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ABSTRACT 
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Prostate cancer displays a high degree of variability in its rate of 

spread which may be due to differences in the invasive potential of the 

tumor cells. The degradation of the basal lamina (BL) and extracellular 

matrix is mediated in part by the secretion of matrix metalloproteinases 

(MMPs). Matrilysin (PUMP-I) has been shown to be over-expressed in 

prostate carcinoma. I have expressed matrilysin in the human prostate 

tumor cell line DU-145 to determine if matrilysin has a functional role in 

prostate tumor cell invasion. Transfected cell lines were assayed by an in 

vivo diaphragm model of tumor cell invasion. Vector-only transfected DU-

145 cells injected i.p. into SCID mice invaded 11 % of the the diaphragms 

whereas matrilysin transfected DU-145 cells invaded 66% of the 

diaphragms. The difference between the controls and matrilysin transfected 

cells was statistically significant (p<O.006). These results suggest a 

functional role for matrilysin in the initial invasion of prostate cancer 

through the BL. Matrilysin may act by activating other proteinases in a 

cascade or by degrading the ECM and the ECM fragments inducing 

expression of other proteinases. 

The expression of matrilysin in the involuting rat uterus led to the 

hypothesis that matrilysin may be expressed in the prostate following 

castration. We assayed RNA from rat ventral prostates (RVP) of normal and 

castrated rats by northern analysis during an eight day time course for 

expression of the matrilysin, tissue inhibitor of metalloproteinase-l (TIMP-
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1) and urokinase messages. Matrilysin was undetectable in normal RVP, 

however, five days after castration there was a significant increase in the 

matrilysin mRNA. The mRNA for TIMP-1 also peaked at five days after 

castration. The urokinase-type plasminogen activator mRNA was also 

elevated following castration with a peak five days post-castration. There 

was a low basal level of matrilysin protein present in the RVP which 

increased and peaked three days after castration. This combination of genes 

expressed in the RVP may playa role in the tissue remodeling following 

castration as well as in nonnal prostate epithelial cell turnover. 
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Cancer biology is the study of the root causes, development, clinical 

presentation and treatment of neoplasms. According to this definition the 

English physician Sir Percival Pott was one of the first researchers in the 

field of cancer biology. In 1775 Pott discovered that men who had been 

chimney sweeps as young boys had an increased death rate due to scrotal 

cancers (Pott 1775). Pott's hypothesis was that chimney soot was the 

causative agent due to the constant contact between the scrotum and soot. 

Pott identified a potential carcinogen, recognized that there was a period of 

latency, and suggested possible preventative action; namely, frequent 

washing and alterations in the clothing that allowed the soot to come in 

contact with the scrotum (Tannock et al. 1987). When these precautions 

were enacted, as in Denmark, the deaths of chimney sweeps due to scrotal 

cancer decreased (Prescott et al. 1982). Thus began the quest to understand 

the causes, development and treatment of cancer. 

We now know that the basis for the development of most cancers is 

genetic and that proteins derived from altered DNA are the vehicle through 

which the neoplastic phenotype is expressed. Genetic alterations that cause 

cancer can be inherited alterations, point mutations, insertions or deletions, 

chromosomal rearrangements or virally derived genes and insertional 
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mutagenesis (Tannock et al. 1987). The evidence that supports the genetic 

basis of cancer includes: 

Most known carcinogens are mutagens. 

Loss of DNA repair mechanisms increases incidence of cancer. 

Chromosomal instability is associated with many cancers. 

Familial cancer syndromes (inherited). 

Clonal development of tumors. 

Mutations that change proto-oncogenes to oncogenes (Tannock et al. 

1987). 

There are a number of agents that can initiate the formation of neoplastic 

growth. These can be grouped into four broad categories: chemical, physical, 

biological and hereditary factors. The previously described discovery by 

Percival Pott is one example of a chemical carcinogen. The causative agent 

within the soot turned out to be tar and most likely polycyclic aromatic 

hydrocarbons (Tannock et al. 1987). Chemical carcinogens are derived from 

two sources, man made carcinogens (polycyclic aromatic hydrocarbons, 

aromatic amines and nitrosamines) and natural products (cycasin and 

aflatoxin B1) (Pitot 1986; Archer 1987). Physical carcinogens include 

ionizing radiation and UV radiation with chronic irritation and wounding 

contributing to the effectiveness of other carcinogens (Pitot 1986). Viral 

infections are the major biological cause of cancer, this includes more than 

100 oncogenic DNA and RNA tumor viruses (Prescott et al. 1982; Sheinin et 

al. 1987). Hereditary factors account for a small minority of all neoplasms; 

however, these rare inherited cancers can be useful tools in determining 

which genes are involved in the genesis of neoplasms. One classic example 
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is retinoblastoma (RB) in which inheriting one copy of an inactivated RB 

gene leads to the increased susceptibility to developing RB (Phillips 1987). 

Genes such as RB have been mapped and cloned and shown to be associated 

with other neoplasms. Thus there are a number of mechanisms through 

which cancer can develop in the human body. 

As the United States life expectancy continues to increase as it has 

increased in the past, there will continue to be more deaths due to cancer. 

Cancer was the second leading cause of all deaths in the U. S. in 1987 with a 

total of 476,927 (22.5% of all deaths) (Boring et al. 1991). This statistic is 

second only to cardiovascular disease and is above cerebrovascular disease 

and accidents (Boring et al. 1991). Lung cancer is the leading cause of death 

due to cancer in the U. S.; this is particularly disturbing in light of the 

evidence that 75% of all lung cancer deaths are due to tobacco smoking 

(Prescott et al. 1982). This translates into an estimated 107,250 premature 

deaths that could have been prevented in 1991 and makes lung cancer the 

most easily preventable form of cancer (Boring et al. 1991). Prostate cancer 

is now the most commonly diagnosed male cancer in the U. S. recently 

surpassing lung cancer and is second to lung cancer in male mortality due to 

cancer (Boring et al. 1991). If deaths due to tobacco smoking were 

eliminated, the estimated deaths in 1991 of U. S. males due to prostate 

cancer would exceed those of lung cancer (32,000 for prostate and 22,880 

for lung cancer). Prostate cancer is a neoplasm that begins to affect men at 

the age of 50 and is predominantly seen above the age of 65 (Carter et al. 

