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ABSTRACT 

Matrix metalloproteinases (MMPS) are involved in many normal and pathological 

processes that require remodeling of the extracellular matrix. In this dissertation, the 

distribution of MMPs in human prostate tissue was determined. Matrilysin localized to 

epithelial cells in prostate ducts surrounded by inflammatory cells, and was focally 

expressed in carcinoma and prostatic intraepithelial neoplasia, but not in normal glands. 

Gelatinase A was detected in both benign and malignant prostate tissue in similar amounts. 

MT-MMPl, an activator of progelatinase A, was present in 100% of the carcinomas, in 

88% of the cases with PIN lesions, but only in 34% of the normal glands. 

Matrilysin converted gelatinase/TIMP-complexes and free gelatinase B into 

polypeptides with gelatinolytic activity. In contrast, matrilysin was unable to proteolytically 

cleave gelatinase A/TIMP2 complex, but led to a transient increase in gelatinolytic activity 

of the proenzyme. Active matrilysin did not enhance the autocatalytic conversion of its 

own proform. 

Using indirect immunofluorescence microscopy, degradation of the fibronectin 

fibrils produced fibroblasts by matrilysin was demonstrated. Rbronectin fibrils represent a 

major component encountered by tumor cells during invasion. Removal of matrilysin 

resulted in regrowth of the fibrils, suggesting that matrilysin was not cytotoxic. Stable 

fragments derived from the gelatin-binding, the heparin-binding, and the cell attachment 

domains, respectively, of fibronectin, were identified. Their isolation may allow further 

studies on their influence on cell migration, attachment and signal U'ansduction which are 

expected to be different from the effects of undegraded fibronectin. 

Effects of matrilysin on integrins were also investigated. Incubation of ^4, but not 

of a6 or pi, with matrilysin, resulted in complete degradation in vitro. Thereby a specific 

fragment of 90 kD was generated, which was not observed with calpain or trypsin. Two 
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putative cleavage sites for matiiiysin at residues 107 (isoleucine) and 417 (leucine) located 

within the extFaceilular domain of the p4 were identified by sequence comparisons with 

known substrates. Degradation of §4 by matrilysin may partly explain the loss of p4 

integrin in prostate carcincHna. 

Taken together, the data presented here demonstrate effects of matrilysin on a 

variety of processes important in carcinogenesis. 
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1. INTRODUCTION 

A: Background information 

In many types of cancer, the question whether primary timior invades and forms 

metastasis will distinguish between life and death of a individual patient. Being able to 

predict which patients with primary tumors are at risk for developing metastatic disease will 

severely affect future treatment This is particularly important in prostate cancer, which is 

histologically present in 80% of men over the age of 80 (1). Most of these men will never 

develop any clinical symptoms. However, in approximately 10% of the patients, the 

primary tumor becomes highly invasive, with aggressive spread to lymph nodes and bone. 

Identification of factors involved in this process is a prerequisite for the rational design of 

thers^utic agents. 

According to the invasion model proposed by Liotta et al. (reviewed in (2)), tumor 

cells invade by attachment to the basement membrane, which is composed of several types 

of ECM proteins (3). Subsequently, the secretion of MMPs leads to degradation of the 

basement membrane and the underlying interstitial stroma (composed of other ECM 

molecules). Tumor cells migrate into the matrix modified by proteolysis and enter the 

circulation or the lymphatic system, in which they are carried to distant sites. Neoplastic 

cells that have overcome host immune killing may extravasate in the target organ 

interstitium and proliferate as secondary colonies. One group of molecules important in cell 

adhesion, migration and other types of interactions with the ECM are the integrins (4). 

One of the MMPs potentially involved in the invasion process is matrilysin, which 

has been shown to be overexpressed in several types of human cancer (5-7). However, the 

function of matrilysin is not completely understood. The questions addressed here aim to 
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contribute to the understanding of the function of matrilysin from histochemical, 

biochemical and cell biology perspectives. 

1. Matrix metalloproteinases and their tissue inhibitors: 

Occurrence, structure and implications in remodeling processes and 

cancer 

MMPs are important enzymes in many normal and pathological processes (8-13). 

Degradation of ECM components by expression of MMPs allows inflammatory cells to 

migrate through the matrix and to reach their targets. Wound healing, trophoplast 

implantation, postpartum uterine involution and bone remodeling also depend on the 

presence of MMPs. Overexpression of these enzymes, however, can lead to inflammatory 

diseases such as rheumatoid arthritis, or can contribute to tumor cell invasion and 

metastasis (14, 15). In many types of cancer, MMPs are expressed to a much higher extent 

than in the surrounding normal tissue (Table 1). 

The family of MMRs consists of at least fourteen structurally related zinc dependent 

metalloenzymes with well characterized structural and catalytic properties (reviewed 

in(16)). The MMP family is divided into four subclasses: 1.) gelatinases; 2.) collagenases; 

3.) stromelysins; and 4.) transmembrane MMPs (MT-MMP). The specific MMPs, their 

molecular weights, substrates and cancer types associated with these MMPs are 

summarized in Table I (from (16) and references therein, some additional modifications). 

The basic structure of MMPs consisting of the amino terminal propeptide, the catalytic 

domain and the hemopexin domain^ is shown in Figure 1. 
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sign^ 
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Figure 1: Structural features of matrix metalloproteinases. 

Each MM? consists of a signal peptide, a prodomain, a catalytic domain containing a zinc-

binding site, a hinge region, and a hemopexin domain. In addition, gelatinases contain 

flbronectin Qrpe II repeats, and MT-MMPs a carboxyteiminal transmembrane domain. The 

hemopexin domain is missing in matrilysin (fr(xn (11,16), some modifications). 
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Besides being regulated on the transcriptional level, MMP activity depends on 

activation of the proenzyme. MMPs are secreted in a latent form. In this state, the 

propeptide, which contains the conserved sequence PRCGXPDV, is folded over the active 

center of the enzyme and thought to be held in place by interactions of the cysteine residue 

within that sequence with the zinc atom located in the active center. Disruption of these 

interactions by physical or chemical means is the first step during activation, a mechanism 

described as "cysteine switch hypothesis" (17). Proteolytic removal of the prodomain 

characterizes further conversion of the MMP into its active form. Additional modifications 

may lead to "superactivation" of the enzyme, as has been shown for collagenase 1(18). 

Identification of physiological activators for MMPs has been an important research 

question in recent years. The finding that MT-MMPs allow pericellular activation of 

progelatinase A (19) in a veiy confined region suggests that MMPs may be activated within 

a proteolytic cascade, analogous to the principle described in blood clotting. Other 

examples of activation of pro-MMP activation by active metalloproteinases include the 

activation of progelatinase B by stromelysin (20-21) or gelatinase A (21), or the activation 

of procollagenase I or promatrilysin by stromelysin (22). In addition, members of the 

family of serine proteases such as plasmin and trypsin have been shown to be able to 

activate MMPs (23, 24). Which of these in vitro activation mechanisms occur in vivo 

depends on the colocalization of the respective enzymes. 

Activity of an MMP on which the prodomain has been removed can further be 

regulated by the presence or absence of tissue inhibitors of metalloproteinases (TIMPs) 

(reviewed in (25). So far, three different TIMPs have been identified in humans. TIMP-1 

and TIMP-2 are found both in tissue and plasma (25, 26), and are able to inhibit the active 

fonn of all MMPs. TIMP-1 Irinds preferentially to progelatinase B (27,28), and their 



Table 1: Matrix Metailoproteinases 

Name 

I. Gelatlnases 
gelatinaseA 
(72 kD collagenase IV) 

MMP# 

MMP-2 

MW (kD) 

72 

gelatinase B 
(92 kD collagenase IV) 

MMP-9 92 

II. Collagenases 

collagenase 1 

collagenase 3 

PMN-type collagenase 

MMP-1 

MMP-13 

MMP-8 

52 

52 

75 

III. Stromelysins 

scromelysin 1 

stromelysin 2 

MMP-3 

MMP-10 

55 

55 

stromelysin 3 MMP-11 61 

Occu reiice Substrate 

nbroblasts, 
melanoma cells, 
macrophages; 
breast, colon, prostate, 
bladder, pancreas carcinoma; 
skin tumors 

denatured coilagens, 
native coilagens IV, V, VII, X 
elastin, flbronectin, 
gelatinase B 

PMNs, macrophages, 
neutrophils; 
breast, colon, 
bladder, pancreas carcinoma; 
skin tumors 

denatured coilagens, 
native coUagens IV, V, VII, X 
elastin, flbronectin. 

flbroblasts 

breast carcinoma 

PMNs 

collagen I, II, III, VII. Vni, X 

collagen 1, II, III, VII, VIII, X 

collagen I, II, III, VII, VIII, X 

proteoglycan core protein, flbronectin 
skin tumors laminin, collagen IV, V, DC, X 
ulcers, breast carcinoma elastin 
skin tumors 

breast, colorectal, lung, 
bladder, gastric, esophageal 

carcinoma 

serine proteinase inhibitor 



Table 1. continued 
Name MMP# MW (kD) Occurence Substrate 

metalloelastase 

matrilysin 

MMP-12 54 

IV. MT-MMPs 

MT-MMPl 

MT-MMP2 

MT-MMP3 

MT-MMP4 

MMP-7 

MMP-14 

MMP-15 

MMP-16 

MMP-17 

29 

66 

72 

64 

70 

alveolarmacropbages 
of smokers, placenta 
skin flbroblasts; 
breast carcinoma; 

endometrium, 
developing monocytes 
bronchial mucosa, 
normal kidney cells; 
prostate, breast, colon, 
head and neck, lung, 
gastric cardnomas; 
ulcers 

placenta, kidney, ovary 
intestine, prostate, spleen; 
gastric, cervical, prostate carcinoma 
gliomas, head and neck tumors 

liver, placenta, testis 
colon, intestine, pancreas. 
kidney, lung, heart, 
skeletal muscle 

heart, brain, placenta; 
not in lung, kidney, liver, 
spleen or muscle 

brain, leukocytes, colon, 
ovary, testis; breast carcinoma 

elastin 

flbronectin, laminin. collagen IV 
proteoglycan core protein, 
fibronectin fibrils 
prpgelatinaseB 
P4 integrin subunit 

progelatinase A, gelatin 

progelatinaseA 

(from (16) and references therein, some additional modifications) 
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expression appears to be coregulated (29-31) . TIMP-2 is expressed by several different 

types of fibroblasts, and it can be found in tight association with progeiatinase A (32,33). 

TIMP-3 is confined to extracellular matrix only (34), and its expression appears to be cell-

cycle regulated, with abundant expression in the middle of Gi (35). Interestingly, both 

TIMP-l and TIMP-2 have been shown to possess growth factor like activities in several 

different cell lines (36, 37). 

Among the MMPs, matrilysin is unique in that it is the only enzyme that is missing 

the carboxyterminal hemopexin domain. This domain has been shown in other MMPs to 

affect substrate specificity of the en2yme and interactions with TIMPs (33). Matrilysin was 

first identified in postpartum rat uterus (38), and subsequently, its cDNA had been isolated 

from human malignant tissue (see Table 1) (5, 6, 39). In prostate cancer and squamous cell 

carcinoma, matrilysin has been shown to be very focally expressed (39, 40), suggesting 

that its expression is highly regulated. Inflamed ducts within both normal and cancerous 

prostate tissue express extremely high amounts of matrilysin (40). The function of this 

expression pattern is unclear. Several types of normal tissue, e.g. developing monocytes 

(41), bronchial mucosa (7), developing hair follicles, sweat and parotid glands (42) and 

especially human endometrium (43)have been shown to express matrilysin. In human 

endometrium, matrilysin expression was confined to the proliferative, late secretory and 

menstrual endometrial epithelium, but not detectable in early or mid secretory endometrium 

(43), suggesting regulated expression of matrilysin, possibly by a hormonally controlled 

mechanism (44) mediated by cytokines and growth factors, for example TGF-P (45). 

Given that matrilysin expression is very distinct in all the tissues synthesizing this enzyme, 

its expression appears to be highly regulated and may have a regulatory function itself. One 

putative regulatory mechanism of matrilysin would be the activation of other MMPs. 
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Gelatinase B was originally discovered as a gelatinolytic enzyme in 

pdymori^onuclear leukocytes (46). Subsequently, it was also isolated from keratinocytes, 

macrophages (47,48), neutrophils (49), and various transformed cell lines (9, 23, 27, 28, 

SO, 51). Gelatinase B was also shown to play a role in human cytotiophoblast implantation 

(52). Recently, gelatinase B was also linked to the metastatic phenotype in several systems 

(53,54). Human neutrophils secrete gelatinase B free of inhibitor (28, 55). In contrast, in 

the conditioned media of tm080 fibrosarcoma cells, gelatinase B is found in a "tight" 

complex with TIMPl which requires sodium dodecyl sulfate and triflouroacetic acid to 

accomplish dissociation (9, 28). Progelatinase B has a molecular weight of 92 kDa. Several 

active forms of this enzyme migrating at 83, 78,68 and 67 kDa have been described (9, 

22, 23) Furthermore, higher molecular weight complexes consisting of two covalently 

linked molecules of progelatinase B, two molecules of 68 kDa gelatinase B, or 

progelatinase B and interstitial collagenase can be formed (56). 

Gelatinase A, in complex with TIMP-2, is secreted by several different normal and 

transformed cells (32, 57-61). It is found in the conditioned media of fibroblasts, 

melanoma cells, macrophages, bronchial epithelial cells and tumor cells (57, 58). 

Gelatinase A was shown to localize to cell surfaces, particularly to the leading edge of 

invadopodia (62). Recent studies indicate that this "receptor" for gelatinase A/nMP-2 

comi^ex is activated MT-MMP (26) that interacts with TIMP2, which, in turn interacts with 

the carboxyterminal domain of gelatinase A. Binding of TIMP2 appears not to be not 

mediated by its amino terminal domain, which is the domain that interacts with the active 

center of all MMPs (63). Otherwise binding of TIMPl, which can also interact with all 

active MMPs, would be expected. This, however, was shown not to be the case in 

HT1080 cells (63). Besides binding to MT-MMP, gelatinase A can also associate with cell 

surfaces through avp3-integrin (see below) (64). In ovarian carcinoma cells, activation of 
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progelatinase A was shown to be enhanced by a heat-stable trypsin sensitive "non-essential 

activator" distinct from MT-MMP (65). 

Considering that MT-MMPs localize to the cell membrane and therefore lead to a 

very localized activation of gelatinase A or other potential substrates, their expression in 

cancer would allow activation of proteases implicated in the invasion process. So far, four 

different MT-MMPs have been discovered (19, 66-68). Expression of MT-MMP has been 

found in gastric (69), colon (70), breast (70), head and neck (70), cervical (71), and lung 

carcinomas (19) as well as in brain tumors (72). Interestingly, the mRNA for the protease 

was frequently localized to the stromal cells (70), whereas protein staining is found on 

epithelial cells in most types of cancer (19, 69). In cervical carcinoma however, both 

mRNA and protein were detected in both stromal and epithelial cells (71). The distribution 

of MT-MMPl in prostate carcinoma and its precursor PIN is investigated in this 

dissertation. 

2. MMPs in prostate cancer and prostatic intraepithelial neoplasia (PIN) 

Although upregulation of MMPs in different types of carcinomas has been reported 

by numerous investigators (reviewed in (12, 58); Table I), not much information is 

available on MMP-expression in premalignant lesions. 

The most common premalignant lesion in prostate cancer is "prostatic intraepithelial 

neoplasia" (PIN), which is now generally accepted to be a precursor of prostate carcinoma 

(reviewed in (73)). Tissue obtained in autopsies contained PIN lesions in all cases with, 

but only in 59 % of the cases without invasive prostate carcinoma (74), and the incidence 

of PIN appears to antedate the occurrence of prostate carcinoma (73). An overview 

illustrating characteristics of PIN lesions and other components found in prostate tissue is 
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Figure 2: Overview of components in prostate tissue. 

The human prostate consists of 30 to 70 small compound tubuloalveolar glands opening 

direcdy into the prostatic urethra through a total of 16 to 32 excretory ducts (82). In the 

Figure, a histological comparison of a normal gland (A), a PIN lesion (B) and a 

carcinomatous prostate gland (C) is shown. An atrophic duct surrounded by inflammatory 

cells is presented in D. Schematics illustrating the specific features are shown underneath 

A, B, and C, and to the right of D. Note the presence of a complete basal cell layer 

(hatched cells in the schematic) and a luminal cell layer in the normal gland (A), the marked 

anaplasia of cells in the PIN lesion (B), and the complete lack of basal cells in the 

carcinoma (C). The solid arrow in B points to an area with basal cells within the 

interrupted basal cell layer. The atrophic ducts in D are characterized by low cuboidal 

attenuated epithelial cells with increased heterochromatin and enlarged nuclei with 

prominent nucleoli. The dark staining cells to the left of the large duct are inflammatory 

cells. M, macrophage; L, leukocyte. From (7^ (A-C) and (82) (D), some modifications. 
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presented in Hgure 2. High grade PIN is sometimes considered to be equivalent to 

carcinoma in situ, which may then progress to invasive carcinoma. Understanding what 

factors contribute to the conversion from PIN to cancer is essential for prognostic and 

ther^utic purposes (75). Potential candidate molecules implicated in this process are the 

MMPs. 

PIN lesions are characterized by cellular proliferation within preexisting ducts and 

glands. Cell proliferation comprises mostly the more central cell layers (76). 

Morphologically, PIN lesions are identified by a combination of several criteria, such as 

cellular crowding and stratification, variations in cell and nuclear size, hyperchromatism 

and nucleomegaly (73). Although many of these morphological markers are similar to 

invasive carcinoma, PIN lesions are different in that they lack stromal invasion and, unlike 

in carcinoma, some of the basal cells are retained (73) (Hgure 2). Integrin expression on 

the cell surface, which is generally lost in carcinoma, is also maintained in PIN (75), 

indicating that their loss occurs during the PIN to invasive cancer progression. 

