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Abstract 

Prostate cancer (PCa) represents the most frequently diagnosed cancer and the second 

leading cause of cancer death in males. Initial development and progression of the disease 

is mainly regulated by androgens. However, the pathology of the disease may progress to 

a loss of hormone dependence, resulting in rapid growth and a metastatic phenotype.  

 

Invasion and metastasis of tumour cells results from the degradation of the basement 

membrane (BM) and extracellular matrix (ECM). The degradation of the BM and ECM is 

in part mediated by a family of proteinases called the matrix metalloproteinases (MMPs). 

Currently more than 20 members of the MMP family have been identified and they are 

further divided in to sub-classes according to their protein structure. Collectively, MMPs 

are capable of degrading essentially all ECM components. High expression of some 

MMPs correlates with a malignant phenotype of various tumours. 

 

This study focused on the expression and regulation of a sub-class of MMPs called the 

membrane-type MMPs (MT-MMPs) in PCa. To date 6 MT-MMPs have been identified 

and they are characterized by a transmembrane domain, followed by a short cytoplasmic 

tail (MT1-, MT2-, MT3- and MT5-MMPs) or a glycosylphosphatidylinositol (GPI) 

moiety (MT4- and MT6-MMPs). MT-MMPs are thought to play a key role in tumour cell 

invasion by virtue of their ability to activate MMP-2 (a secreted MMP, which is 

implicated in many metastatic tumours) and their direct degradation activity on ECM 

components. 

 

Elevated MT-MMP expression has been shown in breast, colon, skin, stomach, lung, 

pancreas and brain cancers. Until very recently there had been no studies conducted on 

MT-MMPs in PCa. The few studies preceding or occurring in parallel with this one, have 

mainly reported the mRNA expression of these enzymes in PCa. Most studies have 

focused on MT1-MMP.Thus, at the commencement of this project there were many 

unexplored aspects of the expression and regulation of the broader MT-MMP family in 

PCa. 
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The aims of this study were to examine: 1 a)  The expression of MT-MMPs in prostate 

cancer cell lines using RT-PCR and  western blot analysis and b) expression of MT1-

MMP and MT5-MMP in BPH (benign prostatic hyperplasia) and PCa  clinical tissue 

sections by immunohistochemistry. 2) The regulation of MT1-MMP, MT3-MMP and 

MT5-MMP in PCa cell lines by Concanavalin A (Con A), phorbol-12-myristate 13-

acetate (PMA), dihydrotestosterone (DHT) and insulin-like growth factors I and II (IGF I 

and IGF II) using western blot analysis. 

 

In this study RWPE1, a transformed but non-tumorigenic prostate cell line was used as a 

“normal” prostate cell model, ALVA-41 and LNCaP as androgen-dependent PCa cell 

models and DU-145 and PC-3 as androgen-independent PCa cell models. 

 

The mRNA expression for the 6 MT-MMPs was determined by RT-PCR. The results 

indicate that MT1- and MT3-MMP were detected in all cell lines. This is the first study to 

report MT1-MMP mRNA expression in LNCaP cells and MT3-MMP mRNA in DU-145 

cells. MT2-MMP mRNA was detected in only LNCaP and DU-145 cells, whilst MT5-

MMP was detected in PC-3, DU-145 and LNCaP cells. Interestingly, MT2-, MT4-, MT5- 

or MT6-MMP mRNA expression was not detected in the “normal” cell line RWPE1, 

perhaps indicating an induction in gene transcription in tumour cells. MT4-MMP mRNA 

was only detected in the androgen-independent cell lines, indicating a potential role in the 

invasion and metastasis processes of the aggressive androgen-independent PCa. In this 

study, very low expression of MT6-MMP was detected only in LNCaP and DU-145 cells. 

Previously there had been no reports on the expression of MT6-MMP in the normal or 

cancerous prostate. 

 

Due to the mRNA of MT1-, MT3- and MT5-MMPs being the predominant MT-MMPs 

expressed in the current study, and the availability of suitable antibodies against them, the 

protein expression of these three MT-MMPs was studied by western blot analysis. MT1-, 

MT3- and MT5-MMP protein expression was detected in the cell lysates and conditioned 

medium (CM) of RWPE1, LNCaP and PC-3 cells. For each MT-MMP, various protein 

species were detected including putative proforms, mature (active) forms, processed or 
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fragmented forms as well as soluble or shed forms. The presence of soluble or shed forms 

of MT-MMPs in the CM of cultures of “normal” and PCa cells could imply one of the 

following mechanisms: ectodomain shedding by either extracellular sheddases, the 

secretion of intracellular processed proteins without the transmembrane domain, the 

release of membrane vesicles containing membrane-bound enzymes, or the presence of 

alternatively spliced mRNA, which gives rise to MT-MMPs without a transmembrane 

domain. Further characterization of these various forms, including their amino acid 

sequence, is required to fully elucidate their structural composition. 

 

 Despite the detection of the mRNA, we did not detect the cell-associated proteins of 

MT1-MMP and MT5-MMP and only very low expression of MT3-MMP in DU-145 cells 

(CM of DU-145 cells were not screened for soluble forms of the enzymes). This is the 

first study to report MT5-MMP expression at the protein level in prostate derived cell 

lines. 

 

 Immunohistochemistry was carried out on benign prostatic hyperplasia (BPH) and PCa 

clinical tissues using MT1- and MT5-MMP antibodies to determine their cellular 

localisation in benign and cancer glands.  MT1- and MT5-MMPs were expressed in BPH 

and moderate and high grade PCa. MT1-MMP expression was highest in moderate grade 

cancer compared to BPH and high grade cancer. MT1-MMP expression was 

predominantly observed in the cytoplasm of secretory epithelial cells of both benign and 

cancer glands, although in cancer glands, some nuclear staining was also observed. 

Stromal expression of MT1-MMP was only observed in high grade cancer. 

 

This study is the first to report the immunolocalization of MT5-MMP outside the brain 

and in kidneys of diabetic patients. MT5-MMP was predominantly expressed in the 

cytoplasm of the secretory cells in benign glands. In the cancer glands, staining was 

heterogeneous with low to intense staining, mainly in the nuclei, plasma membrane and 

cytoplasm of secretory epithelial cells. Stromal expression of MT5-MMP was only 

observed in cancer tissues, particularly in high grade cancer. 
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To study the regulation of MT-MMPs in PCa, we treated LNCaP and PC-3 cells, with 

either Con A, PMA, DHT or IGF-I and –II and studied the protein expression of MT1-, 

MT3- and MT5-MMPs by western blot analysis. Con A and PMA have been shown to 

stimulate MMP expression in other cell systems. 

 

 Con A treatment showed a general increase in the protein expression of MT1-, MT3- and 

MT5-MMPs. By far the greatest induction by Con A observed was the nearly 4 fold 

increase in MT5-MMP expression caused by 40µg/mL Con A treatment of PC-3 cells. 

PMA treatment of LNCaP and PC-3 cells appeared to increase shedding or secretion of 

all three MT-MMPs in to the CM. This increase in the soluble forms corresponded to a 

decrease in cell-associated forms in LNCaP cells. Treatment of LNCaP with DHT alone 

and treatment of LNCaP and PC-3 cells with IGF-I and -II alone failed to detect any 

change in expression of MT1-MMP. 

 

The information gathered in this study on MT-MMPs with respect to cellular localization, 

expression levels and regulation by growth factors or chemicals that mimic their actions, 

will aid in our understanding of the role of MT-MMPs in PCa. This study provides strong 

preliminary data for further research, particularly with respect to functional studies of 

MT-MMPs in PCa. Understanding the processes which govern the actions of such 

proteins as these will provide potential insights into development of new management 

and therapeutic regimens to prevent cancer progression. 
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1.1 Introduction 

Prostate Cancer (PCa) is the most common cause of non-cutaneous cancer in men, and 

although frequently latent, it is the second leading cause of cancer death in males in the 

Western world (Cussenot and Cancel-Tassin, 2004). There is still no cure for men with 

the advanced form of the disease. In its initial stages, the development and progression of 

PCa are mainly regulated by androgens. However, this pathology may eventually 

progress to a condition in which hormone dependency is lost and the tumour will undergo 

rapid growth and expression of a metastatic phenotype (King, 2000). 

 

The extracellular matrix (ECM) surrounding the organ must be degraded before cancer 

cells can invade and metastasize. Matrix metalloproteinases (MMPs) are members of a 

multi-gene family of zinc dependent endopeptidases collectively capable of degrading 

essentially all ECM components (Egeblad and Werb, 2002). To date more than 20 

members of the MMP family have been identified and they are grouped in to various sub-

classes according to their protein structure (Egeblad and Werb 2002). However, there are 

two major types of MMPs: secreted MMPs and membrane-bound MMPs .This review 

will focus on the membrane-type MMPs (MT-MMPs). 

 

MT-MMPs were first discovered as potential cell-surface mediated activators of 

proMMP-2, a proteinase implicated in the invasiveness of a number of tumours (Sato et 

al., 1994). Currently 6 MT-MMPs have been identified. By virtue of the ability of MT-

MMPs to activate proMMP-2 and to degrade some ECM components, these enzymes 

appear to be involved in tumour-derived ECM degradation (Hernandez-Barrantes, 2002). 

 

This review will outline the regulation of normal and malignant prostate gland and 

prostate tumour invasion via ECM degradation by MMPs (with an emphasis on MT-

MMP expression and regulation in tumours). 
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1.2.1 Prostate Gland 

The prostate gland is a small, muscular, rounded organ with a diameter of about 4 cm 

(Martini, 1998). It encircles the part of the urethra, just inferior to the bladder (Marieb, 

1998) (Figure 1.1A). 

The prostate has a dual functional role in that it is both a urethral gland and an accessory 

sex gland. The prostate gland contracts rhythmically and secretes prostatic fluid, which 

accounts for up to one third of the semen volume (Huether and McCance, 1996). The 

alkaline pH of prostatic fluid in semen neutralises the acidity of the fluids in the female 

vagina after ejaculation, and greatly enhances the fertility and the motility of the sperm 

(Huether and McCance, 1996). 

 

 
 

Figure 1.1A Prostate gland 

Figure adapted from the web site (www.umm.edu/prostate/panat.htm) of the University of 

Maryland Medicine, last updated, 2003. 

 

The human prostate is a complex organ consisting of three principal zones: peripheral, 

central and transitional (Figure 1.1B). The peripheral zone comprises about 70% of the 

mass of the normal glandular prostate mass (McNeal, 1998). Most adenocarcinomas 

develop in the peripheral zone (Ware, 1994). The central zone surrounds the ejaculatory 
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duct and makes up about 25% of the glandular prostate mass (McNeal, 1998). It is rarely 

the site of tumour development. The transitional zone contains only about 5% of prostatic 

glandular tissue and it is the region proximal to the prostatic urethra. Most examples of 

benign prostatic hyperplasia (BPH) arise in this region (Ware, 1994). 

 

 
 

Figure 1.1B Zonal anatomy of the prostate gland 

PZ- Peripheral zone; CZ- Central Zone; TZ- Transitional Zone, adapted from Kirby et 

al., 2001. 

 

Histologically, the prostate organ consists of glands and ducts lined by three types of 

epithelial cells; basal, secretory, and neuroendocrine (McNeal, 1998; Ware, 1994).  Basal 

cells are the most likely stem cells of the prostate (Srigley et al., 1998). Prostatic basal 

cells contain a subset of reserve or stem cells that are capable of dividing and 

replenishing the prostatic epithelium and differentiating into other cell types, such as 

secretory cells (Bostwick and Devaraj, 1998). The prevailing epithelial cell type is the 

secretory luminal cells (McNeal, 1998). The neuroendocrine cells are a minor cell 

population scattered throughout the basal layer and provide paracrine signals able to 

support the growth of the secretory cells (Aumuller et al., 2001).  Prostatic glands and 

ducts extend throughout a fibromuscular complex, designated the stroma, which is itself 

composed of multiple cell types (eg, fibroblasts, smooth muscle cells) (Ware, 1994).  A 

basement membrane (BM) separates epithelial cells from fibroblast and smooth muscle 

stroma, containing capillaries and extracellular matrix (ECM) (Ware, 1994). 
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1.2.2 Regulation of the Prostate Gland 

Androgens and a variety of growth factors regulate the prostate gland. It has been shown 

that development and growth of the prostate are clearly androgen dependent (Aumuller et 

al., 1998b). It is also known that the prostate gland requires androgens during 

organogenesis (Aumuller et al., 1998b). Androgenic steroids are essential for the 

development and maintenance of the male phenotype. Testosterone, the predominant 

androgenic steroid hormone, is produced in testicular Leydig cells, under the control of 

the glycoprotein lutenizing hormone (LH). Testosterone is metabolised, within the target 

cells, to the more active androgen 5α-dihydrotestosterone (5α-DHT) (Aumuller et al., 

1998a). 

 

The biological functions of androgens are mediated through the androgen receptor (AR).  

AR binds both testosterone and 5α-DHT, with a much higher affinity for the latter 

(Aumuller et al, 1998a). AR belongs to a family of nuclear receptors, which function as 

transcription factors (Gregory et al., 1998). The activated receptor binds to specific 

nucleotide sequences known as androgen response elements (ARE), and interacts with 

other factors to control transcription of androgen -regulated genes, thereby stimulating 

development and function of the male reproductive tract (Gregory et al., 1998). 

 

In the developing prostate only the stromal cells express AR (Russell et al., 1998). 

However in the normal and adult prostate, AR is mainly found in the epithelium with 

lower expression in stromal cells (Lee, 1996; Chung et al., 1991). In PCa, AR expression 

in the epithelium is heterogeneous, with decreasing levels associated with less 

differentiated cancers (Sadi et al., 1991; Chodak et al., 1992).  

 

The following growth factors and their receptors are also found in the human prostate and 

are implicated in the control of prostate epithelial cell proliferation: insulin-like growth 

factor -I and II (IGF-I and II), epidermal growth factor (EGF), transforming growth factor 

α and β (TGFα and TGFβ), basic fibroblast growth factor (bFGF), nerve growth factor 

(NGF), platelet-derived growth factor (PDGF) and keratinocyte growth factor (KGF) 

(Ware, 1994; Aumuller et al, 1998b).  These growth factors, apart from being in the 
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circulation, are also locally produced by either prostatic epithelial cells or surrounding 

stromal cells. 

 

IGF-I and IGF-II are small molecular weight peptides, which influence the growth and 

differentiation of many different cell types (Reichler et al., 1990).  Their growth 

promoting effects are mediated by binding to specific surface receptors (IGF-R). IGF-I is 

more effective than IGF-II in promoting prostatic epithelial cell proliferation (Cohen et 

al., 1991).  In the circulation, IGFs exist primarily as complexes with a class of 

homologous proteins known as IGF-binding proteins (IGFBPs), which modulate 

hormonal activity both in vivo and in vitro (Clemmons et al., 1998). IGFBPs regulate the 

availability of free IGFs for interaction with IGF receptors (Djavan et al., 2001) and have 

been shown to have direct, IGF-independent effects on some cell types (Mohan and 

Baylink, 2002). Six distinct IGFBPs have so far been identified and characterised 

(Clemmons et al., 1998; Shimasaki and Ling, 1991).  In the prostate, the principal species 

which have been demonstrated are IGFBP-2, -3 and - 4 (Cohen et al., 1992; Perkal et al., 

1990). 

 

EGF and TGFα, both of which induce cellular responses through the EGF receptor 

(EGFR), are potent mitogens for prostatic epithelial cell growth in vitro (Pheel et al., 

1989; Byrne et al., 1996; Itoh et al., 1998a).  Primary Synthesis of TGFα is believed to be 

in the stroma (Cohen et al., 1994; Sherwood et al., 1998).  Prostatic fluid contains one of 

the highest concentrations of EGF in the human body (Elson et al., 1984; Gann et al., 

1999). EGF is produced by secretory cells and released into the lumen of the prostatic 

duct (Glynne-Jones, 1996). Other mitogenic growth factors involved in prostatic growth 

are bFGF, NGF, PDGF and KGF (Aumuller et al., 1998). Prostate is the most abundant 

source of NGF outside the nervous system (Pflug et al., 1995). 

 

Well known inhibitors of prostatic cell growth include TGFβ and vitamin D. TGFβ is 

produced by the prostatic epithelial cells and inhibits their growth (Rimler et al., 1999). 

Also, exogenous TGFβ added to prostatic stromal cell cultures, generated from human 

prostatectomy specimens, resulted in inhibition of cell growth (Klinger et al., 1999).  
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Vitamin D (1,25-dihydroxy vitamin D3) is a principal mediator of bone and mineral 

metabolism.  It also serves as a modulator of cell proliferation and differentiation in both 

normal and malignant cells (Reichel et al., 1989; Pols et al., 1990).  Vitamin D receptors 

are present on both epithelial and stromal cells and it inhibits their growth. 

 

1.2.3 Prostate Cancer  

Prostate tumours are mostly adenocarcinomas of luminal epithelium (King, 2000). It is a 

heterogeneous disease, which may be indolent and therefore not require intervention, 

may remain localized to the prostate gland, but be clinically significant, or may be 

invasive and metastatic, primarily to lymph node and bone (Kantoff et al., 1997; Yoneda, 

1998). 

 

Inherited genes known to be involved in PCa include BRCA1 and HPC1 and sporadic 

gene changes observed in PCa include mutations in AR, β-catenin, telomerase, p53, 

CD44, E-cadherin, Rb and ras genes (Ruijter et al., 1999; Gonzalgo and Issacs, 2003). 

  
Prostate tumours develop primarily within the glandular epithelial cell population of the 

peripheral zone.  As the cancer progresses, it produces a nodular lump or swelling on the 

prostate surface (Martini, 1998). During the complex multi-step process of tumour 

progression, prostate cancer is initiated as an androgen-dependent, non-metastatic 

tumour. In time some of these tumours show a gradual transition into a highly metastatic 

and androgen-independent phenotype (Xing et al., 1999).   

 

1.2.4 Regulation of Prostate Cancer 

Prostate cancer cell growth results from a deregulation and imbalance of the normal 

processes of cell proliferation (mitogenesis) and cell death (apoptosis). Prostate tumour 

progression is accompanied by the abnormal regulation of multiple growth factors and 

hormonal networks, as well as the disruption of normal patterns of cell-cell interactions 

(Ware, 1994). 
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The biochemical and the molecular mechanisms involved in the transition from non-

metastatic androgen-dependent prostate cancer to androgen-independent tumour 

progression are still not clearly understood. As prostate cancer growth in the early stages 

is enhanced by androgens, the mainstay of therapy has been androgen ablation by 

pharmaco-therapeutic or surgical means. However, for patients who develop androgen- 

therapy- resistant prostate cancer, the therapeutic options remain limited (Armanatullah et 

al., 2000). To understand the mechanisms for acquiring androgen-independence is one of 

the most important themes both for clinical treatment and basic studies of prostate cancer 

(Kuratsukuri et al., 1999). 

 

A variety of mitogenic growth factors, cytokines, inhibitors, proteases (kallikreins, 

MMPs), and local factors also affect cell proliferation and cell death in prostate cancer.  

The IGF axis, in particular, is recognised as one of the most important contributors to the 

mitogenic processes for both normal and cancer cells, including prostate cancer (Cardillo 

et al., 2003). The IGF axis is fully functional in the prostate as an autocrine / paracrine 

regulatory system (Macaulay, 1992). Serum IGF-I levels have been correlated with 

prostate cancer risk (Chan et al., 1998). IGFBPs, which bind IGFs and modulate their 

actions, have been shown to be produced by  prostate cancer cells (Srinivasan et al., 

1996). IGFBP-2 has been shown to increase and IGFBP-3 decrease in malignant prostatic 

tissue (Tennant et al., 1996). 

 

Hepatocyte growth factor (HGF) and gastrin releasing peptide (GRP) have also been 

shown to increase invasiveness of PCa cell lines in vitro (Nagakawa et al., 1998; 

Nishimura et al., 1998). HGF also induced the cellular proliferation and scattering in the 

DU-145 androgen independent prostatic cancer cell line (Peter et al., 1995). GRP is a 

peptide produced by prostatic neuroendocrine cells (DiSantAgnese, 1992). Antagonists of 

GRP receptor have been shown to inhibit the growth of a number of PCa cell lines 

(Milovanovic et al., 1992; Jungwirth et al., 1997). 

 

Two prominent inhibitors of prostate cancer are TGFβ and vitamin D. Although TGFβ 

inhibits the proliferation of normal prostate cells and functions as a tumour suppressor in 
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early tumorigenesis, it acts as a tumour promoter in later stages of tumour progression 

(Bello-DeOcampo and Tindall, 2003). The possibility that Vitamin D deficiency might 

increase the risk of PCa was first suggested by Schwartz and Hulka, 1990. The authors 

based their hypothesis on the findings that PCa mortality rates in the United States are 

inversely proportional to exposure to ultraviolet irradiation, which is essential for the 

synthesis of Vitamin D. Recent epidemiological studies have suggested that PCa risk is 

decreased by the production of Vitamin D (Stewart et al., 2004). In vitro studies have 

shown that the biologically active form of Vitamin D, 1-α, 25-dihydroxy Vitamin D3 

(1,25D), inhibits proliferation of cancer cells derived from multiple tissues including the 

prostate (Qiao and Tuohima, 2004). Most evidence concerning the role of Vitamin D in 

PCa comes from studies of PCa cell lines (Russell et al., 1998). Proliferation of human 

PCa cell lines PC-3 and LNCaP is inhibited by 1,25D (Skowronski et al., 1993; Drivdahl 

et al., 1995). In LNCaP cells, exposure to 1,25D can neutralize the proliferative effects of 

androgens, suggesting that it is a strong inhibitor of epithelial cell proliferation (Esquenet 

et al., 1996). 

 

As with many tumours, the proliferation of prostate cancer cells is highly regulated via 

autocrine and / or paracrine mechanisms. Deregulation of normal processes of cell 

proliferation and cell death will lead to prostate cancer progression, potentially with 

subsequent passage through the complex processes of tumour cell invasion and 

metastasis. 

 

1.3.1 Invasion and Metastasis 

A distinguishing feature of malignant cells is their capacity to invade surrounding normal 

tissues and metastasise through the blood and lymphatic system to distant organs.  The 

term invasiveness describes the ability of cells to cross anatomic barriers, for example 

basement membrane, interstitial stroma and intercellular junctions that separate tissue 

compartments (Mignatti and Rifkin, 1993).  Invasive processes occur during development 

and in adult organisms, for example trophoblast implantation, formation of blood vessels 

(angiogenesis) and wound repair (Mignatti and Rifkin, 1993). Other invasive processes 
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occur under pathological conditions such as rheumatoid arthritis and tumour development 

(Mignatti and Rifkin, 1993). 

 

Metastasis is the process in which a single or clump of tumour cells break away from the 

primary tumour mass and are carried to distant organs where they implant to form a 

secondary tumour (Pierce,1998).  The establishment of metastases is an important aspect 

of tumour progression and a major cause of morbidity and mortality in cancer patients 

(Miller, 1999).  

 

In order for cancer cells to carry out successful metastasis, a group of cells within the 

primary tumour must invade through the host tissue cells and extracellular matrix (ECM).  

Hence it is imperative that a better understanding of the biology of basement membrane 

(BM) and ECM and their degradation is achieved, so that effective intervention therapies 

maybe developed in this area of tumour biology. 

 

1.3.2 Extracellular Matrix (ECM) 

The extracellular matrix provides a supportive and nutritious environment for the 

development of tissues. It also plays a central role in the structure and maintenance of 

tissue architecture and serves as a physical barrier to limit the migration of most normal 

cells away from their sites of origin. It is now evident that ECM turnover is a critical step 

in tissue remodelling that accompanies many physiological as well as pathological 

processes. The ECM, which consists of BM and underlying interstitial stroma, is the main 

natural defence against tumour growth and metastasis (Miller, 1999). ECM maintenance 

is dependent upon a dynamic equilibrium between synthesis and degradation of matrix 

components. 

 

The ECM consists of a supramolecular aggregate of connective tissue proteins including 

collagens, glycoproteins, glycosaminoglycans (GAGs), and proteoglycans. This 

aggregate of proteins interacts through covalent and non-covalent bonds to form highly 

insoluble materials. Due to the complexity of ECM structure, an array of lytic enzymes is 

necessary for its degradation (Mignatti and Rifkin, 1993). 
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Collagens are the most abundant proteins in the vertebrate body (Rosso et al., 2004).  In 

their native state, the collagens consist of three polypeptide chains (α-chains) wound 

around one another in a triple helix (Mignatti and Rifkin, 1993). So far, 26 genetically 

distinct collagen types have been described (von der Mark, 1999; Myllyarju and 

Kivirikko, 2001; Sato et al., 2002). Types I, II and III are called interstitial or fibrillar 

collagens and are the main types found in connective tissue. The tensile strength in 

tissues is conferred by collagen fibres (Mignatti and Rifkin, 1993). Collagen molecules 

are resistant to most proteinases, except for specific collagenases, which make a single 

cleavage in the molecule. Gelatin is denatured collagen that has lost its typical triple helix 

structure that protects collagen from proteolytic attack (Alexander and Werb, 1991). 