1990). 
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Prostate Cancer Etiology and Epidemiology 

Prostate cancer is now the most common cancer afflicting U.S. males 

(excluding non melanoma skin cancer) exceeding lung cancer for the first 

time (Boring et aI. 1991; Chiarodo 1991). It is estimated that 122,000 new 

cases of prostate cancer will have been diagnosed in 1991 and mortality 

from prostate cancer (32,000 cases in 1991) is the second.leading cause of 

cancer related deaths in U.S. males (Boring et aI. 1991). These statistics are 

important because a large segment of the male population is about to enter 

the age group that prostate cancer afflicts. Prostate cancer is very rare until 

age 50, but then abruptly rises (Boring et aI. 1991). It is estimated that the 

percentage of men over age 55 will increase from 18% to 25% of the total 

male population by the year 2010 (U.S. Bureau of the Census 1989). This 

increase in the number of elderly men will cause prostate cancer to become a 

large public health problem (Carter et aI. 1990). 

The etiology of prostate cancer has yet to be clearly elucidated, but 

there are several factors that show some correlation to increased or 

decreased risk of developing prostate cancer. Since the prostate is a 

hormonally regulated organ, and adenocarcinoma of the prostate is usually 

sensitive to withdrawal of testosterone, there has been a hypothesized role 

for androgens in the development of cancer. Bosland has developed an 

animal model of prostate carcinogenesis by using a pre-initiation chemical 

castration followed by testosterone treatments and then a systemic initiating 

treatment of N-methyl-N-nitrosourea (Bosland et al. 1990). Promotion 

following the carcinogen.treatment is not required but long term promotion 
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with testosterone enhances the incidence of the induced prostate 

adenocarcinomas (Bosland et al. 1990; Sukumar et al. 1991). Bosland has 

shown in this model of prostate carcinogenesis that exogenous androgens 

administered before and after carcinogen treatment can fix the mutations 

caused by the carcinogen (Bosland et al. 1990; Bosland et al. 1990; Sukumar 

et al. 1991). Bosland has proposed a model of the etiopathogenesis of human 

prostate cancer which implicates the endocrine system in the expansion of 

initiated prostate epithelial cells (Bosland 1988). This model does not appear 

to be relevant to human prostate carcinogenesis in that a number of studies 

have examined the levels of testosterone in men and there appears to be no 

relationship to prostate cancer (Griffiths et al. 1979; Rose 1986; Bosland 

1988). Thus the implication of testosterone in prostate carcinogenesis is 

speculative but may have some validity due to limitations inherent in 

epidemiologic studies. 

There are several environmental factors that may play a role in the 

multistage carcinogenesis of the prostate. Diet contains both risk factors and 

protective agents. International studies suggest positive correlations of 

prostate cancer with meats, milk, animal fat, animal protein, and total 

calories, and negative correlations with cereals, vegetables and fruit (Rose et 

al. 1986). A case control study by Kolonel et.al. in Hawaii showed an 

increased risk for fat and for carotenes (Kolonel et al. 1988). A cohort study 

of Seventh-day Adventist men showed that a vegetarian lifestyle 

(specifically beans, lentils, tomatoes, raisins, dates, and dried fruits) 

produced a relative risk (RR) of 0.48. Finally a case control study of prostate 

cancer patients at Roswell Park Memorial Institute showed that in men ~ 68 
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years old high levels of B-carotene gave a RR=0.30. There have been 

epidemiologic studies comparing histologic and clinical prostate cancer rates 

in Japanese men living in Japan, in Hawaii and in America that suggest that 

there may be a dietary component to the development of prostate cancer (for 

reviews see Bosland 1988; Carter et aI. 1990). These studies show that there 

is no significant difference between the incidence of histologic prostate 

cancer between Japanese and American men. There is approximately a ten 

fold difference between Japanese and American men in the incidence of 

clinical prostate cancer, but Japanese men born in Hawaii have an 

intermediate rate of prostate cancer (Wynder et al. 1977). This is theorized to 

be due to the adoption of a Western lifestyle and diet, and not only the 

adoption of a Western lifestyle and diet but the loss of the Japanese diet. 

Japanese people drink a great deal of green tea which contains a putative 

anti-cancer agent (Yang et aI. 1993); another staple of the Japanese diet, the 

soy bean, also contains Bowman-Birk inhibitor, a potential 

chemopreventative agent (Maki et al. 1992; Kennedy et al. 1993). 

Therefore, there are many conflicting studies in regards to diet and cancer of 

the prostate. There appears to be a dietary component to the progression of 

prostate cancer and this could be due to a diet lacking in protective 

vesetables and fruits or a diet containing large quantities of risky foods such 

as animal proteins and fat. 

There has been some discussion of viruses playing a role in the 

etiology of prostate cancer. This theory was brought out by the observation 

that an increase exposure to venereal diseases and/or the number of sexual 

partners produces an increased risk (Steele et aI. 1971). However four other 
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studies found that prostate cancer patients had a lower frequency of 

intercourse (Rotkin 1977; Schuman et al. 1977; Rotkin et al. 1979; Schuman 

et al. 1982). DNA virus (Herpes simplex 2) particles have been seen in 

prostate cancer specimens (Centifanto et al. 1973), but another study by 

Herbert et.al. in 1976 found no evidence of Herpes simplex 2 in 28 patients 

(Herbert et al. 1976). Retroviral particles have also been shown to be 

associated with prostate cancer (Tannenbaum et al. 1970; Dmochowski et al. 

1977; Ohtsuki et al. 1977; Cuatico et al. 1978). 

Occupational factors may also play a role in the etiology. Several 

studies show an increased risk for farm workers, (Williams et al. 1977; 

Burmeister 1981; Siemiatycki et al. 1986). Rubber workers are also at risk 

with a standard mortality ratio of 142 (McMichael et al. 1974). An 

increased risk for workers exposed to cadmium has been shown in small 

studies, but when the studies were enlarged the effect disappeared 

(Armstrong et al. 1983; Doll 1984; Armstrong et al. 1985). 

The Biology of Prostate Cancer 

There are several types of neoplasia found in the prostate; 95% of all 

prostate cancers are adenocarcinomas with the other 5% represented by 

transitional or squamous cell carcinomas and sarcomas (Greenwald 1982). 

The prostate consists of three major anatomical regions, the peripheral, 

transitional and the central lobes, all arising from different embryologic 

tissues (Figure 1)(Franks 1979). A benign lesion termed benign proliferative 

hyperplasia (BPH) occurs mainly in the transitional lobes and causes a 
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FIGURE 1. The Anatomy of the Human Prostate. 