Modifications of integrin ligands (ECM-proteins, see below) may precede the loss of 

integrins. MMPs are important molecules during remodeling of the ECM, and may 

therefore participate in this process. Consistent with this, matrilysin was shown to be 

expressed in both colon adenomas and carcinomas, but not in adjacent normal areas of the 

tissue (77). 

Taken these observations together, it is hypothesized that MMPs are expressed in 

PIN and may characterize the lesions that will progress to invasive carcinoma (78). 

However, although MMPs are associated with cancer and degrade ECM proteins, many of 

ECM proteins remain present in invasive carcinoma. This apparent paradox can be 

explained by the fact that cell behavior and tissue turnover are not simply regulated by 

degradation and removal of ECM proteins by MMPs. Highly regulated ways exist in which 
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degradation of ECM proteins leads to the generation of signaling molecules of major 

biological relevance (79-81). One veiy interesting protein in that regard is fibronectin. 

3. Fibronectin, a regulatory and structural protein in the ECM 

Hbronectin is abundantly found, together with I collagen, in the interstitial 

stroma of many tissues (reviewed in (3)). The basement membrane is mostly composed of 

collagen type IV, entactin and laminin (3). Similar to many of the ECM-molecules known 

to date, fibronectin is a multifuncticmal glya^iroteins important in cell adhesion, migration 

and signaling (83). 

One of the earliest observations about fibronectin was that malignantly transformed 

cells growing in culture frequently failed to deposit a fibronectin matrix (reviewed in (84)). 

Although we know today that not the mere presence or absence of fibronectin determines 

malignant behavior of cells with altered growth characteristics and migration patterns, these 

findings were the first indications that molecules involved in matrix assembly may play an 

important role in malignancy. 

Hbronectin is a dimeric protein composed of two nearly identical subunits of about 

250 kDa linked together by disulfide bonds at the carboxy-terminal end (85, 86). Each 

subunits is composed of several units of so-called "type I, II or Ill-repeats". How these 

repeats are arranged within the molecule is shown in Figure 3. Although fibronectin is 

encoded by a single gene, different splice variants exist (83). Various types of cells secrete 

fibronectin as a soluble protein which is found in plasma and other body fluids. For matrix 

assembly, fibronectin interacts with cell surfaces that express a5pi-integrin (see below) 

(85) and a "matrix assembly receptor" (87). The exact mechanism of this matrix assembly 

process is not comfdetely urxlerstood (8Q. However, recent evidence indicates that the first 

seven "type III repeats" are not required for matrix assembly, whereas the presence of at 
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Figure 3: Schematic representation of the domain organization of 

fibronectin. 

Fibronectin forms adimer held together by disulfide bonds. Only a single chain is shown. 

The arrows indicate sites at which additional fibronectin type III domains are inserted in 

splice variants of fibronectin. I .type I repeat; 0, type II repeat; d type III repeat; 

(from (95,97), some modifications). 
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least some molecules containing the RGD-("cell binding") domain is essential (88). Morla 

et al.(89) recently described a peptide derived from the amino terminal domain of 

fibronectin that induced conversion of soluble fibronectin into fibronectin fibrils. Cells 

plated on these fibrils showed increased adhesion and diminished migratory potential 

compared to cells grown on soluble fibronectin (89). The fibril form of fibronectin is a 

major stromal component encountered by tumor cells during migration through the ECM in 

the invasion process. 

Fibronectin is composed of different functional domains (Hgure 3). The amino 

terminal heparin-binding dcmain is followed by a gelatin binding region, a cell binding, 

and a carboxy-terminal heparin-binding domain, respectively. In addition to the biological 

functions attributed to intact fibronectin, its degradation products often have additional 

properties not found in the native molecule. For example, fibronectin fragments have been 

shown to be chemotactic for monocytes (80) and can lead to elastase release in these cells if 

they were bound to a flbronectin-gelatin surface (90). In osteoarthritis synovial fluids (91) 

and in chronic wounds (92), an increase in fibronectin fragments has been found, and 

injection of fibronectin fragments into rabbit knee joints led to cartilage damage (81), 

whereas the intact molecule did not cause this effect Furthermore, the amino terminal 29-

and the 50 kDa gelatin-binding fibronectin fragments were shown to increase proteoglycan 

release (93, 94) and to inhibit proteoglycan synthesis in chondrocyte cultures (95). In 

synovial fibroblasts, induction of stromelysin and collagenase I expression through the 

fibronectin receptor has been reported (96), and the amino terminal 29 kDa fragment of 

fibronectin was shown to inhibit Schwann cell proliferation (79). 

Taking these signaling {noperties of fibronectin fragments into account, degradation 

of intact fibronectin by MMPs may not only lead to dissolution of the ECM but also to 

alterations in gene expression of cells interacting with these fragments, possibly through 

integrins. 
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4. Extracellular matrix receptors and signaling molecules: The integrins 

Integrins are ECM protein receptors important in cell adhesion, migration and 

signaling (reviewed in (4). They are transmembrane heterodimers composed of an a and a 

P subunit and consist of an extracellular ligand binding, a transmembrane and a 

cytoplasmic domain (Hgure 4). So far, at least 15 different a and 9 p subunits have been 

described, and different splice variants exist as well (98-101). Various combinations of the 

integrin subunits are possible. Some integrins can bind to several different ligands in vitro. 

and many ECM proteins can interact with more than one type of integrin in vitro. 

Hbronectin for example can bind to a3pi, a4pi and o5pl, whereas oSpi, a6pi and 

a6p4 are laminin receptors. av^S binds to vitronectin. However, the apparent overiap in 

integrin ligand speciflciQ^ is not due to redundancy but diversity of function. Developmental 

studies and gene knock-out experiments show distinct growth arrest patterns depending on 

specific integrin subunit combinations (102,103). The short cytoplasmic domain of most p 

subunits is associated through talin (104) and a-actinin (105) with the actin cytoskeleton. 

An exception to this is the ̂ 4 subunit, which has a has a long cytoplasmic domain of about 

1000 amino acids and is associated with the keratin network of epithelial cells (101). The 

a6p4-integrin is part of the hemidesmosome (106) and binds to laminin 5 (107) associated 

with basement membranes. A6pi, which represents another type of laminin receptor, has 

been shown to be important in cell migraticm (106). Hbronectin is bound by oSpi through 

its RGD-domain (109). A4pi allows RGD-independent binding of Hbronectin (110). 

Integrins are also important in signal transduction and play a role in cell 

proliferation and specific gene expression (111, 112). Recent studies suggest association of 

a6p4 with a cytoplasmic tyrosine kinase and linkage to the ras signaling pathway 

involving a series of SH2 and SH3 ccmtaining ad^ter molecules (113). Antibody-binding 

to a2pl-integrin has also heea associated with activation the ras pathway (114). A newly 

identified serine-threonine kinase linked to p 1-integrin iias been shown to regulate cell 
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Figure 4: Structural features of integrin molecules. Integrins are composed of 

two non-covalently associated transmembrane subunits. The a chain contains calcium 

binding regions (Ca^+j xhe p subunit possesses four cysteine-rich repeats (C) and is 

stabilized by intrachain disulfide bonding (S-S). The cytoplasmic domains of most 

integrins are small and linked to the actin cytoskeleton. In contrast, the P4-subunit contains 

a large cytoplasmic domain that interacts with the keratin network (from (115), some 

modifications). 
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adhesion and anchorage-dependent growth (116). Chen et al. recently demonstrated 

activation of MAP-kinase through pi independent ras (117). 

Alterations in integrin expression have been associated with many types of cancer 

(reviewed in (118)). The resulting biological effects depend on the specific integrin and 

the tumor type. For example, overexpression of the aSpi flbronectin receptor decreased 

the migratory capacity of CHO-cells, but increased expression of a2pi in 

liiabdomyosarcoma cells and increased the number of metastatic tumors formed in nude 

mice (119, 120). Work by Rabinovitz et al. demonstrated that the migratory and invasive 

potential was strongly enhanced in human prostate cells selected for increased expression 

of a6 integrin (108). Metastasis formation was inhibited when a6 integrin was blocked 

(121). B4, which is one of the integrin subunits that can bind to a6, has also been 

implicated in carcinogenesis. Interestingly, whereas the 64 subunit is down-regulated in 

breast- and prostate carcinoma (122), squamous cell carcinomas of lung, skin, oral cavity 

and cervix have been associated with an increase in p4 expression (reviewed in (118)). 

With its long cytoidasmic tail, its linkage to the keratin network and its presence in 

hemidesmosomes, p4 integrin is unique among integrin p subunits. B4 is bound 

preferentially over pi by the a6 subunit (108). Studies with transgenic knockout mice 

demonstrated that presence of P4 is required for hemidesmosome formation, cell adhesion 

and cell survival during normal development (123). Absence of p4 also resulted in the 

downregulation of a6, and other integrins did not compensate for the loss of the a6p4 

heterodimer(123). Interestingly, the loss of P4 is compatible with cell survival in prostate 

cancer, suggesting inactivation of death mechanisms during carcinogenesis. How the P4 

subunit expression is lost is not clear. Studies by Liu et al. (124) demonstrated presence of 

the mRNA for p4 in carcinoma, which indicates that absence of the protein may have been 

caused by a posttranscriptional event, for example proteolytic degradation. Considering that 



31 

gelatinase A was recently found to interact with avp3 integrin (64), candidate enzymes for 

this process are the metalloproteinases, for example mathlysin. 

B: What is the function of matriiysin ? 

The research described in this dissertation aims to contribute to the understanding of 

the function of matriiysin. In Chapter 3, the distribution of matriiysin, gelatinase A and 

MT-MMPI is assessed in prostate carcinoma, PIN and adjacent histologically normal 

tissue. Activation of promatrilysin and of gelatinase A and B in presence of their respective 

TIMPs by matriiysin is investigated in Chapter 4. In Chapter 5, degradation of fibronectin 

fibrils by matriiysin is demonstrated, and the degradation products are characterized in 

regards to the domains they originated from in intact fibronectin. Effects of matriiysin on 

integrins both in vitro and in cell culture are studied in Chapter 6. 
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2. MATERIAL AND METHODS 

1. Cell Culture Techniques 

Primary human foreskin fibroblasts, isolated as described (125), HT1080 cells 

derived from a fibrosarcoma, obtained from ATCC, DU-145 human prostate carcinoma 

cells selected for high expression of a6 integrin subunit (Ha6-cells)(108), and clones of 

Ha6-cells stably transfected with a cDNA (kindly provided by Dr. A. Mercurio, Harvard 

Medical School, Boston, MA) coding for the p4-integrin subunit (Ha6Tp4-cells) were 

cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%-^FBS, 

1(X) /<g/ml penicillin and 100 /<g/ml streptomycin (all from Gibco, Lx)ng Island, NY). For 

the transfected cells, 375 M-g/ml G418 (Gibco) was added. Cells were grown to confluency 

at37'C in 5% C02 and 95% air. Conditioned media were generated by rinsing cells with 

serum-free DMEM three times and further incubation in 5 ml serum-free DMEM per T75-

tissue culture flask for 16 hours. In HT1080 cells, conditioned media were generated in the 

presence of 100 ng I2-0-tetradecanoyIphorbol-13-acetate (TPA)/ml to increase gelatinase B 

and TIMPl expression. 

2. Proteases 

Recombinant matrilysin was a generous gift by Dr. Paul Cannon, Syntex 

Research. Purification occurred from a transfected CHO-cell system as described (126). In 

order to obtain active matrilysin, purified promatrilysin was activated with ImM 4-

aminophenylmercuric acetate (APMA, Aldrich Chemical Company, Milwaukee, WI) and 

dialyzed extensively to eliminate APMA. 
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Recombinant gelatinases were idndly provided by Dr. Eric Howard, University of 

Oklahoma. Progelatinase A/TIMP-2 complexes and Progelatinase B/TlMP-1 complexes 

were purified as described (127, 128). TIMP-free progelatinase B was generated by 

cloning full-length gelatinase B cDNA (obtained from I.Collier, University of Washington, 

St. Louis, MO) into pcDNAI/NeO (Invitrogen) and cotransfected with RSV-NEO plasmid 

(from Dr. Z. Werb, University of California, San Francisco) into mouse NSO myeloma 

cells from the European CoUecticxi of Animal Cell Cultures (ECACC) by precipitation with 

calcium phosphate. Stable transfectants were selected by growth in G418. After several 

weeks under selective pressure, isolated clones were analyzed for gelatinase secretion by 

zymography. Gelatinase B free of TIMP-1 was purified by gelatin-Agarose 

chromatogrsq^hy and Lentil lectin-Sepharose, as previously described for the gelatinase 

B/TIMP-1 complex (127). Calpain, whic had been purified from DU-145 cells, was kindly 

provided by Dr. Goll, University of Arizona. Trypsin was purchased from Calbiochem (La 

Jolla, CA). 

3. Antibodies 

Specific antibodies for gelatinase A and B were a gift of Dr. Eric Howard and 

generated by immunizing chicken with fi-ee gelatinase A isolated by RP-HPLC, or with 

gelatinase B electroeluted from gel slices, respectively. Chicten antibodies were developed 

in conjunction with Ferrell Farms, Inc. Chicken were injected with up to 50 i4g of antigen 

in complete Freund's adjuvant. IgY was purified from eggs by precipitation with 

polyethylene glycol, as described. For the detection of matrilysin both by immunoblotting 

and immunohistochemistry, a rabbit polyclcmal antibody (Rb-2) was used(59. 111). For 

immunohistochemistry, the Rb-2 antibody was further purified using an affinity column 

packed with recombinant promatrilysin (AminoUnk Plus Immobilization Trial Kit, No. 
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20394, Pierce, RockfordJL). PEP2-aiitibody, was raised in rabbits against the synthetic 

peptide YAPGP GINGD AHFDD DERWT EDVTG derived from the active site of human 

stromeiysin 1 and crossreacts with other MMPs (gift of Dr. Alexander Borchers, 

University of Arizona, and Dr. Marshall Anderson, NIEHS). Immunoblotting for 

flbronectin was performed with mouse monoclonal antibodies 3E1 (clone I), 3E3 (clone 

II), and 4B2 (clone III) (Gibco). For immunofluorescence staining for fibronectin, a 

polyclonal rabbit anti-human fibronectin antibody (Gibco) was used. Gelatinase A on 

frozen tissue was recognized by a rabbit anti-human gelatinase A antibody (Ab 45, made 

against the synthetic peptide NPDVANYNFFPRKWDKNQ, gift from Dr. Stetler-

Stevenson, National Cancer Institute, Bethesda, MD), and for the detection of MT-MMP, a 

rabbit polyclonal antibody (gift from Dr. Stetler-Stevenson) was used. Binding of primary 

antibodies were visualized using ^propriate secondary antibodies coupled to horseradish-

peroxidase (Pierce, Rocicville, IL) for inununoblotting, or goat anti-rabbit antibody linked 

to fluorescein isothiocyanate (Cappel, Durham, NO). Antibody binding on tissue was 

visualized using a streptavidin biotin hcxseradish peroxidase detection system (kit by Dako, 

Carpinteria, CA). Antibodies against P4 integrin were kindly provided by Dr. Kennnel, 

Oak Ridge National Laboratory, Oak Ridge, TN (Antibodies 439-9B, 450-lOD, and 450-

llA), or purchased from Gibco (3E1) or Chemicon, Temecula, CA (rb-anti-p4). For 

immunopredpitationof pl-integrin, antibody P4C10 (Gibco) was used. 

4. Tissue samples 

Tissues were obtained as surgical material from radical prostatectomies, formalin 

fixed and embedded in paraffin, or snap-frozen at the time of surgery and stored at -80* C 

until use. 
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5. Plasmids 

cDNAs for the different MMPs were cloned into Bluescript-vectors containing the 

Ts and Ty-promoters. All plasmids were a generous gift of Dr. Basset (Strasbourg, 

France), except the plasmid containing the cDNA for matrilysin , which was provided by 

Dr. Breathnach, Nantes, Frances). Specifically, the EcoRI -fragment of gelatinase A (from 

bp 200 to bp 2150), the EcoRI-fraement of gelatinase B (from bp 1680 to 2260), 1159 

nucleotides of MT-MM? (bp 454-1613, cloned into the Eco Rl-site). and the first 

^proximately 400 bp of matrilysin up to the Xho I -restriction site, were used. 

6. Biotinylation and immunoprecipitation of cell surface integrins 

Cells were grown to 80% conOuency on 100 mm tissue culture dishes, washed 

three times with HEPES (20 mM HEPES, 130 mM NaQ, 5 mM KCI, 0.8 mM MgCl, 1.0 

mM CaCl2)(Sigma, St. Louis, MO) and biotinylated with 2ml HEPES solution 

supplemented with 500 (ig/ml Sulfosuccinimidyl hexanoate conjugated biotin (NHS-LC-

Biotin, Pierce, Rockford IL) as desciibed, with some modifications (108, . 129) for 30 

minutes at 4*C. Subsequently, cells were washed, incubated on ice in 1.5 ml lysis buffer 

(PBS with 10 mM EDTA, 1% TritonXlOO, 2 mM PMSF, 10 ng/ ml leupeptin and 

aprotinin; PBS contains 150 mM NaCl, 0.7 mM KH2PO4, 4.2 mM K2HPO4) for 15 

minutes, sonicated and centrifuged to remove insoluble material. After preclearing the cell 

lysates with 100 (il protein G for mouse antibodies or protein A for rabbit antibodies 

(protein A and G from Phannacia, Uppsala, Sweden) for 4 hours at 4'C, an equivalent of 

one million cells was transferred to a new tube, the volume adjusted to 1 ml in lysis buffer, 

and 5 )il of specific antibodies were added per sample and rotated overnight at 4*C. The 

antibody/integiin complexes were collected after another 4 hours of incubation with 50 (xl 
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protein G or A at 4*C, washed three times in wash buffer (0.5 M NaCl, 50 mM Ths, 1 mM 

Mg02,1 mM CaQ2, 0.1% Tween) to remove protease inhibitors, and three times in the 

buffer used for the specific enzymes in the degradation experiments. The buffers consisted 

of 10 mM CaC12 and 50 mM Tris, pH 7.5 for matrilysin, 2 mM EDTA in PBS for trypsin, 

and 50 mM Tris, pH 7.5, ImM EDTA, 100 mM KCl, 20 mM 2-mercaptoethanol, 5 mM 

CaQ2 forcaipain. 