Gelatin may undergo further degradation by gelatinases. 

 

The best-characterised ECM glycoproteins are laminin and fibronectin (Mignatti and 

Riffkin, 1993). Fibronectin and laminin contribute to the molecular architecture of the 

ECM by binding to ECM components (collagens and proteoglycans), and mediating their 

attachment to cells (Mignatti and Rifkin, 1993; Rosso et al., 2004). Laminin and 

fibronectins also bind to receptor proteins (integrins) on the cell surface and play 

important roles in determining cell morphology, differentiation and division and in 

permitting cell locomotion (Timple et al., 2000; Mostafavi-Pour et al., 2003; Schenk et 

al., 2003). 

 

Glycosaminoglycans (GAGs) are linear polysaccharides formed by repeating 

disaccharide units that may contain sulphate groups (Rosso et al., 2004). GAGs account 

for no more that 10% by weight of the fibrous proteins in a tissue. However, they occupy 

a huge volume relative to their mass, because GAGs are strongly hydrophilic and form 

hydrated gels. Consequently GAGs fill most of the extracellular space and provide 

mechanical support to tissues while permitting the rapid diffusion of solutes and the 

migration of cells (Mignatti and Rifkin, 1993). Some examples of GAGs in the ECM are 

hyaluronic acid, chondroitin, dermatan sulfate and heparan sulfate. 
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Most GAGs are found covalently linked to proteins to form high molecular weight 

proteoglycans The degradation of GAGs requires the action of specific glycosidases (eg: 

hyaluronidase) (Mignatti and Rifkin, 1993). However, the protein cores of proteoglycans 

appear to have less specific requirements for degradation and can be hydrolysed by a 

number of broad spectrum proteinases (Mignatti and Rifkin, 1993). 

 

In certain tissues, a network of elastic fibres in the interstitial stroma provides elasticity.  

The main component of elastic fibres is elastin, which is a hydrophobic, non-glycosylated 

protein (Mignatti and Rifkin, 1993).  

 

At the interface between histologically distinct tissues, the ECM forms highly organised 

structures that modulate cell adhesion, differentiation, morphogenesis, mitogenesis and 

cell motility as well as acting as a selective exchange of molecules between cells and 

interstitial fluids. Prototypes of these structures are those located at the dermal-epidermal 

junctions and beneath capillary endothelium (Mignatti and Rifkin, 1993). 

 

Basement membrane (BM) is the thin layer of ECM that separates epithelia or endothelia 

from underlying connective tissue. Type IV collagen is a major component of BM 

(McKinnel, 1998). The BM has 3 layers: lamina lucida, lamina densa and lamina 

reticularis (Figure 1.2) (Mignatti and Rifkin, 1993). The interstitial stroma is most widely 

represented in mesenchymal tissue, which connects the various tissue compartments of 

the organism. The stroma consists of both fibrillar components, which are mainly 

interstitial collagens and elastin and amorphous substance, which consists of 

proteoglycans and a number of glycoproteins (Liotta et al., 1986).   
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Figure 1.2 Extracellular matrix (ECM) 

Figure adapted from Mignatti and Riffkin, 1993. Lamina lucida, Lamina densa and 

Lamina reticularis are three layers of the BM. 

 

BMs become locally permeable to cell movement during remodelling and invasive 

processes such as trophoblast implantation, wound healing, angiogenesis and neoplasia 

(Mignatti and Rifkin, 1993).  However, benign tumours do not usually disrupt the 

integrity of the BM and ECM. In contrast, malignant tumours consistently exhibit a 

defective BM in local areas where tumour cells invade the stroma (Mignatti and Rifkin, 

1993). Some pathologists consider the disruption of BM as one of the main criteria for 

assessing the malignancy of a tumour (Mignatti and Rifkin, 1993).  Hence defects in BMs 

adjacent to tumours are commonly associated with malignant but not benign tumours 

(Miller, 1999).  ECM degradation by tumour derived proteinases appears to be a 

prerequisite for cell invasion. It can be postulated that inhibiting the degradation of BM 

would impede invasion and metastases. (Mckinnel,1998). 
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1.3.3 Proteinases in Cancer Associated ECM Degradation 

Degradation of ECM is initiated by proteinases secreted by different cell types.  The 

invasive and metastatic potential of cancer has been correlated in a number of studies 

with the activity of various proteinases. The tumour-associated host tissues, including 

adjacent stromal tissue and tumour-infiltrating immune cells, interact to secrete and 

activate these enzymes (Alexander and Werb, 1991). There are four major classes of 

proteinases involved in ECM degradation and they are serine (eg: plasminogen 

activators,) (Baricos et al., 2003), cysteine (eg: Cathepsin B) (Lah and Kos, 1998), 

aspartyl (eg: Cathepsin D) (Briozzo et al., 1991) and matrix metalloproteinases (MMPs) 

(eg: MMP-2, MMP-9) (Birkedal-hansen et al., 1993; Huhtala et al., 1991).  In addition, 

endo and exoglycosidases contribute to ECM degradation by selectively hydrolysing 

GAGs and the amino sugar moieties of proteoglycans (Mignatti and Rifkin, 1993). This 

review will focus on MMPs, particularly a subclass of MMPs called the membrane-type 

MMPs (MT-MMPs). 

 

1.4.1 Matrix Metalloproteinases (MMPs) 

MMPs are a family of closely related zinc-dependent endopeptidases, which once 

activated, degrade a variety of ECM components.  These enzymes are formed as 

zymogens (pro-enzyme), and have similar metal dependency (zinc and calcium), 

optimum pH (neutral pH) and inhibitor susceptibility. Members of this family are the 

only enzymes known to denature and digest fibrillar collagens (Miller, 1999).  

Collectively they are capable of degrading essentially all ECM components (Miller, 

1999). 

 

Currently more than 20 members of the MMP family have been identified (Table 1.1). 

MMPs are identified by their substrate preferences as interstitial collagenases, 

stromelysins, gelatinases, membrane type (MT-MMPs) forms and others (eg: matrilysin, 

enamelysin). However, due to some overlap with substrate specificities in the different 

MMPs, a numerical nomenclature (eg.  MMP-1, MMP-2, etc) is currently preferred. 

Three enzymes reported earlier (MMP-4, -5, -6) were later found to correspond to known 

enzymes, so these three numbers have been discontinued and remain vacant (Woessner, 
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1998).  Also MMP- 18 is known only as a Xenopus enzyme.  It is not yet known whether 

MMPs -21 and -22, have ECM degrading activity, as their functions are not yet fully 

understood. 

 

The collagenases include MMP-1, -8 and -13, the gelatinases are MMP-2 and MMP-9, 

and the stromelysins comprise MMP-3, -10, -11 and -12.  In addition, stromelysins 

include matrilysin, which is also known as MMP-7 or PUMP 1. The more recently 

discovered membrane-type MMPs (MT-MMPs) include MMP-14 (MT1-MMP), MMP-

15 (MT2-MMP), MMP-16 (MT3-MMP), MMP-17 (MT4-MMP), MMP-24 (MT5-MMP) 

and MMP-25 (MT6-MMP). MMP-23, also known as Cysteine Array MMP (CA-MMP), 

is a second type of membrane anchored MMP reported recently (Pei, 1999a; Velasco et 

al, 1999).  Table 1.1 summarizes the ECM substrate specificities of MMPs. 
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Table 1.1  MMP Substrate Specificities (Table format adapted from Whiteside, 
2000).The follwing symbol represent: “?” ECM substrates currently not known  
 
MMP Common Name ECM Substrates Reference 

1 Interstitial 
collagenase 

Collagen types I, II, III, VII, 
VIII and X, Proteoglycans  

Birkedal-Hansen et al., 
1993; Woolley,1984; 
Hughes et al., 1991 

2 Gelatinase A Gelatin Collagen type IV, V, 
VII, IX and X, Elastin, 

Fibronectin  

Birkedal-Hansen et al., 
1993; Woessner, 1991; 
Collier et al.,1988 

3 Stromelysin-1 Fibronectin, Laminin, Elastin, 
Proteoglycans, Gelatin, 

Collagens types IV, V and IX 

Hughes et al., 1991; 
Wilhelm et al., 1987; 
Koklitis et al., 1991 

7 Matrilysin, 
PUMP-1 

Gelatin, Fibronectin, 
Laminin,  Elastin, Collagen 

type IV 

 Quantin et al., 1989; 
Busiek et al, 1992 

8 Neutrophil-type 
collagenase 

Collagen types I, II, III, VII, 
VIII and X, Fibronectin, 

Proteoglycan 

Hastry et al., 1987; 
Birkedal-Hansen et al., 
1993 

9 Gelatinase B Gelatin, Collagen types IV, 
V, VII and X, Fibronectin, 

Laminin, Elastin, 
Proteoglycans 

Woessner, 1991; 
Huhtala et al., 1991; 
Wilhelm et al., 1989; 
Mohtai et al., 1993 

10 Stromelysin-2 Fibronectin, Casein, Gelatin, 
Collagen types I, III, IV and 

V 

Woessner, 1991; 
Nicholson et al., 1989 

11 Stromelysin-3 Collagen types IV, V, IX and 
X, Laminin, Elastin, 

Proteoglycan, Fibronectin 

Martelli et al., 1993 

12 Macrophage 
elastase 

Elastin Shapiro et al., 1993 

13 Collagenase-3 Collagens types I, II, III, VII, 
VIII and X 

Parsons et al., 1997; 
Knauper et al., 1996a 

14 MT1-MMP Collagens types I, II, and III, 
Gelatin, Cartilage aggrecan, 

Perlecan, Fibronectin, 
Nidogen, Vitronectin, 

Laminin 

Ohuchi et al., 1997; 
d'Ortho et al., 1997; 
Imai et al., 1996; Pei 
and Wiess, 1996 

15 MT2-MMP Gelatin, Cartilage aggrecan, 
Perlecan, Fibronectin, 
Vitronectin, Laminin, 

Nidogen 

Ohuchi et al., 1997; 
d'Ortho et al., 1997; 
Imai et al., 1996; Pei 
and Wiess, 1996 

16 MT3-MMP Collagen type III, 
Fibronectin, Gelatin 

Matsumoto et al., 1997 

17 MT4-MMP Gelatin Puente et al., 1996; 
Wang et al., 1999 
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18 Xenopus ? Cossins et al., 1996 
19 no name Nidogen, Aggrecan Pendas et al., 

1997;Titz et al., 2004; 
Stracke et al., 2000 

20 Enamelysin Amelogenin (enamel matrix), 
Aggrecan 

Llano et al., 1997; 
Stracke et al., 2000 

23 CA-MMP ? Pei,1999a; Velasco et 
al., 1999 

24 MT5-MMP Gelatin  Llano et al., 1999; 
Wang and Pei, 2001 

25 MT6-MMP ? Pei, 1999c; Velasco et 
al., 2000 

26 Matrilysin-2 Fibronectin, Vitronectin, 
Fibrinogen, Collagen type IV. 

Gelatin 

Uria and Lopez-Otin, 
2000; 

Marchenko et al., 2001 
28 Epilysin ? Lohi et al., 2001 

 
 

1.4.2 MMP Structure 

 Based on their protein structure, MMPs can be divided into eight distinct structural 

groups, five of which are secreted and three of which are membrane bound (Figure 1.3). 

The basic structure of the MMPs comprises a central catalytic domain to which have been 

added a variety of additional domains and short inserts (Woessner, 1998).  Starting from 

the N-terminus, MMP structure includes the following domains and inserts: signal 

peptide, propeptide, catalytic domain, hinge region, hemopexin-like domain and C-

terminus. MMP-7 is the smallest MMP ("minimal enzyme") with only signal peptide, 

pro-peptide and catalytic domain. 

 

The signal peptide is typically a stretch of 17-20 residues, rich in hydrophobic amino 

acids.  It serves as a signal for secretion into the endoplasmic reticulum for eventual 

export from the cell (Woessner, 1998). MMP-23 is the only MMP which lacks a 

recognizable signal sequence (Velasco et al., 1999). 

 

The pro-peptide contains about 80 amino acids. There is a highly conserved PRCGVPD 

sequence at the end of this segment.  This provides the cysteine residue that makes 
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contact with the catalytic domain and maintains the enzyme in its zymogen form 

(Woessner, 1998).  The propeptide domain is present in all MMPS. 

 

The catalytic domain comprises about 167-170 residues and it includes the sites for 

binding of calcium ions and the structural zinc atom (Woessner, 1998).  The gelatinases 

(for example, MMP-2 and MMP-9) have three fibronectin-like repeats inserted into their 

catalytic domains, just ahead of the zinc-binding sites (Woessner, 1998).  These 

specialised inserts aid in the binding of the enzyme to gelatine (Egeblad and Werb, 2002). 

The furin-activated, secreted MMPs contain a recognition motif (Fu) for intracellular 

activation by furin-like serine proteinases between their propeptide and catalytic domains 

(Egeblad and Werb, 2002).This motif is also found in the Vitronectin-like insert (VN) 

MMPs and the MT-MMPs (Egeblad and Werb, 2002). 

 

A linker region known as the hinge region connects the catalytic and hemopexin-like 

domains.  The longest hinge is found in MMP-9 (Woessner, 1998).  MMP-7 and MMP-

18 lack this insert (Woessner, 1998). A typical hinge region contains about 16 residues, 

including a number of proline residues (Woessner, 1998). 

 

 The hemopexin-like domain is comprised of about 200 residues and contains four 

repeats that resemble hemopexin (which is a heme binding serum protein).  There is a 

cysteine residue at either end of the domain which forms a disulfide bond.  All MMPs 

except MMP-7 and MMP-23 (type II membrane bound MMP) have this domain.  It does 

not appear to be essential for catalytic activity (Woessner, 1998).  It may be responsible 

for matrix binding and is thought to play a role in the substrate specificity of the enzymes 

(Woessner, 1991; Sanchez-Lopez et al., 1993; Docherty and Murphy, 1990).  This 

domain also assists the binding of TIMPs (tissue inhibitor of metalloproteinases) 

(Woessner, 1998). 

 

Membrane-type MMPs (MT-MMPs) include type I transmembrane MMPs that have a 

carboxy-terminal, single-span transmembrane domain followed by a short cytoplasmic 

tail (includes MT1-, MT2-, MT3- and MT5- MMPs) and carboxy-terminal 
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glycosylphosphatidylinositol (GPI) anchored MMPs (MT4- and MT6-MMPs). MMP-23 

(CA-MMP) represents a third type of membrane bound MMP (Pei, 1999a). It has an N-

terminal signal anchor (SA) that targets it to the cell membrane and so is a type II 

membrane MMP. MMP-23 is also characterized by its unique cysteine array (CA) and 

immunoglobulin (Ig) like domains (Pei et al., 2000; Velasco, 1999). 
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Figure 1.3 Protein structure of MMPs 

Adapted from Egeblad and Werb, 2002; Sternlicht and Werb, 2001. MMPs can be 

divided into eight distinct structural groups, five of which are secreted and three of which 

are membrane anchored. The abbreviations in the diagram are as follows: Pre (amino 

terminal signal sequence), Pro (propeptide), Zn (zinc binding site in the catalytic 

domain), H (hinge region), SH (thiol group), S-S (disulphide bond), Fi (collagen type II 

repeats of fibronectin), Fu (furin recognition site), Vn (vitronectin-like insert, TM 

(transmembrane domain), Cy (short cytoplasmic tail), GPI-anchored 

(glycosylphosphatidylinositol), SA (n-terminal signal anchor), CA (cysteine array) and 

Ig-like (immunoglobulin-like domains). 
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1.4.3 Expression of MMPs 

Most soluble members of the MMP family are not expressed to a high level in normal 

adult tissues and their expression is very tightly controlled.  In contrast to most MMPs, 

MMP-2 is produced constitutively in high concentrations by many types of cells.  Some 

MMPs have very specific expression patterns.  For instance MMP-7 is usually expressed 

only in epithelial cells.  Also MMP-20 (enamelysin) has only been observed in dental 

tissues (Lalano et al., 1997).   

 

1.4.4 Regulation of MMPs 

Expression of MMP activity is controlled at 3 levels: 1) gene transcription, 2) pro-

enzyme activation and 3) inhibition by specific tissue inhibitors. 

 

1.4.5 Regulation of MMP Gene Transcription 

The observed expression patterns of MMPs are reflected in the promoter elements of the 

genes that encode them (Crawford and Matrisian , 1995).  For instance, MMP-2 is 

controlled by a TATA-less promoter preceded by GC-box elements (Huhtala et al., 

1990).  This sort of promoter results in a gene that exhibits a rather promiscuous 

expression (Crawford and Matrisian , 1995).  In contrast other MMPs studied to date 

have a classical TATA box. 

 

MMPs also share a number of cis elements.  Each MMP gene contains an AP-1 element, 

which can be bound by members of the fos and jun family of transcription factors 

(Crawford and Matrisian, 1995).  With the exception of MMP-2 and MMP-9, each of the 

other MMP gene promoters also contains PEA-3 sites, which bind members of the c-ets 

family of proteins.  These proteins are in turn inducible by ras and src activation 

(Gutman and Wasylyk, 1991). 

 

This apparent responsiveness to various proto-oncogene products links MMP expression 

with regulation by a variety of extracellular factors including growth factors, cytokines 

and other compounds (Crawford and Matrisian, 1995; Westermarck and Kahari, 1999).  

MMPs are upregulated by EGF, PDGF, Interleukin 1β  (IL-1β ), tumour necrosis factor α 
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(TNFα),  phorbol esters, and oncogenes such as ras (Firsh et al., 1987; Conca et al., 

1989; Diaz-Meco et al., 1991; McCarthy et al., 1991).  On the other hand, MMP 

expression can be inhibited by glucocorticoids (eg: dexamethasone) (Pross et al., 2002) or 

retinoic acid (Adachi et al., 2001; Frankenberger et al., 2001). TGFβ1 appears to have 

opposing regulatory effects on different MMPs . For instance, TGFβ1 has been shown to 

induce the expression of both MMP-11 and MMP-13 in osteoblasts and fibroblasts 

(Delany and Canalis et al., 2001). However, it has been shown that TGFβ1 downregulates 

MMP-1, MMP-3 and MMP-8 in chondrocytes (Shlopov et al., 1999; Wang et al., 2002). 

Androgen regulation of MMPs was shown in a study by Liao et al., in 2003, in which the 

prostate cancer cell lines LNCaP and LAPC-4 cells (both of which express a functional 

androgen receptor) stimulated with synthetic androgen R1881 resulted in an increase in 

MMP-2 expression assessed by western blot and gelatin zymography. This up regulation 

was reported to be in a dose-dependent manner. Also it was shown that this induction was 

completely abrogated in the presence of the androgen antagonist, bicalutamide. 

 

1.4.6 Pro-enzyme Activation 

As mentioned before, most MMPs are secreted as latent precursors that are 

proteolytically activated in the extracellular space, with the exception of MMP-11 and 

MT-MMPs, which are activated prior to secretion by Golgi-associated, furin-like 

proteases (Murphy and Knauper, 1997; Shapiro, 1998; Woessner, 1998;). Activation is 

achieved by the dissociation of the pro-peptide from the catalytic domain (Miller, 1999). 

It is speculated that in the pro-enzyme molecule, the pro-domain may be folded so that 

the cysteine residue, of the PRCGVPD sequence, reacts with the zinc molecule in the 

active site and maintains the enzyme in a latent form (Mignatti and Rifkin, 1993). The 

conformational changes induced by the MMP activators disrupt the cysteine-zinc 

interaction and render the zinc molecule available for catalytic reactions (Mignatti and 

Rifkin, 1993). The activated enzyme is then able to remove the NH2 -terminal pro-domain 

by autoproteolysis, thus becoming irreversibly activated (Matrisian, 1990). 

 

MMP activators (Table 1.2) include serine proteases (plasmin, furin-like pro-hormone-

convertase, urokinase and trypsin) (He et al., 1989) and other MMPs. Examples of  MMP 
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activation of other MMPs include the activation of MMP-1 by MMP-3 (Koklitis et al., 

1991; Unemori et al, 1991), MMP-9 by MMP-3 (Goldberg et al., 1992) and MMP-2 by  

MT1- and MT2-MMPS (Murphy and Knauper, 1997), MT3- and MT5-MMPs (Wang 

and Pei (2001) and MT6-MMP (Velasco et al., 2000). There is some discrepancy in 

literature as to whether MT4-MMP activates MMP-2. For instance, one study claim 

activation of proMMP-2 (Wang et al., 1999), whilst another reported no activation of 

proMMP-2 by MT4-MMP (Kolkenbrock et al., 1999). 

 
Table 1.2  Activation of MMPs  
Table format adopted from Knauper and Murphy, 1998. Data obtained from Nagase et 
al., 1991; Nagase 1997; Llano et al., 1999; Pei, 1999c; Velasco et al., 2000; Wang and 
Pei, 2001; English et al., 2000; Kazes et al., 1998; Wang et al., 1999; Kolkenbrock et al., 
1999.. The * indicates conflicting reports of whether MT4-MMP is a proMMP-2 
activator. 

 
Human MMP No. In vitro Activators Activating 

Collagenase-1 1 Plasmin, kallikrein, chymase, MMP-3 MMP-2 
Collagenase-2 8 Plasmin, MMP-3, MMP-10 Not known 
Collagenase-3 13 Plasmin, MMP-2, MMP-3, MMP-14 MMP-2, MMP-9 
Stromelysins-1, 
-2,  

3, 10 Plasmin, kallikrein, chymase, 
tryptase, elastase, cathepsin G 

MMP-1, MMP-9, 
MMP-8, MMP-13 

Stromelusin-3 11 Furin Not known 
Matrilysin 7 Plasmin, MMP-3 MMP-3 
Metalloelastase 12 Not known Not known 
Gelatinase A 2 MMP-1, MMP-7, MMP-14, MMP-

15, MMP-16, MMP-24 
MMP-9, MMP-13 

Gelatinase B 9 Plasmin, neutrophil elastase, MMP-3, 
MMP-2, MMP-13 

Not known 

MT1-MMP 14 Furin ,  pro-protein convertase, 
urokinase plasminogen activator  

MMP-2, MMP-13 

MMT2-MMP 15 Not known MMP-2 
MT3-MMP 16 Not known MMP-2 
MT4-MMP 17 Not known TNFα, MMP-2* 
MMP-19 19 Not known Not known 
Enamelysin 20 Not known Not known 
CA-MMP 23 Not known Not known 
MT5-MMP 24 Furin like convertase MMP-2 
MT6-MMP 25 Not known MMP-2 
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1.4.7 Inhibitors Of MMPs 

Various kinds of MMP inhibitors exist in tissues to limit the amount of ECM turnover. 

An important family of MMP inhibitors are the tissue inhibitors of MMPs (TIMPs). The 

TIMPs appear to be members of a multigene family and currently four TIMPs have been 

identified: TIMPs -1, -2, -3, and -4 (Hayakawa, 2002). TIMP -1, -2 and -4 are secreted in 

soluble form, whereas TIMP-3 is associated with the ECM (Westermarck and Kahari, 

1999). TIMPs act to inhibit MMP activity by forming complexes with MMPs. Both 

TIMP-1 and -2 bind non-covalently to active MMPs in a 1:1 molar ratio and specifically 

inhibit their activity. 

 

Inactivation of MMPs is also caused by binding to plasma proteins, such as alpha -2 

macroglobulin (Baker et al., 2002). Currently, there are also many synthetic MMP 

inhibitors developed. The compounds Batimastat (BB-94, British Biotech) and 

marimastat (BB-2516, British Biotech) are typical of many of the first inhibitors 

developed (Brown, 1999).  These compounds were designed to mimic part of the peptide 

sequence surrounding the point in the collagen molecule first cleaved by MMP-12. This 

sequence allows the inhibitor to fit tightly within the active site of MMP in a stereo-

specific manner. The zinc atom in the active site is then chelated (Brown, 1999). These 

are a broad spectrum inhibitor of all MMPs, albeit with varying efficacies (King, 2000). 