This medial frontal section of a human prostate indicates the different 
zones that are important in the neoplastic diseases of the prostate. The areas 
indicated are: mil transitional zone, 0 central zone, II peripheral zone. Other 
anatomical features shown are the • urethra and the Illi1 bladder. 
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hyperplasia of the glands surrounding the urethra, thus producing urinary 

obstructive symptoms. Prostatic intraepithelial neoplasia (PIN) is a lesion 

characterized by cytologic atypia of the glandular epithelial that occurs in 

both the central and peripheral zones, and is hypothesized to be a 

preneoplastic lesion (Nagle et al. 1991). The peripheral lobe is the most 

common site of neoplastic lesions in the prostate (Wilson 1987; Cotran et al. 

1989). Due to the different locations of these diseases, BPH will generally 

present with urinary symptoms whereas PIN and carcinoma will not exhibit 

urinary symptoms until the tumors are large enough to cause obstruction. 

There are two presentations of adenocarcinoma of the prostate: histologic 

and clinical. Histologic carcinoma or occult carcinoma of the prostate is a 

localized, non symptomatic form of cancer that is either detected at autopsy 

or during transurethral resection of the prostate (TURP) to relieve the 

symptoms of BPH. Histologic prostate cancer can occur in as many as 80% 

of men over 80 years of age (Carter et al. 1990). Based on the incidence of 

histologic prostate cancer compared to clinical prostate cancer the majority 

of these histologic carcinomas would have never shown clinical symptoms 

and thus would not have affected the patients. Despite the difference in 

clinical presentation, histologic and early clinical prostate cancer are 

histologically indistinguishable, therefore cancers found during TURP are 

treated as clinical prostate cancer when it is known that ::::::90% of these 

cancers will not develop into clinical prostate cancer (Carter et al. 1990). 

This biological variability that prostate cancer displays, ranging from occult 

disease incidentally found during TURP or autopsy to highly invasive, 

aggressive cancer which metastasizes via the lymphatic system to the 
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regional lymph nodes, then to bone and is followed rapidly by death, is one 

of the major problems in treating prostate cancer. When adenocarcinomas 

are found by routine rectal examination, needle biopsy in patients with 

elevated prostate specific antigen (PSA) or incidentally in TURP specimens, 

there is no current method for determining whether this tumor will remain 

latent for the patient's life time or invade and metastasize within five years. 

It is apparent that the biological variability manifests itself in the extent of 

tumor cell invasion through the epithelial basal lamina (BL) (Fuchs et al. 

1989; Siadat Pajouh et al. 1991). 

The development of tumors is believed to be a multistep process 

involving a number of genetic alterations leading to the malignant phenotype 

of a particular tumor (Archer 1987; Ruddon 1987). The classic example is 

colon cancer. Vogel stein and co-workers have demonstrated a series of 

molecular events that start from the very first genetic change through the 

acquisition of the malignant phenotype (Fearon et al. 1990; Fearon et al. 

1992). The natural history of prostate cancer is not as clear. Oncogenes and 

tumor suppresser genes have been sporadically associated with prostate 

cancer; most prominent are ras, p53 and the retinoblastoma gene product 

(Bookstein et al. 1990; Bookstein et al. 1990; Carter et al. 1990; 

Vanveldhuizen et al. 1993). Mutant p53 is the only one of these three that 

have been shown to have a positive correlation with prostate cancer 

(Vanveldhuizen et al. 1993). Cytogenetic evidence indicates that loss of the 

Y chromosome and deletion of chromosomes 1, 2, 5,1 Oq and 16q are the 

most common alterations in prostate cancer; however, these are found in a 

minority of prostate tumors (Brothman et al. 1990; Carter et al. 1990; Arps 
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et al. 1993}. Recently, the Ca2+ dependent cell adhesion molecule E

cadherin and its associated protein a-catenin have been found to be reduced 

or deleted in prostate cancer (Morton et al. 1993). There are currently two 

markers for prostate cancer, prostate specific antigen and prostatic alkaline 

phosphatase, but they measure tumor burden, not progression towards 

malignancy. A clue to the multistep nature of prostate cancer can be found in 

epidemiologic studies comparing prostate cancer rates in different countries 

(Greenwald 1982; Carter et al. 1990; Chiaro do 1991). The age specific 

incidence rate of histologic prostate cancer for Japanese men is the same as 

U.S. men. This is contrasted by the fact, previously stated, that the incidence 

rate of clinically detected prostate cancer for U.S. men is 16 fold greater than 

the rate for Japanese men. Japanese men who live in Hawaii have an 

intermediate rate of prostate cancer. Using these data Carter et al. have 

shown by statistical analysis that more than one event occurs to create a 

histological tumor, and a similar number of events is required to produce a 

clinical prostate tumor from a histologic tumor (Carter et al. 199O). One of 

these malignant events is the acquisition of an invasive phenotype prior to 

metastasis. 

Tumor Cell Invasion and Tissue Remodeling 

The process by which neoplasms metastasize is composed of a 

complex series of events (Khokha et al. 1989; Liotta et ale 1991; Matrisian 

1992). Liotta has proposed a three step model of tumor cell invasion (Liotta 

1986). These steps include tumor cell attachment to the BL, localized 
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proteolysis of the BL and migration through the BL and stroma (Figure 2). 

The normal prostate acini is composed of the BL to which the basal cells are 

attached with the luminal epithelial cells attached to the basal cells (Figure 

2A). As discussed previously the natural history of prostate cancer includes 

PIN and histologic prostate cancer that remain confined to the prostate acini 

(Figure 2B). When the three step model is applied to prostate tumor cell 

invasion, the tumor cells must move through the basal cells for attachment to 

the BL (Figure 2C). There is evidence that the epithelial cells are not the 

target of malignant transformation in some tumors (Verhagen et al. 1992). 

Verhagen et al. showed that a subgroup of tumors expressed a keratin pattern 

intermediate between basal and lumenal cells and hypothesized that this 

"amplifying" cell was the population that was malignantly transformed. The 

next step is the degradation of the BL through the secretion of proteases 

(Figure 2D). To degrade the BL, cells must secrete proteinases that are able 

to degrade the components of the BL. The proteins that make up the normal 

prostatic BL are collagen type IV, laminin, proteoglycans, tenascin and 

entactin. Fibronectin and vitronectin are also included in the ECM of the 

prostate (Tryggvason et al. 1987; Knox et ai. 1993). Finally the tumor cells 

migrate through the digested BL and into the ECM (Figure 2E). The process 

of tumor cell invasion is one critical step in the larger process of metastasis 
-

which includes cell motility, intravazation, immune system evasion, 

extravization and tumor formation (Liotta 1986; Liotta et al. 1991). 