7. Activation of MMPs and substrate degradation assays 

Degradation of fibronectin 

Purified fibronectin (Gibco) was incubated with 0.1 ^g active matrilysin/(xg 

fibronectin in lOmM Caa2 and 50 mM Tris pH 7.5 at 3TC. The reaction was stopped by 

boiling the samples in Laemmli-buffer (130). For the degradation studies of fibronectin 

fibrils, purified active matiilysin was added directly to senmi-free media. 

Activation of MMPs with matrilvsin or APMA 

Purified gelatinase A/TIMP-2 complex, gelatinase B/TIMP-1 complex, free TIMP-

free gelatinase B and promatrilysin were incubated with or without active matrilysin in 

buffer containing 10 mM Caa2 and 50 mM Tris pH 7.5 at 37'C. Control activations were 

perfixmed in 1 mM APMA in the same buffer. The reactions were stopped by dissolving 

the samples in the respective buffers for regular and substrate gel electrophoresis (see 

below). 

Treatment of conditioned media with matrilvsin 
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Serum-free conditioned media collected from confluent cells was centrifuged for 5 

min at 1000 rpm to remove cell debris. The resulting supernatant was used as the starting 

material for incubation with matrilysirt 

Degradation of ^-gelatin 

Gelatin-degradation assays were performed with ^H-labeled rat type I collagen 

(DuPont MEN) which has been diluted with cold rat collagen I (isolated as described 

(131)) to a flnal specific activity of 1.5 million dpm per mg collagen. The collagen was 

dialyzed extensively into 50mM Tris, pH 7.5 and 10 mM CaQ2> boiled for 5 minutes, and 

incubated with the different proteinase samples for 3 hours at 37'C. The reaction was 

stopped by the addition of trichloroacetic acid to a final concentration of 20%. The assay 

tubes were stored at -70'C for 8 minutes, and after centrifugation for 8 minutes, the 

supematants were analyzed for acid-soluble gelatin peptides by liquid scintillation 

spectrometry. 

8.SDS-polyacrylamide gel electrophoresis, immunoblotting and 

zymography 

SDS-iX)lvacrvlamide gel electrophoresis 

Proteins were separated by one-dimensional SDS polyacrylamide gel 

electrophoresis as described previously (130, 132). Proteins from conditioned media were 

recovered by precipitation with 2.5% TCA/ml at -80'C for 15 minutes, centrifuged, 

washed with 70 % ethanol, dissolved in sample buffer and loaded onto the gel. The gels 

were electrophoretically transferred to nitrocellulose membrane (Schleicher & Schuell, 
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Keene, NH, pore size 0.45 |im), or silver stained using the "Rapid Ag Stain" kit (ICN 

Radiochemicals, Irvine, CA). 

Tmmunoblotting 

For immunoblotting, the membranes were blocked in 2.5% nonfat dry milk in a 

buffer containing lOmMTris/HCI pH8, 150 mM NaCI, 0.05% Tween 20 (TBST) for 30 

minutes and incubated with specific antibodies at 4'C overnight After washing the 

membranes three times for 15 minutes each in TBST, they were incubated for one hour 

with a horseradish peroxidase coupled secondary antibody (Pierce), washed again three 

times in TBST and subjected to ECL-Westem blotting detection reagent (Amersham, 

Arlington Heights, IL). Antibody binding was visualized by exposure to KODAK X-

OMATARfilm. 

Zvmographv 

Protease activity was analyzed by substrate gel electrophoresis (zymography) in 

polyacrylamide gels containing 2mg/ml gelatin or 1.5 mg/ml casein. Samples were 

dissolved in modified Laemmli-sample buffer (containing 2.5% SDS without 2-

mercq)toethand) (130) and eiectrophoresed, without prior boiling, at4*C. After removal 

of the SDS by washing in 2.5% Triton-X ICX) in 50mM Tris/HCl, pH7.5 for one hour, the 

gels were incubated overnight at 3TC in a buffer containing 40mM Tris/HCl, pH7.5 and 

lOmM Caa2. Staining with 0.5% Coomassie Brilliant Blue (BioRad, Richmond, CA) in 

30% isopropanol and 10% acetic acid followed by destaining with 30% isopropanol and 

10% acetic add allowed identification of gelatinolytic or caseinolytic activity as clear zones 

in blue background. 



39 

9. fanmunohistochemical and immunofluorescence staining 

Paiaffm-embedded tissue was rehydrated by passing tlie slides through xyline (10 

minutes) and decreasing concentrations of ethanol (100 to 80 %). After 5 minutes of 

washing in tap water and 5 minutes incubation in 3 % H2Q2 to block endogenous 

peroxidases, slides were washed in PBS and incubated with the antibody of interest diluted 

in 1% bovine serum albumin in PBS for 1 hour at room temperature. Slides were washed 

in PBS, and antibody binding visualized using the DAKO-immunoperoxidase kit (Dako). 

The slides were counterstained with hematoxylin for 3 minutes, dehydrated through 

increasing concentrations of ethanol (80, 95, and 1(X)%), dipped in xylene, and 

coverslipped with Pennount as a mounting media. 

Frozen sections that had been placed on positively charged slides were fixed in 

acetone for 5 minutes, rehydrated in PBS, incubated with primary antibody and further 

processed as described for paraffin-embedded tissue. 

10.  In situ hybridization techniques on paraffin-embedded and frozen tissue 

Generation (rf"^^-labeled probe with a specific activity of lO^counts/ug 

For in vitro transcription, 1 fig plasmid linearized downstream of the insert was 

incubated with 6 (il mix A [66 mM Tris, pH 7.5, 10 mM MgCl2, 3.3 mM spermidine, 

16.6 mM NaCl, 0.83 mM ATP-GTP-UTP-mix, 16.6 mM DTT, 5% RNAsin (25 U/fil, 

Amersham), 0-2 mg/ml BSA], 3(il CTP alpha-^^S (Amersham), and l(il T3- or T7-

polymerase (Promega, Madison, WI) for 1 hour at room-temperature. Subsequently, the 

plasmid DNA was destroyed by adding 0.25 ^J RNAse-free DNAse (Boehringer-

Mannheim, Indiam^lis, In), 0.25 mI Vanidyl Ribonucleotide complexes (Gibco) in 25 |il 

buffer (20 mM Tris, pH 7.9, 10 mM MgCl2) for 10 minutes at 37*C . The probe was 
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purified with 200 ^g tRNA (Gibco), 150 |il SDS (0.2%), 200 |a1 H2O, 200 yd water-

saturated phenol and 200 |aI chloroform/isoamyl alcohol, and the aqueous phase 

precipitated with 50 |il of 3M NH4.acetate and 800 fil ethanol. After washing with 70% 

ethanol, the probes were either denatured in 200 |xl 0.1 N NaOH, reprecipitated and 

resuspended in 10 mM DTT, or, if shorter than 500 bases, resuspended in 10 mM ETT 

without denaturation. The speciflc activity was adjusted to 500 000 cpm/|ig. Prior to use, 

the probes were diluted to 40 000 cpm/|jU in hybridization buffer (50% fonnamide, 0.3 M 

NaCl, 10 mM Tris, pH 8, 2mM EDTA, pH 8, 10% dextran sulfate, 10 mM NaP04, 

50|ig/ml sahnon sperm DNA). 

In sim hybridization on paraffin embedded tissue: 

Tissue on silane-coated slides was rehydrated by incubating the slides in xyline 

(two times 15 minutes), decreasing concentrations of ethanol (100 to 30%, 2 minutes 

each), and water for 2 minutes. Slides were exposed to 4 fig proteinase K/ml in 50 mM 

Tris with 5 mM EDTA, pH 7.5, for 30 minutes at 3TC, washed in water for 2 minutes, 

and soaked in O.IM triethanoiamine, pH 8 containing 0.26% acetic anhydride (v/v) for 10 

minutes. The slides were washed again in water, dehydrated in increasing concentrations of 

ethanol, air dried, and hybridized with the 35s.iabeled probe at 45*C overnight. The 

sections were covered with a coverslip during hybridization. Unhybridized probe was 

removed by washing the slides with 2XSSC, 50% formamide (58^, 90 minutes); water 

(10 minutes); 

RNAse treatment (30ng/ml, in 0.5 M NaCl, 10 mM Tris, pH 7.5,5mM EDTA, pH 

7.5; 30 minutes at 37*C); 2XSSC, 50% formamide (90 minutes, 60*C), and water (2 

minutes). The slides were dehydrated with ethanol and air dried. For autoradiography, the 

slides were dipped into 1 to 2 diluted Kodak NTB2 emulsion (Kodak, Rochester, NY) 
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premelted in a waterbath at 45*C, drained vertically for 5 seconds, dried at room 

temperature for 3 hours and stored in plastic boxes containing silica gel. The boxes were 

stored light-tight at 4*C for 2 weeks. Slides were developed by exposure to Kodak D19 

developer (2 minutes), water (2 minutes), Kodak fixator (2 minutes), and water (20 

minutes). Slides were counterstained witti hematoxylin (2 minutes) and eosin (1 minute). 
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3. DISTRIBUTION OF MMPS IN PROSTATIC INTRAEPITHELIAL 

NEOPLASIA (PIN) LESIONS AND IN PROSTATE CARCINOMA 

A. Introduction and aims 

Although the expression of different MMPs in prostate carcinoma has been 

demonstrated by several investigators (6, 40), not much information is available on the 

presence of MMPs in PIN. Gelatinase A, which has been implicated in carcinogenesis, has 

been found in both normal and cancerous tissue (133), suggesting that another regulatory 

mechanism may determine if presence of this enzyme will lead to tumor formation and 

progression. Studies by several groups have shown that progelatinase A is activated by 

MT-MMPl, the membrane-bound MMP, which meanwhile has been detected in human 

breast, colon, head and neck (70), and brain tumors (72). It is hypothesized that MT-MMP 

is also crucial in the activation of gelatinase A in prostate cancer. In the following study, 

distribution of matrilysin, gelatinase A and MT-MMP in PIN, prostate carcinoma and the 

adjacent normal areas in the tissue, were investigated. 

Aim 1: What is the distribution of matrilysin in PIN, prostate cancer and adjacent normal 

areas in the tissue ? 

Aim 2: What is the expression pattern of gelatinase A ? 

Aim 3: What is the expression pattern of MT-MMP? 
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B. Results 

1. Distribution of matrilysin 

Matrilysin expression by in situ hybridization was determined in 22 cases of radical 

prostatectomies on sections that contained both PIN and cancer as well as some normal 

areas. Components of prostate tissue investigated are presented in Figure 2. Expression of 

matrilysin was most prominent in ducts surrounded by inflammatory cells (Figure 5). In 

the cancerous tissues, matrilysin was expressed very focally (Hgure 5 A, C and E), with 

high cytoplasmic staining of cells right next to cells that were completely negative for 

matrilysin (arrows). This expression pattern was found in 94% of the cancer cases (Table 

2). Interestingly, staining for matrilysin protein was polarized within the cancer cells 

(Figure 4E), suggesting that the enzyme was secreted into the lumen of the carcinomatous 

gland. Expression of matrilysin was also observed in carcinomas showing perineural 

invasion (Figure 5 G and H). 25% of the cases with PIN lesions also displayed the focal 

expression pattern observed in cancer, but in 31 % of the cases the entire lesion synthesized 

matrilysin (Figure 6 and Table 2). Other PIN lesions were completely negative (not hown). 

Apart from the inflamed ducts, matrilysin was not foimd in the normal areas of the tissue. 

Hybridization was only observed with the antisense and not with the control probe ("sense 

probe", not shown). Consistent with previous publications, matrilysin mRNA was 

localized to epithelial cells, and never present in stromal tissue (40). 

Adjacent tissue sections were subjected to immunohistochemistry with an affinity-

purified antibody raised against matrilysin. As Figures 5 and 6 demonstrate, matrilysin 

mRNA and protein colocalized in the same cells. As negative controls, staining was also 

performed on adjacent sections without using the Rb-2 antibody (not shown). 
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Figure 5: Expression of matrilysin in inflamed ducts and prostate 

carcinoma. 

In situ hybridization with a 35s-CTP -labeled probe (ISH) and immunobistochemical 

staining (IH) for matrilysin. A-D, G, H: antisense probe binding to the epithelial ceils of 

ducts, to carcinoma cells, and penneurally. E, F: Immunohistochemical staining with Rb-

2 antibody. Note colocalization of mRNA and protein in the adjacent sections in A, C and 

E, and in B, D, and F. A, B, G: daiidleld exposures; C, D, and H: lightfield. Original 

magnification 200x. Note intense expression of matrilysin in the ducts especially in B, D, 

and F, focal expression in cancer (A, C, and E, arrows), and perineural expression (G, 

H, arrows). 
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Figure 6: Matrilysin expression in PIN. 

IH (A-D) and ISH (E-H) for matrilysin in PIN. A: IH staining with Rb-2 antibody of a 

section containing several PIN lesions. B, D, F, and H: Completely positive PIN lesion 

by IH (B and D) and ISH (F and H). C, E and G: Partly positive PIN lesion by IH 

(C) and ISH (E, G). Magnification 40x (A) and 2(X)x (B-H). Lightfield (E and F) and 

darkfield e?^)osures (G and H) of the same fields are shown. IH shown in C and D was 

performed cmi sections adjacent to the cnes used in E-H. 



4" 
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2. Distribution of geiatinase A 

Gelatinase A could be detected both by in situ hybridization and 

immunohistochemistry in both normal (Rgure 7B, D, E and Table 2) and cancerous tissue 

(Figure 7F, and Table 2) and in PIN lesions (not shown). Its expression was particularly 

high in tissue areas with benign prostatic hyperplasia (BPH, Rgure 7A, C). The mRNA 

for gelatinase A was localized to the stromal cells (Figure 7A-D, and F), whereas the 

protein was mostly localized to epithelial cells (Figure 7E), in agreement with previous 

publications (134, 135). 

3. Distribution of MT-MMPl 

All 28 carcinoma cases (100%) examined stained positive for MT-MMPI protein 

(Figure 8A and B), although the amount of staining varied between cases (mean 1.7 +). 

MT-MMP was also found in the luminal cells of 15 out of 17 PIN lesions (88%) (Figure 

8C and D), however, average staining intensity was weaker than in cancer (mean 1+). 

Most of the ducts (25 out of 27 cases. Figure 8F) and some of the normal glands (8 out of 

26 cases; Figure 8A) contained some of the MT-MMP protein. In normal glands, MT-

MMP staining, if present, was localized to the basal cells. The data obtained in the 

immunohistochemical analysis are summarized in Table 3. 

In situ hybridizations for the MT-MMP mRNA were also performed. Yet, in most 

cases, specific hybridization above background level could not be detected, suggesting that 

the message level was relatively low and may have been beyond detection level. However, 

in one case significant binding of the antisense probe (Figure 9A and C), but not the sense 

probe (Figure 9B and D) could be observed in inflammatory cells. In another case, some 

inflammatory cells stained positive for the MT-MMPl protein (not shown). 
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Figure 7: Gelatinase A expression in prostate tissue. 

A and C: benign prostatic hyperplasia. B, D, and E: normal prostate tissue. F: prostate 

carcinoma. Sections were analyzed by ISH with a 35s-CTP -labeled antisense probe for 

human gelatinase A (A-D, F), or by IH with a polyclonal antibody against human 

gelatinase A (antibody 45, E), or Magnification 200x. Darkfleld exposures are shown in A 

and B. C and D are the corresponding lightfield exposures. F: ISH lightfleld exposure of 

a section containing prostate carcinoma (left) next to a blood vessel (right). 
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Figure 8: Localization of MT-MMPl in human prostate tissue. 

Immunostaining was performed with a rabbit-polyclonal antibody to MT-MMPL A: 

prostate carcinoma staining positively for MT-MMPl protein next to slightly positive 

normal gland. B: prostate carcinoma positive for MT-MMPl protein next to negative 

normal gland. C: positively staining PIN lesion in the transition to becoming carcinoma. D: 

PIN lesion and carcinoma positive for MT-MMP1.E: invasive carcinoma F: duct slightly 

positive for MT-MMPl. Magnification 2(X)x (A-E) or lOOx (F). 
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Figure 9: MT-MMPl in inflammatory cells. 

ISH with a 35s-CTP -labeled antisense (A, C) or sense (Band D) probe for human MT-

MMPl. A and B lightfleld; C and D, darkfield exposures of A and B. Magnification 

lOOx. 
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Table 2: Distribution of gelatinase A and matrilysin in prostate tissue 
(analyzed by ISH) 

gelatinase A 
#of positive cases / 
total # analyzed (%) 

matrilysin 
#of positive cases / 
total # analyzed (%) 

normal 
areas 

12/12 (100%) 
0/15 (0%) 
(excluding ducts) 

PIN 10/10 (100%) 
9/16 (56%) 
(focal expression in 4 
of the 9 positive cases) 

cancer 13/13 (100%) 
16/17 (94%) 
(focal expression) 

ducts 13/13 (100%) 17/17 (100%) 

comment mRNA expressed in 
stromal cells; 
increased expression in 
BPH, 
around blood vessels, 
and in inflamed areas 

expression of both mRNA and 
protein in epithelial cells; 
lots of secreted matrilysin in 
BPH and ducts; 
very high expression in ducts 
surrounded by inflammatory ceils 
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Table 3: Distribution of MT<MMP1 in prostate tissue 

basal cells 

# of positive cases (%) 

luminal cells 

# of positive cases (%) 

normal gland 
n=26 

7 focal (27) 
2 d i f f u s e  { 7 )  

total: 9 (34) 
3 (11) 

PIN 
n=17 

14 focal (82) 
2 diffuse (12) 

total: 16 (94) 

cancer 
n=28 28 diffuse (100) 

normal duct 
n=27 

16 focal (59) 
9 diffuse (33) 

total: 25 (92) 

n, number of cases investigated; focal, focal expression of MT-MMPl 
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C. Discussion: 

Matrilysin expression has been associated with many types of inflamed tissues. 