 

1.4.8 MMPs In Cancer 

MMP activity is involved in normal processes that include tissue remodelling (eg: wound 

healing and tissue involution) and tissue invasion (eg: angiogenesis, inflammation and 

trophoblast implantation). In addition MMPs have been associated with several 

pathological conditions involving tissue destruction, including rheumatoid arthritis and 

cancer invasion and metastasis (Crawford and Matrisian, 1995). MMPs are universally 

expressed during the deregulated ECM degradation that occurs in cancer (Werb et al., 

1999). MMPs have been found in breast, lung, prostate, salivary-gland adenocarcinomas, 

fibrosarcomas, neuroblastomas and melanomas. Indeed many MMPs were first cloned 

from tumours or tumour cells (Coussens and Werb, 1996). For instance a full-length 

cDNA for MMP-11 was isolated from a cDNA library constructed from a breast 
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carcinoma biopsy containing both neoplastic and stromal components (Basset et al., 

1990). Also, most MMPs are upregulated in tumours compared to normal tissues.  For 

example, 72% of prostate adenocarcinoma express MMP-7 transcripts, compared to only 

27% of normal prostate tissues (Pajouh et al., 1991). Similarly, MMP-2 expression is 

increased significantly in many tumour types, suggesting that it is involved in the 

progression of malignant disease (Collier et al., 1988; Kataoka et al., 1993). Tumour cells 

are believed to use the pericellular degrading activity of these enzymes to spread to 

distant sites (John and Tuszynski, 2001).Therefore, inhibition of MMP activity has long 

been seen as an attractive goal for cancer therapy (Hidalgo and Eckhardt, 2001). 

 

Studies performed over the last decade have revealed that MMPs play a crucial role in 

tumour invasion. It has been shown that MMP activity is required for increased motility 

of the epithelial cell and for growth of metastasised tumour cells (Pilcher et al., 1997; 

Koop et al., 1994). Furthermore, MMPs have been shown to play an essential role in 

angiogenesis and tumour cell intravassation, both of which are required for metastasis 

(Kim et al., 1998; Brooks et al., 1998). Evidence for the role of MMPs in cancer 

progression has recently been provided by MMP knockout mouse models (Westermark 

and Karhari, 1999). Mice lacking MMP-7 showed reduction in intestinal tumorigenesis 

(Wilson et al., 1997), and MMP-2 deficient mice show reduced angiogenesis and tumour 

progression (Itoh et al., 1998b). Also, MMP-11 knockout mice show reduced 

tumorigenesis in response to chemical mutagenesis (Masson et al., 1998). MMPs can also 

influence the later stages of tumour progression. For instance, a study conducted by 

Powell and Co-workers, in 1993, showed that increasing MMP-7 in a non-metastatic 

prostate tumour cell line by stable transfection with an MMP-7 expression vector 

significantly increased the invasiveness of the tumour in vivo compared to the parent line. 

 

In many tumours MMP expression was not localised to the tumour cells themselves, but 

rather was found in the surrounding stromal cells and inflammatory cells of host origin, 

especially at the tumour-stroma interface (Himelstein et al., 1995). In a study by Dong et 

al., 2001, using a co-culture of prostate cancer cells and stromal cells (fibroblasts and 

smooth muscle cells), showed that MMP-9 was upregulated in prostate cancer cells and 
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TIMP-1 and 2 were down regulated in stromal cells. The study demonstrated the 

importance of tumour-stromal interactions in the regulation of MMP and TIMP 

expression and their role in prostate cancer progression (Dong et al., 2001). 

 

1.5.1 MEMBRANE - TYPE MMPs (MT-MMPs) 

In recent years, the number of known members of the MMP family has grown rapidly 

and it is partly due to the discovery of a series of membrane-bound enzymes belonging to 

the membrane-type (MT-MMP) subfamily (Valesco et al., 2000). To date, six MT-MMPs 

have been cloned (by RT-PCR-based homology screening) and sequenced and are 

characterised by having a hydrophobic trans-membrane (TM) domain (MT1-,MT2-,MT3-

,MT5-MMPs) or a GPI anchor (MT4- and MT6-MMPs)( See Table 1.3). MMP-23 is also 

a membrane anchored MMP, but it is anchored to the membrane via an N-terminal signal 

peptide and is very different in structure to all other MMPs, including MT-MMPs (Pei et 

al., 2000; Velasco, 1999). 

 

Table 1.3 MT-MMPs 

 

MT-MMP MMP Size 
(kDa) 

proform 

Isolated From Reference 

MT1-MMP 14 65 Human placenta 
cDNA library 

Sato et al., 1994 

MT2-MMP 15 72 Human placenta 
cDNA library 

Will and Hinzman, 
1995 

MT3-MMP 16 64 Human placenta 
cDNA library 

Takino et., 1995 

MT4-MMP 17 70 Human breast 
Carcinoma cDNA library

Puente et al., 1996 

MT5-MMP 24 63 Human brain 
cDNA library 

Llano et al., 1999 

MT6-MMP 25 63 Human fetal liver 
cDNA library 

Pei, 1999c; Velasco et 
al., 2000 
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1.5.2 MT-MMP Structure 

The primary structure of MT-MMPs consists of all the domains (signal, pro, catalytic, 

hinge region and hemopexin-like) characteristic of other MMPS, and in addition have 

three unique insertions which, are absent in the secreted MMPS ( Figure 1.4).  

 

 

 
 

 

Figure 1.4 Domain structure of type I MT-MMPs 

Figure adapted from Knauper and Murphy, 1998. MT-MMPs show the typical MMP 

structure and the additional 3 insertions unique to them. Insert 1 is the furin cleavable 

site. Insert 2 is the MT-Loop, the 8 amino acid insert in the catalytic domain is not 

present in MT4-MMP and MT6-MMP). Insert 3 is a C-terminal transmembrane domain 

and short cytoplasmic tail. Insertion 3 is replaced by GPI anchorage for MT4 and MT6-

MMPs. 

 

Common to all MT-MMPs is the 11 amino acid insertion (insertion 1), with a conserved 

RRKRRRRR sequence representing a potential furin / pro-hormone convertase cleavage 

site, at the end of the propeptide domain. This insertion is also conserved in MMP-11, a 

CCaa22++  

C 

C 
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RRRR 

C

Signal 
 

Pro 
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Ins 3►
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soluble member of the MMP family (Knauper and Murphy, 1998). With the exception of 

MT4- and MT6-MMPs, the MT-MMPs also have an insertion (Insertion 2) of eight 

amino acid residues within the catalytic domain (Knauper and Murphy, 1998; English et 

al., 2001). This insertion is sometimes known as the MT-Loop (English et al., 2001). The 

function of this insertion is not clear to date, but it has been postulated that it may 

determine some aspects of the substrate specificity of the enzyme or be responsible for 

the impaired TIMP-1 binding of MT1-MMP and MT2-MMP (Knauper and Murphy, 

1998). The third insertion (present in MT1-, MT2-, MT3-, and MT5-MMPs) at the C-

terminus contains a hydrophobic stretch of amino acids, which pass through the plasma 

membrane and acts as a trans-membrane (TM) domain (Sato and Seiki, 1996). A short 

cytoplasmic tail at the C-terminus follows the TM domain. The cytoplasmic tail contains 

a conserved cysteine residue flanked by tyrosine and serine residues which may be 

potential phosphorylation sites and may function in protein trafficking and internalisation 

(Knauper and Murphy, 1998; Seiki, 1999). MT4- and MT6-MMPs are anchored in the 

plasma membrane through the GPI moiety (Kojima et al., 2000; Itoh et al., 1999). The 

GPI- MMPs have a very short or virtually non-existent cytoplasmic tail (Kojima et al., 

2000; Itoh et al., 1999).   

 

1.5.3 Homology Studies 

In an amino acid homology study, Yoshiyama and associates (1998) showed 82.5% 

homology between MT2-MMP and MT1-MMP, 66% with MT3- MMP and MT1- MMP 

and 29% between MT4- MMP and MT1-MMP. (There was no data available for MT5-

MMP and MT6- MMPs in this study). In a phylogenetic study conducted by Pei, in 

1999b, MT3- MMP was grouped together with MT5-MMP as a sub-branch of the MT-

MMPS.  Consistent with the homology scores obtained from this study, MT4-MMP is 

positioned between MT-MMP sub-group and the main branch of the collagenases / 

stromelysins / gelatinases. Velasco and Co-workers, in 2000, reported that MT6-MMP 

shared considerable homology with MT4- MMP.  
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1.5.4 MT- MMP Gene Positions In Chromosomes 

Table 1.4 summarises the gene chromosome location of MMPs and MT-MMPS.  The 

fact that each member of the MT-MMP subfamily maps to a distinct chromosome 

indicates that besides duplication of their putative common ancestor, chromosomal 

transposition events to different chromosomes have played a major role in the 

evolutionary diversification of this gene family (Llano et al., 1997).  In contrast, the 

MMPs from the 11q22 cluster, consists of at least five different soluble MMPS, tightly 

linked in a small region of the human genome (Llano et al., 1997).  

 

Table 1.4 Chromosome localisation of MMPs 

 

MMP Chromosome References 
MMP-1  (Interstitial 

collagenase) 
11q22 Pendas et al., 1996 

MMP-8  (Neutraphil 
collagenase) 

11q22 Pendas et al., 1996 

MMP-13 (Collagenase-3) 11q22 Pendas et al., 1996 
MMP-3  (Stromelysin-1) 11q22 Pendas et al., 1996 
MMP-10 (Stromelysin-2) 1122 Pendas et al., 1996 
MMP-2  (Gelatinase A) 16q21 Sato et al., 1997 
MMP-9  (Gelatinase B) 20q11.2-13.1 Sato et al., 1997 

MMP-11  (Stromelysin-3) 22q11.2 Sato et al., 1997 
MT1-MMP (MMP-14) 14q11.2 Mattei et al., 1997 
MT2-MMP (MMP-15) 16q13 Mattei et al., 1997 
MT3-MMP (MMP-16) 8q21.2-21.3 Mattei et al., 1997 
MT4-MMP (MMP-17) 12q24 Puente et al., 1998 
MT5-MMP (MMP-24) 20q11.2 Llano et al., 1999 
MT6-MMP (MMP-25) 16p13.3 Velasco et al., 2000 
CA-MMP (MMP-23) 1p3.6 Velasco et al., 1999 

 

1.5.5 MT-MMP Expression 

MT1-MMP and MT2-MMP mRNA transcripts are expressed in a number of tissues but 

they are distributed quite differently. However, MT3-MMP, MT4-MMP, MT5MMP and 

MT6-MMP have a much more restricted expression pattern (Table 1.5). Although MT1-

MMP is expressed in a variety of organs, its expression is quite low in normal conditions.  

In addition, MT1-MMP is expressed at a very high level in ossifying tissues, tumour cells 

and during mouse embryogenesis, where it is co-expressed with MMP-2 (Sato et al., 
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1997).  Interestingly, a study by Holmbeck and associates, in 1999, emphasized the key 

role of MT1-MMP in development of skeletal and extra-skeletal connective tissues, as 

MT1-MMP deficiency in mice caused 1) craniofacial dysmorphism, 2) arthritis, 3) 

osteopenia, 4) dwarfism and 5) fibrosis of soft tissue due to ablation of collagenolytic 

activity essential for skeletal and extra-skeletal connective tissue. 

 

Table 1.5 Expression of MT-MMP mRNA in normal human tissues 
Table form adapted from Knauper and Murphy, 1998. Northern blot analysis of mRNA 
levels in tissues are summerized according to the data of: MT1-MMP and MT2-MMP 
(Will and Hinzman, 1995), MT3-MMP (Takino et al., 1995), MT4-MMP (Puente et al., 
1996), MT5-MMP (Llano et al., 1999) and MT6-MMP (Velsco et al., 2000). 
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+ + - + - + - - - + - - - - + 

MT5-
MMP 

+ - - - + - - + - - + - - - - 

MT6-
MMP 

+ - - - - + - + - - - - - + - 

 

1.5.6 Activation of MT-MMPs 

The mechanism responsible for MT-MMP activation appears to be mediated by furin-like 

proteases, which can specifically cleave off the propeptide domain at the carboxyl side of 

the conserved RRKRRRRR motif sandwiched between the pro and catalytic domains of 

all MT-MMPs (Pei, 1999b). 

 

Also, it has been demonstrated that a soluble, recombinant form of proMT1-MMP can be 

activated by human plasmin in vitro (Okumara, et al., 1997). It is suggested that proMT1-
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MMP could be transported to the plasma membrane where the pro-enzyme is activated 

extracellularly by membrane-associated plasmin (Okumara et al., 1997). 

 

However, the physiological activators of MT-MMPs have not yet been discovered.  In 

contrast to secreted MMPs, MT-MMPs may express their proteolytic activities more 

efficiently by anchoring on cell membranes and enjoying two distinct advantageous 

properties: 1) MT-MMPs are highly focused on ECM substrates and 2) MT-MMPs are 

also more resistant to proteinase inhibitors present in the extracellular milieu. 

 

1.5.7 MT-MMP Function: 

1.5.7A proMMP-2 Activation 

The existence of MT-MMPs was first speculated from the idea that the activation of 

proMMP-2 was mediated by a cell-surface receptor (Sato et al., 1994). In contrast to most 

MMPs, proMMP-2 has a propeptide that is not generally susceptible to the serine 

proteases. However, in 1994, Sato and Co-workers discovered MT1-MMP which was a 

potent activator of proMMP-2. 

 

ProMMP-2 activation by cells expressing MT1-MMP at the surface involves a two-step 

activation mechanism (Atkinson et al., 1995). The initial cleavage event by MT1-MMP 

destabilises the proMMP-2 propeptide domain, followed by a secondary autoproteolysis 

event, which releases the rest of the propeptide domain, and fully activates MMP-2 

(Knauper and Murphy, 1998). Based on the data from a number of laboratories it has 

been proposed (Figure 1.5) that the processed form of MT1-MMP is displayed at the cell 

surface in part as a TIMP-2 complex (Stetler-Stevenson1995; Imai et al.,1996; Sato and 

Seiki,1996). The complex form of MT1-MMP is not a functional enzyme in that its 

catalytic site is occupied by interactions with the N-terminal domain of TIMP-2 (Knauper 

and Murphy, 1998). The C-terminal domain of TIMP2 is free and can bind to the 

hemopexin-like domain of proMMP-2. This "receptor" mechanism serves to sequester 

and concentrate proMMP-2 at the cell surface (Knauper and Murphy, 1998). Cleavage of 

the propeptide of proMMP-2 by TIMP-2- free, active MT1-MMP on the cell surface, 

initiates its autocatalytic activation. The amount of TIMP-2 determines the balance 
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between the level of activator (free MT1-MMP) and receptor (MT1-MMP/TIMP-2 

complex), which regulates the degree of activation of proMMP-2 (Polette and Birembaut, 

1998). Thus TIMP-2 may have a dichotomous mode of action. On one hand, it acts as an 

inhibitor of MMPs and on the other hand, it is implicated in the activation of proMMP-2 

(Polette and Birembaut, 1998). All MT-MMPs have been shown to activate proMMP-2 in 

various in vitro models. However, the most potent of them all is MT1-MMP (Polette and 

Birembaut, 1998). By swapping the pexin-like domain of MT4-MMP into an analogous 

position in MT1-MMP, Itoh and colleagues (2001) concluded that the pexin like domain 

of MT1-MMP is required for its ability to mediate pro-MMP-2 activation. In a similar 

study conducted by Jiang and Pei in 2003, where catalytic and hemopexin like domains 

of MT1-MMP and MT3-MMP were swapped, it was found that catalytic domains of both 

MT-MMPs play a dominant role in determining their ability to activate pro-MMP-2. 

 

 

 
 

Figure 1.5 ProMMP-2 activation: Adapted from Polette and Birembaut, 1998. 

 

 

 

(MMP-2)
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1.5.7B Other Functions of MT-MMPs 

MT1-MMP has also been shown to activate proMMP-13 in a two-step activation 

mechanism. Initial cleavage by MT1-MMP is observed at the propeptide of proMMP-13, 

followed by secondary autoproteolysis (Polette and Birembaut, 1998). ProMMP-13 

activation by MT1-MMP is accelerated in the presence of proMMP-2 (Knauper et al., 

1996b). 

 

In addition to the activation of proMMP-2 and proMMP-13, MT1-MMP has also been 

shown to degrade some ECM components. MT1-MMP cleaves collagens type I, II and III 

indicating that it shares some characteristics with the collagenases (Ohuchi, et al., 1997; 

d'Ortho et al., 1997). However, the enzyme was about five to seven fold less efficient 

than MMP-1 in hydrolysing these helical substrates (Knauper and Murphy, 1998). In 

addition, both MT1-MMP and MT2-MMP have been shown to degrade gelatin, cartilage 

aggrecan, perlecan, fibronectin, vitronectin, nidogen, laminin as well as pro-TNFα fusion 

protein and hence have growth factor activating properties (Imai et al., 1996; Pei and 

Wiess, 1996; Ohuchi et al., 1997; d'Ortho et al., 1997).  MT3-MMP was reported to 

cleave type III collagen and fibronectin (Seiki, 1999). To date, there have been no studies 

conducted to see whether MT5-MMP and MT6-MMP share this ability to degrade ECM 

components. 

 

In a study, Kolkenbrock and associates (1999) reported the inability of MT4-MMP to 

degrade ECM components. Both MT4- and MT6-MMPs are predominantly expressed in 

leukocytes (Puente et al., 1996; Itoh et al., 1999; Pei, 1999c; Kojima et al., 2000). Also 

MT4-MMP shows TNF α convertase activity and can potentially process pro-TNFα to 

the 17kDa form (English et al., 2000). These characteristics of MT4- and MT6-MMPs 

suggest that they play a role in inflammation (Dong et al., 2001). 

 

1.5.8 Regulation of MT-MMPs 

The expression of MT-MMPs is differentially controlled at the transcriptional level as is 

evident from the different tissue distribution of their mRNAs (Takino et al., 1995; Will 

and Hinzman, 1995; Puente et al., 1996). Sequence analysis of the 5' upstream region of 
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the MT1-MMP gene, revealed that it lacks a TATA box and transcription factor binding 

sites that represent the targets for growth factor and cytokine activated transcription  

(Seiki, 1999). However, there are some reports that growth factors, cytokines and phorbol 

esters can induce expression of MT1-MMP, although it is not clear that it is a direct 

effect on the promoter of the gene (Lohi et al., 1996; Foda et al., 1996). The lack of  a 

TATA box in the immediate 5' upstream of the MT1-MMP gene is similar to that of 

MMP-2 and TIMP-2 genes. 

 

Lohi et al. (1996) and Migita et al. (1996) reported the upregulation of MT1-MMP 

mRNA by TNFα, IL-1β, EGF and bFGF in human embryonic lung fibroblasts. Lohi and 

co-workers also showed that the treatment of HT-1080 fibrosarcoma cells with phorbol 

12-myristate 13 acetate (PMA) enhanced the expression of MT1-MMP mRNA about 2-3 

fold, corresponding with an increase in proMMP-2 processing. In addition, it was shown 

that concanavalin A (Con A) treatment of fibroblast cells increased MT1-MMP mRNA 

about four fold. Treatment of the PCa cell line DU-145 with HGF and Gastrin-Releasing 

Peptide (GRP) was reported to increase the expression of MT1-MMP on the cell surface 

as compared to untreated control (Nagakawa et al., 2000). Udayakumar and colleagues 

showed, in 2004, that Fibroblast Growth Factor-1 (FGF-1) induces MT1-MMP 

expression in PCa cells through a transcriptional mechanism mediated through the FGF 

receptor and transcription factor Signal Transducer and Activator of Transcription-3 

(STAT-3). In a study conducted by Sameshima and co-workers, in 2000, Extracellular 

Matrix Metalloproteinase Inducer (EMPIRIN), also known as CD147, stimulated the 

production of MMP-2, MT1-MMP and MT2-MMP in co-culture experiment of human 

glioblastoma multiforme cells (expressing EMPIRIN) and brain derived human 

fibroblasts. EMPIRIN is enriched on the surface of tumour cells and stimulates adjacent 

stromal cells to produce MMPs (Sameshima et al., 2000). 

 

TIMPs also play a role in the regulation of MT-MMPs. The TIMPs not only act in 

inhibition of catalysis but also have a part in regulating MT-MMP turnover (processing 

and internalization), which eventually determines the amount of mature enzyme on the 

cell surface (Maquoi et al., 2000; Hernandez-Barrantes et al., 2002;  Remacle et al., 2003; 
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Seiki et al., 2003 Zhao et al., 2003). MT-MMPs exhibit differential inhibition by 

members of the TIMP family (Zhao et al., 2003). For example, the type I transmembrane 

MT-MMPs are poorly inhibited by TIMP-1, but are relatively well inhibited by TIMP-2, 

TIMP-3 and TIMP-4 (Zhao et al., 2003). In contrast, the GPI anchored MT-MMPs are 

inhibited by TIMP-1 and TIMP-2 (Seiki 1999).TIMP-3 is a high affinity inhibitor of 

MT3-MMP when compared to MT1-MMP. However, TIMP-2 is a better inhibitor of 

MT1-MMP (Zhao et al., 2003). 

 

In conclusion, few studies have been conducted on the regulation of MT-MMPs. 

Elucidation of the mechanisms regulating gene expression of the MT-MMPs will 

certainly be a topic for future research. 

 

1.5.9A MT-MMPs in Cancer 

In vivo, an elevated expression of MT1-MMP has been reported in various human 

carcinomas of the uterine cervix (Gilles et al., 1996), the stomach (Nomura et al., 1995), 

the lung (Sato et al., 1994; Tokuroku, 1995), the breast (Polette et al., 1996; Gilles et al., 

1997), the colon (Okada et al., 1995), head and neck (Okada et al., 1995) and in 

malignant brain tumours (Yamamoto et al., 1996). MT1-MMP is thought to play a key 

role in tumour cell invasion by virtue of its ability to activate proMMP-2, a proteinase 

highly implicated in a number of tumours (Seiki, 1999). High expression of MT1-MMP 

is significantly observed in malignant lesions compared to benign proliferations or 

normal tissues (Polette and Birembaut, 1998). In 1994, Sato and co-workers used a 

modified Boyden chamber method to test whether MT1-MMP expression enhanced 

invasiveness of cells producing proMMP-2 into the reconstituted basement membrane 

(Matrigel). They demonstrated that MT1 -MMP expression in HT-1080 (human 

fibrosarcoma cells) and NH3T3 (mouse fibroblasts) cells increased the number of 

invasive cells more that 2 fold compared to controls. Also, Nakahara et al., in 1997, 

showed MT1-MMP localisation in invadopodia of melanoma cells was required for cell 

invasion. 
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There is some discrepancy in the literature as to where MT1-MMP and proMMP-2 are 

expressed in tumours. Seiki, (1996) reported that MT1-MMP is expressed in carcinoma 

cells [in lung cancer (Sato et al., 1994); colon, head and neck and gastric tumours, 

(Nomura et al., 1995); Pancreatic cancer (Ellenrieder et al., 2000)], while MMP-2 was 

expressed exclusively in stromal cells. A substantial amount of proMMP-2 is thought to 

be already embedded in to the ECM and BM during formation (Seiki, 1996). MT1-MMP 

expressed on the tumour cells initially utilises the pre-existing proMMP-2 at the 

periphery of the cells, and the degradation of BM beneath the tumour cells starts to occur 

(Seiki, 1996). The subsequent degradation of ECM results in the release of cytokines and 

growth factors which stimulate fibroblasts in the vicinity to produce more proMMP-2 

(Seiki, 1996). However, Okada and Co-workers in 1995, reported that MT1-MMP is 

expressed in stromal cells but not in cells of breast carcinoma tissues, as determined by in 

situ hybridisation. Thus there are contrasting reports in the literature concerning the 

expression of MT1-MMP in carcinoma cells. 

 

The expression of other MT-MMPs in tumours, although not studied as thoroughly, has 

also been reported in a number of studies. MT2-MMP mRNA expression has been 

described in breast carcinoma (Ueno et al., 1997) and pancreatic cancer tissues 

(Ellenrieder, et al., 2000). Although a MT3-MMP cDNA fragment has been detected in 

melanoma tissue, elevated expression of MT3-MMP is rarely observed in tumour tissues 

(Sato et al., 1997)). Puente et al., in 1996, reported that MT4-MMP mRNA is transcribed 

in invasive and non-invasive breast carcinoma cell lines. Llano et al (1999) detected 

MT5-MMP mRNA at high levels, compared to normal brain tissues, in a series of brain 

tumours, including astrocytomas and glioblastomas. Similarly, MT6-MMP mRNA 

transcripts were detected at high levels in SW480 colon carcinoma cells, as well as in 

some anaplastic astrocytomas and glioblastomas, compared to normal brain tissues 

(Valesco et al., 2000). 