Tissue remodeling is a normal physiological manifestation of the 

process of cellular invasion. There are a number of examples of tissue 

remodeling: tissue resorption during development, angiogenesis, wound 
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FIGURE 2. Three-Step Model of Tumor Cell Invasion. 
The three step model of tumor cell invasion as it relates to prostate 

cancer begins with the normal prostatic glandular structures which include: 
epithelial cells, basal cells, fibroblasts, BL and ECM (A). Transformation of 
a prostate cell occurs and an adenocarcinoma arises (B). The tumor cells 
move through the basal cell layer and attach to the BL (C). The tumor cells 
aquire the invasive phenotype and secrete MMPs and other proteinases to 
degrade the BL (D). Finally, the tumor cells migrate through the BL and 
into the ECM. 
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healing and hormone mediated tissue involution (Mullins et al. 1983; 

Alexander et al. 1991). These processes use the same proteinases and 

processes that are involved in tumor cell invasion but in a more controlled 

and regulated fashion. The post-partum involution of the uterus is one 

classical model of tissue remodeling following alterations in hormone status. 

The weight of the human term uterus is reduced by approximately 90% 

within two weeks of parturition and collagen, elastin and muscle related 

proteins are the components that are lost (Mullins et al. 1983). The 

resorption of the tadpole tail is another example of tissue remodeling 

induced by hormones, in this case the increased levels of thyroxine during 

tadpole morphogenesis (Gross 1966). This work led to the purification of the 

first eukaryotic matrix metalloproteinase, collagenase, which was found to 

degrad·~ triple helical collagen. 

The Matrix Metalloproteinase Multigene Family 

There are two major classes of proteinases that are highly associated 

with ECM degradation (Tryggvason et al. 1987; Duffy 1992; Schmitt et al. 

1992). Serine proteinases which include plasmin, plasminogen activators and 

elastase have been associated with aggressive behavior by tumor cells (for 

reviews see Testa et al. 1990; Duffy 1992; Schmitt et al. 1992). There is a 

large body of literature positively correlating MMP expression and tumor 

cell invasion and metastasis (for reviews see Liotta 1986; Khokha et al. 

1989; Werb 1989; Matrisian et al. 1990; Liotta et al. 1991; Matrisian 1992). 

The matrix metalloproteinase (MMP) class of proteinases is a multi gene 
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family of enzymes that require metal cofactors and whose substrates are the 

proteins that make up the BL and the extracellular matrix (Khokha et al. 

1989; Matrisian 1990; Testa et al. 1990; Woessner 1991; Duffy 1992; 

Matrisian 1992; Schmitt et al. 1992). The family is divided into three 

subclasses based on their amino acid homology and substrate specificity 

(Matrisian 1992). The three subclasses are the collagenases, the gelatinases 

and the stromelysins (Table 1). As Table 1 indicates the collagenases are 

primarily responsible for the degradation of fibrillar collagen. The 

gelatinases primary substrates are non-triple helical collagens and one of the 

major components of the BL, type IV collagen. The stromelysins are 

responsible for degradation of components of both the ECM and the BL. 

Stromelysin-3, possibly miss-named, has been recently shown to be a weak 

MMP that requires both an N-terminal and a C-terminal cleavage for activity 

to be demonstrated (Murphy et al. 1993) 

The human MMP family of enzymes share several conserved domains 

between the various members. The minimal latent enzyme, matrilysin, 

contains three domains that are present in all of the other MMPs: a signal 

sequence to direct the protein for secretion, the pro-peptide which maintains 

the enzyme in the latent form, and the active site that binds the required zinc 

atom (Figure 3). The pro-peptide contains a highly conserved segment of 

eight amino acids, PRCGVPDV, with an unpaired cysteine that is generally 

thought to interact with the zinc atom in the active site. This model has been 

termed the "Cysteine Switch" mechanism of MMP activation (Springman et 

al. 1990; Wart et al. 1990; Park et al. 1991). The model was based on the 

ability of various compounds that activate MMPs to alter the conformation 
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Table 1. Substrate Specificity of the Major Human 
Metalloproteinases. 

Matrix 

Metalloproteinase 
CoUagenases 

Interstitial Collagenase 

Neutrophil Collagenase 

Gelatinases 
Gelatinase A 

Gelatinase B 

Stromelysins 
Stromelysin-l 

Stromelysin-2 

Matrilysin 

Other 
Stromelysin-3 

Extracellular Matrix Substrates 

Collagens I, II, III, VII, X 
Gelatins 

Collagens I, II, III 

Gelatins 
Collagens IV*, V, VII, X 
Elastin, Fibronectin 

Gelatins 
Collagens IV*, V 
Elastin 

Proteoglycans 
Laminin, Fibronectin 
Gelatins 
Collagens III, IV, V, IX 

Proteoglycans 
Laminin, Fibronectin 
Gelatins 
Collagens III, IV, V, IX 

Proteoglycans 
Laminin, Fibronectin 
Gelatins 
Collagen IV* 
Elastin, Entactin 

Laminin, Fibronectin (Very weakly) 

* Indicates conflicting literature reports of the ability of the MMP to degrade 
this substrate. 
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FIGURE 3. Conserved Domains of the MMP Family of Proteinases. 

The MMP family of enzymes contain a number of conserved domains. 
First is the "pre" signal peptide that directs the protein for secretion. The 
"pro" domain contains the conserved cystiene switch region that maintains 
the protein in the latent form (see text). The catalytic and zinc binding 
domains are combined in all the MMPs except the gelatinases and comprise 
the active site. The hemopexin-like domain is in all of the MMPs with the 
exception of matrilysin and has some homology to the heme binding protein, 
hemopexin. The fibronectin domain in the gelatinases is homologous to 
collagen binding region of fibronectin. Finally, the collagen domain is a 
homologous region to the U2 chain of type V collagen. 
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surrounding the unpaired cysteine. Matrisian et ale confirmed this model 

using site directed mutagenesis of the PRCGVPDV peptide (Park et 

al.1991). Essentially, anything that disrupts the interaction between the zinc 

and the unpaired cysteine allows the active site to cleave the pro-domain 

from the enzymatically active portion of the MMP. Matrilysin is the only 

member that does not contain a carboxy terminal domain that has homology 

to a heme binding protein hemopexin (Sanchez-Lopez et ale 1988). This 

hemopexin domain has recently been associated with gelatinase A and B 

interactions with their respective primary inhibitors, tissue inhibitor of 

metalloproteinases 1 and 2 (Howard et ale 1991; Howard et al. 1991; Murphy 

et ale 1992). Both gelatinase A and B contain a domain that is homologous to 

the collagen binding region of fibronectin. Gelatinase B is the only human 

MMP to contain a region similar to the U2 chain of type V collagen 

(Matrisian 1990). 