Gastrointestinal ulcers were found to be positive for matrilysin in the mucosal epithelium 

bordering the ulcerations (136). Matrilysin was also commonly found in monocytes and 

macrophages in lung inflammatory disorders associated with cystic flbrosis (137). In 

human prostate tissue, high levels of matrilysin were found in close proximity to inflamed 

ducts, both in benign and malignant tissue (this woric and(40)), and studies by Klein et al. 

(138) demonstrated induction of matrilysin by IL-1 p in human prostate cells. Taken 

together, these data suggest a function of matrilysin in "normal" inflammatory processes. 

Inflammation is considered not to be a causative factor for tumor progression (139). 

Furthermore, matrilysin has been detected during fetal development (39) and in cycling 

human endometrium (43), and may play a role in tissue remodeling processes, cell 

proliferation or apoptosis. Alternatively, matrilysin may be present to prevent glandular 

obstruction, since it was detected in secretory cells of eccrine and apocrine dermal glands, 

and in several other types of exocrine epithelium (42). 

'However, besides these "normal" functions, several studies suggest a role of 

matrilysin in cancer (5, 6, 77, 140). Matrilysin in squamous cell carcinoma was expressed 

very focally (39), and our results here also show a very distinct distribution in prostate 

cancer, with only one or a few positive staining cells within an otherwise completely 

negative cancerous gland. Aberrant focal expression of matrilysin would be consistent with 

the multistage model of carcinogenesis, in which ultimately an accumulation of alterations 

in a cell lead to tumor formation and progression. If matrilysin expression was required for 

a tumor to become invasive, the focal distribution observed would be expected. Consistent 

with this hypothesis, matrilysin was observed in carcinomas with perineural invasion. 

Local spread of prostate carcinoma occurs exclusively through the perineural space in 50% 

of the cases involving penetration of the prostatic capsule (141). Both direct spread and 
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invasion through the perineural space has been observed in the rest of the cases in that 

study (141). However, matrilysin has not only been detected in cancer, but also in colon 

adenomas (77, 142), and in PIN, a preinvasive lesion in prostate (Figure 6). This 

distribution pattern suggests a possible function of matrilysin in cell proliferation (43). 

Interestingly, some of the PIN lesions were diffusely positive for matrilysin, not only 

focally like in carcinomeu This may be due to an increased rate of proliferation in PIN 

lesions that will progress. Feed-back mechanisms provided by the extracellular 

environment could eventually turn off matrilysin synthesis in some of the cells. Only if 

these mechanisms are inactivated, matrilysin synthesis would persist and allow tumor cell 

invasion. Increase of the invasive potential of human prostate tumor cells due to 

transfection with matrilysin has been shown previously in severe combined 

immunodefident mice (140,142). 

Gelatinase A is another MMP implicated in carcinogenesis (58). The results 

presented here demonstrate that gelatinase A is frequently present in both normal, 

premalignant and malignant tissue. Areas with BPH express high amounts of gelatinase A, 

suggesting that this protease may also be associated with cell proliferation. This hypothesis 

is supported by smdies demonstrating that the elimination of the gelatinase A transcripts in 

glomerular mesangial cells turned the cells quiescent (143). Exogenous addition of 

gelatinase A allowed the cells to reenter the cell cycle. In spite of comparable amounts of 

gelatinase A expression in both normal looking prostate and tumor tissue (Figure 7), 

numerous links between this MMP and cancer exist Overexpression of gelatinase A leads 

to the acquisition of an invasive phenotype (58). In breast cancer, gelatinase A was almost 

always observed, whereas it was rarely detected in the normal tissues examined (134). A 

higher proportion of gelatinase A was found in its active form in explant cultures from 

prostate carcinoma as compared to normal prostate tissue (133), indicating that activation 
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may be the crucial step in regulating gelatinase A in prostate cancer. Therefore we 

investigated the expression of MT-MMPl in FIN lesions and prostate carcinoma 

All carcinoma cases expressed the MT-MMP protein. Similar to gastric carcinoma 

(69), staining was always epithelial, unlike in cervical carcinoma, where both stromal and 

epithelial MT-MMP protein had been observed (71). In 31 % of the cases, some focal 

staining of basal cells in the normal glands was found, indicating that some MT-MMP 1 

may be required for regular remodeling processes. PIN lesions stained positively for MT-

MMP 1 in 88% of the cases (either focally or diffusely. Table III), but the staining was 

never observed in the basal cells. Interestingly, in a study investigating the location of 

proliferating cells in prostate, staining for PCNA as a proliferative marker in high grade 

PIN lesions was mostly in the more central cells, and only to 6.3% in the basal cells, as 

opposed to 773% in normal glands (76). These data combined with our findings suggest 

that MT-MMP may be required for proliferative activity, possibly in a mechanism involving 

the activation of gelatinase A (19). Consistent with this hypothesis, the expression of MT-

MMPl in all the carcinoma cases studied here correlates with the increased proliferation rate 

of tumor cells in prostate cancer compared to normal prostate (144). In addition, gelatinase 

A activated by MT-MMPl may also participate in the invasion process. 

In spite of the frequent detection of MT-MMP 1 protein in prostate carcinoma and 

PIN, most of the cases studied by in situ hybridization appeared negative for MT-MMP 

mRNA. The discrepancy might be explained by overall low levels of the message, which 

would be hard to distinguish from background binding in the in situ hybridization studies. 

Several studies on MT-MMP describe a very diffuse stromal distribution in breast (70, 

134) and head and neck carcinomas in stromal areas close to the tumor (70). Low levels of 

MT-MMP transcripts by Northern blotting have also been detected in skin and colon 

samples that had been completely negative by in situ hybridization (70), indicating that a 

large number of cells may synthesize low levels of MT-MMP 1. Furthermore, no 
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correlation between the amounts of MT-MMP mRNA and protein expressed in glioma cells 

was detected (145), and studies in human breast cancer cell lines also suggest regulation of 

MT-MMP 1 protein expression by transcriptional and non-transcriptional mechanisms 

(146). Therefore presence of the MT-MMP 1 protein without high detectable levels of the 

corresponding mRNA in prostate cancer appears possible. 

In one case, inflammatory cells around a duct expressed high amounts of MT-MMP 

1 mRNA, and one case stained positive for the MT-MMP 1 protein. It is unclear at this 

point if this is a general finding or an exception. Inflammatory cells secrete cytokines, and 

some cytokines, e.g. concavalin A, are known to induce MT-MMP expression (146). 

Furthermore, several MMPs, including gelatinase A, have been shown to modify cytokine 

expression, e.g. by degrading ILip (147). Therefore expression of MT-MMP 1 in 

inflammatory cells may play a role in this process. 

Taken together the data presented in this chapter demonstrate expression of 

gelatinase A in both benign and malignant prostate tissue, frequently in lesions 

characterized by a high proliferation rate (BPH). Expression of both matrilysin and MT-

MMP 1 in prostate carcinoma, PIN lesions and adjacent normal tissue was much more 

specific. Their presence in some of the PIN lesions suggest a function in early stages of 

carcinogenesis, for example during cell proliferation, and may characterize the PIN lesions 

that will progress to cancer. Both enzymes were found in almost all of the carcinomas 

studied, consistent with a proposed function in cell proliferation and possibly tumor cell 

invasion. Potential mechanisms by MMPs to stimulate cell proliferation include alterations 

of the ECM or ECM/ cell interactions, and the release of growth factors (148) or other 

growth-promoting molecules like TIMPS (36) (see Chapters 4 through 6). Matrilysin was 

very frequently detected in inflamed ducts within normal tissue areas. In the next chapter, 

interactions between matrilysin and gelatinase B as an enzyme associated with 

inflammation, were investigated. Considering that both gelatinase A and matrilysin have 
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been implicated in cell proliferation, it was also tested if matrilysin can activate gelatinase 

A. 
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4. INTERACTIONS OF PROMATRILYSIN AND GELATINASE/TIMP-

COMPLEXES WITH ACTIVE MATRILYSIN 

A. Introduction and aims 

Degradation of ECM proteins by MMPs is regulated by several different 

mechanisms: 

a) at the transcriptional level 

b) by proenzyme activation 

c) by coexpression of TIMPs 

As shown in Chapter VI, matrilysin is highly expressed in epithelial cells in close 

proximity to inflammatory cells. Many types of inflammatory cells are known to express 

gelatinase B, and its presence in prostate tissue has been reported in several studies (40, 

149). Therefore, interactions between matrilysin and gelatinase B in vivo, and possibly 

activation, are conceivable. In addition, the focally and probably aberrantly expressed 

matrilysin in prostate carcinoma may interact with gelatinase A, which is frequently present 

in both benign and malignant prostate tissue (see Chapter 3). 

Although several MMPs have been shown to activate TIMP-free MMPs (21, 40, 

150-152), not very much is known about the activation of gelatinases in complex with their 

respective inhibitors. In many systems, gelatinase A is non-covalently bound to TIMP2 

(153), whereas gelatinase B was shown to form a complex with TIMPl (28). Considering 

that all active MMPs can be inhibited by both TIMPl and TIMP2 (25) in a process 

facilitated by the hemopexin domain present in all MMPs but matrilysin (154) , the latter 

appears to be a good candidate enzyme for activation of gelatinases bound to TIMP. 

Therefore in this part of the project the activation of gelatinase AyTIMP2 complex and of the 
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gelatinase B/TIMPl complex by matrilysin were investigated. It was also tested if 

matrilysin can activale its own piofonn. 

Aim 1: Does matrilysin activate the progelatinase B / TIMP-complex. free progelatinase B, 

or progelatinase A /nMP2 complex ? 

Aim 2: E)oes matrilysin activate prcxnatrilysin? 

Aim 3: Does matrilysin activate gelatinases in the conditioned media of cultured cells ? 
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B. Results 

1. Characterization of tiie purified matrilysin 

Considering that all the following experiments depended on the purity of the 

matrilysin preparation, we tested first if it contained any contaminating proteins. 0.4 |ig 

purified proen^mie (Figure lOA, lane 1) and 0.4 (ig activated matrilysin (Hgure lOA, lane 

2) were subjected to gel electrophoresis and silver stained. The limit of detection for protein 

by silver stain is around 1 ng, depending on its lysine content (155, 156). As demonstrated 

in Figure lOA, lane 1, the prc^onn migrated at 29 kD. The band at 18 IcD corresponded to 

the active form, indicating that the proform is able to autoactivate. Active matrilysin 

migrated at 18 kD (Figure lOA, lane 2). The preparation did not contain major 

contamination with other proteins as judged by the lack of additional bands on the gel. To 

rule out the possibility that traces of additional proteases were present, proteolytic activity 

of the preparations were examined by zymogr^hy (Rgure lOB). Proteolytic activity could 

only be detected at 29 and 18 kD in the proform sample (Rgure lOB, lane 1), and at 18 kD 

in the lane containing the activated enzyme (Hgure lOB, lane 2), coinciding with protein 

bands present in Hgure lOA. In lane 3, trypsin was applied as a positive control for the 

zymogram, giving rise to a strong band at 23 kD. The higher molecular band corresponds 

to traces of chymotrypsin present in the trypsin preparation as indicated by the 

manufacturer. To ensure that the bands observed in the matrilysin lanes were due to 

metalloproteinase activity, a duplicate of the zymogram was incubated in 10 mM EDTA, 

which, due to its chelating ability, would interfere with the function of this class of 

enzymes (Hgure lOQ. No matrilysin activity could be detected in the presence of 10 mM 

EDTA (Hgure IOC, lanes 1 and 2), whereas trypsin, a serine protease (Hgure 1(K^, lane 3) 

still degraded the casein in the gel. 
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Figure 10: Characterization of purified matrilysin. 

A: 0.4 (ig of recombinant promatrilysin purified from CHO-cells (lane 1) and 0.4 ng 

active matrilysin Gane 2) were separated on a 15% SDS-PAGE under reducing conditions 

and silver stained. B and C: Caseinolytic activity of purified matrilysin. 100 ng 

promatrilysin (lane 1), 100 ng active matrilysin (lane 2), and 25 ng trypsin (lane 3) were 

subjected to casein-zymography . Incubation of the gel was in 40 mM Tris/HCl pH 7.5, 

and 10 mM Caa2 (B), or 40 mM Tris/HQ and 10 mM EDTA (C) for 16 h and stained in 

Coomassie blue. Caseinolytic activity of matrilysin depended on the presence of calcium. 
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2. Actiyation of geUtinase B/TIMPl complexes by matrilysin 

Incubation of the gelatinase B/TIMPl complex with active, APMA-free matrilysin 

led to a shift in molecular weight from 92 kDa to 78 kDa evident after 1 h (Hgure 11 A and 

B, lane 2) and oxnplete by 20 h (Figure llA and B, lane 6). APMA-activated gelatinase B 

migrated at 83 kDa. Activity at about 68 kDa was also detectable after 4 h (Hgure 1 IB, 

lanes 4-6). Incubation with matrilysin allowed a stepwise reduction in size of the higher 

mdecular weight complexes detectable in the zymogram over a period of 20 h (Hgure 11B, 

lanes 1-6), 

Previous studies have shown that after removal of the prodomain of gelatinase B, 

TIMPl remains attached and therefore may interfere with enzyme activity (23). 

Furthermore, since the cleavage product of gelatinase B produced by matrilysin was 

different in size from the active form generated with APMA, we tested whether the 

gelatinase B samples that had been preincubated with matrilysin for up to 20 h displayed 

any proteolytic activity. As demonstrated in Hgure IIC, preincubation with matrilysin led 

to an increase in gelatin degradation. The activity in the sample at the zero time point may 

be due to activation of gelatinase B by matrilysin that occurred during the three h incubation 

period with ^H-gelatin in the activity assay. After an initial decrease, activity increased 

again, presumaUy due to further conversion the progelatinase to the 78 kDa active form, 

and because the 68 kDa form that begins to appear at later time points. 

3. Activation of TIMP-free gelatinase B by matrilysin 

We investigated next whether gelatinase B in the absence of TIMPl would be 

activated by matrilysin at a different rate than in the presence of the inhibitor. As 

demonstrated by immunoblotting (Hgure 12A) and zymogr^hy (Hgure 12B), matrilysin 

converted TIMP-free progelatinase B to the 78 and 68 kDa forms at a rate slightly slower 
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Figure 11: Activation of the gelatinase B/TIMP-1 complex by matriiysin. 

Purified gelatinase B/TIMP 1-complex was incubated with active matriiysin at a I to 2 

molar ratio for 1 to 20 h, or with 1 mM APMA for 4 h, as indicated. A: ImmunoUotting 

with a monoclonal chicken antibody recognizing human gelatinase B. B: Gelatinolytic 

activity of gdatinase B/TIMPlcomplex incubated with matriiysin. Samples containing 20 

ng gelatinase B each were electrophoresed on a gel containing 2mg/ml gelatin, no inc., no 

incubation; mln., matriiysin. C: Degradation of ^H-gelatin by matrilysin-activated 

gelatinase B. The numbers on the x-axis indicate the amount of time samples had been 

pieincubated with active matriiysin before exposing them to ^H-gelatin. Y-axis, release of 

soluble gelatin-degradation products. The values presented are the mean +/- the standard 

error of at least three independent experiments. 
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than the one observed with the gelatinase B/TIMP-1 complexes in Figure 11. At 20 h, 

some proteolytic activiQr was still detectable at 92 UDa (Hgure 12B, lane 6). An increase in 

^H-gelatin degradation was also observed when TIMP-free progelatinase B had been 

preincubated with matrilysin. Release of ^H-gelatin degradation products was highest in 

the 8 h sample, consistent with the appearance of the 68 kDa form of gelatinase B. 

Although equal concentrations of TIMP-free and gelatinase B/TIMPl complex were used, 

total degradation of ^H-gelatin observed in the samples that had been preincubated with 

matrilysin for 20 h was less with the TIMP-free preparation than in the samples containing 

the gelatinase B/TIMPI complex. This difference is consistent with the finding that only the 

TIMP-containing, but not the TIMP-free gelatinase B preparation was converted 

completely into the lower molecular weight forms (Figures II and I2B, lanes 6), thus 

resulting in less active enzyme in the inhibitor-free sample. 

4. Interactions of gelatinase A/TIMP2 complexes with matrilysin 

Considering that mathlysin can overcome the inhibitory activity of TIMPl during 

activation of gelatinase B, we investigated if this was also true for the activation of 

gelatinase A complexed with its natural inhibitor, TIMP2. No significant difference in 

matrilysin treated or non-treated samples was detected over a period of 20 h (Hgure I3A 

and B), suggesting that matrilysin does not proteolytically process the gelatinase AyTIMP2 

complex. However, a strong increase of gelatin degradation could be observed in the 

sample in which the gelatinase A/TIMP2 complex had been preincubated with matrilysin 

for up to two h in the activity assay (Hgure 13C). Degradation was reduced to levels 

obtained with matrilysin alone at the later time points. In summary, the data presented in 

Hgure 13 indicate that matrilysin can lead to a transient increase in proteolytic activity of the 
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Figure 12: Activation of TIMP-free geiatinase B by matrilysin. 

Active matrilysin in a 2 to 1 molar ratio, or APMA were added to TIMP-free geiatinase B 

and incubated for up to 20 h, as indicated. A: Immunoblot using a chicken anti-gelatinase 

B monoclonal antibody. B: Gelatin zymography of the samples containing 20 ng TIMP-

free geiatinase B. no inc., no incubation; mln., matrilysin. C: Protease activity assay 

using ^H-gelatin as a substrate similar to figure IOC. X-axis, incubation time of geiatinase 

B with matrilysin prior to exposure to the gelatin substrate. Y -axis, release of soluble ^H-

gelatin degradation products. The values presented are the mean +/- the standard error of at 

least three independent experiments. 
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gdatinase A/nMP2 complex in a mechanism independent of the removal of the prodomain 

bymatiilysin. 

