substrate is discussed. 

Proteins other than gelatin with quenched fluorescence are potentially applicable to perform 

in situ activity assays. 

In chapter 6 the development of the method to detect gelatinolytic activity with in situ 

zymographyusing DQ-gelatinas substrate is described applied to liver tumors of colon cancer. 

Gelatinolytic activity was localized on extacellular matrix components of intratumoral stroma. 

Combination of immunohistochemistry and in situ zymography showed colocalization of 

MMP-2 protein and gelatinolytic activity as well as colocalization of collagen type IV and 

gelatinolytic activity, indicating that MMP-2 was responsible for the gelatinolytic activity. 

Activity in extracellular matrix suggests a role of MMP-2 in tissue remodelling and /or 

angiogenesis but conclusions on the pathological role could not be drawn. 
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Chapter 7 is an overview of the role of gelatinases in colorectal cancer progression and 

metastasis in humans and animal models. In humans, a relation has been found between 

increased expression of MMP-2 and/or MMP-9 and cancer progression and metastasis. 

However, MMP-2 and/or MMP-9 levels in plasma or serum of cancer patients are not 

applicable as prognostic tool. Gelatinases are expressed in cancer cells but also in non-cancer 

cells in tumors. In fact, interactions between cancer cells and host tissues have been shown to 

modulate gelatinase expression in host cells and can contribute to cancer progression. The in 

vivo use of broad-range and selective MMP inhibitors have shown a functional role of 

gelatinases in tumor growth in animal models, but, therapeutic use of MMP inhibitors in 

cancer patients has been a disappointment so far. To understand this discrepancy, regulation 

of gelatinase expression in both cancer cells and non-cancer cells and the physiological 

effects of gelatinase activity has been reviewed. It is concluded that the multifunctionality of 

gelatinases makes it unpredictable in what stages of cancer development and in which cell 

biological processes gelatinase activity is involved. It is concluded that the use of MMP 

inhibitors to treat cancer should be considered carefully. 

In chapter 8, the pathological role of gelatinolytic activity in relation with tumor growth was 

assessed by daily administration of a selective MMP inhibitor. It was found that daily 

administration of a high dose of MMP inhibitor resulted in a marginal inhibition of tumor size 

(30%). Reduction in tumor size can be explained by reduced tissue remodelling/angiogenesis 

that hampers tumor development as proposed in chapter 7. However, daily administration of 

either a low dose or a high dose of the inhibitor resulted in a two-fold increase in the number 

of tumors. Therefore, the effects of MMP inhibition on the host immune response was 

investigated. It was found that daily administration of the selective MMP inhibitor had an 

effect on the recruitment of neutrophils in rats with tumors but not in control rats. It is 

concluded that the outcome of treatment of cancer patients with MMP inhibitors is 

unpredictable because the inhibitor may have various counter acting effects. 

Chapter 9 is a general discussion that puts the findings of this thesis on mechanisms of 

colorectal cancer metastasis and in particular the role of gelatinases in the progression of 

colorectal cancer and metastasis into perspective. 
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Samenvatting 

Hoofdstuk 1 introduceert de vraagstelling van dit proefschrift. Patiënten met colorectaal 

kanker overlijden hoofdzakelijk ten gevolge van uitzaaiingen en niet door de primaire tumor. 

Uitzaaiingen naar de lever zijn het meest voorkomend bij deze patiënten. Mogelijkheden om 

deze patiënten te genezen zijn beperkt en de meeste behandelmethoden zijn palliatief. Er zijn 

verschillende mechanismen om het hoge percentage colorectaal kankerpatiënten met 

uitzaaiingen naar de lever te verklaren. In dit proefschrift is gebruik gemaakt van een 

diermodel waarin verschillende mechanismen van uitzaaiing naar de lever zijn bestudeerd. 

Hoofdstuk 2 beschrijft een studie naarde visualisering van tumorgroei van colon kankercellen 

in de lever van de levende rat. Hiervoor is gebruik gemaakt van een niet-invasieve 

visualisatictechniek (MRI). Tumoren in de lever konden relatief gemakkelijk gevisualiseerd 

worden zonder de vereiste dat de kankercellen gemodificeerd moesten worden. Visualisatie 

van tumorgroei op verschillende tijden in dezelfde rat geeft de mogelijkheid om de kinetiek 

van tumorgroei te bepalen. Kinetiek van tumorgroei geeft informatie welke niet verkregen 

wordt met behulp van eindpuntbepalingen. Deze extra informatie kan leiden tot een ander 

inzicht in het proces van tumor ontwikkeling. Echter, de resolutie van MRI laat visualisatie op 

het enkele celniveau niet toe. 