The activated form of these MMPs can be inhibited by proteins known 

as tissue inhibitors of metalloproteinases (TIMP) (for reviews see Khokha et 

ale 1989; Matrisian 1990; Liotta et ale 1991). Currently there are two known 

human TIMPs, TIMP-l and TIMP-2. TIMP-l inhibits all of the MMPs but 

preferentially inhibits gelatinase B (92 kD type IV collagenase, MMP-9). 

TIMP-2 inhibits gelatinase B, however it preferentially inhibits gelatinase A 

(72 kD type IV collagenase) and may inhibit other members of the MMP 

family (Howard et ale 1991; Howard et ale 1991). 

There are four levels of possible regulation of MMPs: transcriptional, 

translational, post-translational and enzyme inhibition (Figure 4). 

Transcriptional regulation of MMPs is modulated by both factors that 
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FIGURE 4. Regulation Points of Matrilysin and the MMP Family. 
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MMPs can be regulated at four levels, transcription, translation, post
translation and enzyme inhibition. Transcription, post-translation and 
enzyme inhibition are the most common modes of regulation. Transcription 
can be stimulated or inhibited. The protein can be in the latent form or 
activated by other proteinases. The active protein can remain active or be 
inhibited by one of the TIMPs. 
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enhance and inhibit transcription. MMP mRNA levels have been shown to 

be increased by growth factors, tumor promoters, cell-matrix interactions, 

cytokines and the protein products of oncogenes (Matrisian et al. 1986; 

Werb et al. 1989; Matrisian 1990; Holladay et al. 1992; Matrisian 1992). 

MMP transcription has also been shown to be inhibited by such varied 

compounds as dexamethasone, TGF-B1, and serum (Matrisian 1990). 

Evidence for translational control has not been published but must be 

considered when interpreting MMP expression data. The second main 

regulatory step of MMPs is post-translational modification. The most studied 

modification of MMPs is the activation of the latent enzyme which involves 

an auto-cleavage of the pro-peptide domain (Springman et al. 1990; Wart et 

al. 1990). It is believed that there is a cascade of serine and 

metalloproteinases that result in the activation of numerous MMPs which 

will degrade components of the BL and ECM (Nagase et al. 1990; Suzuki et 

al. 1990; Liotta et al. 1991; Woessner 1991; Matrisian 1992). The initiating 

factor of this cascade has yet to be elucidated. The final level of regulation is 

the specific inhibition of MMPs by TIMPs. Tight regulation of the 

expression and activity of both MMPs and TIMPs maintain cells in a non

invasive phenotype (Liotta et al. 1991). A change altering the balance in 

favor of MMP activity may be one of the initial steps in tumor cell invasion. 

Matrilysin is the smallest known member of the MMP family 

containing only the signal sequence, the pro-peptide and the active site. 

Matrilysin was originally cloned by Breathnach et at. from a mixed tumor 

library (Muller et al. 1988) and purified from post-partum involuting rat 

uterus about the same time (Woessner et al. 1988). Matrilysin has since been 
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shown to be expressed in several different human tumor types including: 

glioma (Nakano et al. 1993), prostate (Siadat Pajouh et al. 1991), breast 

(Lefebvre et al. 1992), colon (McDonnell et al. 1991), gastric (McDonnell et 

al. 1991), rectal (Miyazaki et al. 1990) and head and neck (Muller et al. 

1991). Matrilysin has also been shown to be expressed in a number of 

different non-neoplastic situations, including: the involuting rat uterus 

(Woessner et al. 1988), human endometrium (Rodgers et al. 1993), 

glomerular mesangial cells (Marti et al. 1992), normal human kidney cells 

(Marcotte et al. 1992), involuting rat ventral prostate (Powell et al. 1992) 

and developing human mononuclear phagocytes (Busiek et al. 1992). 

Matrilysin degrades casein, gelatins I, III, IV and V, fibronectin (Quantin et 

al. 1989), laminin (Cress 1992), elastin (Murphy et al. 1991) and entactin 

(Sires et al. 1993). Matrilysin also interacts with other proteinases; 

specifically, matrilysin can cleave activated interstitial collagenase to 

increase collagenases activity five fold (Quantin et al. 1989). Matrilysin can 

proteolytically cleave pro-urokinase to yield low-molecular weight pro

urokinase that is unable to bind to its specific integral membrane receptor 

(Marcotte et al. 1992; Marcotte et al. 1992). 

Statement of the Problem. 

The aging of the American population dictates that we must 

understand the diseases and health concerns of an elderly population. The 

"Baby Boomer" generation will soon enter the decade when the risk of 

prostate cancer significantly increases. Thus it is important that we 
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understand these diseases and ultimately how to treat them. The biologic 

variability of prostate cancer allows us the ability to study the biology of the 

tumors cells with the ultimate goal to distinguish between prostate tumors 

that will remain latent and those that will kill the patient within one year. 

The roles that matrilysin may play in the prostate are poorly understood. The 

hypothesis that I will address in this dissertation is that matrilysin plays a 

functional role in the normal and neoplastic prostate. I have used a 

combination of molecular techniques and animal models to characterize the 

role of matrilysin in prostate adenocarcinoma progression and castration 

induced involution of the rat ventral prostate. I have developed a novel 

animal model to elucidate the early events in tumor cell invasion and shown 

that matrilysin primarily functions during early events of prostate tumor cell 

invasion and that it may function near the top of a proteinase cascade 

(Powell et al' 1993). I have also shown that matrilysin is expressed during 

the involution of the rat ventral prostate along with urokinase-type 

plasminogen activator and that this combination of proteinases may function 

in tissue remodeling and normal prostate epithelial cell turnover (Powell et 

al' 1993). These studies have added significantly to the characterization of 

matrilysin and its expression in the normal and neoplastic prostate. 
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V 

MATERIALS AND METHODS 

Cells and Cell Culture 

The human prostate tumor cell line DU-145 was obtained from 

American Tissue Culture Collection (ATCC) (Rockville, MO). DU-145 cells 

were cultured in MEM (Gibeo; Grand Island, NY) supplemented with 10% 

fetal calf serum (Gibco; Grand Island, NY), penicillin (500U/ml) and 

streptomycin sulfate (500}lglml) (complete MEM) in 10% C02. All cell 

lines tested negative for the presence of mycoplasma. The DU-145 cell line 

was derived from a CNS metastasis of a primary prostate adenocarcinoma 

(Stone et al. 1978). DU-145 cells have been shown to be tumorigenic, but 

not invasive or metastatic by heterotransplantations into nude mice (Mickey 

et al. 1977; Kozlowski et al. 1984). 