 

Recently, Endo and colleagues (2003) reported that Syndecan-1 [a transmembrane 

heparan sulphate expressed on all adherent cells (Bernfield et al., 1999; Rapaeger and 

Ott, 1998)], was identified as a substrate of MT1-MMP. It was demonstrated that 
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shedding of Syndecan-1 by MT1-MMP stimulates cell migration. High serum Syndecan-

1 levels at diagnosis were reported to be associated with poor outcome in lung cancer 

(Joensuu et al., 2002) and low Syndecan-1 expression on the cell surface is associated 

with poor histological grade of differentiation in squamous cell lung carcinoma 

(Anttonen et al., 2001). 

 

1.5.9B MT-MMPs In Prostate Cancer 

Until very recently, MT-MMPs expression and regulation had not been reported in PCa. 

The very few recent studies conducted on the subject, show some discrepancies. Zhang et 

al., in 2002, showed very low expression of MT1-MMP in malignant, androgen 

independent cell lines, DU-145 and PC-3. However, in the same study, results indicate 

that from epithelial cells cultured from malignant and non-malignant tissue specimens of 

the same prostate, MT1-MMP expression was higher in malignant prostate tissue. In 

contrast, a study conducted by Jung and co-workers, in 2003, reported mRNA expression 

of five MT-MMPs in human prostate cell lines and their down regulation in human 

malignant prostatic tissue. Another study conducted by Nagakawa and colleagues (2000) 

found  expression of MT1-MMP protein and mRNA  in the androgen independent cell 

lines (DU-145, PC-3) and no protein and very little mRNA expressed in the androgen 

dependent LNCaP cell line. Udayakumar et al., 2003, reported that MT1-MMP expressed 

by the prostate carcinoma cell line DU-145 cleaves human Laminin-5 β3 chain 

(glycoprotein of basement membrane) and induces cell migration. Immunolocalisation 

studies, by Upadhyay et al., (1999) of tissue sections from the peripheral zone of 50 

prostates showed relatively intense staining for MT1-MMP and MMP-2 in stromal cells 

of high grade intraepithelial neoplasia (HGPIN) in comparison to no staining for MT1-

MMP and low staining for MMP-2 in luminal epithelial cells. This suggests a role for 

these enzymes during the early stages of neoplasia. 

 

Despite these studies the role of MT-MMPs in PCa are still not fully understood. 
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1.6 Aims of This Project 

Given the evidence provided above for a potential role of the MT-MMPs in cancer and 

the paucity of evidence regarding expression of these proteases in PCa, in particular, it 

was decided to examine: 

1.  a) The expression of MT-MMPs in prostate cancer cell lines using RT-PCR and  

            western blot analysis.           

       b) The expression of MT1-MMP and MT5-MMP in BPH and PCa clinical tissue  

           sections using immunohistochemistry. 

2.  The regulation of MT1-MMP, MT3-MMP and MT5-MMP in PCa cell lines 

LNCaP (androgen dependent) and PC-3 (androgen independent) by concanavalin 

A (Con A), phorbol12-myristate 13-acetate (PMA), dihydrotestosterone (DHT) 

and IGF I and IGF II using western blot analysis (Con A and PMA were chosen 

on the basis that they are known regulators of MT-MMPs in various cell types; 

DHT and IGF-I  and -II  were selected on the basis of their regulatory actions in 

PCa). 

 

1.7 Significance of This Project 

This project will provide a better understanding of the expression of MT-MMPs in PCa 

and the nature of the protein forms present, expression patterns with regards to androgen- 

dependent and -independent PCa and the effects of  Con A, PMA, DHT and IGFs  on 

MT-MMP expression in PCa derived cell lines. This project will lay the foundation for 

further studies, particularly functional invasion study models with high or no MT-MMP 

expression in PCa. 
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Chapter Two 
 

2.0 Materials and Methods 
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2.1 Introduction 
 
This chapter outlines the primary materials and methods used throughout this study. 

All chemicals and reagents used were of analytical grade. These were obtained from Ajax 

Chemicals (Melbourne, Victoria, Australia), BDH Chemicals (Kilsyth, Victoria, 

Australia), Sigma (Castle Hill, NSW, Australia), Asia Pacific Specialty Chemicals 

Limited (Seven Hills, NSW, Australia) or as otherwise stated in the text. 

 
 2.2 Cell Culture 
 
 The human prostate cance rcell lines LNCaP, PC-3, DU-145, ALVA-41 and RWPE-1 

were obtanied from American Type Culture Collection (ATCC) (Manassas, VA, USA). 

Cell culture experiments were performed in a designated sterile tissue culture 

environment in a class II Biohazard hood (Clyde-Apac, Crown Scientific, Brisbane, 

Australia). All reagents used in cell culture (media, phosphate buffered saline, trypsin, 

etc.) were warmed to 370C prior to use. These reagents were either purchased as sterile 

tissue culture grade solutions or autoclaved (1210C for 20 minutes). The medium used to 

maintain cell lines in culture was RPMI 1640 (Gibco BRL, Life Technologies, Rockville, 

MD, USA) which was supplemented with 5 or 10% foetal calf serum (FCS) or foetal 

bovine serum (FBS) (Invitrogen, Mt. Waverely, Victoria, Australia), 1% 

penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) and glutamax I (L-Alynyl-L-

Glutamine) (Invitrogen). Cells were grown in 25cm2 (T25), 80cm2 (T80), or 175 cm2 

(T175) tissue culture flasks with vented lids (Nunc, Roskilde, Denmark). 

 
2.2.1 Resuscitation of cells from liquid nitrogen (N2) storage 
 
Each ampoule of cells was retrieved from liquid N2 store, and thawed quickly at 370C and 

transferred to a Falcon tube (Becton, Dickinson, Franklin Lakes, NJ, USA) containing 

40mL of medium. The cells were mixed gently with the medium and centrifuged at 

1000rpm for 3 minutes. The supernatant was aspirated, pellet resuspended in medium and 

then transferred to a T25 or T80 tissue culture flask and incubated at 370C in a Sanyo 

CO2 incubator (Gunma, Japan) with 5% CO2. 
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2.2.2 Routine Passaging of cells 
 
Cells were generally passaged when they reached 70-90% confluency. Medium was 

removed from the flask containing the confluent monolayer of cells, followed by washing 

of cells with warmed (370C) phosphate buffered saline (PBS) (tissue culture grade, 

Oxoid, Brisbane, Australia). The cells were then treated with 1x trypsin/versine or 

trypsin/EDTA (Invitrogen) and incubated up to 5 minutes at 370C. The flask was gently 

tapped to further dislodge any remaining attached cells. The dislodged cells were then 

resuspended in medium and transferred to new flask (s) and incubated at 370C with 5% 

CO2. 

 
2.2.3 Preparation of Cryo-protected Stock 
 
Cells (70-90% confluency) were harvested with trypsin/versine or trypsin/EDTA as 

described in section 2.2.2. The harvested cells were pelleted at 1000rpm for 3 minutes in 

a 15mL Falcon tube. The cell pellets were resuspended in medium containing 20% 

FBS/FCS and 10% Dimethyl sulfoxide (DMSO, Sigma) and 1mL aliquots were 

transferred to 1.5mL cryo-vessels. The cells were slowly cooled at 10C/hour for 24 hours 

in an isopropanol bath at -700C and transferred to long time storage in a liquid N2 

canister. 

 
2.3 Reverse transcription polymerase chain reaction (RT-PCR) 
 
2.3.1 RNA extraction 
 
RNA extraction was performed on cells which had reached 70-90% confluency. The cells 

were harvested using the routine passaging method with trypsine/versine or 

trypsin/EDTA. Once the monolayer of cells detached from the flask, they were 

resuspended in PBS and centrifuged at 1000rpm for 3 minutes. The supernatant was 

aspirated and the cell pellet frozen at -700C until RNA extraction was performed. Total 

RNA was extracted from cells using Trizol reagent (Life Technologies, Mulgrave, 

Victoria, Australia). For approximately 50-60 mg of tissue (1x T80 flask) 1mL of Triazol 

was added. The Trizol and cell pellet mixture was homogenised by pipetting up and 

down several times. The homogenised mixture was removed to a fresh tube and 
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centrifuged at 10 000g for 10 minutes. Supernatant was removed to a fresh tube and 

0.2mL of chloroform/mL of Trizol was added and vigorously shaken and incubated at 

room temperature for 2-3 minutes. The solution was then centrifuged at 12 000g for 15 

minutes. After removing the aqueous layer placing it in a  fresh tube, 0.5mL of 

isopropanol/mL of Trizol was added and incubated at room temperature for 10 minutes. 

The isopropanol mixture was centrifuged at 12 000g for 10 minutes at 40C. The resulting 

pellet was washed with 70% ethanol and centrifuged. After discarding the supernatant, 

the pellet was briefly dried and resuspended in 30μL of diethylpyrocarbonate (DEPC)-

treated sterile distilled water and stored at -700C until needed. 

 

RNA concentration and purity was determined using a DU640 Beckman 

spectrophotometer (La Jolla, CA, USA) and scanning wavelength analysis in the range of 

220-320nm. The relative sample purity was determined by A260/A280 ratios and was 

accepted as satisfactory in the range 1.8-2.0. 

 
2.3.2 Reverse transcription (RT) 
 
Reverse transcription was carried out to synthesize cDNA from mRNA. RT was 

performed on 5μg of total RNA with 0.5μg of oligodT (Genset Oligos, Lismore, NSW, 

Australia), 1U superscript II (Life Technologies) in 4μL 5 x first strand buffer (250mM 

Tris-HCl pH 8.3, 375mM KCl, 15mM MgCl2), 4mM dithiothreitol (DTT) (all from Life 

Technologies) and 0.2mM dNTPs (Roche, Brisbane, Australia) at 420C for 90 minutes. 

The reaction was stopped by inactivating the enzyme at 700C for 10 minutes then diluting 

the reaction to a 50μL volume with DEPC- treated sterile distilled water. 

 
2.3.3 Polymerase chain reaction (PCR) 
 
PCR was performed with 3μL cDNA, 5μL 10 x buffer (200 mM Tris-HCl pH 8, 40mM 

NaCl, 2mM sodium phosphate, 0.1mM EDTA, 1mM DTT, 50% glycerol), 2mM MgCl2, 

0.3mM dNTP, 50pM each of the forward and reverse primers and 1U Platinum Taq DNA 

polymerase (Invitrogen) made up to 50μL of sterile distilled water. PCR was carried out 

on an Eppendorf  MastercyclerR (Hamburg, Germany) thermal cycler using the following 

PCR cycling conditions: initial denaturation at 950C for 5 minutes, followed by 35 cycles 
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of 950C for 45 seconds, annealing temperature optimized for each primer pair for 45 

seconds, extension at 720C for 2 minutes and a final extension at 720C for 8 minutes. The 

PCR primers used and their annealing temperatures in this study are listed in Chapter 3. 

 
2.3.4 Gel Electrophoresis 
 
PCR products were separated by molecular weight  on 1% w/v agarose gels, made up in 1 

x Tris-boric acid-EDTA (TBE) buffer containing 1μg/mL ethidium bromide. After the 

PCR products were loaded on the gel with loading dye (0.28% bromophenol blue, 40% 

glycerol) they were electrophoresed at 100 volts for 1 hour. Roche markers IX and XIII 

were used on the gels to determine the sizes of the PCR products. DNA bands were 

visualised under a UV lamp, photographed and excised from the gel with a scalpel blade. 

Excised gel bands were purified using QIAquick Gel Extraction  DNA purification 

system (QIAGEN, Clifton Hill, Victoria, Australia), using the manufacturer’s protocol. 

 
2.3.5 Sequencing of PCR products 
 
Purified PCR products were sequenced using automated DNA sequencing (Big DyeTM 

version 3.1) at the Australian Genome Research Facility (University of Queensland, 

Brisbane, Australia). 

  
2.4 Western Blot Analysis 

2.4.1 Protein extraction 

Whole cell lysate 

Cells (70-90%) were harvested using the routine passage method described earlier. 

However, instead of using trypsin/versine or trypsin/EDTA, cells were dislodged from 

the flask using tissue culture cell scrapers and cold PBS solution. Dislodged cells were 

suspended in PBS and centrifuged at 1000rpm for 3 minutes. The resulting cell pellets 

were resuspended in 200μL lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1%TritonX-

100, 0.1mM PMSF, 10mM EDTA pH 8, 1 tablet Roche complete protease inhibitor 

cocktail/25mL). The cell pellet was frozen at -700C, thawed in ice cold water then passed 

through a 26-gauge needle twice to shear high molecular weight genomic DNA. The cell 
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lysate was then centrifuged at 12 000g at 40C for 20 minutes. The supernatant was stored 

at -700C in aliquots until needed. 

 

Conditioned Medium (CM) protein precipitation 
 
Conditioned medium of cells was collected and centrifuged at 1000rpm for 5 minutes to 

remove cells from the medium. For protein precipitation 200μL supernatant was 

transferred to a fresh tube containing 1.6mL acetone on ice. The acetone mixture was 

incubated at -200C overnight. The CM protein precipitate was pelleted by centrifugation 

for 15 minutes at 12 000g at 40C.The supernatant was discarded and the  pellet dried 

briefly before resuspending in 20μL of protease inhibitor working solution (40μL  

protease inhibitor cocktail: 1 inhibitor tablet/mL, 0.1mM PMSF, 10mM EDTA, made up 

to 1 mL with PBS). 

 
2.4.2 Protein quantitation 
 
Protein concentrations were determined using the Bicinchoninic acid (BCA) method with 

bovine serum albumin (BSA) as standard (Pierce3 BCA assay kit, Progen, Darra, QLD, 

Australia). The samples were treated according to the manufacturer’s “microwell” 

protocol and the absorbance read at 545nm on a Beckman plate reader. Absorbance units 

were converted to protein concentration by the SoftMax software (Molecular Devices 

Corp., Selby Biolab, Clayton, Victoria, Australia) integrated into the Beckman plate 

reader. 

 
2.4.3 Sodium dodecyl sulfate –Polyacrylamide gel electrophoresis SDS-PAGE 
 
Protein samples were separated by SDS-PAGE using 10% arylamine resolving and 4% 

stacking gels. For the resolving gel, a final concentration of 0.01% SDS, 1.5M  Tris-HCl 

pH 6.8, 10% acrylamide, was polymerised with 50μL of 10% ammonium persulfate 

(APS, Biorad) and N,N,N,N-tetramethyl ehtylenediamine (TEMED, Biorad) at room 

temperature. The stacking gel contained a final concentration of 0.01% SDS, 0.5M Tris-

HCl, 4% acrylamide , polymerised with 30μL 10% APS and 5μL TEMED at room 

temperature. 
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Protein samples were mixed with loading buffer 0.125M Tris-HCl pH6.8, 4% SDS, 40% 

glycerol, 0.002% bromophenol blue, 5 mM DTT) and boiled for 10 minutes before 

loading on the gel. Protein was loaded into each well of the stacking gel alongside a pre-

stained protein molecular weight marker (Biorad) and electrophoresed at 70 volts in Tris-

Glycine buffer (0.125M Tris, 0.25M Glycine) until the protein had run into the resolving 

gels and then a further 1-1.5 hours at 100 volts. 

 
2.4.4 Membrane transfer 
 
After electrophoresis of the gels, the separated proteins were  transferred to Protran 

nitrocellulose membrane (Schleicher and Schull, Medos, Brisbane, QLD, Australia), 

using a transblot apparatus (Biorad). The transfer was performed at 100 volts for 1 hour 

at 40C in 1 x carbonate buffer (10mM NaHCO3, 3mM Na2CO3,  pH 9.9, 20% methanol), 

pre-cooled at -200C for 1 hour. To verify successful transfer, the membrane was post-

stained with Ponceau S for 5 minutes and rinsed in water to remove excess stain and 

visualise protein bands. 

 
2.4.5 Western blot detection 
 
Non-specific binding sites were blocked by incubating the blot overnight at 40C in 

blocking buffer (5% w/v skim milk in Tris-buffered-saline-Tween: TBST). TBST 

consists of 0.02M Tris-HCl, 0.5M NaCl, pH 7.5, 0.05% Tween 20. The primary antibody 

was diluted in blocking buffer to the appropriate concentration. The antibodies used in 

this study will be described in detail in chapter 3. The membrane was incubated with 

primary antibody overnight at 40C with gentle shaking. The blot was then washed 8 x 5 

minutes in TBST with gentle shaking. The washed membrane was incubated with 

secondary antibody at room temperature for 90 minutes with gentle shaking. The 

membrane was washed again 8 x 5 minutes in TBST. For the detection of signal, the 

membrane was incubated in Femto (Pierce) chemiluminescence substrate and exposed to 

X-ray film (AGFA), before developing the film in an automatic developer (AGFA CP 

1000). 
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For the subsequent detection of additional proteins on the same membrane, the membrane 

was first washed 4 x 5 minutes in TBST followed by incubation  in 10 mL of Re-Blot 

Plus mild antibody stripping solution (Chemicon International, Brisbane, QLD, Australia) 

for 25 minutes at room temperature, with gentle shaking. The membrane was washed 

again 4 x 5 minutes in TBST and blocked overnight in blocking buffer at 40C and the 

same detection steps followed as described above with primary, secondary and Femto 

chemiluminescence substrate. 

 

2.5 Immunohistochemistry 
 
Tissues collected from patients (ethics approval obtained from institutional ethics 

committee) were formalin-fixed for 12 hours and paraffin embedded. Sections were cut at 

5μm and mounted on 3-aminopropyltrieoxylane (APES) coated glass slides (performed 

by Ms Loan Bui of our laboratory). For full details of the tissue samples used, refer to 

chapter 3. 

 

Sections were deparaffinised and re-hydrated by sequential immersion in Xylene, 100% 

ethanol, 90% ethanol, 70% ethanol and distilled water. Antigen retrieval was performed 

by 2 x 4 minutes heat treatment by microwave in Tris-Urea buffer (0.1M Tris, 5% w/v 

Urea, pH 9). Sections were allowed to cool to room temperature and then washed 3 x 3 

minutes in TBST. Endogenous peroxidase activity was blocked in methanol: peroxide: 

TBS (2:1:8) for 10 minutes at room temperature, followed by 3 x 4 minute washes in 

TBST. Tissue sections were incubated in primary antibody (diluted in TBST) overnight 

at 40C. After washing 3 x 5 minutes in TBST, the tissues were incubated in secondary 

antibody (anti-rabbit horseradish peroxidase –HRP)  at room temperature for 30 minutes. 

The sections were washed again 3 x 5 minutes in TBST. The antibody complex was 

visualised by adding 3,3’-diaminobenzidine (DAB) substrate. The secondary antibody 

and DAB solution were from DAKO EnvisionTM + System (DAKO, Sydney, Australia). 

The colour reaction was stopped after 3-5 minutes by immersion in gently running water 

for 5 minutes. The nuclei were counter-stained with Mayer’s haematoxylin (Zymed, San 

Francisco, CA, USA) for 2-5 minutes and then rinsed in water for 5 minutes. The sections 

were dehydrated by rinsing in 70% ethanol, 90% ethanol, 100% ethanol followed by 
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xylene. The sections were mounted in DePex resin. Negative control sections were 

processed in the same way, except for the omission of primary antibody. 

 

Immunohistochemistry photos were taken by a Nikon digital camera DXM1200 (Japan) 

(using Nikon ACT-1 Software) attached to LaborLuxs compound light microscope.  
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Chapter Three 
 

3.0 The Expression of MT-MMPs in Prostate Cancer 
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3.1 Introduction 
 
Invasion and metastasis of tumor cells result from the degradation of basement membrane 

and extracellular matrix (ECM). Matrix metalloproteinases (MMPs) are one of the major 

classes of proteinases involved in the degradation of the ECM. A sub-class of MMPs 

known as the membrane-type MMPs (MT-MMPs), by virtue of their ability to activate 

proMMP-2 (a proteinase implicated in the invasiveness of a number of tumors) and their 

direct degradation activity on several ECM components, appear to play a role in the 

pericellular proteolysis of ECM by cancer cells. 

 

To date six MT-MMPs have been identified and these fall into two types of membrane 

anchorage: type I MT-MMPs (MT1-, MT2-, MT3- and MT5-MMPs) and 

glycosylphosphatidyl inositol (GPI) anchored MT-MMPs (MT4- and MT6-MMPs). 

Similar to secreted MMPs, MT-MMPs are also expressed as zymogens prior to 

activation. MT-MMP activation appears to be mediated by members of the pro-protein 

convertase (furin) family (Wang and Pei, 2001). Pro-protein convertase can specifically 

cleave off the pro-domain of the carboxyl side of the conserved RXRXKR motif 

sandwiched between the pro and catalytic sites. 

 

At the beginning of this study, MT-MMP expression had not been reported in prostate 

cancer (PCa). As reported in Chapter1, within the few recent studies conducted on the 

subject of MT-MMP expression in PCa, there seem to be contradictory results in 

malignant cell lines and tissues versus non-malignant cell lines and tissues.  

 

 Also, there is increasing evidence for different expression characteristics of the 

individual MT-MMPs in cells. For example, MT5-MMP appears to be readily shed from 

the cell surface by furin-type convertase activity in the trans golgi network.(Wang and 

Pei, 2001).  
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The specific aims of this study were to: 

 

1) Determine the mRNA expression of the six MT-MMPs in the “Normal” 

(transformed, but non-tumorigenic cell line) prostate cell line RWPE-1, 

androgen sensitive PCa cell lines ALVA-41 and LNCaP and androgen 

insensitive PCa cell lines DU-145 and PC-3 by RT-PCR. 

2) Compare patterns of protein expression of MT1-, MT3- and MT5-MMPs in 

cell lysates  (CL) and conditioned media (CM) of RWPE-1 (normal prostate), 

LNCaP (androgen sensitive PCa) and PC-3 (androgen insensitive) cell lines 

cultured for 6, 24, 48 and 72 hours, by western blot. 

3) Determine the expression and localization of MT1- and MT5-MMP proteins 

in BPH and PCa tissue specimens by immunohistochemistry (IHC). 
 

3.2 Materials and Methods 

3.2.1 Cell Culture 

The basic procedures used in cell culture were described in chapter 2. ALVA-41, LNCaP, 

PC-3 and RWPE-1 cells were grown in RPMI 1640 medium with 5% foetal bovine serum 

(or foetal calf serum) and incubated at 370C with 5% CO2. For RNA and protein 

extractions, cells were grown to 70-90% confluence, washed in PBS and serum starved 

for 24 hours by culture in medium supplemented with 0.1% bovine serum albumin (BSA) 

instead of serum. Serum starvation of the cells were necessary to prevent interference 

from growth factors, Cytokines and other substances in serum on the experiment. DU-

145 cDNA and cell lysate were kindly provided by a laboratory colleague Dr. Daniel 

McCulloch. 

 

For the time course study of MT1-, MT3- and MT5-MMP protein expression in PC-3, 

RWPE-1 and LNCaP cells, each cell line was seeded in four T80 flasks and grown to 

confluency. The confluent cells were serum starved for 24 hours, followed by 

replacement by fresh serum free medium (with 0.1% BSA). This time point was 

designated 0 hours. The condition medium (CM) and cell lysates were harvested from 
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each of the flasks at 6, 24, 48 and 72 hour time intervals. Protein extraction from cell 

lysates and conditioned medium is described in chapter 2. 

 

3.2.2 RT-PCR 

Reverse transcription was carried out on total RNA to produce cDNA as described in 

chapter 2. All cDNA was screened(35 cycles) by using β-Actin primers (Table 3.1), 

which amplify a 268 bp fragment for the cDNA and a larger fragment if contaminated 

with gDNA, due to the presence of an intron. 
 

The PCR procedure was described in chapter 2. PCR was performed using each of the 

primer sets and their corresponding annealing temperatures listed in table 3.1, with 2μL 

of cDNA as a template from each cell line DU-145, PC-3, ALVA-41, LNCaP and 

RWPE-1, in separate PCRs. 
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Table 3.1 PCR primer sets 

The * indicates primers designed by our laboratory colleagues using Primer express (PE 

Biosystems) software application. “F” represents forward primer and “R” represents 

reverse primer. 