In hoofdstuk 3 werden de eerste gebeurtenissen in uitzaaiing van colorectaal kanker in de 

lever bestudeerd. Hiervoor werden colon kankercellen stabiel getransfecteerd met het groen 

fluorescerend eiwit (GFP) zodat vroege gebeurtenissen op het niveau van de losse cel 

gevisualiseerd konden worden. GFP-posilieve kankercellen hebben laten zien dat deze cellen 

in de lever terechtkomen doordat zij te groot zijn om de lever te kunnen passeren, sterker nog, 

alle kankercellen die naar de lever worden geleid, blijven achter in de lever. Interacties tussen 

kankercellen en hepatocyten in plaats van endothcelcellen werden waargenomen. Extravasatie 

van kankercellen van de bloedvaten naar het leverparenchym werd niet waargenomen. In 

tegendeel, micrometastasen tot vier dagen na hun toediening ontwikkelden intravascular. 

Daarom is geconcludeerd dat veronderstelde eerste gebeurtenissen in het proces van 

uitzaaiing, te weten adhesie aan endotheel en extravasatie uit het bloedvat, niet essentieel is 
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voor het ontslaan van lever uitzaaiingen van colorectaal kanker. De letter-to-the-editor van 

Vekemans et al. beschrijft een mogelijke verklaring voor het wegtrekken van endotheclcellen. 

Echter, naar onze mening was dit niet bewezen in vivo. 

Hoofdstuk 4 beschrijft de expressie van verschillende adhesiemoleculen, die een rol kunnen 

spelen in de gevonden interacties tussen kankercellen en hepatocyten. De expressie van 

adhesiemoleculen van de integrinc-familie en CD44-familie werd onderzocht op geschraapte 

gekweekte colon kankercellen. De aanwezigheid van verschillende integrine-subunits werd 

aangetoond, terwijl andere integrine-subunits werden uitgesloten. Kankercellen brachten ook 

CD44 en de splice variant CD44-v6 tot expressie. Trypsinisatie van de kankercellen, wat de 

situatie van de vroege stadia in dit model zo goed mogelijk benadert, liet zien dat integrincs 

beter tegen trypsinisatie kunnen dan CD44 en CD44-v6, welke afwezig zijn na trypsinisatie. 

In levers van ratten op I. 2 en 3 dagen na toediening van de kankercellen werden deze 

adhesiemoleculen gelokaliseerd. Adhesiemoleculen die mogelijk een rol spelen in de 

interactie tussen kankercellen en hepatocyten werden geïdentificeerd, echter, de precieze 

lokalisatie moet bestudeerd worden met elektronenmicroscopie. 

Hoofdstuk 5 is een overzicht van methoden om proteolytische activiteit in sim te detecteren. 

Korte peptiden met MNA of AFC zijn in het verleden gebankt om de activiteit van een groot 

aantal proteinasen in .sim te visualiseren. Methoden om de activiteit van matrix 

melalloproteinasen te detecteren is in meer detail behandeld. Lokalisatie van gelatinasc 

activiteit kan additionele informatie verschaffen over hun rol in (patho)fysiologische 

processen. Verschillende methoden die ontwikkeld zijn om gelatinolytische activiteit in sim 

aan te tonen samen met hun biologische toepassingen worden bediscussieerd. De introductie 

van dye-quenched (DQ) natuurlijke substraten voor gelatinasen heeft de resolutie van de in 

sim assays enorm verhoogd. Voorbeelden van de toepassingen van deze substraten worden 

gegeven. Eiwitten met gequenchte fluorescentie anders dan gelatine zijn in principe ook 

toepasbaar voor in sitn activiteit assays. 
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Hoofdstuk 6 beschrijft de ontwikkeling van een methode voor de visualisatie van 

gelatinolytische activiteit in tumoren van colonkanker in de lever. Dye-quenched gelatine 

werd toegepast opdat gelatinolytische activiteit kon worden gevisualiseerd in deze tumoren. 

Activiteit werd gelokaliseerd in de extracellulaire matrix van het intratumorale stroma. 

Immunohistochemie gevolgd door bepaling van gelatinolytische activiteit gaf co-lokalisatie 

van MMP-2 eiwit en activiteit alsmede co-lokalisatie van collageen type IV en activiteit. 