Animals 

The SCID mouse colony at the Univ. of Arizona Health Sciences 

Center are BALB/c C.B-17 mice that were originally provided by L. Schultz 

at Jackson Laboratories. They were maintained in a specific pathogen-free 

environment and in compliance with PHS guidelines governing the care and 

maintenance of animals. All animals in this study were tested for plasma 

levels of IgM and any animal with an IgM level higher than 5}lglml was not 

used in this study. 
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Fisher F344 rats (~200 gms) were castrated under ether anesthesia. 

Five rats/day were sacrificed by cervical dislocation under ether anesthesia 

and their ventral prostates harvested. Castrations and prostatectomies were 

performed by Dr. Frederick Domann and Joan Mitchen at the Univ. of 

Wisconsin at Madison. Whole body and prostate weights were taken. Serum 

was obtained by retro-orbital puncture prior to sacrifice. Serum samples 

were assayed for testosterone levels by RIA (Diagnostic Products). One 

RVP from each day was formalin fixed for histology; the second RVP was 

snap frozen for protein extraction and Western analysis, and the 3 remaining 

RVPs were snap frozen for later RNA extraction. Formalin fixed prostates 

were dehydrated and embedded in paraffin. Three micron sections were then 

cut stained with hematoxylin/eosin. 

Plasmid Constructions 

To express the matrilysin metalloproteinase in DU-145 cells the full 

length EcoRI cDNA fragment for matrilysin was blunt end cloned in the 

sense direction into the Bam HI site of the eukaryotic expression vector pH

f3-APr-neo-1 which contains the neomycin selectable marker gene and the 

human f3-actin promoter driving the transcription of the inserted cDNA 

(Gunning et al. 1987) (Figure 5). The construction of this plasmid was such 

that human f3-actin 5' noncoding sequences were left attached to the 

matrilysin transcript. Therefore, the transfected and endogenous transcripts 

could be distinguished from one another by differential lengths. This 
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~ Human B-Actin Promoter Polylinker (Sal I, Hind III, Bam HI) 

5'UTR SV40 Poly adenylation signal 

o IVS 1 of B-Actin Plasmid Sequences 

SV-Neo 

FIGURE 5. Eukaryotic Expression Vector for Matrilysin. 

This expression vector was used for transfections into DU-145 cells 
to express matrilysin. The matrilysin complete cDNA was blunt-end cloned 
into the Bam HI site of the polylinker region. 
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construct named pH-j)-matrilysin and the parental plasmid pH-f3-APr-neo-l 

were used in the transfection of DU-145 cells 

Transfections 

Calcium phosphate mediated DNA transfections were used to 

introduce the plasmid constructs. One day prior to transfection, 5xl05 DU-

145 cells were plated into 100 mm plates and allowed to adhere overnight. 

The calcium phosphate/DNA precipitates were formed by a published 

method (Ausubel et al. 1987) using 40}tg of plasmid DNA/plate. The 

precipitate was combined with complete MEM and left on the cells for 24 

hours for uptake of the plasmid DNA. The plates were then washed with 

complete MEM and the cells fed with complete MEM containing 300}tglml 

of active Geneticin (Gibco; Grand Island, NY). This concentration was 

determined by quantitating the cloning efficiency of parental DU-145 cells 

in concentrations of G418 from 25}tg/ml to 500pg/ml. The selection 

medium was changed twice per week until colonies were visible (3 to 4 

weeks). Individual colonies were isolated using cloning rings and expanded 

for freezing and further analysis. Colonies derived from pH-f3-APr-neo-1 

transfected cells were given the designation M-#, and the pH-f3-matrilysin 

transfected cell lines were given the designation DUC-#. 
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Northern Analysis 

All cell lines were grown to ::::80% confluency and total RNA was 

isolated by the acid guanidinium thiocyanate-phenol-chloroform method 

(Chomczynski et al. 1987), and northern blotting was performed. Tumors 

were frozen in liquid nitrogen and ground to a powder in liquid nitrogen. 

Total RNA was then isolated as above. Prostates were ground to a powder 

under liquid nitrogen. Then total RNA was isolated from the 3 RVPs. Total 

RNA was separated on a 1 % agarose, 3-[N-Morpholino]propane-sulfonic 

acid/formaldehyde gel and then the gel was soaked in distilled water for 15 

minutes. The gel was then capillary transferred to a GeneScreen (NEN 

Research Products; Boston, MA) nylon membrane in 25 mM sodium 

phosphate buffer and cross linked by UV using a Stratalinker (Stratagene; 

La Jolla, CA). The blots were prehybridized for 18 hours and hybridized 

for 24 hours in a dextran sulfate/formamide based hybridization solution 

according to the GeneScreen manufacturer. 32p labeled cDNA probes were 

made by random priming (U.S. Biochemical; Cleveland, OR) and washed 

out at high stringency (O.lx SSC, 55°C) or at low stringency (1.0x SSC 

42°C) and exposed to Kodak X-Omat film. The blots were stripped and 

reprobed according to the manufacturer. Full length cDNA inserts were 

used for probes. The cDNAs for human matrilysin and interstitial 

collagenase (Quantin et al. 1989) were generously provided by R. 

Breathnach and the cDNA for human TIMP-l (Carmichael et al. 1986) was 

provided by G. P. Stricklin. The cDNA for rat glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was obtained from ATCC. The mouse uPA 
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cDNA was obtained from Rf2jrth (Rf2jrth et ale 1990). The SGP-2 cDNA was 

a generous gift from M. M. Briehl (Briehl et al. 1991) and the mouse 7s 

cDNA was a gift from A. Balmain (Balmain et ale 1982). 

Antibodies and Immunohistochemistry 

The polyc1onal antibody directed against the human matrilysin 

protein was a generous gift from L. M. Matrisian and M. Navre (McDonnell 

et al. 1991). This antibody was produced by expression of the carboxy

terminal 100 amino acids of matrilysin by an E.coli expression and 

purification system (Smith et al. 1989). The fusion protein was used to 

immunize rabbits. Antibodies that recognized matrilysin were affinity 

purified using the purified fusion protein cross linked to an activated 

sepharose column (McDonnell et ale 1991). 

To generate monoclonal antibodies BALB-C mice were immunized 

by standard procedures with full length matrilysin protein isolated from 

Chinese hamster ovary cells transfected with an expression vector directing 

transcription of the matrilysin cDNA. This purified matrilysin protein was a 

gift from M. Navre (Yuan et al. 1993). Spleen cells were harvested and 

fused with SP-2 myeloma cells using polyethylene glycol. Colonies were 

initially screened using an ELISA assay with the whole matrilysin protein. 