 
MT-

MMP 
 

Primer Sequence 5’→3’ 
Annealing 
Temperat

ure 
(0C)  

Product 
Size 
(bp) 

Reference 

F  TGAGGAGGAGACGGAGGTGA MT1 
R GGACAGAGAGAAGCAAGGAGG 

56 325 Eliza 
Whiteside, 

2001* 
F ACAACCACCATCTGACCTTTAGA MT2 
RAGCTTGAAGTTGTCAACGTCCTTC 
 

52 454 Daja et al., 
2002 

F TATTCGCCGTGCCTTTGATGT MT3 
R TGGGGGCACTGTCGGTAGAG 

57 463 Martin et 
al., 2001 

F CACCAAGTGGAACAAGAGGA MT4 
R AGACACAGACTCCCGCACAC 

57 514 Jung et al., 
2003 

F GGATCAGACAACGATCGAGT MT5 
R CAGCTTGAAGTTGTGCGTCT 

65 564 Kajita et 
al., 2001 

F ATGGCCTGCAGCAACTCTAT MT6 
R AGGGCCCTTTGAAGAAGA 

58 200 Dong et 
al., 2001 

F AAACTACCTTAACTCCATC β-
Actin R GACTCGTCATACTCCTGC 

51 268 Daniel 
McCulloch, 

2003* 

 
 
3.2.3 Western Blot 
Protein (25μg) from cell lysates and CM of each cell line, mixed with a reducing loading 
buffer and boiled for 10 minutes, was loaded on to a SDS PAGE gel followed by western 
blot procedure described in chapter 2. The western blot membrane was incubated with the 
appropriate primary antibodies for MT1-, MT3- and MT5-MMPs, as listed in table 3.2, 
overnight at 40C. The membrane was then incubated with anti-rabbit HRP (DAKO, 
Carpintera, CA, USA) or anti-mouse HRP (Chemicon, USA) (0.2μg/mL). The signal 
detection was carried out as mentioned in chapter 2. A mouse anti-human β-Tubulin 
antibody was used to screen each membrane for variable loading of proteins. 
Densitometric values of each MT-MMP western blot was normalized against the β-
Tubulin densitometry for each membrane screened.  
 
The densitometric units from western blots were analysed with a BioRad GS-690 
Imaging Densitometer integrated with MultiAnalyst Software (BioRad, CA, USA). 
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Values were normalized and corrected with each sample’s corresponding β-Tubulin 
signal. 
 
 
Table 3.2 Antibodies used in Western blot (WB) and immunohistochemistry (IHC) 
 

Antibody Type Antigen Concentration
(μg/mL) 

Raised in Company 

0.25 WB Antihuman 
MT1-MMP 

Polyclonal Hinge 
region 0.8 IHC 

Rabbit Chemicon 
AB815 

Antihuman 
MT3-MMP 

Monoclonal Catalytic 
region 

1 WB Mouse Chemicon 
MAB3314 

0.5 WB Antihuman 
MT5-MMP 

Polyclonal Catalytic-
hemopexin-
like region 2.5 IHC 

Rabbit R&D 
Systems 
AB924 

 
 
3.2.4 Immunohistochemistry 
 
 MT1-MMP and MT5-MMP immunohistochemistry was performed on benign prostatic 

hyperplasia (BPH) and PCa tissue specimens of 12 patients (six of each condition). The 

tissue specimens were fixed, paraffin embedded and sectioned by Ms. Loan Bui of our 

laboratory.  

For each patient, 2 negative control slides (with no primary antibody incubation) and 4 or 

5 slides each for MT1-MMP or MT5-MMP were studied. MT1-MMP and MT5-MMP 

primary antibodies and their concentrations are listed in Table 3.2. Of the six PCa 

patients studied, 2 specimens were of Gleason grade 3+3, 3 specimens of grade 3+4 and 1 

specimen of grade 4+5. Detailed description of the immunohistochemistry procedure is 

included in chapter 2. 

 
3.3 Results 
 
3.3.1 RT-PCR 

Figure 3.1 shows representative data of the PCR products of the 6 MT-MMPs run on  1% 

agarose gels containing 1µg/mL ethidium bromide. RT PCR was performed on cDNA 

obtained from RWPE-1 (“normal”: transformed, but non-tumourigenic cell line), LNCaP 

and ALVA-41 (androgen dependent) and PC-3 and DU-145 (androgen independent) 

cells. The PCR products shown for MT6-MMP are reamplified PCR products. Table 3.3 
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summarizes these results. A β-Actin PCR product of 268 bp was present in all the cell 

lines screened, hence validating the integrity and purity of the cDNA. MT1-MMP 

(325bp) and MT3-MMP (463 bp) PCR products were present in all of the cell lines. An 

MT2-MMP PCR product of 454 bp was detected in LNCaP and DU-145 cells, whereas 

the signal for MT4-MMP (514 bp) was present in PC-3 and DU-145 cells. MT5-MMP 

PCR product (561 bp) was present in LNCaP, PC-3 and DU-145 cells. Very faint 

detection of the 200 bp PCR product of MT6-MMP was detected in LNCaP and DU-145 

cells. However, to validate the PCR conditions for the MT6-MMP primer set, the faint 

200 bp PCR products were gel purified and re-amplified. The re-amplification of the PCR 

product produced a moderately, strong band at 200 bp. Except for MT4-MMP mRNA 

expression, there seem to no pattern of expression between androgen-dependent and 

androgen-independent cell lines. MT4-MMP however, was only detected in androgen-

independent cell lines. 
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Figure 3.1 PCR Products of the 6 MT-MMPs in PCa 

PCR products (after 35 cycles) of the 6 MT-MMPs run on 1% agarose gels containing 

1μg/mL ethidium bromide. These are representative composite images of PCR products 

detected in multiple experiments. cDNA of ALVA-41(androgen sensitive), PC-3 

(androgen insensitive), LNCaP (androgen sensitive), RWPE-1 (“normal” prostate) and 

DU-145 (androgen insensitive) was screened for mRNA expression of the 6 MT-MMPs by 

RT-PCR. The purity and integrity of cDNA was established by the presence of a 268 bp 

PCR product for β-Actin in all of the cell lines. The MT6-MMP 200 bp products shown 

are re-amplifications of purified products from initial PCR reactions . The initial MT6-

MMP PCR produced only very faint bands. Control lanes had sterile water instead of 

cDNA as a negative control to look for possible contamination in the PCR procedure. 
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Figure 3.1 PCR products of the 6 MT-MMPs in PCa 
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β-Actin 

MT1-MMP MT2-MMP 

MT3-MMP MT4-MMP 

MT5-MMP MT6-MMP (re-amplification)

268 bp→ 

325 bp→   454 bp→

463 bp→ 
 514 bp→

561 bp→ 
200 bp→
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Table 3.3 MT-MMP mRNA expression in normal and PCa cell lines by RT-PCR 

A “plus” sign indicates the presence of the specific PCR product and “minus” sign 

indicates the absence of it. The * indicates a re-amplified PCR product. It represents 

combined data from independent experiments. 

 
Cell Type MT1 MT2 MT3 MT4 MT5 MT6 Β-

Actin 
ALVA41 + - + - - - + 

PC-3 + - + + + - + 
LNCaP + + + - + +* + 

RWPE-1 + - + - - - + 
DU-145 + + + + + +* + 

Size 325bp 454bp 463bp 514bp 561bp 200bp 268bp 
 
 
3.3.2 Western Blot Analysis 
The house keeping protein β-tubulin was used as a measure of the  protein loading 
variability between cell lines. The densitometry values of MT-MMPs were normalized 
against those of the corresponding β-tubulin values.Only MT1-, MT3- and MT5-MMP 
proteins were analysed, as suitable antisera to MT2-, MT4- and MT6-MMPs were not 
available 
 
3.3.2.1 MT-MMP Protein Expression in Cell Lysates of Prostate Cell Lines 
 

Proteins from cell lysates of RWPE-1, LNCaP, ALVA-41, PC-3 and DU-145 were 

screened for MT1-, MT3- and MT5-MMP protein expression by western blot (Figure 

3.2). The predominant MT1-MMP band detected was a 58 kDa protein, presumed to be 

the active enzyme. MT1-MMP expression was highest in RWPE-1 cells (“normal” 

prostate) compared to the PCa cell lines LNCaP, PC-3 and DU-145 cell lines. There was 

little difference in expression between the androgen sensitive cell line LNCaP and the 

androgen insensitive cell line PC-3, however MT1-MMP protein was essentially 

undetectable in DU-145 cells (androgen insensitive), although its mRNA was detected in 

DU-145 cells. 
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Figure 3.2 MT-MMP expression in cell lysates of “normal”and prostate cancer cell 

lines 

Western Blot: 25µg of protein from cell lysates of RWPE-1, LNCaP, PC-3 and DU-145 

cells were screened with antibodies to MT1-MMP, MT3-MMP and MT5-MMP. The gels 

on the right are representative data. The histograms on the left  indicate the mean 

relative expression of the 3 MT-MMPs in Normal and PCa cell lines normalized against 

expression of the house keeping protein β-Tubulin in duplicate experiments. The y-axis 

values are mean densitometric values normalized against β-Tubulin expression. The 

horizontal line above each bar represents the upper value of the duplicate results  of one 

experiment and provides a measure of the variability between experiments. The cells 

were serum starved for 48 hours before harvesting the cell lysates. 
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Figure 3.2 MT-MMP expression in cell lysates of “normal”and prostate cancer cell 

lines 
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The predominant MT3-MMP species detected in the western blot was a 39 kDa protein, 

which is believed to be a  breakdown product. In some experiments (Figure 3.3), weaker 

MT3-MMP bands representative of potentially active and processed were observed at 59 

and 48 kDa, respectively. MT3-MMP is highest in PC-3 cells but lowest in DU-145 cells, 

both of which are androgen independent cell lines.  

 

A 62 kDa pro-MT5-MMP was detected in all cell lines except DU-145 cells. Expression 

levels did not vary significantly between RWPE-1, LNCaP and PC-3 cell lines.  

 

In DU-145 cells MT1- and MT5-MMP proteins were not detected and very low 

expression was seen for MT3-MMP as well. A strong β-Tubulin band  in DU-145, 

indicates that the protein loaded on the western blot was sufficient and comparable to 

other cell types. 

 

MT5-MMP data obtained in this study, was contradictory, given that MT5-MMP mRNA 

expression was not seen in RWPE-1 cells, whilst the protein was detected and similarly, 

in DU-145 cells, the mRNA expression was detected and the protein was not. The anti-

MT5-MMP antibody used in this study has been previosly used in two other studies (Pei, 

1999b; Wang and Pei, 2001) which reported similar protein sizes (65-63 kDa and 58 kDa 

in CL and 52 kDa in CM) in Madin-Darby canine kidney cells (MDCK). However, 

further investigation is required to determine MT5-MMP mRNA and protein expression 

in RWPE-1 cells and DU-145 cells with another suitable antibody as a comparison. 

 
3.3.2.2 Time Course of MT1-, MT3- and MT-5MMP Expression in RWPE-1 Cells 
 
 The time course studies were performed to observe the long-term effects on MT-MMP 

expression in PCa cells in culture and hence a zero time was not used. Figure 3.3 

illustrates the expression of MT-MMPs in RWPE-1 cells cultured for time periods up to 

72 hours. The main band present in RWPE-1 cell lysates was again the 58 kDa  presumed 

active MT1-MMP species. In RWPE-1 cell lysate at 6 hours there is maximum 

expression of the 58 kDa species. The 58 kDa expression  decreases with time, 

particularly the dramatic decrease between 6 and 24 hours. In the CM, a major  band 



 62

corresponding to approximately 60kDa was seen with little change in expression over 

time. An additional band at 55 kDa was also observed in the CM at 48 and 72 hours. The 

soluble or shed forms of 60 kDa and 55 kDa in CM may represent the still inactive 

proform and  the active enzyme, respectively. 

 

In the cell lysates of RWPE-1 cells, MT3-MMP bands detected by the particular antibody 

used were a number of  processed products at 59, 48 and 39 kDa. The strongest signal 

detected in the cell lysate was again the 39 kDa species. There is a slight increase of the 

59 kDa species with time. There is little change in expression of the 48 and 39 kDa bands 

with time. In the CM a single band corresponding to 66 kDa was present. This 66 kDa 

protein may be the inactive enzyme released into the CM. 

 

The anti-MT5-MMP antibody detected a 62 kDa and 59 kDa bands, consistent with the 

known sizes for pro- and active MT5-MMP respectively, as well as the 44 and 39 kDa 

proteins cosistent with the processed forms of the enzyme, in the cell lysate. The main 

species detected is the 62 kDa pro-form. The active MT5-MMP is very poorly detected. 

In RWPE-1 cells there was a decrease of the pro 62 kDa enzyme with time especially 

between 6 and 24 hours. However there is an increase in the  44 and 39 kDa species with 

time. In the CM a weak 56 kDa band is present and it may correspond to the active form 

of the enzyme. The soluble or shed form is not detected at 6 hours. 
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Figure 3.3 Time course of MT1-, MT3- and MT-5MMP expression in RWPE-1 cells 
 

Western Blot: RWPE-1 cells were grown to confluency in 4 x T80 flasks and serum 

starved for 24 hours before replacing with fresh media containing 0.1% BSA and 

designating that time as 0 hours. The Conditioned media (CM) and Cell lysate (CL) were 

harvested from each flask at 6, 24, 48 and 72 hour time intervals. 25µg of total CM and 

CL proteins were screened with MT1-, MT3- and MT5-MMP antibodies. The gels on the 

right are representative data. The histograms on the left are cell culture experiments  

performed in duplicate and each experiment analysed by western blot to obtain mean 

densitometric values (y-axis) normalized against β-Tubulin expression and relative to 

expression at 6 hours (defined as 1). The horizontal line above each bar represents the 

upper value of the duplicate results  of one experiment and provides a measure of the 

variability between experiments. In the western blots shown here, the CL and CM 

proteins were run on the same membrane, bu fort presentation in the figure, the western 

blots were separated. 
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Figure 3.3 Time course of MT1-, MT3- and MT-5MMP expression in RWPE-1 cells 
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3.3.2.3 Time Course of MT1-, MT3- and MT5-MMP Expression in LNCaP Cells   
 
Figure 3.4 illustrates the time course experiment for LNCaP cells. The main MT1-MMP 

band detected in the LNCaP cell lysate was the active 58 kDa protein and there was little 

change in expression levels with time. In the CM, a major band of 60 kDa was observed 

for MT1-MMP, most likely representing the pro-form of the enzyme. Little change was 

seen in its expression with time. A second 55 kDa band was present at 48 and 72 hours, 

similar to its expression in RWPE-1 cells.  

 

In LNCaP cell lysate, the only MT3-MMP species detected was the 39 kDa processed 

form. There was little change in its expression with time. The 66 kDa  soluble or shed 

form was increased at 72 hours. 

 

 A 62 kDa proMT5-MMP protein was the main band detected in LNCaP cells, as with 

RWPE-1 cells. However, in contrast to RWPE-1 cells, there was an increase in 

expression of the 62 kDa band with time, especially between 6 and 24 hours. There was 

no change in expression after 24 hours. Also unlike RWPE-1 cells, the breakdown 

products at 44 and 39 kDa were less evident in LNCaP cells. The soluble or shed 56 kDa 

protein in CM appeared to increase with time, similar to soluble or shed MT3-MMP and 

MT1-MMP.  
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Figure 3.4 Time course of MT1-, MT3- and MT-5MMP expression in LNCaP cells 

Western Blot: LNCaP cells were grown to confluency in 4 x T80 flasks and serum starved 

for 24 hours before replacing with fresh media containing 0.1% BSA and designating 

that time as 0 hours. The Conditioned media (CM) and Cell lysate (CL) were harvested 

from each flask at 6, 24, 48 and 72 hour time intervals. 25µg of total CM and CL proteins 

were screened with MT1-, MT3- and MT5-MMP antibodies. The gels on the right are 

representative data. The histograms on the left are cell culture experiments  performed in 

duplicate and each experiment analysed by western blot to obtain mean densitometric 

values (y-axis) normalized against β-Tubulin expression and relative to expression at 6 

hours (defined as 1). The horizontal line above each bar represents the upper value of the 

duplicate results  of one experiment and provides a measure of the variability between 

experiments. In the western blots shown here, the CL and CM proteins were run on the 

same membrane, but for presentation in the figure, the western blots were separated. 
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Figure 3.4 Time course of MT1-, MT3- and MT-5MMP expression in LNCaP cells 
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3.3.2.4 Time Course of MT1-, MT3- and MT5-MMP Expression in PC-3 Cells  
 
Refer to figure 3.5 for the expression of MT-MMPs in PC-3 cells cultured for periods up 

to72 hours. MT1-MMP (presumed active 58 kDa) expression seemed to decrease with 

time, similar to its expression in RWPE cells, however the greatest reduction in 

expression was between 24 and 48 hours, compared to between 6 and 24 hours in RWPE-

1 cells. In the CM, the soluble or shed forms 60 kDa and 55 kDa proteins were present. 

There was little change in expression of the 60 kDa soluble or shed form with time, 

however the expression of the 55 kDa band was very low at 6 hours. 

 

As with LNCaP cells, the only MT3-MMP species detected in the cell lysates of PC-3 

cells was the 39 kDa protein. There was a steady increase of expression of this protein 

with time, with maximum expression at 72 hours. In the CM, the 66 kDa soluble or shed 

protein was decreased with time, with almost no expression at 72 hours. 

 

Similar to RWPE-1 cells, there were many MT5-MMP species present in the cell lysates 

of PC-3 cells. However, unlike the RWPE-1 cells, there was a slight increase in the 

expression of the pro 62 kDa species with time. Unlike RWPE-1 cells, the active 59 kDa 

protein was detectable in PC-3 cells and its expression varied from highest at 24 hours to 

lowest at 48 hours. Also unlike  RWPE-1 cells, there was a decrease in the 44 kDa 

breakdown product with time. In the CM, the highest expression of 56 kDa protein is at 6 

hours with virtually no expression at 48 and 72 hours. 
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Figure 3.5 Time course of MT1-, MT3- and MT-5MMP expression in PC-3 cells 
 

Western Blot: PC-3 cells were grown to confluency in 4 x T80 flasks and serum starved 

for 24 hours before replacing with fresh media containing 0.1% BSA and designating 

that time as 0 hours. The Conditioned media (CM) and Cell lysate (CL) were harvested 

from each flask at 6, 24, 48 and 72 hour time intervals. 25µg of total CM and CL proteins 

were screened with MT1-, MT3- and MT5-MMP antibodies. The gels on the right are 

representative data.  The histograms on the left are cell culture experiments  performed 

in duplicate and each experiment analysed by western blot to obtain mean densitometric 

values (y-axis) normalized against β-Tubulin expression and relative to expression at 6 

hours (defined as 1). The horizontal line above each bar represents the upper value of the 

duplicate results  of one experiment and provides a measure of the variability between 

experiments. In the western blots shown here, the CL and CM proteins were run on the 

same membrane, but for presentation in the figure, the western blots were separated. 
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Figure 3.5 Time course of MT1-, MT3- and MT-5MMP expression in PC-3 cells 
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Table 3.4 summarizes the data for the three MT-MMPs detected in the cell lysates and 

conditioned medium. 

 

Table 3.4 Predominant forms of MT1-, MT3- and MT5-MMP s detected in cell lysates 

and conditioned medium of prostate cells 

 
MT-MMP Location Size (kDa) Presumed type of 

protein 
Cell Lysate 58 kDa Active MT1 

 Conditioned 
medium 

60 and 55 Soluble/Shed 

Cell Lysate 39 Breakdown product MT3 
Conditioned 

medium 
66 Soluble/Shed 

Cell Lysate 62 Pro-form MT5 
Conditioned 

medium 
56 Soluble/Shed 

 

Further investigation is required to determine the nature of the soluble or shed forms in 

culture with an protein loading control, such as a Ponceau S stain on the membranes. 

 

3.3.3 Immunolocalization of MT1-MMP and MT5-MMP Proteins in BPH and PCa 

Clinical Tissue Specimens 

3.3.3.1 Immunohistochemistry of MT1-MMP and MT5-MMP in BPH 
 
In BPH specimens (Figure 3.6), staining varies from low to moderate staining of the 

cytoplasm of secretory cells for MT1-MMP and MT5-MMP. MT1-MMP staining is 

heterogeneous in the cells of the same gland with moderate staining in most cells and 

none at all in a few. Neither MT-MMPs showed any stromal staining. No staining of the 

negative controls were evident. 

 

3.3.3.2  Immunohistochemistry of MT1-MMP and MT5-MMP in moderate grade PCa 

There was no staining present in the negative controls. The cancer glands shows the 

absence or the presence of remnants of basal layer surrounding the PCa gland and the 

presence of large and irregular shaped nuclei. The prostate cancer glands also show 

occluded lumens. In moderate grade PCa (score 6 and score 7), MT1-MMP is intensely 
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stained in the cytoplasm and some nuclei of the secretory cells ( Figure 3.7 and  Figure 

3.9 : C and D). A few cells within the same gland have no staining for MT1-MMP, whilst 

the majority of the cells are intensely stained. There is no MT1-MMP expression in the 

stroma. MT5-MMP staining varies from low, moderate to intense staining in the 

moderate grade cancer (score 6 and 7) (Figure 3.8 and Figure 3.9: E and F). MT5-MMP 

staining is observed in the cytoplasm, nuclei and the plasma membrane. There was some 

basal cell staining (Figure 3.8, F) for MT5-MMP in some cancerous glands, where parts 

of the basal layer was still present (early stage of cancer). 
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Figure 3.6 Immunohistochemistry of MT1-MMP and MT5-MMP in BPH 
 
 Expression of MT1-MMP and MT5-MMP in Benign prostatic hyperplasia. Figures A 

and B –Negative Control, showing only the nuclear haemotoxylin staining. Figure C  and 

D shows MT1-MMP staining and Figure E and F shows staining for MT5-MMP. The 

abbreviations  indicate: SC (secretory cells), N (nucleus of secretory cells). In Figure D, 

the red and blue arrows represents, cytoplasmic staining of secretory cells and no 

staining of secretory cells respectively, with MT1-MMP. Figure F shows nuclear and 

cytoplasmic MT5-MMP staining of secretory cells (red arrows). Figures representative 

of 6 different patient samples (3 x negative control slides, and 3 x slides for each MT-

MMP). 
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Figure 3.6 Immunohistochemistry Of MT1-MMP and MT5-MMP in BPH 
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Figure 3.7 MT1-MMP immunohistochemistry of Gleason grade 3+3 (score6) PCa 
 
Expression of MT1-MMP in moderate grade prostate cancer. Figures A and B shows 

Negative control and C, D, E and F shows intense staining for MT1-MMP. The 

abbreviations include: Pca (prostate cancer gland), PIN (persumed prostactic 

intraepithelial neoplasia, where the basal cell layer is still intct), SC (secretory cells), C 

(cytoplasm), N (nucleus of SC) and BC (basal cell layer). Red arrow in Figure D 

indicates cytoplasmic staining of secretory cells. In some of the prostate glands, the 

staining is heterogeneous (F), with intense(red arrow) staining in majority of cells,  to no 

staining (blue arrow) in some cells. Figure F also shows intense nuclear staining. 

Figures representative of 2 different patient samples (4 x negative control slides, and 4 x 

slides for each MT-MMP). 
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Figure 3.8 MT5-MMP immunohistochemistry in Gleason grade 3+3 (Score 6) PCa 

Expression of MT5-MMP in moderate grade prostate cancer. It is the same patient as 

shown for MT1-MMP staining in Figure3.7. Figures A and B are negative controls. 

Figures C, D, E and F show MT5-MMP staining. Abbreviations include:  Pca (prostate 

cancer gland), SC (secretory cells), N (nucleus of SC), C (cytoplasm), BC (Basal cell 

layer), PM (plasma membrane) and ST (stroma). The red arrows indicate staining. 