5. Activation of gelatinase B depends on the concentration of 

matrilysin 

As shown in Hgure 14A (lane 1), a 5:1 molar excess of matrilysin to gelatinase 

B/TIMPl complex allowed almost complete conversion into the lower molecular weight 

form of the gelatinase within 4 h. Activation was still possible with a 0.5; 1 ratio of 

matrilysin to gelatinase B (Figure 14A, lane 4). TIMP-free gelatinase B could be activated 

with matrilysin: gelatinase B ratios down to 0.2:1, as judged by immunoblotting and 

zymogr^hy (Hgure 14B). Almost no activation of the gelatinase A/TIMP2 complex could 

be observed (Hgure 14C). Some activity comigrating with the APMA-treated sample 

(Hgure 14C, lane 8, right panel) was detectable in all samples. However, since this band 

was also present in the samples that had not been incubated with matrilysin (Hgure 14C, 

lanes 7 and 9, right panel), these data suggest that matrilysin cannot convert progelatinase 

A /TIMP2 complex into its lower molecular form. 

6. Matrilysin does not enhance the autoactivation of promatrilysin 

Recently, activation of promatrilysin by stromelysin 1 has been reported (22). Yet, 

stromelysin and matrilysin are frequently not coexpressed (157). Stromelysin 1 and 

matrilysin degrade similar substrates, and, at least in vitro, promatrilysin autoactivates 

rather quickly (our unpublished observation). Therefore, we hypothesized that trace 

amounts of active matrilysin present in a promatrilysin preparation may start a cascade of 

promatrilysin activation. However, when we incubated promatrilysin with APMA-free 
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Figure 13: Interactions of the gelatinase A/TIMP-2 complex witli 

matrilysin. 

Purified gelatinase A/nMP2 complex was incubated with active matrilysin in a 1 to 2 molar 

ratio, or in ImM APMA for up to 20 h, as indicated. A: Immunoblot using a chicken 

monoclonal antibody against gelatinase A. B: Zymography of corresponding samples run 

on a 10% SDS gel containing 2mg/ml gelatin. In A and B: no inc., no incubation; mln., 

matrilysin. C: Protease activity assay of gelatinase A/TIMP-2 complexes that had been 

preincubated with active matrilysin fc^ the amount of time incubated on the x-axis. Y-axis, 

release of ^H-gelatin degradation products. The values presented are the mean +/- the 

standard error of at least three independent experiments. 
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Figure 14: Activation of the gelatinase B/TIMP-1 complex and of free 

geiatinase B depends on the concentration of matrilysin. 

Gelatinase B/TIMPl complex; free gelatinase B, and gelatinase A/TIMP 1 complex were 

incubated with different concentrations of active matrilysin for 4 h and analyzed by 

immunoblotting (left panels) and gelatin zymography (right panels). The molar ratios of 

matrilysin to gelatinase are between 5 to 1 and 0 to 1, as indicated; lane 8, gelatinase in 1 

mM APMA; lane 9, gelatinase only, no incubation. A: Gelatinase B/TIMPl oxnplex 

incubated with active matrilysin. B; Effects of different ccxicentrations of active matrilysin 

on free gelatinase B.C: Gelatinase A/TIMP2 complex incubated with up to 5 Mols active 

matrilysin per Mol gelatinase. 
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active matrilysin, no enhanced conversion of the 29 kDa-form (promatrilysin) to the 18 

kDa-form (active matrilysin) could be observed. Nevertheless, prolonged incubation of the 

29 kDa-fonn led to the conversion into the 18 kDa-form (compare Rgure 15A, lanes 1 and 

7), suggesting that the activation of promatrilysin in vitro can occur by an intramolecular 

mechanism of autoactivation. 

7. Matrilysin activates progelatinase B, but not progeiatinase A, in 

the conditioned media of HT1080 cells 

HT1080 fibrosarcoma cells secrete both gelatinase A and B. Both gelatinase B and 

TlMPl expression can be upregulated selectively by the phorbol-ester TPA in these cells 

(23, 31) Therefore they represent a suitable system to test if the activation of gelatinase 

B/TIMPl complex observed with purified proteases can also take place under the 

conditions of cell culture. Conditioned media from HT1080 cells, that had been treated with 

TPA for 16 h, were incubated with 18, 80 and 170 nM active matrilysin for 4 and 20 h. 

Concentrations in the nanomolar range have been reported for other MMPs in vivo. (158, 

159). Hence, the amount of matrilysin used in this experiment corresponds to the 

concentration of the enzyme expected in tissues. After 4 h of incubation, partial conversion 

of gelatinase B into its 78 kDa-form was detectable in the samples treated with 80 nM 

(Figure 16B, lane 3) and 170 nM matrilysin (Figure 16B, lane 4), whereas the untreated 

samples did not show a shift in molecular weight upon incubation for up to 20 h (Hgure 

16A, lane 5, and Figure 16B, lanes 6 and 11). Treatment of conditioned media with 170 

nM matrilysin resulted in complete conversion of progelatinase B to its 78 kDa-form after 

20 h of incubation (Figure 16A, lane 4, and Figure 16B, lane 9). Similar to the results 

obtained with purified enzymes, the lower molecular weight forms generated by APMA-

treatment (Figure 16B, lanes 5 and 10) migrated at 83 kDa, indicating that the products 
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Figure 15: Matrilysin does not enhance the autoactiTation of promatrilysin. 

Pcomatrilysin was incubated with active matrilysin at a 1:2 molar ratio, or in 1 mM APMA 

for the amounts of time indicated. A: Immunoblot with a polyclonal antibody recognizing 

pro- and active matrilysin (Rb-2). B: Corresponding samples were subjected to 

zymography on gels containing 2 mg/ml casein. 
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resulting from activation with matrilysin and with APMA are not completely identical. 

Consistent with the data from the in vitro experiments with purified gelatinase A, 

no significant decrease in the amount of progelatinase A could be detected in the 

conditioned media of the HT1080 cells due to matrilysin treatment (Hgures 16A and C). 

The bands migrating at 62 and 59 kDa in the immunoblot for gelatinase A (Hgure 16C) 

present in all samples represent activ e gelatinase A that has been observed previously in 

HT1080 cells due to treatment with phorbol esters (160). Although matrilysin could not 

convert the progelatinase A present in the conditioned media into its active form, a slight 

difference in migration of the active form (Hgure 16A, lane 4) compared to the untreated 

sample (Figure 16A, lane 5) could be observed. Immunoblotting with the antibody specific 

for gelatinase A (Figure 16C) confirmed the results obtained by zymography. Whereas the 

proform of gelatinase A appeared resistant to matrilysin, the 62 kDa form was undetectable 

(Figure 16C, lanes 7 and 8), indicating that, once most of the prodomain is removed, the 

remaining part of the enzyme can be modified by matrilysin. 

8. Matrilysin does not activate progelatinase A in the conditioned 

media of human foreskin nbrobiasts. 

Besides secreting gelatinase A, fibroblasts also synthesize the predominant inhibitor 

for this collagenase, TIMP2, which allows the formation of the gelatinase A/TIMP2 

complex (59, 153, 161). We investigated if in this system matrilysin could convert 

gelatinase A into its lower molecular weight form. This could be accomplished either 

directly by activating gelatinase A itself, or indirectly by activating another protease that 

was able to cleave off the prodomain of gelatinase A. However, when we incubated the 

conditioned media of human foreskin fibroblasts with 18 to 170 nM active matrilysin for up 

to 20 h, no shift in molecular weight of progelatinase A could be observed by 
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Figure 16: Matrilysin activates gelatinase B, but not gelatinase A, in the 

conditioned media of HT1080 cells. 

0.4 ml aliquots were incubated with 18,80 and 170 nM active matrilysin, 1 mM APMA or 

no additions for 4 and 20 h, respectively, as indicated. 20 |il of the 0 and 20 h samples 

were dissdved in zymogram buffer and subjected to polyaciylamide gel electrophoresis on 

a 10% gel containing 2mg/ml gelatin (A). The remainders of the samples were precipitated 

with trichloroacetic acid, analyzed by SDS-PAGE under reducing conditions. The proteins 

on the gel were transferred onto nitrocellulose and immunoblotted with chicken anti-

gelatinase B (B) or chicken anti-gelatinase A antibodies (C). no inc., no incubation; mln., 

matrilysin; gel.B/T, gelatinase B/TIMPl complex; gelA/T, gelatinase AyTIMP2 complex; 

gelA/T/APMA, gelatinase A/nMP2 complex incubated with APMA for 4 h. 



Dropelatinase B 
active eelatinase B 

proeelatinase A 
active gelatinase A 

c / 

# 4? 

^ t ^ c«f > 

1 2 3 4 S € 7 « 

progeiatinase B 
active gelatinase B ̂  

progelatinase A -
active gelatinase A' 

1 2 3 4 S 6 7 8 9 10 11 12 

4? ^ ^ ^ <S ^ 

/ 

1 2 3 4 S 6 7 8 



79 

iinmuiioblotting(Hgiire 17A) or zymogiaphy (Hgure 17B). Nevertheless, activation with 

APMA was possible under these conditions Hguie 17A, lanes 5 and 10; Hgure 17B, lanes 

6 and 7). Trace amounts of active gelatinase A were present constitutively and did not 

increase over the 20 h incubation period with matrilysin (Hgure 17B, lanes 2-4). Therefore 

we conclude that matrilysin cannot activate gelatinase A to a lower molecular weight form 

in the conditioned medium of human foreskin fibroblasts, which is consistent with the data 

we obtained with the purified gelatinase A/TIMP2 complex in Hgure 13. 
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Figure 17: Matrilysin does not activate geiatinase A in the conditioned 

media of human fibroblasts. 

0.4 ml aliquots of conditioned media of human foreskin fibroblasts were incubated with 

active matrilysin, 1 mM APMA, or no additions, for 4 and 20 h, respectively, as indicated. 

A: Immunoblot for geiatinase A. B: Zymography of the corresponding samples on a 10% 

SDS-gei containing 2 mg/ml gelatin. 20 jil conditioned media per sample were used, no 

inc., no incubation; mln., matrilysin; gel.B, APMA geiatinase B/TIMPl complex, partly 

activated with APMA; gelA/APMA, geiatinase A/TIMP2 complex incubated with APMA 

for 4 h. 
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C. Discussion 

Degradation of the ECM by MMPs depends on the presence of activators of the 

latent proenzymes. Previously, activation of gelatinase B by trypsin (20), cathepsin G (20), 

geiatinase A (21), stromelysin (21, 147, 151,156,162), and recentiy, matrilysin (22), has 

been reported. Although in many systems, gelatinase B is coexpressed with its inhibitor. 

TIMPl (9, 28), in most of the studies showing activation of gelatinase B, TIMP-free 

enzyme preparations were used (20, 22). Furthermore, stromelysin, although capable of 

activating the free enzyme, was shown not to activate the gelatinase B/TIMPl complex (56) 

and activation of gelatinase B by gelatinase A was inhibited by TIMPl and TIMP2 (21). We 

report here that active, APMA-free matrilysin is able to activate gelatinase B both in the 

presence and the absence of TIMPl. Both forms gave rise to gelatinolytic activity migrating 

at 78 and 68 kDa, whereas APMA-acrivation resulted in an 83 kDa active form, consistent 

with the published molecular weight reported for active gelatinase B (9). {Proteinase activity 

assays demonstrated an increase in gelatin degradation dependent on the preincubation of 

the gelatinase with matrilysin in the samples containing TIMPl and in the TIMP-free 

samples. The augmented activity of the latter samples correlates with the generation of the 

68 kDa form of active gelatinase B (20). The initial decrease in activity in the earlier 

samples may be due to partial inactivation of the active enzyme during incubation, or 

because of alterations in the conformation of the activated enzyme. 

The 78 kDa form of gelatinase B was also detected in the conditioned media of 

phorbol-ester treated HT1080 cells that had been incubated with matrilysin. Considering 

that phorbol-esters also upregulate the expression of TTMPl (30, 163), gelatinase B in the 

conditioned media of these cells is expected to be in complex with its inhibitor. In spite of 

the presence of TIMPl, matrilysin was capable of fully converting progelatinase B into the 

78 kDa form, which is consistent with our in vitro experiments with purified enzymes. 

However, the possibility of an indirect activation mechanism with matrilysin activating 
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other enzymes present in the conditioned media of KTIOSO cells cannot be excluded 

completely. 

Taking into account that stromelysin. although c£q>able of activating free gelatinase 

B (162, 164), is unable to activate the gelatinase B/TIMPl complex (56), whereas this 

process is possible with matrilysin, it is proposed that the gelatinase B/TIMPl complex 

may be a natural and specific substrate for matrilysin. Unlike stromelysin, matrilysin may 

be able to overcome the inhibition by TIMPl due to the absence of the hemopexin domain, 

which was shown to affect the tightness of TIMPl-binding by a factor of seven (154). 

Stromelysin, on the other hand, could further process the amino terminus of the 78 kDa 

form of gelatinase B generated by matrilysin by cleaving the Arg^-Phe^-bond as 

reported( 151) and thereby give rise to a completely active gelatinase. 

The dose titration experiment showed that relatively high amounts of matrilysin 

were needed to activate gelatinase B. One possiUe explanation for this is that progelatinase 

B in vitro may not be in the optimal conformation for activation, for example due to the 

lack of an unknown cofactor. Alternatively, as shown in chapter V, matrilysin is expressed 

very focally in cancer, or in high amounts in inflamed ducts, so that high local 

concentrations in tissue are expected. The presence of TIMPl did affect the rate at which 

activation of progelatinase B occurred. TIMP-free gelatinase B required 0.2 Mol, and 

gelatinase B/TIMPl complex, 0.5 Mol matrilysin per Mol to obtain maximal proteolytic 

conversicm of the proenzyme. This suggests that some inhibition by TIMP had taken place, 

possibly by formation of a ternary complex of gelatinase B, TIMPl and matrilysin. 

Interactions between gelatinase B/TIMPl and matrilysin could favor a conformation of 

gelatinase B that facilitated proteolytic fnxxxssing. 

However, in addition to playing a role in tumor cell invasion, other effects caused 

by the activation of gelatinase B/TIMPl can be proposed. Imai et al.(22) reported partial 

activation of TIMP-free progelatinase B by matrilysin and conversion of the enzyme into a 
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78 kDa form with the amino terminal sequence of Leul6-Arg-Thr-(Asn)-Leu and a 

truncation in the carboxy-terminus, a form of gelatinase B that is associated with some but 

not with maximum activity. Our data demonstrate that both TIMP-free gelatinase B and 

gelatinase B/TIMPl complexes give rise to similar lower molecular weight forms when 

incubated with matrilysin, suggesting that the 78 kDa form found in our TIMPl containing 

samples also have the Leul6-Arg-Thr-(Asn)-Leu-terminus. Considering that matrilysin 

appears to cleave off parts of the carboxyteiminal domain of gelatinase B (22), interactions 

with TIMPl, which depend on this domain(26) (25), may be disturbed, leading to the 

release of TIMPl. Both TIMPl and TIMP2 have been shown to act as growth factors in 

several different cell lines, including the MCF7 cell line derived from human breast 

carcinoma, and NCTC 2544 human skin epithelial cells (36, 37). The growth-promoting 

function of the TIMPs has not been observed with the inhibitor bound to its respective 

metalloproteinase (37), and was shown to be independent from its metalloproteinase 

inhibiting activity (37, 143).Therefore a release of TIMPl from gelatinase B by matrilysin 

may allow the inhibitor to pursue an alternate function and contribute to(37) cell 

proliferation and tumor growth. 

The gelatinase A/TIMP2 complex, which previously had been shown to be a 

substrate for stromelysin (165), was shown not to be converted into its lower molecular 

weight form by active matrilysin, not even if a fivefold molar excess of matrilysin was 

used. However, activation of TIMP-free gelatinase A by matrilysin has been reported 

(152), suggesting that the presence of the inhibitor prevented matrilysin from cleaving off 

the amino terminal domain of the proenzyme. Despite these findings, in the protease 

activity assays, a high amount of ^H-gelatin degradation products was released with 

gelatinase A samples that had been preincubated with matrilysin for up to two hours in our 

experiments, indicating that a temporary activation had occurred independent of the removal 

of the prodomain. For fibroblast collagenase, proteolytic activity of the proenzyme has also 
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has also been observed (18, 134), and a small percentage of trypsinogen and pepsinogen 

are also known to be active in Aeir zymogen forms (166). These activities are attributed to 

transient conformational changes, which allow processing of the precursors to the active 

trypsin and pepsin. Proteolytic activity of the progelatinase A/TIMP2 complex by 

matrilysin could be promoted in the following way: gelatinase A binds to the carboxy-

terminus of TIMP2 with its own carboxyterminal domain. The amino terminal domain of 

TIMP2, which contains its inhibitory activity (26), is accessible to interact with other 

proteins to form a ternary compiex. Existence of such complexes consisting of gelatinase 

A, TIMP2 and other metalloproteinases has been demonstrated (167), and the gelatinase 

A/TIMP2 complex has dso been shown to act as an inhibitor of metalloproteinases (161). 

Consequently, active matrilysin may bind to the amino terminal domain of TIMP2 

associated with gelatinase A. Although matrilysin's own activity may be compromised 

now, its binding may favor a more proteolytically active conformation of gelatinase A. 

Decrease of proteolytic activity in the samples thafhad been preincubated with matrilysin 

for longer periods of time may reflect a lack of stability of these ternary complexes. 

Although proteolytic cleavage of the progelatinase A/TIMP2 complex by matrilysin 

could neither be observed in vitro nor in the conditioned media of human foreskin 

fibroblasts, processing of the 62 kDa active form of the gelatinase in the matrilysin-tieated 

samples was detected in the conditioned media of phorbol-ester treated HT1080 cells. 

Previously, the conversion of the 62 kD form into the 59 kD form has been shown to be an 

autocatalytic event (128). Matrilysin may enhance this process either directly by 

proteolytically cleaving the 62 kD form, or by interacting with TIMP and thereby 

preventing it from inhibiting the autocatalytic cleavage of the 62 kD gelatinase A. 

Alternatively, a mechanism for "superactivation" can be proposed as demonstrated for 

fibroblast collagenase in earlier studies. Stromelysin converted the APMA-generated 43 

kDa active form of fibroblast collagenase into a 41 kDa protein four times more active than 
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43 kDa enzyme (18). The 43 icDa fonn had been a much better substrate for stromelysin 

than the proenzyme (69). Similar to that, matrilysin may "superactivate" the 62 kDa 

gelatinase(160). 