Bevindingen verkregen met immunohistochemie. gelatine gel zymografie en in sim 

zymografie wijzen naar een rol van actief MMP-2 in gelatinolytische activiteit. Lokalisatie 

van activiteit in de extracellulaire matrix suggereert betrokkenheid bij weefsel remodeling 

en/of angiogenese, echter, conclusies over de pathologische rol konden niet worden 

getrokken. 

Hoofdstuk 7 is een overzicht van de rol die gelatinasen spelen bij de progressie van 

colorectaal kanker en uitzaaiing daarvan in de klinische situatie en in diermodellen. In de 

mens is een relatie aangetoond tussen verhoogde expressie van MMP-2 en/of MMP-9 en de 

progressie van colorectaal kanker, inclusief uitzaaiingen. Het aantonen van deze eiwitten in 

plasma of serum van patiënten is gebleken slecht bruikbaar te zijn voor prognostische 

doeleinden. Gelatinasen worden tot expressie gebracht door kankercellen maar ook door niet-

kankercellen die een onderdeel uitmaken van een tumor. Sterker nog, interacties tussen 

kankercellen en gastheercellen blijken gelalinase expressie in gastheercellen te kunnen 

moduleren en op die manier te laten bijdragen aan de progressie van de tumor. Breed-

spectrum en selectieve MMP remmers hebben gesuggereerd dat gelatinasen functioneel 

betrokken zijn bij het ontwikkelen en uitgroeien van de tumor in diermodellen. Echter, 

behandeling van patiënten met MMP remmers is tot nu toe niet succesvol gebleken. Om dit 

verschil beter te kunnen begrijpen, is de regulatie van gelalinase expressie in kankercellen en 

niet-kankereellen alsmede de fysiologische rol van gelatinasen in verschillende celtypen 

gereviewed. Door de multifunctionaliteit van gelatinasen is het onvoorspelbaar in welk 

stadium van kankerontwikkeling en in welke processen gclatinase activiteit betrokken is. 

Daarom is het niet aan te raden MMP remmers te gebruiken voor de behandeling van kanker. 

169 



Hoofdstuk 8 is een vervolgstudie van hoofdstuk 6 waar gelatinolytische activiteit in de 

extracellulaire matrix in levertumoren van colorectaal kanker werd aangetoond. Deze studie 

suggereerde een pathologische rol ten gevolge van gelatinolytische activiteit, echter, 

lokalisatiestudies staan zulke conclusies niet toe. Daarom is er in hoofdstuk 8 gekeken naar de 

relatie tussen gelatinolytische activiteit en tumorgroei door dagelijks een selectieve MMP 

remmer toe te dienen. Dagelijkse toediening van een hoge dosis van de MMP remmer 

resulteerde in een marginale reductie van de tumordiameter. Deze bevinding kan verklaard 

worden door remming van weefsel remodeling.angiogenese zoals voorgesteld in hoofdsUik 6. 

Echter, toediening van zowel een lage als een hoge dosis van de MMP remmer resulteerde in 

een verdubbeling van het aantal tumoren. Het effect van MMP remming of de 

immuunrespons was onderzocht. Dagelijkse toediening van de MMP remmer heeft geen 

effect op de immuunrespons. beoordeeld aan de hand van het aantal circulerende witte 

bloedcellen, in dieren waarbij geen kankercellen waren ingespoten. Echter, in dieren waarbij 

wel kankercellen waren ingespoten, bleek de recrutering van ncutrofielen te zijn vertraagd in 

de MMP remmer-behandelde dieren. Immunohistochemie liet zien dat. zoals gevonden was in 

het aantal circulerende witte bloedcellen, het aantal monocytenmacrofagen, cytotoxische T-

lymfocyten'NK-cellen en MMP-9 positieve cellen gelijk was in de lever vier dagen na het 

inspuiten van de kankercellen. Ook het aantal ncutrofielen. aangetoond met het RP-1 

antilichaam, was niet verschillend. Mogelijk reageert het RP-1 antilichaam met een 

subpopulatie van neutrofielen of is er een lag-phase tussen bloedwaarden en weefselwaardcn. 

Het behandelen van kankerpatiënten met MMP remmers moet overwogen worden omdat 

inductie van tumorgroei ook tot de mogelijkheden behoort. 

Hoofdstuk 9 brengt de bevindingen van de mechanismen van uitzaaiingen van colorectaal 

kanker en in het bijzonder de rol die gelatinasen daarbij spelen in perspectief. 
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Dankwoord 

In het algemeen wil ik een ieder van de Celbiologie & Histologie en alle andere afdelingen 

waar ik heb mogen werken bedanken voor hun bijdrage, in welke vorm dan ook, aan de 

totstandkoming van dit boekje. 