Final cell lines were cloned three times by limiting dilution and the final 

supernatants were characterized by immunoprecipitation and Western 

blotting against the whole matrilysin protein. One monoclonal antibody that 

specifically immuno-precipitated matrilysin, 10D2, was used for 
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immunohistochemical staining of tissues for matrilysin. Frozen tissues were 

sectioned and fixed for 10 minutes in 0.3% glutaraldehyde in phosphate 

buffered saline (PBS). The slides were washed with PBS prior to addition 

of the antibody. The antigen-antibody complex was detected with a 

secondary antibody linked to horseradish peroxidase by previously 

described methods (Nagle et al. 1991). Immunohistochemical detection of 

human cytokeratins 8 and 18 was performed on fixed tissue using the 10.11 

antibody as described (Nagle et al. 1991). 

The polyc1onal antibody against the rat matrilysin protein was a 

generous gift of F. J. Woessner. This antibody was developed by 

immunizing rabbits by standard procedures with purified rat matrilysin 

protein. The protein was purified from involuting rat uteri (one day post

partum) as described previously (Woessner et al. 1988). This polyc1onal 

antibody recognized the latent form of matrilysin but weakly reacted with 

the activated form (Woessner 1993). 

Western Analysis 

For Western analysis of proteins from cultured cell lines, cell lines 

were fed with serum free MEM for 24 hours, and 50 pI of serum free 

conditioned medium from each of the cell lines to be tested were combined 

with Laemmli sample buffer, boiled, and separated on a 15% SDS-PAGE 

gel (Harlow et aI. 1988). The gel was transblotted onto nitrocellulose paper 

(Schleicher & Schuell; Keene, NH). The blot was blocked with 2.5% non

fat dry milk in TBST (lOmM Tris-HCI, pH=8; 150 mM NaCI; 0.05% 
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Tween-20) for 1 hour, then washed with TBST. The blot was incubated for 

1 hour with a 1: 1000 dilution of a matrilysin polyclonal antibody generated 

against the C-terminal 100 amino acids of the matrilysin protein 

(McDonnell et al. 1991). The blot was washed 3x for 5-10 min. with 

TBST. An anti-rabbit IgG alkaline phosphatase conjugate was used as the 

secondary antibody and incubated for 30 min. and washed again. Matrilysin 

protein localization was achieved by the ProtoBlot alkaline phosphatase 

detection system (Promega; Madison, WI). 

Detection of rat matrilysin by Western analysis was accomplished as 

follows. Frozen prostates were thawed on ice and homogenized in 0.075 M 

NaCl, 2.5 mM sodium phosphate and 0.25% Triton X-100 (pH 7.8) with a 

Teflon glass homogenizer (Wilson et al. 1991). The homogenates were 

stored at -800 until the Western analysis was performed. The 50 jlg of each 

protein sample was combined with 4x Laemmli sample buffer, boiled, and 

separated on a 15% SDS-PAGE gel (Harlow et al. 1988). The gel was 

trans blotted onto a 0.45 jl Immobilon P membrane (Millipore; Bedford, 

MA). The blot was blocked with 2.5% non-fat dry milk in TBST (lOmM 

Tris-HCI, pH=8; 150 mM NaCI; 0.05% Tween-20) for 1 hour, then washed 

with TBST. The blot was incubated for 4 hours at room temperature with a 

1: 10()() dilution of a rabbit polyclonal antibody directed against purified rat 

matrilysin (Woessner et al. 1988). The blot was then washed for 15 min. in 

TBST + 0.1 % Triton X-100, 15 min. in TBST + 0.5 M NaCl, then rinsed 

with TBST. The blot was incubated for 1 hour at room temperature with a 

horseradish peroxidase conjugated goat anti-rabbit IgG+lgM antibody 

(T AGO, Burlingame, CA). The blot was then washed for 15 min. in TBST + 
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0.1 % Triton X-lOO, TBST + 0.5% Triton X-loo, and 15 min. in TBST + 0.5 

M NaCI, then rinsed with TBST. Antibody localization was detected by the 

ECL non radioactive detection system (Amersham; Arlington Heights, IL) 

and exposed to Kodak X-Omat film. 

SCID Mouse Invasion Assay 

The cells to be tested were harvested during exponential growth and 

resuspended in sterile PBS. The cells were counted and the numbers 

corrected for cell viability. Four week old male SCID mice were injected 

Lp. with 5xl06 cells of the lines to be tested. Three weeks later the mice 

were sacrificed by cervical dislocation and all abdominal and thoracic 

internal organs, including the diaphragm, were fixed and sectioned. Organs 

that were involved sporadically included: liver, spleen, prostate, kidneys 

and adrenal glands. Tumors growing on, or invading into organs were 

visualized by either hematoxylin and eosin staining or 

immunohistochemical staining for human cytokeratins 8 and 18 which 

specifically detects the human DU-145 cells against a negative murine 

tissue background (Nagle et al. 1991). To quantitate the invasive ability of 

these cells the diaphragm sections were scored as invasive or non invasive. 

One random section from each diaphragm was scored and if there was 

evidence of BL invasion by any of the tumors in that section then it was 

scored as invasive. If there was no evidence of BL invasion, then the 

section was scored as non invasive. The scoring was performed in a blinded 

fashion as to which cell line formed the tumor. The Pearson Chi-squared 
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analysis was used to test for statistical significance between vector-only 

transfected cells and matrilysin transfected cells. The results from 

individual cell lines were pooled to eliminate clonal differences not related 

to matrilysin expression. Subcutaneous tumors were formed by 

subcutaneous injection of 5 x 106 DU-145 or DUC-26 cells into SCID 

mice. The tumors were allowed to grow for 6 weeks before the mice were 

sacrificed and the tumors snap frozen for RNA isolation and northern 

analysis. Scanning and transmission electron microscopy of the SCID 

mouse diaphragm tumors was performed by Dr. Claire Payne at the 

University of Arizona, Department of Microbiology and Immunology. 

SCID Mouse Orthotopic Injections 

The operations were perfOlmed in a laminar flow hood within the ultra 

clean barrier facility in which the SCID mouse colony was maintained. The 

mice were anesthetized by i. p. injection. The lower abdomen was shaved and 

a 2 cm incision was made in the lower abdomen. The dorsolateral lobe of the 

prostate was exposed and 200,000 cells were injected in a volume of 20 pI 

using a 0.5 cc tuberculin syringe. The incision was closed using a surgical 

stapler and the mice were allowed to recover. Mortality due to the surgical 

procedure generally occurred within five days. These experiments were 

conducted in collaboration with Dr. J. David Knox and Dr. Curtis Mack. 
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VI 

THE EFFECT OF MATRILYSIN ON THE INVASIVE PHENOTYPE OF 

DU-145 CELLS 

Introduction 

A study by Fuchs et.al. showed that there was a progressive loss of BL 

with increasing grade of human prostate carcinoma (Fuchs et al. 1989). 