The data obtained in our studies suggest that matrilysin can play an important role 

inactivating other metalloproteinases. However, how promatrilysin itself may be activated 

has not been studied extensively. One of the few enzymes shown to activate promatrilysin 

is stromelysin(22). Taking into account that many tumor types express either stromelysin 

or matrilysin, but not both simultaneously (157,168), we investigated whether matrilysin, 

which is closely related to stromelysin, can activate its own proenzyme form. Although 

incubation of promatrilysin led to its conversion into the 18 kDa form, this process was not 

enhanced by the presence of active matrilysin. Whether this intramolecular autoactivation 

of promatrilysin can also occur in vivo is currently unknown. Besides stromelysin, one 

potential activator of promatrilysin could be one of the MT-MMPs (19, 70). Both MT-

MMPl and matrilysin have been detected in similar types of cancer (Table I), and both 

enzymes localize to the epithelial cells in prostate carcinoma (Chapter VI). However, 

further research is necessary to prove this hypothesis. 

Taken together, the findings presented here demonstrate that matrilysin can activate 

gelatinase B in the presence of TIMPl. Furthermore, besides allowing a transient 

activation of the progelatinase A/TIMP2 complex, matrilysin can participate in the 

processing of the 62 kDa form of gelatinase A. These results demonstrate that matrilysin 

may be an important enzyme within a proteolytic cascade. The activation of 

gelatinase/TIMP-complexes by matrilysin is summarized in Figure 18. 
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Figure 18:. Summary for the activation of gelatinase/TIMP complexes by 

matrilysin. 

Promatrilysin is secreted by epithelial cells(77) and converted into active matrilysin, 

possibly by stromelysin (22) or an intramolecular autoactivation mechanism. Active 

matrilysin activates progelatinase/TIMPl complexes which have been synthesized by 

macrophages and stromal cells (169). Progelatinase AyTIMP2 complexes derived from 

fibroblasts (58) can transiently be activated by matrilysin without proteolytic removal of the 

prodomain. 
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5. DEGRADATION OF FIBRONECTIN FIBRILS BY MATRILYSIN 

AND CHARACTERIZATION OF TE DEGRADATION PRODUCTS 

A. Introduction and aims 

Rbronectin is an important protein in all processes involving the remodeling of the 

ECM (83). Invading tumor cells encounter the fibril form of fibronectin during the 

migration process through the ECM (85, 86). One way matrilysin may participate in the 

invasion process is by degradation of fibronectin fibrils. 

Rbronectin fragments have been shown to possess properties different from intact 

fibronectin. These fragments affect cell adhesion, migration (80), and signal transduction 

(79, 93, 96, 170). A characterization of the fragments resulting from the degradation of 

fibronectin and fibronectin fibrils by matrilysin will allow further studies on their effects on 

these biological processes significant during tiunor cell invasion. We were interested in 

answering the following questions: 

Aim 1: Does matrilysin degrade fibronectin fibrils? 

Aim 2: What are the degradation products? 
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B. Results 

1. Degradation of fibronectin fibrils by matrilysin, and regrowth of the 

fibrils after removal of matrilysin 

Knowing that soluble fibronectin could be degraded by matrilysin, we addressed 

the question whether the highly insoluble fibronectin fibrils present in tissue stroma 

represented a substrate as well. Human foreskin fibroblasts produce very dense networks 

of fibronectin fibrils as demonstrated by immunofluorescence staining in Figure 19A. 

However, when the cells were incubated for 16 hours with 15 nM active matrilysin, the 

extracdlular fibrils were undetectaUe (Hgure I9B). This effect was not due to detachment 

of the cells from the slide, since propidium iodide staining of cellular DNA indicated that 

the cells were still present after the incubation (not shown) and fibronectin staining which 

does occur is intracellular. We next determined if the effects of matrilysin treatment were 

reversible. The samples in which the fibrils had been degraded were incubated in 

matrilysin-free media for another 24 (Rgure 19C) or 72 hours (Hgure 19D) and stained. 

Regrowth of fibrils could be observed after 24 hours. This process continued, leading to a 

further accumulation of fibrils at 72 hours. The regrowth was independent of the presence 

of serum (not shown). 

2. Time course of tlie fibril degradation 

We next investigated how fast the degradation of fibronectin fibrils by matrilysin 

occurred. After one hour of incubation with 15 nM active matrilysin, the fibril network 

looked similar to the untreated control (Hgure 20A). Two hours of incubation with 15 nM 

active matrilysin led to a significant decrease of the immunofluorescence signal (Hgure 

20B), and within four hours of treatment, the fibrils were removed almost completely 

(Rgure 20C). After 16 hours, no fibrils were present, but abundant intracellular fibronectin 
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A: B: 

Figure 19: Degradation of fibronectin flbrils with matrilysin. 

Human foreskin fibroblasts were grown to confluency on chambered slides. Subsequently, 

the cells were incubated for 16 h in serum-free DMEM without (A) or with (B) 15 nM 

active matrilysin. The slides were fixed in methanol and stained with a polyclonal rabbit 

anti-human fibronectin antibody followed by a secondary antibody coupled to FITC. (C) 

Removal of matrilysin allows regrowth of fibronectin fibrils. Cells were incubated with 

matrilysin as described in B. After 16 h, the cells were rinsed thoroughly, incubated for 

another 24 (C), or 72 h (D) in serum-free DMEM without matrilysin and stained as above. 
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Figure 20: Time course of the degradation of fibronectin fibrils. 

Human foreskin fibroblasts were cultured on chambered slides and incubated for 2 (B), 4 

(C), or 16 h (D) in 15 nM active matrilysin and stained as in figure 19. In A, no matrilysin 

had been added. 
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was detectable (Figure 20D), suggesting that removal of flbronectin or presence of 

fibronectin fragments may have stimulated its synthesis. The lowest concentration of active 

matrilysin necessary to remove the fibrils ahnost completely within four hours was 7.5 nM 

(not shown). 

3. Characterization of the endogenous proteases synthesized by the 

flbrohlasts 

Considering that fibroblasts produce metalloproteinases endogenously, we 

examined which types would be expressed in the cells used in our studies (Figure 21A). 

Trichloroacetic acid was added to conditioned media of the human foreskin fibroblasts and 

the precipitated proteins separated on an SDS-gel. The proteins were transferred onto 

nitrocellulose and probed with a polyclonal antibody recognizing different 

metalloproteinases (PEP-2). The antibody recognized a protein comigrating with the 

purified 72 kD type IV collagenase (Figure 21A, lane 3) in the conditioned media of human 

foreskin fibroblasts (Figure 21 A, lane 5). Furthermore, bands at 58 kD and at 53 kD 

corresponding to the molecular weights of collagenase I and stromelysin were present (lane 

5). In addition, faint bands at about 40 kD could be detected. Although the antibody 

recognized purified matrilysin (Hgure 21A, lanes 1 and 2) and the purified 92 kD type IV 

collagenase (Figure 21A, lane 4), no protease comigrating with these enzymes could be 

detected in the conditioned media of the fibroblasts. These data are confirmed by a rabbit 

polyclonal antibody raised specifically against matrilysin (Rb-2) which did not recognize 

any protein in a similar sample (Figure 21B, lane 3). Although the Rb-2 antibody can bind 

to both the prdbrm (Figure 21B, lane 1) and the activated form (Hgure 21B, lane 2) of 

matrilysin, this protein could not be detected in the conditioned media of human foreskin 
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Figure 21: The human flbroblasts do not contain any endogenous 

matrilysin. 

Conditioned media from human foreskin fibroblasts were TCA-precipitated, dissolved in 

reducing buffer and analyzed by SDS-PAGE (15%) and immimoblotting with antibody 

PEP-2 (raised against a synthetic peptide corresponding to a sequence in the active center of 

stromelysin 1) (A), or Rb-2 specific for matrilysin (B). A: Lane 1, 80 ng promatrilysin; 

lane 2,20 ng active matrilysin; lane 3,80 ng gelatinase A; lane 4,80 ng gelatinase B; lane 

5, precipitate of 0.5 ml conditioned media from the fibroblasts. B: Lane 1, 80 ng 

promatrilysin; lane 2, 20 ng active matrilysin; lane 3, precipitate of 0.5 ml conditioned 

media from the fibroblasts. 
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fibiobtasts (Hgure 21B, lane 3). 

Taken together, these data suggest that the degradation of fibronectin fibrils 

observed in Figures 19 and 20 was due to exogeneously added enzyme. 

4. Degradation products generated by matrilysin from soluble fibronectin 

Since fibronectin and its degradation products have been shown to possess many 

regulatory functions, we were intoested if this was also true fcx* the fragments generated by 

matrilysin. Knowing more about the identity of the fragments would facilitate further 

studies on their biological functions. In order to deteimine which domain of fibronectin 

was present in the fragments, fibronectin was incubated with activated matrilysin for one, 

four and twenty hours. The degradation products were separated on an SDS-gel and 

inununoblotted with antibodies raised against different domains of fibronectin. The 

monoclonal antibody I, which had been raised against the carboxyterminal heparin-binding 

domain, recognized three bands of 36,33 and 30 kD present after one hour of incubation 

(Hgure 22A). Immunoblotting with clone II which recognizes the cell attachment domain 

revealed degradation to fragments of 175, 135, 130 and 105 kD after one hour (Figure 

22B). After four hours, the 175 kD and the 135 kD bands were further degraded, whereas 

the 130 kD and a doublet migrating at 37 and 38 kD were detectable. After twenty hours, 

only the doublet band was left Bands of 135 and 105 kD were observed upon blotting 

with clone III (Hgure 22C), indicating that these fragments contain a specific epitope near 

the gelatin binding domaiou Further incubation led to the degradation of the 135 kD band 

after four hours, and after 20 hours, only the 58 kD band could be detected. 
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Figure 22: Characterization of flbronectin fragments generated by 

matriiysin 

Soluble flbronectin was incubated with matriiysin for 1,4, and 20 h at STC. Samples were 

analyzed by SDS-PAGE (12.5% gel) imder non-reducing conditions and immimoblotting 

with antibodies specific for the carboxyterminal heparin binding domain, (clone I, A), the 

cell attachment domain (clone II, B), and an epitope close to the gelatin binding domain 

(clone III, C). The schematic depicts the domain organization of a flbronectin subunit The 

areas in which the antibodies bind are indicated [from (171), some modifications. A-C: 

Lane 1, flbronectin incubated without matriiysin; lanes 2-4, flbronectin incubated with 

matriiysin for 1 (lane 2), 4 (lane 3), and 20 h (lane 4).The migration of the molecular 

weight markers are indicated. The exact cleavage sites are not known. 
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5. Fibronectin fragments derived from the degradation of fibronectin 

fibrils by matrilysin 

In Figure 22, the degradation products of soluble fibronectin have been 

characterized. Since the conformation of soluble fibronectin is thought to be different from 

that in fibrils, we investigated what kind of fragments would be released into the 

supernatant by treatment of the fibroblasts with matrilysin. Figure 23 displays the 

fragments present after 20 hours of incubation. By probing with the antibody raised against 

the carboxyterminal heparin binding domain (clone I, Figure 23A), degradation products 

(lane 2) comigrating with the 30,33 and 36 kD fragments present in the samples generated 

with soluble fibronectin (lane 4) could be detected in the conditioned media of fibroblasts 

incubated with matrilysin. In addition, several intermediates that corresponded to 

degradation products of soluble fibronectin at very early time points (not shown) were 

recognized. However, the fragment migrating at 34 kD (arrow) appears to be unique to the 

degraded fibrils. Clone II, which recognizes the cell attachment site (Figure 23B), was able 

to identify a 45 kD intermediate, and a fragment (lane 2) comigrating with the 37 kD 

degradation product of soluble fibronectin (lane 4). In panel 23C, which was probed with 

the antibody recognizing an epitope close to the gelatin binding domain (clone HI), the 58 

kD fragment, which was very persistent in the samples with the soluble fibronectin 

incubated with matrilysin (figure 22C and figure 23C, lane 4), could be recovered from the 

supernatant of the matrilysin treated fibroblasts (lane 2). Interestingly, intense bands of 31 

and 34 kD that have not been found with soluble fibronectin, could be detected. These 

fragments are thought to be unique to the fibrils. The size of the degradation products 

obtained from both soluble fibronectin and fibronectin fibrils are summarized in Table 4. 
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Figure 23: Degradation products of fibronectin flbrils found in tlie 

conditioned media of fibroblasts after treatment with matrilysin. 

Confluent cultures of human foreskin fibroblasts were kept in serum-free DMEM for 20 h 

with or without matrilysin. The conditioned media were TCA-precipitated and analyzed by 

SDS-PAGE under reducing conditions and immimoUotting with clone I (A), clone II (B), 

and clone III (C). A-C: Lane 1, precipitate of conditioned medium (CM) of cells that had 

not been treated with matrilysin; lane 2, CM of cells that had been incubated in 120 mM 

active matrilysin for 20 h; lane 3, soluble fibronectin incubated without or with (lane 4) 

matrilysin for 20 h. The migration of the molecular weight markers are indicated. The 

arrows point out degradation products of the fibrils that have not been observed upon 

degradation of soluble fibronectin with matrilysin at any time. 



TABLE4 

Identification of Fibronectin Fragments Generated with Matrilysin with Monoclonal Antibodies 

kDa 

Clone I Clone II Clone 111 

kDa Ih 4h 20 h 1 h 4h 20 h 1 h 4h 20 h 

176 • 
136 • • 
130 • • 
106 • • 
69 A 
60 A 
68 • • mA 
46 A A 
38 • • 
37 • •A 
36 • • •A 
34 A A 
33 • • •A 
31 A 
30 • • •A 

Note. Clone I: recognizes epitope near C-terminal heparin-binding domain. Clone II: recognizes cell attachment site. Clone III: binds near 
gelatin binding domain. The numbers in the lefl column represent the size of the fibronectin fragments in kDa. The numbers in the top 
row indicate the incubation time in hours. •, soluble FN fragment; A, FN fibril fragment. 
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C. Discussion 

In prostate, colon and stomach carcinoma (5,6), matrilysin is expressed more often 

than in the corresponding normal tissues and may play a role in tumor invasion. Expression 

of matrilysin also increases the invasive potential of a human prostate cell line in SCID-

mice (140). Furthermore, matrilysin can degrade collagen IV, laminin and entactin found in 

the basal lamina, which is the first barrier that tumor cells encounter during the invasion 

process (8, 24, 172-174). After passing through the basement membrane, invading cells 

pass through the interstitial stroma, which contains collagen type I and fibronectin fibrils. 

Soluble fibronectin has previously been identified to be a substrate for matrilysin (8, 24). 

We report here that the highly insoluble fibril form of fibronectin can also be degraded. 

Although at this point we cannot exclude the possibility that matrilysin acts indirectly by 

activating other proteases that degrade the fibrils, we demonstrate that matrilysin leads to a 

state that could facilitate tumor cell invasion. Matrilysin had no cytotoxic effects, and after 

removal of the enzyme, the fibrils were able to grow back. Therefore the fibril degradation 

is reversible and probably regulated. Both degradation of soluble fibronectin and 

fibronectin fibrils by matrilysin gave rise to specific fragments, some of which were unique 

to the fibrils. E)ifferences in the fragments generated may result from alternative splice 

variants existing in the two forms of fibronectin (83), or from further processing of the 

matrilysin-generated fibril degradation products by additional proteases present in the 

conditioned media of the fibroblasts. 

The fibronectin fragments produced by matrilysin are expected to contribute to 

regulatory processes. They could, by blocking specific receptors for intact fibronectin, 

decrease attachment of tumor cells and lead to alterations in migration. Considering that the 

C-terminal heparin binding domain is the majcn- site of interactions with {mjteoglycans (85), 

the 30,33 and 36 kD fragments recognized by clone I (Figure 22A), that are already 

present after one hour of degradation, or the additional 34 kD fragment resulting from fibril 
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degradation (Hgure 23A), may interfere with flbronectin/pioteoglycan interactions. The 31 

and 34 kD fragments recognized by clone III (Hgure 23C) that were unique to the 

degradation of fibronectin fibrils, on the other hand, could disrupt the flbronectin/collagen 

type I association in the interstitial stroma. 

Moreover, degradation of fibronectin fibrils may lead to the release of growth 

factors otherwise "trapped" in the dense network of protein found in the interstitial stroma 

(148). For example basic fibroblast growth factor bound to heparan sulfate proteoglycans 

in the matrix was shown to be released by digestion with plasmin, heparinase or 

phospholipase C (175, 176). A similar mechanism with matrilysin can be proposed for 

growth factors bound to fibronectin fibrils. 

Another possible function of fibronectin fragments generated by matrilysin is the 

induction of specific gene expression by fibronectin fragments as has been reported (96). 

Homandberg et al. identified certain fibronectin fragments that could cause chondrolysis of 

bovine articular cartilage slices in culture (93). They found that the amino terminal 291^ 

fragment and the 50 kD gelatin binding fragment were most active, whereas simultaneous 

addition of a 140 kD cell binding fragment would suppress that effect (93). Degradation of 

both soluble fibronectin and fibronectin fibrils with matrilysin gave rise to a 58 kD 

fragment that was recognized by an antibody that binds close to the gelatin binding domain 

(Figures 22C and 23C), while after 20 hours no fragment bigger than 45kD was 

recognized by the antibody raised against the cell binding domain (Hgure 23B). Taken 

together it is proposed that the 58 kD fragment generated by matrilysin may have some 

signaling fimction as well. One of the potential target genes regulated by one or several of 

these fragments may be the fibronectin gene itself as suggested by the apparently increased 

intracellular staining for flbrcmectin observed after degradation of the fibrils in Hgure 20D. 

Furthermore, considering that fibronectin fragments have been shown to cause an increase 

in proteoglycan degradation and a decrease in proteoglycan synthesis in chondrocyte 



102 

cultures (81,94,95), matiilysin could play a rde in metastasis to bone, which is frequently 

observed in prostate cancer. 