Beste Emil. we kenden elkaar al van de Faculteit Biologie maar hadden elkaar geruime tijd 

niet meer gezien (afgezien van een vage maandagochtend op het terras van De Schouw in 

Bilthoven). Het was dus een grote verrassing om jou tegen het lijf te lopen bij de tweede 

ronde van mijn sollicitatie bij Celbiologie & Histologie. Misschien dat toeval toch wel 

bestaat!! En wat moet jij blij zijn geweest dat het niet die Chinees is geworden. Ik denk datje 

ons AIO-schap al prachtig verwoord hebt in het dankwoord van jou proefschrift. Het gevoel is 

absoluut wederzijds en ik ben er van overtuigd dat een promotieonderzoek met een andere 

collega heel anders zou zijn geweest. We hebben tijdens het werk (de uitleg aan twee 

humorloze AIO's hoe we in godsnaam in Groesbeek terecht zijn gekomen of jou perfecte 

imitatie van mijn one-man-show in Les Diableres waar ik uiteindelijk ook wel de humor van 

inzag) en na hel werk (hoofdzakelijk in de Ep of het Gasthuis) toch wel erg veel gelachen. 

Best eng als je zonder te spreken elkaar begrijpt en op hetzelfde moment hetzelfde wilt 

zeggen. Het laatste jaar, toen dat er niet meer was, heb ik gemerkt hoe belangrijk dat kan zijn. 

Emil, ik hoop dat dal woordgrapjes en zinspelingen in Italië al een beetje op gang komen. Het 

ga je goed!! 

Beste Ron. ik denk dat ik heel blij mag zijn om jou als promotor te hebben gehad. Jou 

grenzeloze enthousiasme is stimulerend voor jonge onderzoekers. Vrijheid werd gegeven en 

heeft ervoor gezorgd dat ik de mogelijkheid heb gekregen dingen zelf uit te zoeken wat 

uiteindelijk ertoe heeft geleid dat ik zelf heb leren nadenken en mijn weg heb leren vinden. 

Naast een uitstekend promotor, wat min of meer de zakelijke kant is. ben je ook een mens met 

het hart op de goede plek. Dit heb ik met name heb gemerkt toen het in mijn leven even 

anders liep dan voorzien. Verder heb je een uitstekend gevoel voor wat voor mensen bij 

elkaar passen en vindt dat ook belangrijk. Kortom, ik mag blij zijn dat ik jou als promotor heb 

mogen hebben. 

Lieve Wilma, jou als co-promotor was werkelijk geweldig. Ik denk dat je tijdens mijn 

promotieonderzoek hebt gezorgd voor een juiste balans tussen het positieve enthousiasme van 

Ron en de nuchtere blik van jou. Veel woorden waren niet nodig om elkaar te begrijpen en dat 
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is positief bedoeld. Je hebt mij mijn dingen laten doen zonder al te veel betutteling maar je 

was daar op de momenten dat het nodig was. Ondanks dat ik niet echt een prater ben heb je op 

het persoonlijk vlak altijd je interesse getoond. Wilma. zonder te overdrijven, je bent er één 

uit duizenden. 

Lieve Trees, zonder te overdrijven ben je een taaikoningin. Dat is wel gebleken tijdens jou 

hulp bij de voorbereiding van manuscripten. Ook bij het afronden van dit proefschrift is 

wederom gebleken dat een komma op de verkeerde plaats of het ontbreken van maar één 

letter het lezend oog van jou niet passeert. Ik zou niet weten hoe het een analfabeet zoals ik 

het verlopen zou zijn zonder jou gigantische hulp. 

Beste schoonheid (Jan P), van fotograaf tot PC ridder is ook wel een hele omschakeling. Alle 

files met "onzin 1 of Ielijk4" (of nog vreselijkere namen) zijn waarschijnlijk niet meer te 

tellen. Verder weetje precies hoe het werkt. CUT. CUT, CUT. ennnn PASTE en klaar is kees. 

Bedankt voor het klaren van jou laatste "kunstje", het opmaken en PDFen van dit proefschrift. 

Ik weet dat het je enige extra grijze haren heeft bezorgd (voor zover dat nog kan) maar het 

resultaat mag er zijn. 

