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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. 
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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 
cells: orthotopic primary rumors 
•i, liver metastases L, rTIMP-1 
(ip): primary tumor =, liver 
metastases = 
TIMP-2 expression in cancer 
cells: subcutaneous tumor 
volume 4-, TIMP-2 adenoviral 
injection in preestablished 
tumors: tumor volume i , 
nngiogenesis =. apoptosis T 
TIMP-2 expression in liver prior 
to cancer cell administration: 
metastases -t-
TIMP-2 expression in liver: 
growth established metastases 4 
TIMP-3 expression in cancer 
cells: growth potential •! 

[77] 

[75] 

[76] 

[76] 

[74] 

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. 

MMP-2 

j ^ ^ 

CJ58P Pl iU VLXS CRE1I OCN, I'LAJ AP2 IA1A 

MMP-9 

ISKI: Spl I AP2 ISHI-. | S\t> I MA). ^ ^ ^ y M u T w 

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. 
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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. 

1 

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 

128 



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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