Figures representative of 2 different patient samples (4 x negative control slides, and 4 x 

slides for each MT-MMP). 
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Figure 3.9 MT1-MMP and MT5-MMP immunohistochemistry of Gleason grade 3+4 

 (score 7) PCa 
 
Expression of MT1-MMP and MT5-MMP in moderate grade prostate cancer from a 

patient with a slightly higher Gleason score than the patient of figure 3.7 and 3.8. A and 

B are negative controls, C and D are staining for MT1-MMP and E and F are staining 

for MT5-MMP. Abbreviations include: SC (secretory cells), N (nucleus of SC ), C 

(cytoplasm) and PM (plasma membrane) MT1-MMP staining varies from intense (red 

arrow) to no staining (blue arrow) within the cells of the same gland (Figure D). The red 

arrows in Figures indicates staining. Figures representative of 3 different patient 

samples (5 x negative control slides, and 5 x slides for each MT-MMP). 
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3.3.3.3 Immunohistochemistry of MT1-MMP and MT5-MMP in high grade PCa 
 
In high grade PCa, the glandular structure is lost, with many fused glands and very little 

intervening stroma. The nuclei of the secretory cells are large and irregular in shape with 

prominent nucleoli. In high grade PCa, MT1-MMP expression is quite low compared 

with the moderate grade cancer (figure 3.10). It is mainly expressed in the cytoplasm of 

the secretory cells, with light staining in the stroma. In high grade PCa, MT5-MMP 

expression is heterogeneous from low to moderate to intense staining. See Figure 3.11. It 

is mainly observed in the cytoplasm of the secretory cells. Stromal cells are also lightly 

stained for MT5-MMP in high grade cancer. No staining was seen in the negative 

controls. 
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Figure 3.10 MT1-MMPiImmunohistochemistry in Gleason grade 4+5 (score 9) PCa 
 
MT1-MMP expression in high grade prostate cancer. A and B are negative controls and 
C, D, E and F are staining for MT1-MMP. Abbreiviations include: SC (secretory cells), 
N (nucleus of secretory cells), C (cytoplasm of secretory cells) and ST (stroma). Red 
arrows indicate staining. Figures representative of samples from one patient (performed 
in duplicate slides).  
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Figure 3.11 MT5-MMP immunohistochemistry in Gleason grade 4+5 (score 9) PCa 
 
MT5-MMP expression in high grade prostate cancer (from the same patient as in figure 

3.11). A and B represens the negative controls, and C, D, E and F shows MT5-MMP 

expression. Abbreviations include: SC (secretory cells), N (nucleus of secretory cells), C 

(cytoplasm of secretory cells) and ST (stroma). Staining varies from low (D) to moderate 

(C) to intense (E and F). Figures representative of samples from one patient (performed 

in duplicate slides).   
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Figure 3.11 MT5-MMP immunohistochemistry in Gleason grade 4+5 (score 9) Pca 
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3.4 Discussion 

 A major characteristic of malignant tumor cells is their ability to invade and form 

metastatic foci at distant sites in the body. The high frequency at which MMP transcripts 

or proteins are detected in invasive tumor cells and tissues, suggests that these enzymes 

are closely associated with tumor invasion and metastasis. To date, a very few studies 

have been conducted to observe the expression of MMPs, particularly MT-MMPs, in PCa 

cells and tissues. This study examined the MT-MMP mRNA expression of all 6 MT-

MMPs in PCa cell lines and protein expression of MT1-, MT3- and MT5-MMPs in PCa 

cell lines and BPH and PCa tissues (MT1 and MT5-MMP only for tissues). 

 

In this study, RWPE-1 a transformed but non-tumorogenic prostate cell line, was used as 

a normal prostate cell model. ALVA-41, derived from a bone metastases from a human 

prostatic carcinoma and LNCaP, isolated from lymph node metastases from a patient 

with disseminated bone and lymph node involvement, were used as androgen sensitive 

cell models. PC-3, prostatic cancer cells isolated from a vertebral metastases and DU-145 

, a prostate cancer cell line originally taken from a brain metastasis were employed to 

look at androgen independent PCa cells. 

 

MT1-MMP and MT3-MMP mRNA were present in all cell lines screened. Although, in 

this study MT1-MMP mRNA was detected in LNCaP cells, other studies (Giambernadi 

et al., 1998; Zhang et al., 2002; Jung et al., 2003; and Daja et al., 2003) reported the 

absence of MT1-MMP transcript in LNCaP cells. However, these apparent discrepecies 

may reflect subtle (or major) differences in the tumour cell sub-lines used in these 

different studies. For example, it is well known that the functions and the responses of 

LNCaP cells can be markedly altered by the passage number and/or particular sub-line in 

use (Igawa et al., 2002). Similarly, MT3-MMP mRNA was detected in DU-145 cell in 

our laboratory, contradicting studies by Zhang and colleagues (2002) and Jung and co-

workers (2003) where no transcripts of MT3-MMP were reported for DU-145 cells. 

MT2-MMP mRNA was only detected in LNCaP and DU-145 cells. Daja and colleagues, 

in 2003, found that MT2-MMP mRNA expression was higher in LNCaP derived cells 

than in PC-3 derived cells. Jung and co-workers (2003) found the highest expression of 
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MT2-MMP in DU-145 cells compared to LNCaP, PC-3 and BPH-1. Similar results were 

expected in the current study because the primer sequences used for MT2-MMP were 

obtained from Daja et al., 2003. 

 

In this study, MT4-MMP mRNA was detected in only PC-3 and DU-145 cells, both of 

which are androgen insensitive cells. This is consistent with the study conducted by 

Zhang and co-workers (2002) where the highest MT4-MMP expression in PCa cell lines 

was observed in PC-3 and DU-145 cells with no expression in LNCaP cells.  

 

MT5-MMP mRNA was present in PC-3, LNCaP and DU-145 cells. In 2003, Jung and 

coworkers reported a higher expression of MT5-MMP transcript in PC-3 and DU-145 

cells compared to LNCaP cells. 

 

In this study we were able to detect very low (detected only when reamplified) signal for 

MT6-MMP in PCa cell lines LNCaP and DU-145. To date, there have not been any other 

studies reporting the detection of MT6-MMP in the normal or cancerous prostate. 

Northern blot analysis of polyadenylated RNAs isolated from human tissues 

demonstrated that MT6-MMP is predominantly expressed in leukocytes, lung and spleen 

(Velasco et al., 2000). MT6-MMP was also detected at high levels in SW480 colon 

carcinoma cells as well as in some anaplastic astrocytomas and glioblastomas, but not in 

normal colon or brain (Velasco et al., 2000). Albeit we detected MT6-MMP in some PCa 

cell lines, the signals were very low and it would seem to be a minor player in prostate 

cancer cells. 

 

The current study is the first to examine the  MT-MMP mRNA expression in RWPE-1 

and ALVA-41 cells. MT1-MMP and MT3-MMP mRNA was detected in RWPE-1 and 

ALVA-41 cells or protein expression in RWPE-1 cells. MT-MMP mRNA expression is 

different for each cell line, regardless of their androgen sensitivity/insensitivity, except 

for MT4-MMP which was only detected in androgen insensitive cells. In the “normal” 

prostate cell line RWPE-1, MT2-, MT4-, MT5- and MT6-MMPs were not detected 

whereas they were precent in cancer cell lines. Their expression may therefore be induced 



 88

in PCa cells compared to the normal prostate cells. However, Jung and Co-workers 

(2003) reported down regulation of MT-MMP mRNA in epithelial cells cultured from 

human malignant prostatic tissue compared to cells from non-malignant tissue. This may 

reflect a functional difference between primary cancer cell cultures and transformed, 

immortalized cancer cell lines. 

 
From the mRNA expression studies, it was evident that MT1- MT3- and MT5-MMP 

were the predominant MT-MMPs in the prostate. Since suitable antibodies for those three 

MT-MMPs were also available, it was decided to study their protein expression patterns 

in PCa cell lines and tissues. 

 

The cell-associated MT1- and MT5-MMP proteins were present in all cells screened, 

except for the androgen independent cell line DU-145. This result is intriguing since the 

mRNA of these two MT-MMPs was detected in DU-145 cells. The protein sizes detected 

by both anti-MT1- and MT5-MMP antibodies used in this study were of the right size 

reported by other studies. However further investigation is required with different 

antibodies recognizing these MT-MMPs and different mRNA and protein samples. MT1-

MMP protein expression was higher in the “normal” prostate cell line RWPE-1 compared 

to the PCa cells. MT3-MMP protein was expressed in all cell lines screened, with very 

low expression observed in DU-145 cells.  

 

MT1-MMP protein expression, detected by western blot, has previously been reported in 

the PCa cell lines PC-3, DU-145 ( Nagakawa et al., 2000; Daja et al., 2003; Udayakumar 

et al., 2003) and LNCaP cells (Daja et al., 2003; Udayakumar et al., 2003). Nagakawa 

and co-workers, in 2000, also reported proMMP-2 cleavage to active MMP-2 by PC-3 

and DU-145 cell lysates in gelatin zymography. MT3-MMP protein expression has also 

been previously reported in the LNCaP C4 series ( LNCaP and sublines of LNCaP) and 

the PC-3 M series (PC-3 and sublines of PC-3) (Daja et al., 2003). However, the current 

study is the first to report protein expression of MT5-MMP in PCa. 
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As with secreted MMPs, MT-MMPs are produced as latent enzymes, which need to be 

processed for catalytic activity. There seems to be growing evidence for their activation 

by furin-like convertases, possibly even before they reach the cell surface (Kang et al., 

2002). Similarly, it appears that some MT-MMPs are readily shed or released from the 

cell surface into the extracellular milieu (Imai et al., 1996; Kazes et al., 1998; Pei, 1999b; 

Wang and Pei 2001; Zhao et al., 2003). In the studies reported here, both cell associated 

(cell lysates) and soluble/shed forms (conditioned medium) have been detected. 

 

The predominant cell associated MT1-MMP protein detected by western blot, using an 

antibody against the hinge region of the enzyme, was the 58 kDa protein. This may 

correspond to the active enzyme. In 2003, Daja and colleagues reported expression of cell 

associated 63 kDa (pro), 60 kDa (active) and 40 kDa (processed) forms of MT1-MMP in 

the LNCaP C4 series and PC-3 M series. In studies of non-prostate human cells (for 

example, brain tumor cells, glomerular messangial cells and ovarian carcinoma cells) 

expression of 63-66 kDa proMT1-MMP and 55-60 kDa active enzyme has also been 

reported (Kazes et al., 1998; Ellerbroek et al., 1999; Sameshima et al., 2000).  

 

In the CM of “normal” and PCa cell lines, 60 and 55 kDa  soluble or shed forms of MT1-

MMP were also detected by the anti-MT1-MMP antibody used in this study. Similarly, 

other studies with human glomerular messangial cells and breast carcinoma cells, have 

reported 55-56 kDa  forms of MT1-MMP in the CM (Imai et al., 1996; Kazes et al., 

1998). In both studies the shed or soluble species corresponded to the active enzyme. 

However, in the CM of DOV13 (ovarian carcinoma cells), Ellerbroek and colleagues 

(1999), failed to detect any fragment of MT1-MMP using the same hinge region antibody 

we used in this study. It may be that in ovarian carcinoma cells MT1-MMP is not shed or 

released from the cell or it could be variation in experimental procedures, for example, 

incubation time and protein precipitation from CM. 

 

The presence of  shed or soluble forms of  MT1-MMP may imply one of the follwing: 

ectodomain shedding (Harayama et al., 1999; Lehti et al., 2000; Toth et al., 2002) by 

extracellular convertases, the secretion of   intracellularly processed MT-MMPs without 
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transmembrane domain, the release of membrane vesicles containing membrane bound 

MT-MMPs (Tarboletti et al., 2002) or the translation of alternatively spliced mRNA 

variants which produce MT1-MMP without the transmembrane domain. No definitive 

characterization of any of the soluble or shed forms of MT1-MMP have been carried out 

due to time constraints. However, several mechanistic possibilities exist to explain the 

particular species detected.These mechanisms are illustrated in Figure 3.12. The 60 and 

55 kDa  soluble or shed forms of the enzyme observed in this study may correspond to 

the latent and active enzyme isoforms respectively. The 60 kDa  form, detected in the 

CM, could be shed from the cell surface as an intact latent enzyme or be the product of 

alternatively spliced mRNA, without the transmembrane domain. The soluble or shed 

MT1-MMP (55 kDa) may represent the intracellulary activated enzyme secreted from the 

cell surface or the latent enzyme being activated after secretion. Equally, it could arise 

from secretion of an activated, alternaticely spliced form, lacking the transmembrane 

domain. Figure 3.12  also demonstrate the previously reported shedding of membrane 

vesicles containing membrane bound pro- or activated MT1-MMP. However, in the 

current study, ultracentrifugation was not performed on the CM samples and hence it is 

not possible to absolutely distinguish between soluble and the membrane-bound vesicles 

forms of MT1-MMP. The full characterization of these species require further 

experimentation. 
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Figure 3.12 Schematic representation of the potential mechanisms for the presence of 

MT1-MMP in the condition medium of prostate cancer cells 

This diagram illustrates  potential mechanisms by which the soluble or shed forms of 

MT1-MMP (and other MT-MMPs) may br released in the conditioned medium. The 

yellow oval shape represents the cell and the outside space is designated the 

extracellular space (conditioned medium).The mechanisms are 1) shedding: the latent or 

active enzymes are shed from the cell surface as a result of  proteolytic cleavage, 2) 

Secretion of intracellulaly processed MT1-MMP without the transmembrane domain, 3) 

Alternatively spliced mRNA: may give rise to MT-MMPs without transmembrane domain 

(TM), which then behave like a secreted MMP and 4) Release of membrane vesicles 

containing membrane bound-MT1-MMP: the latent or active enzyme on the cell surface 

could be released as membrane bound vesicles. The latent enzymes could be  activated 

(green arrows) either intracellularly or extracellulary by  furin-type convertases in the 

cell or in CM, respectively. 
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Figure 3.12 Schematic representation of the potential mechanisms for the presence of 

MT1-MMP in the condition medium of prostate cancer cells 
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In the cell lysates, proMT3-MMP was not detected; instead forms of  59, 48 and 39 kDa 

were detected. The 39 kDa protein was the predominant MT3-MMP form detected by the 

antibody (against the catalytic domain of MT3-MMP). A latent 65 kDa, active 52 kDa 

and processed 45 kDa have been reported previously in LNCaP and PC-3 sublines (Daja 

et al., 2003). In a study with human MT3-MMP expressing Cos-1 cells (monkey kidney) 

and mouse fibroblasts and HT1080 cells (human fibrosarcoma), 63 kDa (latent), 59 kDa 

(active) and 35-37 kDa (processed) cell associated forms of MT3-MMP were detected 

(Zhao et al., 2003). Although there is some inter-study variation in the molecular weights 

reported, the MT3-MMP forms detected in this study are comparable to  studies of  the 

Daja and colleagues (2003) and Zhao and colleagues (2003). 

 

In the CM of RWPE-1, LNCaP, and PC-3 cells, a 66 kDa soluble MT3-MMP protein was 

also detected. This 66 kDa soluble form may correspond to the intact pro-enzyme and 

may represent a vessel bound form, since with this molecular size, it likely still contains 

both the prodomain and transmembrane domain. Zhao et al., 2003, also reported a soluble 

32 kDa autocatalytic degradation product in the CM of HT1080, and human MT3-MMP 

expressing mouse fibroblast and Cos-1 cells. 

 

As mentioned earlier, MT5-MMP protein expression in PCa have not been previously 

reported. In this study, we were able to detect a 62 kDa latent (presumed), 59 kDa active 

(presumed) and 44 and 39 kDa processed forms of the enzyme in the cell lysates together 

with a 56 kDa form in the CM. The predominant form observed was the 62 kDa latent 

enzyme. The “active” 59 kDa enzyme expression was very low in all three cell types 

studied.  These findings are very similar to those in human MT5-MMP expressing Cos-7 

cells and MDCK (Mardin Darby canine kidney) cells, which have been shown to express 

64-65 kDa proMT5-MMP (Llano et al., 1999; Pei, 1999; Wang and Pei, 2001), 58 kDa 

active enzyme and 40-46 kDa processed forms in the cell associated fractions and 52, 34 

and 27 kDa  soluble forms in the CM (Wang and Pei, 2001). In the study by Wang and 

Pei, in 2001, 65kDa proenzyme was the only species detected in the absence of BB94 (a 

synthetic MMP inhibitor) in the cell culture medium of MDCK cells. The active species 

at 58 kDa became detectable with the addition of BB94 which inhibited autocatalytic 
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decay. As the culture medium we used in our study did not contain any MMP inhibitors, 

this may account for the low expression of the active enzyme and higher expression of 

the processed forms of the enzyme. 

 

The 56 kDa  soluble or shed species of MT5-MMP detected in the CM of RWPE-1, 

LNCaP and PC-3 cells may correspond to the active enzyme. In MDCK cells, 52 kDa 

active MT5-MMP was autocatalytically fragmented to 34 and 27 kDa processed forms in 

the CM (Wang and Pei, 2001). It was also discovered that the processed species could 

also be detected inside the cells leading to the discovery  that MT5-MMP is shed by a 

furin-type convertase activity in trans-Golgi network (Wang and Pei, 2001).The cleavage 

site was subsequently mapped to the stem region immediately upstream of the 

transmembrane domain, where a cryptic furin recognition site (RRKERR) was 

recognized (Wang and Pei, 2001). Furthermore, the furin recognition site deleted mutants 

of the enzyme showed more robust activation of proMMP-2 compared to the wild-type 

enzyme (Wang and Pei, 2001). It has been proposed that shedding may provide a 

potential mechanism for down regulation of MT5-MMP activity (Wang and Pei, 2001). 

 

In this study it was also observed that expression patterns of MT1-, MT3- and MT5-

MMPs were variable in the different cell types. In the “normal” prostate cell line, the cell 

associated, “active” MT1-MMP decreased after 6 hours, corresponding with an increased 

active enzyme in the CM. A similar pattern was seen in PC-3 cells (androgen 

independent), but no change in expression was observed for LNCaP cells with time. 

 

 PC-3 cells clearly showed an increase in the processed form of MT3-MMP with time. 

There was less MT3-MMP processing observed in LNCaP and no change in processed 

levels in RWPE-1 cells. Perhaps, in androgen-independent PCa cells, there is an increase 

in MT3-MMP processing, which may reflect more proMMP-2 activation followed by 

autocatalysis. However, proMMP-2 activity must be measured in parallel with the 

processing of MT3-MMP in PCa cells to confirm this hypothesis. There was no change in 

expression in the “latent’ form of the enzyme with time in the CM of PC-3 and RWPE-1 



 95

cells. However, there was an increase in the shedding or secretion of MT3-MMP species 

in LNCaP cells with time. 

 

Latent MT5-MMP protein expression seems to show almost the opposite effect with time 

between “normal” cells and PCa cell lines. In RWPE-1 cells the proenzyme is 

increasingly processed to break down products, whereas in LNCaP cells, proMT5-MMP 

expression  increased with time. Processed forms of the enzyme were not detected in 

LNCaP cells. In PC-3 cells, the “active” enzyme was detected at higher levels than the 

other two cell types. Unlike, MT3-MMP in PC-3 cells, processed forms of the MT5-

MMP decreased with time. Perhaps, MT5-MMP may be more stable in PC-3 cells.  

 

To study the MT-MMP expression in Benign and PCa tissues immunohistochemistry 

with MT1-MMP and MT5-MMP antibodies on tissue specimens from patients who were 

diagnosed with either benign prostatic hyperplasia (BPH) or PCa was performed.  

 

The most commonly used system of classifying histological characteristics of PCa is the 

Gleason score, which is determined by the glandular architecture within the tumor (Ware, 

1994). The predominant histology pattern and the second most common pattern are given 

grades 1-5. Grade 1 indicates near normal glandular structure and grade 5 the absence of 

any glandular pattern. The sum of these 2 grades is referred to as the Gleason score. A 

score of 2-4 is considered low grade or well differentiated PCa, a score of 5-7 is 

considered moderate grade and moderately differentiated PCa, whilst a score of 8-10 is 

considered high grade and poorly differentiated PCa (Ware, 1994). Normal glands are 

characterized by epithelial cells, which have pale clear cytoplasm and uniform round or 

oval nuclei with no prominent nucleoli (Ware, 1994; Robinson et al., 2004). In normal 

and benign glands, a continuous basal cell layer surrounding the gland is present. PCa 

glands are characterized by basal layer disruption or absence, nuclear and nucleolar 

enlargement and destruction of the basement membrane. Many PCa glands have occluded 

or abortive lumens, with grade 4 glands fusing, with no intervening stroma (Robinson et 

al., 2004). 
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In this study, both MT1- and MT5-MMP were expressed in BPH and moderate and high 

grade PCa. MT1-MMP expression was exclusively associated with the secretory 

epithelial cells of benign and tumour glands of moderate grade PCa, with the only 

stromal expression observed in high grade cancer. This finding is consistent with most 

other studies showing predominant MT1-MMP expression in tumour cells of lung 

adenocarcinoma (Sato et al., 1994; Yamamura et al., 2002), cervical cancer (Gilles et al., 

1996), breast cancer (Ishigaki et al., 1999) and pancreatic cancer (Ellenrieder et al., 

2000). 

  

In benign glands of BPH specimens, MT1-MMP expression was observed in the 

cytoplasm of the secretory epithelial cells. In cancer glands, MT1-MMP expression 

occurred in the cytoplasm and nuclei of the secretory epithelial cells. MT1-MMP was 

also heterogeneously expressed within the cells of the same benign and PCa glands. 

Some cells were intensely stained and a few not at all. The unstained cells may reflect the 

early stages of cancer, as this heterogeneity within the same gland, is not observed in 

high grade cancer cells. In contrast to this study, MT1-MMP expression has been 

reported in the basal cells, but rarely in the secretory cells of the benign prostate gland 

(Upadhyay et al., 1999). However, similar to our study, it has been reported that in high 

grade prostatic intraepithelial neoplasia (HGPIN) (a putative precursor to carcinoma), 

secretory cells showed consistent cytoplasmic staining, whilst, PCa cells showed 

heterogenous staining (from no staining to intense staining in selected cells) (Upadhyay 

et al., 1999).  

 

 MT1-MMP was highest in moderate grade PCa compared to BPH and high grade PCa. 

High grade PCa had the lowest expression. A study by Udayakumar and colleagues, in 

2003, showed weaker MT1-MMP staining in prostatic intraepithelial neoplasia (PIN) 

than in PCa , and intense staining was also reported in areas in which the  HGPIN lesions 

were in transition to becoming full blown cancer. This observation together with the  

results presented here, of intense staining in moderate grade cancer, may indicate that the 

expression of MT1-MMP might be a step in the initial progression to prostate carcinoma. 
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The current study is the first to examine the immunolocalization of MT5-MMP in BPH 

and PCa tissues. To date, the only MT5-MMP immunohistochemical study has only been 

examined in  human brain tissue (Seikine-Aizawa, 2001) and human kidneys of diabetic 

patients (Romanic, 2001).  MT5-MMP mainly occured in the nuclei and cytoplasm of 

secretory cells of benign glands. In moderate PCa glands, intense staining was seen for 

nuclei and plasma membrane of secretory cells, with low staining in the cytoplasm. MT5-

MMP is expressed more highly in PCa compared to BPH specimens. MT5-MMP 

expression is heterogeneous in high grade PCa from low expression to high expression 

and it occurs primarily in the cytoplasm of the secretory cells. There was also weak 

staining in the stroma of PCa, particularly in high grade cancer. 

 

The localization of MT1- and MT5-MMPs in the nuclei of secretory cells in cancer 

glands (and MT5-MMPin benign glands)  is of particular interest as this observation have 

been reported in other proteins not expected to be present in the nucleus. For example, 

membrane bound proteases such as ADAM-9 and -10 (a disintegrin and metalloprotease 

have been reported in the nuclei of PCa cells ( McCulloch, 2003; McCulloch et al., 

2004).  

 

In summary, MT-MMP expression is variably expressed in the different cell lines of PCa. 

MT1-, MT3- and MT5-MMPs appear to be the predominant MT-MMPs expressed in the 

prostate. MT4-MMP transcript appears to be expressed in androgen insensitive cells, with 

no expression in androgen sensitive cells. MT6-MMP transcript was poorly detected. 

This is the first study to report the detection of MT5-MMP protein in PCa. MT1-, MT3- 

and MT5-MMPs are each secreted/shed in various forms into the condition media of 

RWPE-1, PC-3 and LNCaP cells. Expression of the three MT-MMPs was variable in the 

cells screened. MT3-MMP especially shows a strong tendency to be processed in PC-3 

cells. In the immunohistochemistry studies MT1-MMP expression seems to be localized 

predominantly in the cytoplasm of secretory epithelial cells of benign and PCa glands, 

with also nuclear staining in the moderate grade  cancer glands. MT1-MMP expression is 

highest in moderate grade cancer, whereas MT5-MMP expression is heterogenous in 

moderate and high grade PCa. MT5-MMP expression in benign and cancerous glands 
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was observed primarily in  the nuclei and cytoplasm of secretory cells with additional, 

membrane staining in moderate grade cancer. Both MT1- and MT5-MMPs are mainly 

expressed in the tumor cells compared to the stromal cells, except for weak staining in the 

stroma of high grade PCa. 

 

The presence of MT-MMPs in PCa has been well established in this study, particularly 

MT1-, MT3- and MT5-MMP. Their expression may indicate a high expression of the 

active MMP-2, a key substrate for MT-MMPs and MMP implicated in the invasiveness 

of many cancers. MT-MMPs have the advantage of concentrating the ECM degrading 

activity on the surface of tumor cells as well showing activity as a secreted protein. The 

next step is to examine their regulation in PCa.  
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Chapter Four 
4.0  Studies on the Regulation of MT1-MMP, MT3-MMP and 

MT5-MMP in Prostate Cancer 
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4.1 Introduction 

The development of the normal prostate is regulated by stromal epithelial interactions via 

endocrine and paracrine factors, such as androgens and growth factors which act as 

precise homeostatic regulators of cellular proliferation (Montano and Djamoz, 2004). 