With its ability to degrade fibronectin fibrils matrilysin may also play a role in 

wound healing, since fibroblasts have been shown to migrate into wounds on fibronectin 

fragments (177). Developing monocytes express matrilysin (41), and fibronectin fragments 

are chemotactic for monocytes (80). Therefore by secreting matrilysin and degrading 

fibronectin fibrils, monocytes could generate their own chemoattractemt. 

Although the actual in vivo function of matrilysin is still not clear, our smdies show 

that matrilysin can lead to the degradation of a fonn of Hbronectin found in extracellular 

matrices, and that it can generate specific fragments, some of them unique to the fibrils, 

with potential signaling functions. 

In the next chapter it is investigated whether matrilysin can also directly affect 

signaling molecules. 
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6. EFFECTS OF MATRILYSIN ON INTEGRINS 

A. Introduction and aims 

One of the integrins subunits lost during prostate cancer progression is P4. 

Whereas normal prostate tissue and PIN express a6p4 integrin polarized at the base of the 

ceils adjacent to the basement membrane, P4 protein could not be found in any of the 

carcinoma cases studied (122). However, in situ hybridization smdies showed that the p4 

message was present, indicating that the message was either not translated or the protein 

was degraded (124). Focal loss of a6p4 protein has also been reported in chronically 

inflamed periodontal tissue (178). Similar to the loss of P4 integrin, overexpression of 

matrilysin has also been observed in both prostate carcinoma (6) and this work) and in 

inflamed tissues (136). Furthermore, studies by Stahle-Backdahl et al. (179) showed 

degradation of another hemidesmosomal component, BP 180, by gelatinase B, indicating 

that MMPs may play a role in the degradation of this type of proteins. Interactions of 

gelatinase A with avp3 integrin have also been demonstrated recently (64). One enzyme 

known to be involved in the processing of the p4 integrin subunit is calpain, an intracellular 

cysteine protease (180). However, results by Giancotti et al. suggest additional processing 

of p4 by an extracellular protease (181). In our study, we investigated whether integrins 

present in prostate tissue can be degraded by matrilysin. 

Aim 1: Does matrilysin degrade the a6, pi or P4 integrin subunits in vitro ? 

Aim 2; Does matrilysin cleave at specific "protease-sensitive" sites ? 

Aim 3: What are the effects of matrilysin on integrins in intact ceils ? 
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B. Results: 

1. Degradation of the fi4 integrin subunit by matrilysin 

B4 integrin was purifled by immunoprecipitation with 3El-antibcxly from surface-

biotinylated p4-transfected a6 high expressing DU-145 cells (Ha6Tp4-cells) eind 

incubated with different concentrations of matrilysin (Hguie 24A). After the 2 hour 

incubation period bands corresponding to p4 migrating at 200 kD and the higher molecular 

weight forms of p4 observed previously were completely undetectable, whereas the sample 

that had been incubated without matrilysin looked like the "no incubation" control. In the 

samples treated with matrilysin, a fragment migrating at 90 kD could be detected (arrow), 

indicating that cleavage had occurred at specific sites and resulted in the generation of a 

unique product undetectable in the sample that had not been incubated with matrilysin. 

2. Degradation of P4 by calpain and trypsin 

Previous studies have shown that ^4 integrin is proteolytically processed by calpain 

(180). We tested if degradaticm of ^4 purified from Ha6Tp4-cells by calpain resulted in a 

degradaticxi pattern similar to the one obtained with matrilysin. As shown in Figure 24B, 

both the 200 kD and the HMW-fonn of p4 were completely degraded after one hour 

incubation in 1.4 ^M calpain, whereas these bands remained in the sample incubated 

without enzyme. In addition, weak bands migrating at about 165 kD (in the "35 nM" 

samfde) and 130 kD (in the "350 nM" and the 1.4 fiM" samples; arrows), corresponding to 

forms of p4 generated by calpain described earlier (180), were detectable. Trypsin also 

degraded P4 (Figure 24C). However, no specific products were generated, consistent with 

the very broad substrate range of this protease. Taken together, these data show that the 

degradation pattern of ^4 is very different with the three proteases used, indicating that 
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Figure 24: Degradation of P4 integrin by matrilysin, calpain and trypsin. 

B4 integrin was immunoprecipitated from suiface-biotinylated Ha6Tp4-cells with 3E1 

antibody like described in "Materials and Methods". After washing, an equivalent of one 

million cells was incubated with matrilysin for 2 hours (A), calpain (B) or tiypsin (C) for 

one hour in the enzyme concentrations indicated. Migration of the molecular weight 

markers and undegraded P4 integrin are indicated. The arrow in A points out the new 

fragment generated by matrilysin. No enzyme, incubation for 2 h (A) or 1 h (B and C) in 

buffer without enzyme. 
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cleavage of this integrin subunit does not simply occur at "protease-sensitive sites" but in 

areas unique to specific proteases, indicating a potential biological relevance. The size of 

the fragments obtained by proteolytic cleavage of immunoprecipitated p4 integrin with 

matrilysin, calpain and trypsin is summarized in Table 5. 

3. Characterization of degradation products of p4 by immunoblotting 

Degradation of p4 integrin by the different proteases was confirmed by 

immunoblotting with antibodies raised against specific domains of the integrin subunit 

(Figure 25 and Table 5). Another aim of the experiment also was to identify specific 

fragments generated to find out more about at which sites proteolysis had occurred. 

Antibody 439-9B, which recognizes an N-terminal epitope of the P4 integrin subunit, 

bound to the HMW-P4 in the sample that had not been incubated. No specific fragment in 

the matrilysin-sample could be identified, but calpain allowed processing of the HMW-

form into the 200 kD p4. In the trypsin-treated sample, a strong band migrating at 90 kD 

was present. A similar band in the trypsin sample was also detected in the blot probed with 

antibody 450-lOD, which recognizes a cytoplasmic epitope of p4 close to the membrane, 

indicating that this fragment may contain both epitopes. This suggests that one cleavage 

site of trypsin is in the cytoplasmic domain of P4. The immunoblot with a polyclonal 

antibody raised against a carboxyterminal peptide (rb-anti-p4) confirmed degradation of p4 

integrin by all three enzymes, could however not identify any specific degradation 

products. A 70 kD fragment was recognized in the samples that had not been treated with 

enzymes. Overall, the degradation pattern obtained with the three different proteases 

defined by immunoblotting appears very different, indicating again that proteolysis 

occurred at different sites with the specific enzymes. The unique 90 kD fragment generated 
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Figure 25: Characterization of degradation products of p4 by 

immunoblotting. 

The lysates of an equivalent of one million biotinylated Ha6Tp4-ceIls per lane were 

immunopiecipitated with 3E1 antibody, washed and subjected to 1.4 (iM calpain (1 h), 75 

nM trypsin (1 h) or 1.5 fiM matrilysin (2 h). After SDS-PAGE and transblotting, p4 and 

P4 fragments were visualized with antibodies specific for different domains of P4 integrin. 

No enzyme, incubation in buffer without enzyme. 
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Table 5: Fragments obtained by proteolytic cleavage of P4 integrin 
(in vitro) 

enzyme matrilysin calpain trypsin no incubation/ 
no enzyme 

surface 
biotinylation 

90 kD 165 kD 
130 kD 

no specific 
fragment 

HMW64 
200 kD 

Immunoblots 

439-9B 
(N-terminal) 

200 kDa 
165 kD 
130 kD 

90 kD 
HMWP4 

450-10D 
(cytoplasmic, 
close to 
membrane) 

90 kD 

rl>anti-p4 
(C-terminal) 200 kD 

70 kD 
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by matrilysin (Figure 24A) is P4 specific but was not recognized by the domain specific 

antibodies tested. 

4. Effects of matrilysin on other integrin subunits 

Knowing that the P4 integrin subunit is a substrate for matrilysin, we investigated 

next if the pi and the a6 subunits could also be degraded (Rgure 26). The proteins were 

isolated by inununoprecipitation with antibody P4C10 raised against the pi subunit High 

amounts of a6 were coprecipitated, since pi binds to a6, and the cells used were DU145-

cells selected for high expression of a6 (Ha6-cells). However, when the precipitated 

integrins were incubated with matrilysin, no degradation of either subunit could be 

observed, indicating that a6 and pi, unlike P4, are resistant to matrilysin. The a5 subunit, 

migrating in trace amounts at a slightly higher MW than a6, also appeared resistant to 

proteolysis. 

5. Effects of matrilysin on integrins of whole cells 

Considering that purified p4 is a substrate for matrilysin, we wanted to test if cell 

associated p4 integrin was degraded as well (Figure 27 and Table 6). Ha6Tp4-ceIIs were 

surface-biotinylated, rinsed thoroughly to remove excess biotin and subjected to 120 nM 

active matrilysin. After two hours, the cells were lysed and immunoprecipitated with 

antibodies specific for different domains of P4. As shown in Figure 27A, samples that had 

been incubated with matrilysin contained significantly less biotinylated protein migrating 

above 200 kD. The band at 2(X) kD corresponding to p4 was slightly less intense in the 

samples that had been incubated with matrilysin, suggesting that some degradation had 
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Figure 26: Effects of matrilysin on other integrin subunits. 

Lysates of an eqniyalent of one million biotinylated Ha6-cells were immunoprecipitated 

with P4C10-antibody specific for the pi- integrin subunit and incubated with matrilysin as 

indicated. Migration of the molecular weight markers is indicated. 
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occurred. Immunoblotting of the stripped blot with antibody 439-9B confirmed the identity 

of the band as p4. Interestingly, one of the HMW bands apparently degraded in the 

matrilysin treated samples in Figure 27 A comigrated with a protein that could be identified 

as HMW form of p4. This band was detected in all lanes regardless of the cells had been 

treated with matrilysin. Assimiing that these bands are identical, this seemingly discrepancy 

can be explained by the fact that only proteins expressed on the cell surface were 

biotinylated and detectable in the experiment in Figure 27A, whereas in the immunoblot in 

Figure 27B intracellular precursors of p4 are visualized as well. Alternatively, the HMW 

band in Hgure 27A could be another protein coprecipitating with p4, for example laminin. 

However, immunoblots for both laminin and fibronectin were negative in this experiment 

(not shown), supporting the hypothesis the HMW band is HMW p4. These data suggest 

that matrilysin participates in the processing of HMW p4, which is thought to be a 

precursor form, and can also degrade the 200 kD form p4 integrin expressed on the ceil 

surface. 

The results presented in Figure 27 were confirmed in another experiment in which 

Ha6Tp4-cells were treated with matrilysin first prior to biotinylation (Figure 28 and Table 

6). Using this method, the generation of cleavage products resulting from internalization of 

biotinylated p4 and subsequent processing by proteases other than matrilysin would be 

minimized. Consistent with the results in Figure 27, the band postulated to be the HMW 

form of P4 was only detectable in the samples that had not been treated with matrilysin, 

whereas in the treated samples, only small amounts of HMW P4 had been left and could 

therefore be biotinylated. Immunoblotting with antibody 439-9B demonstrated presence of 

HMW p4 in all samples (Rgure 28C). The immunoblot with antibody 450-11A, which 

binds to an epitope in the carboxyterminal domain, identified proteins migrating at about 80 

kD (Hgure 28B) that had not been biotinylated and are therefore thought to be completely 

cytoplasmic. The 80 kD band was present in the samples that had been treated with 
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Figure 27: Effects of matrilysin on integrins of intact surface-biotinylated 

cells. 

Ha6Tp4-cells were biotinylated for 1 h at 4*C, rinsed with serum-free media and 

incubated with 120 nM active matrilysin for 2 h. Lysates of one million cells per sample 

were immunoprecipitated with the antibodies indicated and analyzed by SDS-PAGE A; 

Visualization of biotinylated proteins using a horseradish-peroxidase streptavidin detection 

system. B: Immmunoblotting of A with antibody 439-9B. Migration of molecular weight 

markers and integrins are indicated. HMW, high molecular weight 
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matrilysin and were precipitated with antibodies against either a carboxyterminai peptide 

(rb-anti-p4) or an epitc^ close to the membrane (450-10D). The fragment was also present 

in the sample not treated with matrilysin that had been immunoprecipitated with 3E1 

antibody, which binds to the amino terminal domain of P4. In none of the samples in 

Hgiues 27 and 28, degradation of the a6 subunit could be observed. 
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Figure 28: Effects of matrilysin on integrins of whole cells. 

Ha6-cells were rinsed with serum-free media and incubated in 120 nM active matrilysin for 

2 h at 3TC. After removal of the enzyme, cells were suiface-biotinylated for 1 h at 4*C, 

lysed, and immunprecipitated as indicated. A, visualizaticn of biotinylated proteins using a 

horseradish-peroxidase streptavidin detection system. B. immunobiot with antibody 450-

11 A. C, immunoblot with antibody 439-9B. Migration of molecular weight markers and 

integrins are indicated. HMW, high molecular weight 



Table 6: Immunoprecipitation of p4 integrin and immunoblots of surface-biotinylated 
cells treated with matilysln 

Immunoprecipitation 
with antibody rb-anti-p4 

(C-terminal) 

450-10D 
(cytoplasmic, 
close to 
membrane) 

3E1 
(N-termlnal) 

cells were 
surface-
biotinylated 
first, then 
treated with 
matrilysin 

matrilysin + - + - + -

cells were 
surface-
biotinylated 
first, then 
treated with 
matrilysin 

Immunoprecipitation HMW HMW HMW 

cells were 
surface-
biotinylated 
first, then 
treated with 
matrilysin Immunoblot with 

439-9B (N-termlnal) 
HMW 

(200kD) 
HMW 

(200kD) 
HMW 

(200kD) 
HMW 

200 kD 
HMW 

(200kD) 
HMW 
200 kD 

cells were 
treated with 
matrilysin first, 
then suiface-
biotinylated 

matrilysin + - + - + -

cells were 
treated with 
matrilysin first, 
then suiface-
biotinylated 

Immunoprecipitation HMW HMW HMW 

cells were 
treated with 
matrilysin first, 
then suiface-
biotinylated Immunoblot with 

450-11A 
(C-terminal) 80kD 80kD 

200kD 200 kD 
80 kD 

cells were 
treated with 
matrilysin first, 
then suiface-
biotinylated 

Immunoblot with 
439-9B (N-terminal) 

HMW HMW HMW HMW HMW HMW 
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C. Discussion 

The data presented here demonstrate that the ^4 integhn subunit can be degraded by 

matrilysin, trypsin and calpain in vitro. The fragments obtained were very different with 

the three enzymes, indicating that degradation did not simply occur at protease-sensitive 

sites. Degradation of P4 by calpain confirmed results observed previously (180, 181). 

Matrilysin gave rise to a unique fragment migrating at about 90 kD. Considering 

that the fragment was biotinylated, which indicates that it had been on the cell surface 

during the biotinylation process, ft is most likely derived from the extracellular domain. 

However, antibody 439-9B, specific for an amino terminal epitope, did not recognize the 

90 kD fragment. This suggests that the region containing the epitope may have been 

cleaved off. Removal of the amino terminal domain of P4 would interfere with the binding 

of a6p4 integrin to its ligand laminin, and possibly shift the ability of cells to interact with 

the ECM to another type of integrin. The balance of cell adhesion, migration and signal 

transduction through integrins would be altered and modify the behavior of the cells. 

A6p4 integrin has been shown recently to be involved in signal transduction through the 

ras pathway (118). Degradation of ^4 could affect this process and lead to changes in gene 

expression. Moreover, since absence of ^ in transgenic knockout mice also lead to a 

downregulation of a6 and has been implicated in ^wptotic cell death (123), presence of 

matrilysin could affect cell viability. This hypothesis would be consistent with the presence 

of matrilysin during "normal" inflammatory processes, in which a high rate of cell death is 

expected. In cancer, inactivation of the "death mechanisms" may have occurred. 

Why antibody450-lOD neither binds to the 90 kD fragment generated by matrilysin 

nor to intact p4, is unclear, but may be due to masking of the epitope recognized by the 

antibody. Trypsin may "unmask" this epitope, and therefore allow detection of a strong 

signal, also migrating at 90 kD. However, this fragment had not been biotinylated and 

therefore is thought to be different from the one generated by matrilysin. 
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Another potential cleavage site for matnlysin on purified ^4 integrin is the area 

within the cytoplasmic domain containing two pairs of fibronectin type III repeats, since 

fibronectin is a substrate for matrilysin. If cleavage occurred both within this and the 

extracellular domain, a fragment of 90 kD could be generated. Alternatively, the 90 kD 

fragment may be the result of proteolysis by matrilysin within the extracellular and by 

calpain within the cytoplasmic domain of P4 (181). However, only sequencing of the 

fragment would allow to determine the exact cleavage site. 

Treatment of whole cells with matrilysin allowed detection of an 80 kD fragment in 

immunoprecipitations with antibodies against the cytoplasmic domain (450-11-A and 450-

lOD; Figure 28A). The band was also detectable to a lower extent in the untreated sample 

that was immunoprecipitated with the antibody against the amino terminal domain (3E1). 

Therefore this fragment is not directly generated by matrilysin, but may be due to 

endogenous calpain activity (180). Treatment with matrilysin may facilitate this cleavage 

process, which would explain why the 80 kD fragment is so much more abundant in the 

matrilysin treated samfdes precipitated with 450-10D and 450-1lA than in the cells that had 

not been exposed to the enzyme. It cannot be excluded that the 80 kD fragment was only 

generated during the immunopredpitation reaction (180), but if it was generated in intact 

cells as well, its formation would affect the assodation of p4 and the cytoskeleton within 

the hemidesmosomal complex (182). Interactions of gelatinase A with integrins (64) and 

degradation of BP180 (179), which is also a hemidesmosomal component, have been 

demonstrated in previous publications. Taking into account that both integrins and MMPs 

are important molecules in all processes involving matrix remodeling, interactions between 

these two classes of molecules are not unexpected. Considering that p4, but not a6 or p 1, 

are degraded by matrilysin in vitro, the reaction appears to be specific for this integrin. 