Beste Ard. met een Mac ben je een echte kunstenaar en zonder jou had er waarschijnlijk al 

een Mac overleden zijn. Al begin je je steeds meer in de biologie in te leven, pixels en 

grijswaarden is echt jou domein. De snelheid waarmee jij de Mac dingen laat doen was in het 

begin ronduit frustrerend maar na al die jaren begin ik het ook een heel klein beetje te 

begrijpen. Ard bedankt voor al je enthousiaste hulp. 

Lieve Heleen, bedankt voor al je geweldige EM werk. Hel laatste klusje. immuno-EM. valt 

niet mee maar ook daar komen we nog wel uit. Lieve Klazien, bedankt voor de hulp bij de 

dagelijkse dingen op het lab. Het voordeel dat ik nu weg ben is dat de labtafels mooi schoon 

blijven. Lieve Wikky. ben jij niet van ehh. of kom je nou van ehh. Ik moet toegeven datje 

gevoel voor humor goed is maar het was wel flauw om Ton te beschuldigen van bedplassen. 

Beste Kees, sarcasme is ook een manier van leven. Het is alleen wel heel irritant als dat 

letterlijk genomen word. De grap met de banaan was voor sommigen overigens wel leuk. 

Beste Kars. de snelheid waarmee jij EM foto's kunt afdrukken is werkelijk ongelofelijk. 

Vooral als het weer eens gisteren klaar moest zijn. Verder zal je zal in mijn geheugen blijven 

als Kars met de rode brandweerkar maar zonder dollen, jou twee rechterhanden zijn inmiddels 

onmisbaar geworden. 
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een beetje vanaf maar ik zou heel graag het recept van gebakken lever van je krijgen. Beste 

Henk. bedankt voor het oplossen van de mysterieuze computer problemen. Uiteindelijk denk 

ik dat de oplossing simpel is. namelijk nooit de naam MOOK gebruiken om in te loggen. 

Beste immuno"s, bedankt voor al jullie adviezen en het "lenen" van een arsenaal aan spullen. 

Robert, ik ben er nog steeds niet helemaal uil. Hoeveel gram albuminc moet je nou oplossen 

in een liter om een 1 molair oplossing te krijgen? 

Beste mensen van de experimentele chirurgie en in het bijzonder Adrie, zonder jou was het 

waarschijnlijk nooit iets geworden met dit boekje. Zonder te overdrijven ben je de meest 

vindingrijke biotechnicus die ik ken. Toch vraag ik me af hoeveel ratten je op één dag kunt 

doen want volgens mij is in het tempo waarin jij het kan 24 per dag nog niet eens de limiet. 
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PS, was toch altijd wel leuk om bij Fysiologie vliegende kanker cellen in time en space te 

filmen. Je moet het een paar keer doen maar dan heb je ook wat. 

Studenten. Claudia en Nora. Mik en Dik, Febe. Yasser, Catheleyne, Niels en Monlse. Ik heb 

me altijd met plezier bezig gehouden met het begeleiden van jullie werkzaamheden op het 

lab. Ik denk dat het werken met studenten behalve gezellig ook goed is geweest voor de 

manier hoe ik heb leren denken, mede door de recht door zee vragen waar ik ook niet altijd 

het antwoord op wist. 
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Curriculum vitae 

De auteur van dit proefschrift werd geboren op 20 oktober 1970 te Utrecht. In 1987 legde hij 

het staatsexamen MAVO af. Na een korte en niet zo geslaagde uitstap naar de MTS werd 

vervolgens in 1990 het HAVO diploma behaald. Twee jaar later werd ook het VWO diploma 

behaald. In datzelfde jaar werd de studie biologie aangevangen. De idee was om na het 

behalen van de propedeuse door te gaan in de biochemie. Zover is het echter nooit gekomen 

omdat de biologie in dat jaar gebiologeerd had en biochemie werd celbiologie en moleculaire 

biologie. In februari 1997 werd de bul behaald. Nog onzeker over wat het vervolg moest 

worden, kwam de auteur terecht bij een koeriersbedrijf alwaar hij bijna een jaar is blijven 

hangen als "algemeen regelneef'. Hoewel dat heel goed beviel, is inmiddels wel duidelijk 

geworden dat onderzoek toch iets is dat trekt. Een promotieplaats bij de afdeling Celbiologie 

& Histologie onder begeleiding van Prof. Dr. Van Noorden en Dr. Frederiks is dan ook een 

goede keuze gebleken. In januari 1999 werd gestart met het onderzoek dat werd afgerond in 

oktober 2003. December 2003 is hij begonnen als postdoc bij de afdeling Neurogenetica 

binnen het AMC waar hij zich in de wondere wereld van siRNA and oligonucleotiden heeft 

gestort. 
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