Prostate cancer (PCa) initially occurs as an androgen-dependent tumor. Thus androgen 

deprivation is a commonly used therapeutic strategy for PCa. However, after a period of 

androgen-ablation therapy, there is a shift from an androgen dependent to an androgen 

independent state with a concomitant switch from paracrine to autocrine growth factor 

stimulation and subsequent up regulation of growth factor expression (Montano and 

Djamoz, 2004). Thus growth factors play a pivotal role in PCa. Insulin-like growth 

factor-I (IGF-I) (Cohen et al., 1991) and epidermal growth factor (EGF) (Montano and 

Djamoz, 2004), have emerged as two of the most potent mitogenic growth factors 

involved in PCa.  

Given the hypothesis that MT-MMPs may play a major role in PCa progression, through 

facilitation of the proliferation and extracellular matrix (ECM) invasion of PCa cells, it 

seems logical to explore potential regulation of MT-MMPs by androgens and growth 

factor entities, in PCa. Few such studies have been reported previously. Hepatocyte 

growth factor (HGF) and gastrin releasing peptide (GRP) induced the expression of MT1-

MMP protein and increased matrigel invasion of DU-145 cells (Nagakawa et al., 2000). 

Similarly, FGF1 induces MT1-MMP mRNA expression in LNCaP cells through a 

transcriptional mechanism mediated through the FGF receptor and transcription factor 

STAT3 (signal transducer and activator of transcription-3) (Udayakumar et al., 2004). To 

date there have been no reports on the regulation of MT3-MMP and MT5-MMP in PCa. 

In this study, based on the key roles played by androgens (DHT) and growth factors, such 

as IGF-I , IGF-II, EGF, TGF-β and vitamin A, in PCa together with known MMP 

inducers, such as Concanavalin A (Con A) and phorbol-12-myristate13-acetate (PMA), 

have been examined for their effects on MT1-, and MT3- and MT5-MMP expression 

following treatment of LNCaP (androgen-dependent) and PC-3 (androgen-independent) 

PCa cells.  
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The specific aims of this chapter were therefore: 

1. To assess the responsiveness of MT1-, MT3- and MT5-MMP protein levels to 

Con A and PMA in LNCaP and PC-3 cells. 

2. To assess the responsiveness of MT1-, MT-3 and MT5-MMP protein levels to 

DHT in LNCaP cells. 

And in preliminary studies: 

3. To assess the responsiveness of MT1-MMP to IGF-1 and IGF-II in LNCaP and 

PC-3 cells. 

4. To observe the effects of EGF, TGFβ and Vitamin A on the protein levels of 

MT1-MMP in LNCaP cells. 

4.2 Materials And Methods 

4.2.1 Cell Culture 

LNCaP and PC-3 cells were seeded into T80 flasks and grown to 60-70% confluence. 

They were then serum starved for 24 hours with RPMI 1640 medium containing 0.1% 

BSA. The cells were then treated with the test agents listed in Table 4.1 and incubated 

for 48 hours, followed by protein extraction from cell lysates and conditioned 

medium (CM) as described in chapter 2. The concentrations of  test compounds used 

in this experiments were selected from the data available other studies (Lohi et al., 

1996; McCulloch et al., 2004). 
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Table 4.1 Regulation Experiments 

 

Test Agent Concentration Cell line No. of 
experiments 

MT-MMP 
analysed 

 

Con A 0, 10, 20, 40 
μg/mL 

LNCaP, PC-3 2 MT1, MT3, 
MT5 

PMA 0, 0.4, 4, 40 nM LNCaP, PC-3 2 MT1, MT3, 
MT5 

DHT 0, 0.1, 1, 10 nM LNCaP 2 MT1, MT3, 
MT5 

IGF-I 0, 10, 50, 100 
ng/mL 

LNCaP, PC-3 1 MT1 

IGF-II 0, 10, 50, 100 
ng/mL 

LNCaP, PC-3 1 MT1 

 

EGF 0, 50, 100, 200 
ng/mL 

LNCaP 1 MT1 

Vitamin A 0, 1, 10 ng/mL LNCaP 1 MT1 

TGFβ 0, 0.01, 0.1 1 
ng/mL 

LNCaP 1 MT1 

 

4.2.2 Western Blot Analysis 

A detailed description of the western blot procedure is outlined in chapter 2. Total protein 

(25μg) with loading buffer containing 5mM DTT, boiled for 10 minutes, was loaded on 

to 10% SDS PAGE gels and electrophoresed for 1.5 hours at 100 volts. Following 

transfer of proteins to nitrocellulose membrane, western blot immunoreaction, with 

antiMT1-MMP, antiMT3-MMP and antiMT5-MMP antibodies described in chapter 3 

was carried out. The membranes were stripped and  reprobed with Tubulin-β to visualize 

protein loading variability between each protein sample. The densitometry values of the 

test samples were normalized against Tubulin-β to determine the differences in 
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expression of MT1-, MT3- and MT5-MMPs treated with the test reagents described in 

Table 4.1. LNCaP cell lysates treated with EGF, TGFβ and Vitamin A were donated by 

laboratory colleague Daniel McCulloch. 

4.3 Results 

4.3.1 MT-MMP Expression In Con A Treated LNCaP Cells 

Con A is known to stimulate expression of several MMPs, including MT1-MMP in a 

variety of cell types. Hence it was used in this study as a  presumed “positive control”.  

Figure 4.1 shows MT1-, MT3- and MT5-MMP protein expression in Con A treated 

LNCaP cell lysates. Compared with the untreated control, all three MT-MMPs 

marginally increased expression with Con A treatment. However, this increase was not 

large (maxima at about 30-80%) and did not correspond in a strict dose dependent 

manner. MT1- and MT5-MMPs peaked at 10 μg/mL Con A, whilst MT3-MMP peaked at 

20 μg/mL Con A. All three MT-MMP expression inductions decreased slightly following 

treatment with 40 μg/mL Con A. The predominant MT1-MMP species detected was the 

active 58 kDa protein, MT3-MMP was the 39 kDa processed form and MT5-MMP was 

the 62 kDa latent enzyme. 

 

4.3.2 MT-MMP Expression In Con A Treated PC-3 Cells 

Figure 4.2 shows MT1-, MT3- and MT5-MMP protein expression in Con A treated PC-3 

cell lysates. Compared with the untreated control, the three MT-MMPs were increased in 

Con A treated cells.The predominant 58 kDa active MT1-MMP increased about 50% 

with the addition of Con A and the highest expression was observed with 20 μg/mL, 

although there was very little difference between each concentration. The processed 39 

kDa cell-associated  MT3-MMP expression also increased (about 60%) with Con A 

treatment and in a dose dependent manner. MT5-MMP expression was the most effected 

MT-MMP with the addition of Con A. The latent 62 kDa protein expression increased in 

a dose dependent manner, with a nearly 4 fold increase with 40 μg/mL Con A, compared 

to the control. 
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Figure 4.1 MT-MMP expression in cell lysates of Con A treated LNCaP cells 

Western blot analysis of MT1-, MT3- and MT5-MMP protein expression in LNCaP cell 

lysates treated with Concanavalin A (Con A). The LNCaP cells were grown to 60-70% 

confluence in T80 flasks, serum starved for 24 hours before replacing with serum free 

medium containing, 10, 20 or 40 μg/mL Con A. 0 Con A represents the untreated cells 

replaced with fresh medium containing no Con A. The untreated and treated cells were 

incubated for 48 hours, before harvesting their cell lysates. 25μg of total protein for each 

sample was electrophoresed, blotted and screened with anti human MT1-, MT3- and 

MT5-MMP antibodies. The panels on the right shows representative western blots, and 

the panels on the left shows the densitometric quantitation. The cell culture experiments 

were performed in duplicate and each experiment analysed by densitometry to obtain 

mean densitometric values (y-axis) normalized against β-Tubulin expression. Results 

have been expressed relative to expression of untreated cells (defined as 1). The 

horizontal line above each bar represents the upper value of the duplicate results  of one 

experiment and provides a measure of the variability between experiments. 
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Figure 4.1 MT-MMP expression in Con A (μg/mL) treated LNCaP cells 
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Figure 4.2 MT-MMP expression in cell lystaes of Con A (μg/mL) treated PC-3 cells 
 

Western blot analysis of MT1-, MT3- and MT5-MMP protein expression in PC-3 cell 

lysates treated with Concanavalin A (Con A). The PC-3 cells were grown to 60-70% 

confluence in T80 flasks, serum starved for 24 hours before replacing with serum free 

medium containing, 10, 20 or 40 μg/mL Con A. 0 Con A represents the untreated cells 

replaced with fresh medium containing no Con A. The untreated and treated cells were 

incubated for 48 hours, before harvesting their cell lysates. 25μg of total protein for each 

sample was electrophoresed, blotted and screened with anti human MT1-, MT3- and 

MT5-MMP antibodies. The panels on the right shows representative western blots, and 

the panels on the left shows the densitometric quantitation. The cell culture experiments 

were performed in duplicate and each experiment analysed by densitometry to obtain 

mean densitometric values (y-axis) normalized against β-Tubulin expression. Results 

have been expressed relative to expression of untreated cells (defined as 1). The 

horizontal line above each bar represents the upper value of the duplicate results  of one 

experiment and provides a measure of the variability between experiments. 
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4.3.3 MT-MMP Expression In PMA Treated LNCaP Cells 

 PMA has also been shown to be a general stimulator of MT1-MMP in some cell 

types  (Lohi et al., 1996; Hoffman et al., 1998). Thus PMA treatment has also been 

used to asses the responsiveness of prostate MT-MMPs. MT1-, MT3- and MT5-MMP 

protein expression was observed in PMA treated cell lysates and conditioned media 

(CM) of LNCaP cells (Figure 4.3). Surprisingly, the majority of cell associated MT-

MMPs decreased with the addition of PMA in a dose dependent manner. In the cell 

lysates active 58 kDa  MT1-MMP decreased more than 2 fold with 40 nM PMA 

compared to the untreated control. A weak expression, which also appeared to 

decrease with PMA treatment, was observed at 65 kDa, most likely corresponding to 

the latent proMT1-MMP. Processed 59, 48 and 39 kDa forms of MT3-MMP were 

detected in the cell lysates. All three MT3-MMP species decreased, about 2 fold, with 

40 nM PMA. The 39 kDa protein appeared to increase slightly with the addition of 

0.4 and 4 nM PMA treated cells. There was negligible change in expression of all 

MT5-MMP (62, 59, 44, 40 and 39 kDa) species with 0.4 and 4 nM PMA treatment . 

However, as with MT1-MMP and MT3-MMP there is an almost 2 fold decrease with 

40 nM PMA treated cells compared to the untreated cells. Tubulin β expression in 40 

nM PMA treated LNCaP cell lysates is slightly higher than that of rest of the samples. 

This may indicate that there is no decrease in total protein levels due to a cytotoxity 

or cell detachment in the presence of 40nM PMA. 

In the CM of PMA treated cells, the expression all three MT-MMPs appeared to 

increase in a dose dependent manner (see Figure 4.3). The expression of shed or 

released MT-MMPs was highest in 40 nM treated PMA cell CM, corresponding to 

the loss of cell associated forms at this concentration of PMA. This suggests that 

addition of PMA to LNCaP cells may increase the shedding or secretion of MT1-, 

MT3- and MT5-MMPs from the cell surface to the CM. Although the  protein from 

the conditioned medium was not able to be normalized against an internal house 

keeping control, equal amounts of total protein (25µg) was added for each sample. 

This could be considered semiquantative, albeit with no formal quantification 

performed. 
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4.3.4 MT-MMP Expression in PMA Treated PC-3 Cells 

Figure 4.4 shows MT1-, MT3- and MT5-MMP protein expression profiles in PMA 

treated PC-3 cell lysates and CM. There was no change in expression for the 65 kDa 

latent MT1-MMP with the addition of PMA to PC-3 cells. However, there is an 

increase (about 50%) in the active  58kDa MT1-MMP enzyme with increasing 

concentrations of PMA. There was negligible change in expression for the  59 and 48 

kDa processed forms of MT3-MMP with PMA treatment, but there was a non-

uniform decrease in the expression of the 39 kDa MT3-MMP species. There is little 

change in expression of MT5-MMP cell associated forms with the addition of PMA 

to PC-3 cells.  

As with LNCaP cells, high concentrations of PMA appeared to increase the shedding 

or release of all three MT-MMPs from the cell surface of PC-3 cells to the CM, 

although the quality of these particular western blots were relatively low. However 

unlike LNCaP cells, the increase in the soluble or shed form is small and there is no 

obvious corresponding decrease in the cell associated forms. 

4.3.5 MT-MMP Expression in DHT Treated LNCaP Cells 

Figure 4.5 shows MT1-, MT3- and MT5-MMP protein expression in DHT treated 

LNCaP cell lysates. None of the three MT-MMPs showed change in expression with 

the addition of DHT to LNCaP cells. 
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Figure 4.3 MT-MMP expression in PMA treated LNCaP cell lysates and conditioned 
medium 
 
Western blot analysis of MT1-, MT3- and MT5-MMP protein expression in LNCaP cell 

lysates (CL) and conditioned medium (CM) treated with phorbol-12-myristate 13-acetate 

(PMA). The LNCaP cells were grown to 60-70% confluence in T80 flasks, serum starved 

for 24 hours before replacing with serum free medium containing 0.4, 4 or 40 nM PMA. 

0 PMA represents the untreated cells replaced with fresh medium containing no PMA. 

The untreated and treated cells were incubated for 48 hours, before harvesting their cell 

lysates. 25μg of total protein for each sample was electrophoresed, blotted and screened 

with anti human MT1-, MT3- and MT5-MMP antibodies. The panels on the right shows 

representative western blots, and the panels on the left shows the densitometric 

quantitation of cell lysates. The cell culture experiments were performed in duplicate and 

each experiment analysed by densitometry to obtain mean densitometric values (y-axis) 

normalized against β-Tubulin expression. Results have been expressed relative to 

expression of untreated cells (defined as 1). The horizontal line above each bar 

represents the upper value of the duplicate results  of one experiment and provides a 

measure of the variability between experiments. 
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Figure 4.3 MT-MMP expression in PMA treated LNCaP cell lysates and conditioned 
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Figure 4.4 MT-MMP expression in PMA treated PC-3 cell lysates and conditioned 
medium 
 
Western blot analysis of MT1-, MT3- and MT5-MMP protein expression in PC-3 cell 

lysates (CL) and conditioned medium (CM) treated with phorbol-12-myristate 13-acetate 

(PMA). The PC-3 cells were grown to 60-70% confluence in T80 flasks, serum starved 

for 24 hours before replacing with serum free medium containing 0.4, 4 or 40 nM PMA. 

0 PMA represents the untreated cells replaced with fresh medium containing no PMA. 

The untreated and treated cells were incubated for 48 hours, before harvesting their cell 

lysates. 25μg of total protein for each sample was electrophoresed, blotted and screened 

with anti human MT1-, MT3- and MT5-MMP antibodies. The panels on the right shows 

representative western blots, and the panels on the left shows the densitometric 

quantitation of cell lysates. The cell culture experiments were performed in duplicate and 

each experiment analysed by densitometry to obtain mean densitometric values (y-axis) 

normalized against β-Tubulin expression. Results have been expressed relative to 

expression of untreated cells (defined as 1). The horizontal line above each bar 

represents the upper value of the duplicate results  of one experiment and provides a 

measure of the variability between experiments. 
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Figure 4.5 MT-MMP expression in DHT treated LNCaP cell lysates 
 
Western blot analysis of MT1-, MT3- and MT5-MMP protein expression in LNCaP cell 

lysates treated with dihydrotestosterone (DHT). The LNCaP cells were grown to 60-70% 

confluence in T80 flasks, serum starved for 24 hours before replacing with serum free 

medium containing 0.1, 1 or 10 nM DHT. 0 DHT represents the untreated cells replaced 

with fresh medium containing no DHT. The untreated and treated cells were incubated 

for 48 hours, before harvesting their cell lysates. 25μg of total protein for each sample 

was electrophoresed, blotted and screened with anti human MT1-, MT3- and MT5-MMP 

antibodies. The panels on the right shows representative western blots, and the panels on 

the left shows the densitometric quantitation. The cell culture experiments were 

performed in duplicate and each experiment analysed by densitometry to obtain mean 

densitometric values (y-axis) normalized against β-Tubulin expression. Results have been 

expressed relative to expression of untreated cells (defined as 1). The horizontal line 

above each bar represents the upper value of the duplicate results  of one experiment and 

provides a measure of the variability between experiments. 
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Figure 4.5 MT-MMP expression in DHT treated LNCaP cell lysates 
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4.3.6 MT1-MMP Expression In IGF-I And IGF-II Treated LNCaP and PC-3 Cells 

Figure 4.6 shows MT1-MMP protein expression in cell lysates of LNCaP and PC-3  

cells treated with IGF-I and IGF-II. Due to time constraints, these and subsequent 

growth factor treatment experiments (with IGF-I and –II, EGF, TGFβ and Vitamin A) 

have only been performed once, primarily as a screening exercise. Additional 

experiments will need to be carried out to validate these intial findings. IGF-I 

treatment  did not appear to show a change in expression of MT1-MMP protein in 

LNCaP or PC-3 cells. Addition of IGF-II appears to result in a small increase in 

proMT1-MMP expression. The change in expression is most pronounced with 

10ng/mL IGF-II treatment.  
 

4.3.7 MT1-MMP Expression in EGF, TGFβ and Vitamin A treated LNCaP cell    
lysates 

MT1-MMP expression appeared to increase about 1.8 fold with the addition of 100 or 

200 ng/mL EGF compared with the untreated cells. However there was no change in 

expression at the lower dose of 50ng/ mL (Figure 4.7, panel A). 

Similar to EGF Treatment, MT1-MMP expression increased, in a dose dependent 

manner, by 2 fold, upon TGFβ treatment (Figure 4.7, panel B).  

Vitamin A treatment of LNCaP cells had no effect on the protein expression of MT1-

MMP compared to the untreated cells (Figure 4.7, panel C). 
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Figure 4.6 MT1-MMP expression in IGF-I and IGF-II treated LNCaP and PC-3 cell 

lysates 

Western blot analysis of MT1-MMP protein expression in cell lysates of LNCaP and PC-

3 cells treated with IGF-I and IGF-II. The cells were grown to 60-70% confluence in T80             

flasks, serum starved for 24 hours before replacing with serum free medium containing 

10, 50 or 100 ng/mL IGF-I and IGF-II. 0 represents the untreated cells replaced with 

serum free medium containing no IGFs. The untreated and treated cells were incubated 

for 48 hours, before harvesting their cell lysates. 25μg of total protein was loaded on to 

SDS PAGE gels and the subsequent membrane blots were screened with anti-MT1-MMP 

antibody. The histograms and the parallel western blots represent: A- IGF-I treatment of 

LNCaP cells, B- IGF-II treatment of LNCaP cells, C- IGF-I treament of PC-3 cells, D- 

IGF-II treament of PC-3 cells.  The densitometric values (y-axis)   were normalized 

against β-Tubulin expression and relative to expression of untreated cells (defined as 1). 

The graphs represent values from single experiment. The 65 kDa and 58 kDa MT1-MMP 

species are the presumed latent and active form,s respectively. 
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Figure 4.7 MT1-MMP expression in EGF, TGFβ and Vitamin A treated LNCaP cell 
lysates 
     
  Western blot analysis of MT1-MMP expression in cell lysates of LNCaP cells treated 

with EGF, TGFβ and Vitamin A. The cell lysates were donated by laboratory colleague 

Daniel McCulloch. The LNCaP cells were grown to 60-70% confluence in T80 flasks, 

serum starved for 24 hours before replacing with serum free medium containing 50, 100 

or 200 ng/mL EGF, 0.01, 0.1 or 1 ng/mL TGFβ and 1 or 10 ng/mL Vitamin A. 0 for each 

growth factor represents untreated cells replaced with serum free medium. The treated 

and untreated cells were incubated for 48 hours before harvesting their cell lysates. The 

histograms (densitometric values) and the parallel westernblots represent: A- EGF 

treatment, B- TGF-β treatment, C- Vitamin A treatment. The densitometric values (y-axis) 

were normalized against β-Tubulin expression and relative to expression of untreated 

cells (defined as 1). The graphs represent values from a single experiment. 
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Figure 4.7 MT1-MMP expression in EGF, TGFβ  and Vitamin A treated LNCaP cell 
lysates 
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4.4 Discussion 

The primary objective of this study was to examine the regulation of MT-MMPs in 

the PCa cell lines LNCaP (androgen dependent) and PC-3 (androgen independent) by 

known MMP inducers such as Con A and PMA as well as the androgen DHT, a 

major regulatory hormone in normal prostate growth and development and in growth 

of androgen dependent PCa. A secondary aim, as a prelude to a more extensive study 

of the potential regulatory role of prostate-relevant growth factors, was to examine in 

a preliminary experiment, the effects of IGF-I and –II, EGF, TGF-β and Vitamin A 

on MT1-MMP expression. 

Some of the well known inducers of MMPs include Concanavalin A (Con A) and 

phorbol-12-myristate13-acetate (PMA). Con A is a plant lectin (carbohydrate binding 

protein) isolated from Canavalia ensiformis (jack bean) seeds. Con A has been shown 

to increase mRNA of MMP-1 10-20 fold and MMP-2 2 fold and decrease mRNA of 

TIMP-2 by 10 fold in human gingival fibroblasts (Overall and Sodek, 1990).  

LNCaP and PC-3 cells treated with Con A showed a general increase in protein 

expression of MT1-, MT3- and MT5-MMPs. By far the greatest induction observed 

was of MT5-MMP by Con A in PC-3 cells. MT5-MMP expression increased in a 

dose dependent manner with a nearly 4 fold increase with 40 μg/mL Con A treatment 

in PC-3 cells. In LNCaP cells there was a slight decrease in induction of all three MT-

MMPs with 40 μg/mL Con A, which was also observed with MT1-MMP in PC-3 

cells. This was believed not due to a toxic effect of Con A, as the cell number and 

protein (from β-Tubulin expression) content of the cell extracts were not affected, by 

any dose of Con A. 

Con A induced MT1-MMP mRNA resulting in increased activation of proMMP-2 

and the subsequent increase in the potential of invasiveness of cervical cancer cell 

lines (Giles et al., 1996). Also, Con A has been shown to induce MT1-MMP mRNA 

in the HT1080 fibro sarcoma cell line (Sato et al., 1994) and MDA-MB-231 (breast 

cancer) cells (Pulyaeva et al., 1997) with subsequent increase in activation of 

proMMP-2. Con A also induced MT1-MMP protein in human embryonic lung 
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fibroblasts (Lohi et al., 1996). In contrast, treatment of PC-3 MMP-2 transfected cells 

with Con A has been reported to process only a small amount of proMMP-2 and 

produce lower amounts of MT1-MMP in comparison to Con A responding HT1080 

cells (Wilson et al., 2004). Our results for MT1-MMP in Con A treated PC-3 cells 

showed a slight induction compared to the untreated cells. 

PMA is a phorbol ester that has highly pleiotropic effects on cells in culture and is 

used frequently in immunology as an activator of T-cells and polyclonal B-cells in 

vitro (Castgna, 1987; Murphy and Norton, 1993). Phorbol esters are tumor promoting 

compounds originally detected in oil prepared from seeds of Croton tigilum. Phorbol 

esters activate a variety of early response genes through protein kinase C dependent 

pathways (Han et al., 2000). Treatment of cells with phorbol esters frequently mimics 

the effects of various cytokines and induces their synthesis and the synthesis of other 

gene products (Han et al., 2000).  

PMA treatment of LNCaP and PC-3 cells appeared to show a general increase in the 

MT-MMP shedding or secretion from the cell, which was particularly high in LNCaP 

cells and corresponded to a decrease in the expression of the cell-associated forms of 

MT-MMPs. LNCaP cells treated with 40 nM PMA especially underwent a decrease 

in the cell-associated forms of all three enzymes with a corresponding increase in the 

shedding  or secretion into the CM. Although the protein loading from the CM was 

not measured against a house keeping protein control, the same amount of CM 

protein was added (25µg) for each sample in the SDS PAGE gels, thus these data can 

be considered semi quantitative, but have not been formally quantified.  