The data presented in Figures 27 and 28 suggest that matrilysin can partidpate in 
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the piocessing of the HMW precursor of p4 in intact cells, possibly also in conjunction 

with other enzymes (181). Therefore, alternatively, presence of matrilysin could also lead 

to higher levels of functional p4-integrin. An increase in p4 has been observed in 

squamous cell carcinomas, which also express matrilysin (39), and was associated with 

increased cell {nx3lifeFation( 183). This would be consistent with a function for matrilysin 

postulated eaiiier in this dissertation. 

Taken together, the data presented here demonstrate that purified P4, but not a6 or 

pi integrin, is a substrate for matrilysin in vitro. Degradation resulted in generation of a 

speciflc and probably cell-surface associated fragment of 90 kD which was different from 

fragments obtained with trypsin or calpain. Although the experiments in Figures 27 and 28 

suggest that matrilysin may also participate in the processing of both HMW p4 and ^4 on 

intact cells, it is clear that more research is required to determine whether degradation of p4 

integrin by matrilysin does occur in vivo. 
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7. CONCLUSIONS 

In this dissertation, a variety of functions of matrilysin were analyzed. The 

distribution of MMPs in prostate tissue was determined in Chapter 3. In Chapters 4 to 6, 

degradation of substrates from very different classes of proteins by matrilysin were 

demonstrated. 

The functions of matrilysin, MT-MMPl and gelatinase A in prostate tissue 

investigated here are summarized in Rgure 29. Very high amounts of matrilysin are made 

in ducts surrounded by inflammatory cells. Gelatinase B, synthesized by the inflammatory 

cells, now czm be activated by matrilysin. Both enzymes can participate in remodeling 

processes that may be required because of the tissue destruction associated with 

inflammation. Considering that matrilysin has a very broad substrate specificity, its 

presence in ducts could also prevent them from "clogging", especially, if lots of foreign 

material that had caused inflammation needed to be removed. This hypothesis is supported 

by the finding that matrilysin appears to be secreted into the lumen of the ducts (Figure 5 

and 29). Furthermore, fibronectin fragments generated by matrilysin could function as 

opsonins for bacteria, which would facilitate their removal by macrophages (184). 

Considering that matrilysin is expressed in very high amounts in the entire luminal cell 

layer, but made only focally in cancer, its expression in these inflamed ducts is likely to be 

associated with its "normal" function and can be regulated, for example by ILip (138). The 

focal expression pattern may be caused by alterations during carcinogenesis (see below). 

In normal prostate glands, no matrilysin can be detected, whereas gelatinase A was 

expressed in both benign and malignant tissue. This suggests that the proteolytic activity of 

gelatinase A may be controlled by a posttranscriptional mechanism, for example activation 

by MT-MMPl, which was found to be expressed at low levels in 34% of the cases 
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examined. Presence of active gelatinase A would allow remodeling processes expected to 

occur to some extent in normal prostate tissue. 

Both matrilysin (in 56% of the cases) and MT-MMPl (in 88% of the cases) were 

expressed in various amounts in PIN lesions. Gelatinase A is expected to be in its active 

form in the cases positive for MT-MMPl, which may be constitutively active once it is 

expressed on the cell surface. Although experimental evidence of the activation mechanism 

for MT-MMPl is still lacking, it may be processed by an intracellular protease, furin, in an 

obligate intracellular proteolytic event, as has been suggested for stromelysin 3 (185). The 

MT-MMPs and stromelysin 3 are so far the only MMPs described containing a "furin-

recognition motif* (19). Expression of MT-MMPl, gelatinase A and matrilysin in PIN is 

consistent with their proposed function in tissue remodeling and cell proliferation. PIN 

lesions that will progress to cancer may be the ones that express high amounts of MMPs 

(Figure 8C). 

The PIN to cancer progression is characterized by a loss of basal cells and ^4-

integrin. 94% of the cancer cases examined expressed matrilysin focally in some of the 

carcinomatous glands. Why matrilysin is synthesized in some cells, but not in others, is not 

known. However, it might be explicable with the multistage model of carcinogenesis. 

Inactivation of a mechanism that suppresses matrilysin expression in a cancer cell would 

lead to synthesis of the enzyme, which could give the cell a proliferative advantage. One 

mechanism by which matrilysin can normally be suppressed is by transforming growth 

factor p (TGpp). In a recent study (53), relevance of MMP suppression by TGpp in 

carcinogenesis has been demonstrated. In this publication, metastatic versus primary mouse 

prostate cancer draived cell lines were compared. The metastatic cells secreted increased 

amounts of TGFpi, but had lost their TGFpi-mediated growth inhibition. Instead, they 

responded to TGppi by increased secretion of gelatinase B. Alterations in TGPpi-

responsiveness could lead to both matrilysin and gelatinase B induction. Taking into 
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account however, that besides in the inflammatory cells, no significant amounts of 

gelatinase B were detectable in primary prostate carcinoma (40), gelatinase B expression 

may be a later step during the invasion process. Yet, once gelatinase B is made, it could be 

activated by matrilysin. 

Both MT-MMPl and gelatinase A were present in all the cancer cases investigated, 

which suggests that gelatinase A was present in its active form. Both active gelatinase A 

and matrilysin have been implicated in cell proliferation and tumor cell invasion. 

Considering that matrilysin is secreted to the luminal side of the cancer cells (Figure 5), not 

into the stromal side where it could participate in the invasion process, the following model 

is proposed: MT-MMPl present on the cancer cells activates gelatinase A synthesized by 

the stromal cells. Active gelatinase A degrades components of the basement membrane and 

allows migration into the interstitial stroma. If the migrating cell synthesizes matrilysin, the 

enzyme now can diffuse into the stroma, and degrade fibronectin fibrils. The fragments 

generated could facilitate migration and lead to the induction of specific gene expression. 

Degradation of fibronectin fibrils may also lead to the release of growth factors otherwise 

inaccessible to the cells (148). Moreover, loosening of the matrix is thought to facilitate 

both cell growth and migration, which is restricted in a completely assembled ECM (113). 

In addition, matrilysin may also degrade p4 integrin and affect ligand binding and signaling 

processes (118), thereby further modifying the cell's behavior. 

The substrates degraded by matrilysin appear very diverse at the first view. 

However, analysis of known cleavage sites for matrilysin from the literature lead to 

identification of a possible recognition motif which is also present in gelatinase B, 

fibronectin, and the p4 integrin subunit The peptide sequences hydrolyzed by matrilysin 

are summarized in Table 7. Putative cleavage sites within fibronectin and p4 are also 

shown. 
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Figure 29: Summary of the function of matrilysin, MT-MMPl, gelatinases 

A and B in iiuman prostate tissue. 

Expression of matrilysin, MT-MMPl, gelatinases A and B in a duct surrounded by 

inflammatory cells, a normal gland, a PIN lesion and a carcinomatous gland are shown 

schematically. Findings demonstrated in this dissertation are listed in bold letters. 

Conclusions from these data combined with information from the literature are written in 

plain letters, •.matrilysin; o, active gelatinaseB; o, MT-MMPl; c=i, active gelatinase 

A. For further explanations see text 
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deferred sequences for cleavage by matrilysin were determined in studies with 

synthetic oligopeptides (186). In a P^-P^-P^-Pl -P^ '-p3 '-peptide, with hydrolysis taking 

place between the amino acids pl^ and plmatrilysin preferentially cleaved substrates with 

proline (P) at the P^-position, a hydrophobic residue at p2, methionine (M), alanine (A), 

proline or tyrosine (Y) at pl, leucine (L) or isoleucine (I) at P^', followed by a 

hydrophobic amino acid in P^' and methionine at P^The most essential residue for 

cleavage by matrilysin in all substrates appears to be the leucine or isoleucine in the pl 

position. 

Taking this into account, the proposed cleavage site at the bond in 

integrin p4 (Table 7) appears to an excellent substrate for matrilysin. This is of particular 

interest because cleavage would occur in close proximity to the ligand binding domain 

(187). A second putative cleavage site could also be localized to the extracellular domain of 

P4 Furthermore, since methionine in the ' position was shown to be the 

preferred residue for matrilysin, but not for gelatinases A and B (186), hydrolysis within 

these sequences may be specific for matrilysin. Presence of this motif within the 

extracellular domain of p4 supports the hypothesis that matrilysin does cleave this integrin 

subunit in vivo. The 90 kD fragment observed in Figure 24 A could be the result of 

cleavage at one of these sites by matrilysin and proteolysis by another protease 90 kD 

downstream from that site. 

The sequences for pi and a6-integrin were also examined. In pi, no potential 

cleavage site for matrilysin was found, consistent with our experimental observations 

(Rgure 26). In the a6 subimit, hydrolysis at I^^' and possibly at would be expected 

according to the suggested cleavage motif. However, both residues are located in areas 

close to intramolecular disulfide bonds which lead to the formation of a tertiary structure 
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Table 7: Peptide sequences and putative sequences hydrolyzed by 

matrilysin 

substrate 

entactin 

aggrecan 

prourokinase 

progelatinase 

cleavage site 

G-L35SFYDR 

G-L276EDVATP 

A-L638QNP.YIG 

C-I748YMGG 

L-L26 

E- l144 

BPGD-L16RT 

reference 

(172) 

(188) 

(189) 

(22) 

fibionectin 

P4-integrin 

putative cleavage site 

HAE-L516YM 

M?F-I2190?m 

DDE-L2218HM 

HLL-L2261HM 

LKT-L2519SM 

DLY-llO^LM 

SDG-L417KM 

Cleavage by matrilysin takes place amino terminal to the numbered residue. 

The number corresponds to the amino acid number according to the corresponding 

reference. Aminoacids are indicated in the one letter code. Potential cleavage sites were 

identified by visual inspection of the amino acid sequence in flbronectin and p4 integrin and 

comparison to the "motif" described in the text 
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that may protect a6 from proteolysis by matrilysin (101). This could explain why cleavage 

of a6 was not observed in Rgure 26. 

The matrilysin-sensitive sites identified in the fibronectin sequence (Table 7) were 

in agreement with the experimental observations in Chapter 5. Hydrolysis at l2190 

l2218^ ]_226l^ and \J5\9 within the 2560 residue fibronectin subunit correlates well with 

the generation of the 30, 33, and 36 icD fragments recognized by the antibody against the 

C-terminal heparin binding domain. Cleavage at is consistent with the generation of 

the 58 kD fragment detected by the antibody that binds close to the gelatin binding domain. 

Sequencing of the amino terminus of gelatinase B after incubation with matrilysin also 

confirmed hydrolysis within the "matrilysin recognition motiP (22). 

In simmiary, the data presented and discussed in this dissertation demonstrate that 

matrilysin possesses a variety of functions and can participate in both benign and malignant 

processes. Considering that the highest amounts of matrilysin described today are found in 

tissues undergoing highly regulated processes, i.e. in cycling endometrium (43), during 

inflammation (136) or in developmental procf^sse^s (39), its expression underlies very 

controlled mechanisms. Perturbation of these mechanisms may lead to aberrant expression 

of matrilysin and contribute to carcinogenesis. 
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APPENDIX: 

PUBLICATIONS AND ABSTRACTS 

A: Manuscripts: 

1. von Bredow, D. C., Nagle, R.B., Bowden, G.T., and Cress, A.E. 1995. 
Degradation of fibronectin fibrils by matrilysin and characterization of the 
degradation products. Experimental Cell Research. 221:83-91. 

2. von Bredow, DC, Cress, AE, Howard, EW, Bowden, GT, and Nagle, RB: 
Activation of gelatinase/TIMP complexes by matrilysin 
Manuscript in preparation 

3. von Bredow, DC, Ellerson, D, and Nagle, RB: 
Membrane type matrix metalloproteinase in prostate cancer 
Manuscript in preparation 

4. Liu, X, Hao, J, Yang, Y, von Bredow, DC, McDaniel, BC, Cress, AE, and Nagle, RB 
Abnormal expression of the a6^4 integrin in human prostate cancer 
Manuscript in preparation 
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B: Abstracts 

I. Activation of gelatinases by matrilysin in the presence of their tissue 

inhibitors of metaiioproteinases (TIMPs) 

(presented at the Conference of the American Association of Cancer Research in 

Washington, DC, 1996) 

von Bredow, D.C., Cress, A.E., Bowden, G.T., *Howard, E.W., Nagie, R.B. 

University of Arizona, Tucson, AZ 85724, and 'University of Oklahoma, 

Oklahoma City, OK 73190. 

Matrix meiailoproteinases(MMPs) are involved in many normal and pathological 

processes that require remodeling of the extracellular matrix. MMPs occur in a pro- and an 

active form. Active MMPs can be inhibited by TIMPs. We investigated here if matrilysin 

can activate gelatinase/TIMP complexes. Incubation of progelatinase B/TIMPl complex 

with active matrilysin resulted in 78 and 68 kDa polypeptides as shown by inununoblotting 

and zymography. Preincubation of geiatinase B/TIMPl complex with matrilysin also 

resulted in an increased degradation of ^H-gelatin. Conversion of progelatinase B into a 78 

kDa form by matrilysin could also be demonstrated in the conditioned media of phorbol-

ester treated HT1080 cells. In contrast, matrilysin was unable to proteolytically cleave 

geiatinase A/TIMP2 complex in vitro or in the conditioned media of human fibroblasts. 

However, extended incubation with matrilysin allowed proteolytic processing of the 62 

kDa active form of geiatinase A present in the conditioned media of phorbol-ester treated 

HT1080 cells. The data presented here suggest that matrilysin participates in a proteolytic 

cascade and can activate other MMPs in the presence of TIMP. (supported by CA 5666-02, 

CA 23067 and ADCRC 822701). 
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2. Matrilysin activates the 92 kDa coilagenase type IV, but not the 72 

kDa coilagenase type IV or promatrilysin 

(presented at the Conference of the American Association of Cancer Research in 

Toronto, Cananda, 1995) 

von Bredow, DC, Cress, AE, Bowden, GT, *Howard, EW, and Nagle, 

University of Arizona, Tucson, AZ 85724, and ^University of Oklahoma, 

Oklahoma City, OK 73190. 

Matrix metailoproteinases are involved in inflammatory processes, ceil migration, 

timior invasion and metastasis. To degrade their substrates, metailoproteinases need to be 

activated, possibly by a proteolytic cascade. We investigated here whether active matrilysin 

was able to acdvate the latent type IV coilagenase or promatrilysin. Incubation of the 92 kD 

type IV coilagenase with active matrilysin over a period of 18 hours showed a partial shift 

in molecular weight after 30 minutes of incubation. After 5 hours, the entire amount of 92 

kD type IV coilagenase was converted into an 82 kD form, as shown by immunoblotting 

and substrate gel electrophoresis. Upon incubation with APMA, a shift in molecular weight 

could only be observed after 18 hours. Similar experiments with the 72 kD type IV 

coilagenase showed no activation of this protease by matrilysin over a period of 18 hours. 

Active matrilysin did not appear to activate promatrilysin. In vivo experiments with human 

fibroblasts to confirm these in vitro data are in progress, (supported by CA 5666-02, CA 

23067 and ADCRC 822701) 
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3. Degradation of flbronectin flbrils by matrilysin and characterization of 

the degradation products. 

(presented at the Conference of the American Society of Cell Biology, San 

Francisco, CA, 1994) 

von Bredow, D. C., Nagle, EtB., Bowden, G.T., and Cress, A.E.: University of 

Arizona, Tucson, AZ 85724. 

Matrilysin is a metalloproteinase expressed in a variety of tumors as well as in some 

type of normal tissue. In addition to regulating normal tissue remodeling, 

metalioproteinases are believed to play a role in tumor cell invasion and metastasis by 

degrading components of the extracellular matrix, for example the highly insoluble 

flbronectin fibrils found in the interstitial stroma. In this study we examined whether 

matrilysin can degrade flbronectin fibrils produced by human foreskin fibroblasts and 

characterized the degradation products of soluble fibronectin. Using indirect 

immunofluorescence microscopy, we demonstrated for the first time degradation of the 

flbronectin fibrils upon incubation with 15 nM active matrilysin. Removal of matrilysin 

resulted in regrowth of the fibrils, suggesting that matrilysin was not cytotoxic and that the 

sites required for fibril assembly were still intact Immunoblotting with specific monoclonal 

antibodies revealed initial degradation of fibronectin within one hour. Further degradation 

occurred over a period of 20 hours. Fibronectin degradation resulted in one fragment of 58 

kO containing the gelatin binding domain, two fragments of 37 and 38 kD which were part 

of the cell attachment domain, and three fragments of 36,33 and 30 kD recognized by an 

antibody raised against the C-terminal heparin-binding domain. Isolation of these stable 

fragments may allow further studies to determine their influences on ceil migration, 

attachment and signal transduction which are expected to be different from the effects of 

undegiaded flbronectin. 
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4. Degradation of laminin by human matrilysin (PuMP-1). 

(presented at the Conference of the American Association for Cancer Research. San 

Diego, CA, 1992) 

von Bredow, DC, Powell, WC, *Navre, M, Bowden, GT, Nagle, RE, and Cress, 

AE; University of Arizona, Tucson, AZ 85724, and *Syntex Corp., Palo Alto, CA 

94304. 

The substrate specificity of matrilysin (PuMP-1) was investigated using purified 

lamimn. fibronectin, collageni, collagen IV and gelatin. The preferred extracellular mattix 

substrates were fibronectin followed by laminin and to a lesser extent, collagen I and IV. 

The digestion of lamimn was best at pH 9.0, suggesting that the solubility of the substrate 

can influence the extent of digestion by PuMP-1. Using gelatin as a substrate, the pH-range 

for PuMP-1 is 6.0-9.6. Seven major laminin digestion products were observed 

corresponding to apparent MW = 185, 125, 80, 64,58, 45 and 38 kD under reducing 

conditions. Fibronectin was cleaved into eight major fragments of 145, 119, 110, 70, 59, 

52,45 and 36 kD as seen under non-reducing conditions. Collagen I was degraded to 105, 

59 and 37 kD, and collagen IV was degraded to 105, 76 and 53 kD fragments. These data 

suggest that matrilysin (PuMP-1) is capable of degrading the extracellular matrix 

components laminin and collagen I in addition to fibronectin and collagen IV. (Supponed in 

part by ACS grant PDT-388). 
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