PMA treated PC-3 cells had negligible effects on the cell associated forms of MT3-

MMP and MT5-MMP. However, MT1-MMP “active” species increased in the cell 

with 4 and 40 nM PMA in PC-3 cells. Although the level of soluble or shed MT-

MMPs in CM was lower than that observed in LNCaP cells, PC-3 cells also had an 

increase in MT-MMP forms in the CM  in a dose dependent manner. It can be 

postulated that the total MT-MMP protein levels increased in PCa cell lines with 

PMA treatment, with most of it being shed or secreted in LNCaP cells at higher 
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concentrations of PMA. This hypothesis can be tested by looking at the mRNA 

expression levels with PMA treatment of PCa cell lines. Hofmann and colleagues, 

1998, reported a 10 fold increase in MT1-MMP mRNA expression in thyroid derived 

fibroblast cells with PMA treatment. PMA treated HT1080 cells also showed a 2-4 

fold induction of MT1-MMP mRNA by 40 nM PMA, with a subsequent increase in 

proMMP-2 activation (Lohi et al., 1996). The predominant  MT1-MMP protein 

detected in PMA treated HT1080 cells was a 43 kDa  species which has been linked 

to an increase in processing of MMP-2 (Lohi et al., 1996). This study is the first to 

observe the regulation of MT1-, MT3- and MT5-MMPs by PMA in PCa cell lines. 

In this study, we failed to detect any change in expression of MT-MMPs in androgen 

(DHT) treated LNCaP cells. LNCaP and LNC4 cells (both of which express a 

functional androgen receptor) were stimulated with synthetic androgen R1881, in a 

study by Liao and co-workers in 2003. Liao and co-workers (2003) observed a dose 

dependent increase in MMP-2 expression, assessed by western blot and gelatin 

zymography. This induction of MMP-2 was completely abrogated in the presence of 

the non-steroid androgen antagonist, biclutamide (Liao et al., 2003). Similar to 

androgen stimulation study reported here, Liao and co-workers (2003) failed to detect 

a change in MT1-MMP expression after R1881 treatment of LNCaP and LNC4 cells. 

Addition of IGF-I also failed to produce any change in MT1-MMP expression. 

However, there was a slight increase in MT1-MMP expression with IGF-II treatment 

compared to the untreated cells. Also, with IGF-II treatment, there were two MT1-

MMP species detected (“latent” and “active” forms).  However, more experiments 

need to be performed to fully investigate the IGF axis regulation of MT-MMPs in 

PCa, particularly with this preliminary study where IGF-II could be a potential 

regulator of MT1-MMP in PCa. Perhaps a synergistic treatment of PCa cell with 

DHT and IGFs together may be required for the regulation of MMPs. It has been 

reported that androgens have the ability to regulate the expression of certain growth 

factor receptors in prostatic tissue, enhancing the activity of IGF-I (Dajavan et al., 

2001).It has been shown that ADAM-9 and ADAM-10 (A Disintegrin And 

Metalloprotease domain) mRNA and protein levels were stimulated by IGF-1, but 
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only in the presence of DHT. Neither DHT nor IGF-1 alone stimulated ADAM-9 and 

-10 mRNA or proteins (McCulloch, 2003; McCulloch et al., 2004).  

Growth factors, EGF and TGFβ appear to induce MT1-MMP expression in LNCaP 

cells in a dose dependent manner. However more experiments are required to 

establish the reproduciblity of its induction. In a study by Duivenvoorden and 

colleagues (1999), TGFβ showed varied effects on different MMP protein expression 

in different cancer cell lines. TGFβ decreased the expression of MMP-1 in PC-3 cells 

but increased its expression in MDA-MB-23 (breast cancer) cells and SaOS2 

(osteosarcoma) cells. MMP-9 expression, in contrast, was repressed in SaOS2 cells 

but induced in PC-3 and MDA-MB-23 cells. Contrary to popular belief that TGFβ is 

an MMP down regulator, their study showed that it acts as an inducer of MMP 

expression and activity in human bone metastasizing cancer cells. Our preliminary 

work with TGFβ may also support the role of it being an MT-MMP inducer in PCa 

cell lines. 

Vitamin A (retinoic acid), similar to IGF-1 and DHT,  failed to alter the expression of 

MT1-MMP in LNCaP cells. However, in a study by Nwankwo (2002), it was shown 

that all- trans retinoic acid inhibited MMP-2 and MMP-9 activity, resulting in 

inhibition of matrigel invasion by Dunning rat invasive prostate carcinoma cells. 

Retinoic acids have also been implicated in the down-regulation of MMP-7 

expression and prevention of in virto invasion by colon cancer cells (Adachi et al., 

2001). They have also been shown to down-regulate MMP-9 and up-regulate TIMP-1 

in human bronchoalveolar lavage cells (Frankenberger et al., 2001). 

In conclusion, concanavalin A induced MT-MMPs in LNCaP and PC-3 cells with an 

almost 4 fold induction of MT5-MMP protein in 40 μg/mL Con A treated PC-3 cells. 

PMA treatment of LNCaP cells led to an increase in  shed or secreted form of MT-

MMPs, correlating with a reduction in the cell associated forms of the enzymes, 

especially with high concentrations of PMA. PC-3 cells also showed a high incidence 

of shed or secreted forms of the MT-MMPs following PMA treatment, compared 

with the untreated cells. DHT treatment of LNCaP cells had no effect on MT-MMP 
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expression. Future studies may also need to be conducted on the MT-MMP regulatory 

potential of EGF, TGFβ and IGFs in PCa, particularly in synergy with androgen 

treatment. 
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5.1 Introduction 

Pericellular proteolysis is a hallmark of tumour cell metastasis. The membrane-type 

matrix metalloproteinases (MT-MMPs) constitute a distinctive group of membrane-

bound MMPs that are central mediators of cell surface proteolytic events that regulate 

cell invasion and metastasis of tumour cells.  

 

At the outset of this study, little was known about the expression and regulation of MT-

MMPs in  prostate cancer (PCa).  To date, some studies of MT-MMPs in PCa show an 

upregulation  of MT-MMPs (Nagakawa et al., 2000; Zhang et al., 2002; Udayakumar et 

al., 2003) or a downregulation (Zhang et al., 2002) in malignant PCa cell lines and / or 

tissues.  An immunolocalization study by Upadhyay and co-workers, in 1999, suggested 

a role for MT1-MMP during early stages of prostate carcinoma. Also, the few studies on 

MT-MMPs in PCa to date, have mostly reported mRNA expression only. 

 

The aims of this study were to examine: 1 a)  The expression of MT-MMPs in prostate 

cancer cell lines using RT-PCR (mRNA) and  western blot analysis (protein) and b) 

expression of MT1-MMP and MT5-MMP in BPH and PCa  clinical tissue sections using 

immunohistochemistry. 2) The regulation of MT1-MMP, MT3-MMP and MT5-MMP in 

PCa cell lines LNCaP  and PC-3  by Con A, PMA, DHT, IGF I and IGF II using western 

blot analysis. 

 

The information gathered in this study on MT-MMPs with respect to cellular localization, 

expression levels and regulation by growth factors or chemicals that mimic their actions, 

has added important new insights into espression of  MT-MMPs in PCa derived cell lines 

and in PCa tissues. 

 

5.2 mRNA and Protein Expression of MT-MMPs in PCa 

In this study  RWPE-1 cells were used as a transformed but non-tumorigenic prostate cell 

line as a  “normal” prostate cell model, ALVA-41 and LNCaP cells as androgen-

dependent PCa cell models and DU-145 and PC-3 cells as androgen-independent PCa 

cell models. It was shown that MT1- and MT3-MMP mRNA were present in all cell lines 
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screened. This is the first study to detect MT1-MMP mRNA in LNCaP cells. A few 

studies, although reporting MT1-MMP protein expression in LNCaP cells, failed to 

detect the mRNA (Giembernardi et al., 1998; Zhang et al., 2002; Daja et al., 2003; Jung 

et al., 2003). Similarly, MT3-MMP transcript was detected in DU-145 cells in the current 

study, when prevous studies reported its absence (Zhang et al., 2002; Jung et al., 2003). 

MT2-MMP mRNA was detected only in LNCaP and DU-145 cells, whilst MT5-MMP 

was detected in PC-3, DU-145 and LNCaP cells. Interestingly, MT2-, MT4-, MT5- and 

MT6-MMP mRNA expression was not detected in the “normal” cell line RWPE-1, 

perhaps indicating an induction in gene transcription in tumour cells.This would be 

consistent with the hypothesis that the MT-MMPs may play an important role in the 

degradation of the basement membrane and the extracellular matrix as a first step in the 

invasion of  tumour cells into the surrounding stroma, and their subsequent metastasis to 

distant sites (Seiki, 1996). As has been previously reported, MT4-MMP mRNA was only 

detected in the androgen-independent cell lines, further supporting a potential role in the 

invasion and metastasis processes of the invasive androgen-independent PCa. In this 

study,  MT6-MMP mRNA appeared to be only expressed at very low levels in LNCaP 

and DU-145 cells, perhaps arguing against a major role in PCa. To date there have been 

no other reports of the expression of MT6-MMP in either normal or cancerous prostate. 

So far, MT6-MMP has only been shown in leukocytes, lung and spleen, colon carcinoma 

cells and some brain tumors (Velasco et al., 2000). 

 

Due to the mRNA of MT1-, MT3 and MT5- being the predominant MT-MMPs expressed 

in our study and the availability of suitable antibodies, their protein expression was 

studied by western blot analysis. 

 

In the current study,  MT1-, MT3- and MT5-MMP protein expression was detected in the 

cell lysates and conditioned medium (CM) of RWPE-1, LNCaP and PC-3 cells. Despite 

the detection of the mRNA, we did not detect the cell associated proteins of the MT1-

MMP and MT5-MMP with only very low expression of MT3-MMP in DU-145 cells 

(CM of DU-145 cells were not screened for soluble forms of the enzymes). However, 

MT1-MMP protein has been previously reported in DU-145 cells in other studies 
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(Nagakawa et al., 2000; Udayakumar et al., 2003). This is the first study to report  MT5-

MMP expression at the protein level in “normal” or cancerous prostate. 

 

Various forms of MT-MMP proteins were detected in this study, including cell-

associated forms as well as soluble or shed forms in the conditioned medium (CM). The 

various protein forms detected probably indicate the inactive (latent) proform, the 

processed (active) mature enzyme and several proteolytic breakdown products. However, 

further characterization of their amino acid sequence is required to fully elucidate the 

exact nature of protein forms. 

 

5.3 MT-MMPs in the Conditioned medium 

The presence of soluble forms of MT-MMPs in the CM of cultures of “normal” and PCa 

cells was a surprising finding and suggests that one (or more) of the following 

mechanisms might be responsible: ectodomain shedding by extracellular proteases, 

secretion by intracellularly processed proteins without transmembrane domain, the 

release of membrane vesicles containing membrane-bound enzymes, or the presence of 

alternatively spliced mRNA, which gives rise to MT-MMPs without a transmembrane 

(and / or cytoplasmic tail) domain. All three mechanisms could potentially result in the 

release of the latent, active and further processed forms of  MT-MMPs. 

 

A characteristic of many transmembrane proteins is their ability to undergo proteolytic 

cleavage of their extracellular domain in a process known as ectodomain shedding 

(Ehlers and Riordan, 1991). Shedding may occur as a result of cleavage within the 

extracellular region of the target protein, but also as a result of intramembrane cleavage 

within the transmembrane domain (Osenkowski et al., 2004). The zymogen forms of 

MT1- (60 kDa) and MT3-MMP (66 kDa) encountered in the CM of our study, may be 

the result of the latent enzyme being shed from the cell surface. Also, the active forms 

(55 kDa MT1-MMP and 56 kDa MT5-MMP) of the enzyme in the CM may represent 

intracellularly activated enzyme being shed from the cell surface, or the shed latent form 

of the enzyme being activated by soluble furin-like convertases in the CM. 
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The detection of MT1- (Imai et al., 1996; Kazes et al., 1998; Harayama et al., 1999; Li et 

al., 2000; Lehti et al., 2002; Toth et al., 2002; Taraboletti et al., 2002) MT3- ( Matsumo 

et al., 1997; Zhao et al., 2003) and MT5-MMP (P ei, 1999; Wang and Pei, 2001) in the 

CM has already been reported in a number of studies. Accumulating evidence shows that 

MT1-MMP undergoes a complex process of shedding involving both autocatalytic (Lehti 

et al., 2000; Toth et al., 2002) and non-autocatalytic (Harayama et al., 1999; Toth et al., 

2002) mechanisms. 

 

MT-MMPs have also been reported to be secreted as a result of intracellular processing 

activities (Wang and Pei, 2001). A study by Wang and Pei, in 2001, reported that MT5-

MMP is shed by a furin-type convertase activity in the trans Golgi network.  

 

Similarly, release of membrane vesicles containing membrane-bound MT1-MMP 

(proform), from endothelial cells, was reported by Taraboletti et al., 2002. Membrane 

vesicles originate from the plasma membrane through a mechanism morphologically 

similar to that of a virus budding (Taverna et al., 2003). Membrane vesicle shedding has 

been reported in both normal and tumour cells (Taverna et al., 2003). The consequences 

of vesicle shedding from cancer cells include effects on their ability to infiltrate,  

metastasize, and generally affect their microenvironment (Taraboletti et al., 2002). 

Addition of membrane vesicles shed from the invasive PCa cell line, PC-3, to the poorly 

invasive PCa cell line LNCaP, increased both adhesion and invasion capacity of the 

latter. (Angelucci et al., 2000). Although it is not yet known, precisely which vesicle 

component  might be responsible for such actions, it may be mediated by membrane 

vesicle-bound adhesive or proteolytic molecules such as MMPs, HLA class I molecules, 

integrins, cytokeratins and urinary plasminogen activator (Dolo et al., 1995; Taraboletti et 

al., 2002).  

 

 The presence of cDNA encoding MT3-MMP without a transmembrane domain 

(considered to be an alternatively spliced mRNA species) has also been reported in a 

human ovarian cDNA library (Matsumoto et al., 1997). The carboxy-terminal region of 

MMPs, called the hemopexin-like domain is formed from 4 exons according to gene 
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structure analysis ( Huhtala et al., 1991;, Belaaouaj et al., 1995). The  reported splicing 

point of  the cDNA encoding the MT3-MMP lacking the transmembrane domain, 

correlates well within the known junction point of of the second and third exons in the 

hemopexin-like doain (Matsumoto, 1997). Various sizes of mRNA have been 

occasionally reported in the MMP family, such as in human MMP-13 (Reboul, 1996), 

and rabbit MMP-2 (Matsumoto, 1997). 

 

This study is the first to detect the soluble or shed forms of the MT1-, MT3- and MT5-

MMPs in the CM of “normal” and PCa cells. Their precise roles have not yet been 

examined. 

 

5.4 Processed Forms of MT-MMPs 

MT-MMPs have developed a unique mechanism of regulation in which the active 

enzyme undergoes a series of processing events, either autocatalytic (Lehti et al., 1998;  

Hernandez-Barrantes, 2002), or mediated by other proteases (Shofuda et al., 1997; 

Harayama et al., 1999; Wang and Pei, 2000). 

 

In this study it was observed that MT1-, MT3- and MT5-MMPs behave variably in the 

different cell lines. MT3-MMP especially shows a strong tendency to be processed in PC-

3 cells. It has been postulated that processing of MT-MMPs is associated with the 

increased activation of proMMP-2 (Lehti et al., 1998). Although this study did not detect 

processed forms of MT1-MMP, processed forms of MT3-MMP and MT5-MMP in cell 

lysates of “normal” prostate and PCa cell lines were observed. The cellular localization of 

these breakdown products suggests intracellular processing of the enzymes. To determine 

whether the processing events are autocatalytic,  addition of a synthetic MMP inhibitor 

such as BB-94 or a natural inhibitor such as TIMP-2 during culture is required. Wang and 

Pei, in 2001, reported that the addition of BB-94 to MDCK (Madin Darby canine kidney 

cells) cells decreased processing of MT5-MMP in the cells and in the CM. 
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5.5 Cellular Localization of MT1 and MT5-MMPs in Benign Prostatic Hyperplasia 

      (BPH) and PCa 

 MT1- and MT5-MMP immunihistochemistry was performed on six specimens of BPH 

and six specimens of PCa (five moderate grade and 1 high grade). We found that MT1 

and MT5-MMPs were expressed in BPH, moderate and high grade PCa. MT1-MMP 

expression was predominantly observed in the cytoplasm of secretory epithelial cells of 

both benign and cancer glands, although in cancer glands, nuclear staining was also 

observed. Interestingly some cells within the same gland (benign and PCa) showed 

moderate to intense staining, whilst some were not stained at all. The unstained cells may 

be in the early stages prior to becoming cancerous cells. MT1-MMP expression was 

highest in moderate grade cancer compared to BPH and high grade cancer. This is 

consistent with a study by Upadhyay and colleagues, in 1999, showing intense staining in 

high grade prostatic intraepithelial neoplasia (HGPIN) lesions, indicating that MT1-MMP 

expression might be a step involved in the intial progression of PCa. 

 

The current study is the first to report the immunolocalization of MT5-MMP outside the 

brain  (Seikine-Aizawa, 2001) and human kidneys of diabetic patients (Romanic, 2001). 

Similar to MT1-MMP, MT5-MMP was predominantly expressed in the cytoplasm of the 

secretory epithelial cells in benign glands. In the cancer glands, staining was 

heterogeneous with low to intense staining, mainly in the nuclei, plasma membrane and 

cytoplasm of secretory cells. In this study, both MT1- and MT5-MMP were 

predominantly expressed in the glandular epithelial cells of benign glands and tumor cells 

of the PCa glands, with little or no stromal expression. However, low stromal expression 

was observed for both enzymes in high grade cancer. MT-MMPs may play a role in 

tumour-stromal interactions in invasion and metastatic process. 

 

The localization of  MT1-MMP and MT5-MMP in the nuclei of some prostate tumor 

cells, although unexpected for a cell surface protein, may be a characteristic it shares with 

other proteins, such as growth hormone/growth hormone binding protein (Lobie et al., 

1992), insulin-like growth factor binding proteins-3 and -5 (Schedlich et al., 2000), tissue 

Kallikreins (Korkmaz, 2001) and epidermal growth factor receptor (Lin et al., 2001). 
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Membrane-bound proteases such as ADAM-9 and -10  have also been shown to be 

localized in the nuclei of PCa cells (McCulloch, 2003; McCulloch et al., 2004). Nuclear 

translocation of proteins not constitutively present in the nucleus can occur through 

mechanisms, including the free diffusion of small proteins (up to 45 kDa) through the 

nuclear pore complex (Jans and Hubner, 1996) or for larger proteins, by one of  several 

regulated, active-transport mechanisms (Jans et al., 2000; Quimby and Corbett, 2001). 

Many imported proteins contain sequence motifs/patterns that have been defined as 

“nuclear localization signals” (NLS) (Jans et al., 2000).  MT1- and MT5-MMP amino 

acid sequences were imported into the World Wide Web based search engine PSORT 

(http://www.psort.org/) and analyzed for NLS consensus sequences. A number of 

putative NLS sequences were found (bipartite and pat7 NLS in MT5-MMP and pat4 NLS 

in both MT1- and MT5-MMPs) but, further studies are required to confirm the actual 

mechanisms involved. However, all of the NLSs are consensus sequences for the α/β 

Importin active nuclear transport system (Catimel et al., 2001). 

 

Proteins localized to the nucleus were previously thought to have no role in the nucleus, 

however recent evidence indicates the opposite. These examples include insulin-like 

growth factor binding protein (IGFBP-3) that has been shown to be able to interact with 

nuclear binding sites (Schedlich et al., 2000) and heparin-binding epidermal growth 

factor- like growth factor (HB-EGF) that was shown to mediate transcriptional activity 

(Adam et al., 2003). Therefore potential mechanisms for the functions of MT1- and MT5-

MMPs in the nucleus could be in a protein-DNA role where they act as transcription 

factors or they could interact with other transcription factors or other nuclear proteins in a 

protein-protein role, and hence in a direct way influence nuclear processes. To evaluate 

this hypothese further, studies on MT1- and MT5-MMP functions in the nuclei will be 

needed. 

 

5.6 Studies on the regulation of MT-MMPs 

Relatively little is known about the physiologically important regulators of MT-MMP 

expression, particularly in the prostate. Preliminary studies, as carried out here, have 

provided some further insight into this issue. 
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Concanavalin A (Con A) and phorbol 1 -myristate 13-acetate (PMA) are well known 

inducers of MMPs in non-prostate models. In this study, LNCaP (androgen-dependent) 

and PC-3 (androgen-independent) cells were treated with Con A and showed a general 

increase in the protein expression of MT1-, MT3- and MT5-MMPs. By far the greatest 

induction by Con A observed  was the nearly 4 fold increase in MT5-MMP expression in 

40µg/mL Con A treated PC-3 cells. This is the first study to show the induction of MT3- 

and MT5-MMP proteins by Con A in PCa cells, but does suggest that Con A is relatively 

non-tissue specific in its effects. 

 

PMA treatment of LNCaP and PC-3 cells resulted in the increased shedding or secretion 

of all three MT-MMPs, especially with 40 nM PMA. This increase in the soluble or shed 

forms corresponded to a decrease in cell associated forms in LNCaP cells. This result is 

quite distinct from previous reports in other tissues, where PMA increased MT-MMP 

expression. This may suggest some tissue specificity in the effects of PMA on MT-MMP 

expression. To determine whether there is a net increase in the MT-MMP levels in the 

prostate following PMA treatment, mRNA expression of the three MT-MMPs needs to 

be studied. 

 

It has been postulated that chemicals such as Con A and PMA mimic the effects of 

various cytokines and induce their synthesis and the synthesis of other gene products 

(Lohi et al., 1996). Their actions may also target MMP genes and/or genes of other 

growth factors and proteases, which may have a role in the post –translational 

modification of these enzymes.  

 

The preliminary examination of the effects of  androgens (DHT) and other growth factors 

with known roles in modifying the proliferation and / or progression of prostate cancer 

cells, for example: IGFs, EGF, was undertaken. 

 

Treatment of LNCaP with DHT alone and treatment of  LNCaP and PC-3 cells with IGF-

I and -II alone failed to detect any change in expression of MT1-MMP. Similar to our 
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androgen stimulation study, Liao and co-workers, in 2003, failed to detect a change in 

MT1-MMP expression after R1881 (synthetic androgen) treatment of LNCaP cells. 

However a synergistic treatment of PCa cells with DHT and IGFs may be required for 

regulation of MT-MMPs in PCa. It has also been well documented that IGF-I acts in 

synergy with DHT (Iwamura et al., 1993). It has been shown that ADAM-9 and -10 

mRNA and protein was synergistically stimulated by IGF-1 and DHT (McCulloch, 2003; 

McCulloch et al., 2004). 

 

Preliminary studies with EGF and TGFβ indicated that they have a small effect on 

induction of MT1-MMP in LNCaP cells. There was no change in MT1-MMP expression 

following the addition of Vitamin A. However, more experiments are required to 

establish the effects of these growth factors on MT-MMP expression. 

 

5.7 Future Studies 

This study, although providing insights into the expression, cellular localization and 

preliminary data on the regulation of MT-MMPs in PCa, gives rise to further studies on 

several issues, such as, the protein expresion of MT2-, MT4- and MT6-MMPs in PCa, 

characterization of the potential mechanisms leading to the presence of soluble or shed 

forms of MT-MMPs, the mechanism of potential increase in the soluble forms following 

PMA treatment of PCa cells and the explanation and the roles for the nuclear presence of 

MT1- and MT5-MMP. Also, functional studies such as invasion assays with up or 

downregulation of MT-MMPs in PCa cell lines would add to the understanding of their 

role in PCa tumour progression and metastasis. 

 

5.8 Conclusion 

In this study, we observed the mRNA expression of the six MT-MMPs identified to date, 

expression of MT1-, MT3- and MT-MMP proteins in “normal” and androgen dependent 

and independent PCa cell lines, cellular localization of MT1- and MT5-MMP proteins in 

BPH and PCa tissues and the regulation of MT1-, MT3 and MT5-MMPs by Con A and 

PMA. 
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This study was the first to report the MT5-MMP protein expression in “normal” prostate 

PCa cell lines and its cellular location outside brain tissue. Soluble forms of MT1-, MT3- 

and MT5-MMPs and the regulation by Con A and PMA were also reported for the first 

time in “normal” prostate and PC cell lines. 

 

This study provides strong preliminary data for further reseach, especially with respect to 

functional studies of MT-MMPs in PCa, particularly the roles of membrane-bound, 

soluble or nuclear MT-MMPs. Understanding the processes which govern the actions of 

such proteins as these may open potential doors for development of new management and 

therapeutic regimens to prevent cancer progression. 
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