Evidence from our laboratory indicates that invasive prostate tumor cells 

continue to produce the protein constituents of the BL (laminin, collagen 

type IV and entactin) (Knox et al. 1993); for invasive cells to continue to 

produce these proteins the cells must be able to continually modify this new 

BL thus requiring expression of MMPs (Sinha et al. 1991; Bonkhoff et al. 

1992). These results support the hypothesis that MMP expression may be 

indicative of the progression of prostate cancer from a benign to a malignant 

state. Two members of the MMP family of enzymes, matrilysin (PUMP-I, 

MMP-7) and the gelatinase A (72 kD type IV collagenase, MMP-2), have 

recently been shown to be expressed at the messenger RNA level in 76% 

and 60% of primary prostate carcinomas respectively (Siadat Pajouh et al. 

1991). This compares to an incidence of 27% for matrilysin and less than 

25% for the gelatinase A expression in normal human prostate (Siadat 

Pajouh et al. 1991). The expression of gelatinase A in prostate cancer has 

been confirmed (Stearns et al. 1993). The role of matrilysin expression in 

human prostate adenocarcinoma has yet to be elucidated. The following 

experiments were designed to determine if matrilysin expression functioned 
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in invasion and metastasis. Figures and text are reprinted with permission 

(American Association for Cancer Research) (Powell et al. 1993). 

Results 

Transfection of DU-145 cells with expression constructs 

DU-145 cells were chosen for the transfection of a single MMP because by 

northern analysis DU-145 cells expressed none of the known human MMPs 

(interstitial collagenase, gelatinases A and B, stromelysins 1 and 2, and 

matrilysin). The calcium phosphate mediated DNA transfections of the 

parental plasmid pH-{3--APr-neo-1 and pH-f3-matrilysin and yielded 6 

vector-only and 49 matrilysin transfected Geneticin resistant cell lines. All 

of the cell lines were initially screened by northern analysis and 13 of the 

matrilysin transfected cell lines were positive for matrilysin mRNA while 

the parental and all of the vector-only transfected cell lines remained 

negative (data not shown). The four matrilysin transfected DUC cell lines 

and two vector-only transfected M cell lines that were selected for further 

analysis are shown (Figure 6). Steady state levels of matrilysin mRNA were 

similar in the four DUC cell lines. Longer exposures of DU-145, M-1 and 

M-38 failed to show any expression of matrilysin (data not shown). These 

cell lines were also screened by northern analysis for expression ofTIMP-1, 

a known endogenous inhibitor of matrilysin (Quantin et al. 1989) (Figure 

6). Steady state levels of TIMP-1 mRNA appeared to be unaffected by the 

transfection and selection process that produced the cell lines regardless of 
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FIGURE 6. Matrilysin and TIMP-1 mRNA Expression in Transfected Cell 
Lines. . 

Northern blots of the indicated cell lines were probed simultaneously 
with random primed cDNA probes for matrilysin (1.2 kB) and TIMP-1 (0.9 
kB). The blots were striped and reprobed for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH 1.2 kB) as a RNA loading and transfer control. All 
cell lines were grown to ==80% confluency and total RNA was isolated and 
northern blotting was performed as described in "Materials and Methods". 
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which construct was used. Therefore, four prostate cell lines were derived 

that demonstrated the over-expression of the matrilysin gene observed in 

primary prostate cancers (Siadat Pajouh et al. 1991) without a 

corresponding increase in the expression of its inhibitor TIMP-l. 

Western Analysis 

The parental DU-14S cell line, M-l and the four DUC cell lines were 

then analyzed by Western blotting for expression and secretion of the 

matrilysin protein with a polyclonal antibody raised against the carboxy 

terminal domain of the matrilysin protein (McDonnell et al. 1991)(Figure 

7). The four matrilysin transfected cell lines all secreted the matrilysin 

protein into conditioned medium while DU-14S and M-l did not show any 

detectable protein in the conditioned medium. The amount of protein 

secreted into the medium by the DUC cell lines appeared to be equivalent 

which is in agreement with the results from the northern analysis. The 

molecular weight of matrilysin seen in this Western indicated that the 

protein was being secreted in the pro form in vitro. This presented a 

problem in terms of in vitro characterization of invasive ability of the 

transfected cell lines. Compounds that activate MMPs such as APMA are 

toxic to cells and the use of activating proteinases, such as trypsin, would 

skew the results. I hypothesized that an in vivo model may supply the 

endogenous matrilysin activating agent. 
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FIGURE 7. Western Analysis for Matrilysin Protein Secreted by 
Transfected Cell Lines. 

Serum-free conditioned medium (50 JlI aliquots) from DU-145 and 
the transfected cell lines were separated by SDS-PAGE and western blotted 
as described in "Materials and Methods" with a polyclonal antibody raised 
against the carboxy terminal 100 residues of the matrilysin protein. This 
antibody recognizes both the 29 kD promatrilysin and the 18 kD activated 
matrilysin. 
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To determine if the matrilysin protein plays a functional role in the 

invasion of prostate tumors we have developed an experimental animal 

model to assay for early events in tumor cell invasion. All of the mice 

injected developed Lp. tumors by 3 weeks post injection. The tumor cells 

formed the most colonies on the mesenteric fat, the diaphragm and the walls 

of the peritoneum. No evidence was found for distant metastasis in the lungs 

or bone by any of the cell lines tested in this 3 week assay. Each cell line 

was injected into five mice. M-l and M-38 control transfected cells did not 

form grossly visible tumors by autopsy, but did contain microscopic tumors 

on the diaphragm (Table 2). In contrast, the DUC cell lines formed grossly 

visible tumors on the diaphragm and other organs, and three mice contained 

bloody ascites at the time of autopsy. This apparent growth difference was 

not due to increased in vitro growth rates of transfected cells as measured by 

cell growth kinetics (data not shown). Representative examples of the 

histology of diaphragmatic tumors derived from vector only transfected and 

matrilysin transfected cell lines are shown (Figure 8 A, B). Diaphragmatic 

tumors arising from vector only transfected cell lines appeared to be 

inhibited from crossing the BL of the diaphragm (Figure 8A).Tumors of 

similar size from matrilysin transfected cells lines, however, invaded past the 

BL in a much higher percentage of the diaphragms examined (Figure 8B). 

These tumors were also examined using electron microscopy (EM). Portions 

of the diaphragms were fixed in EM grade glutaraldehyde and given to Dr. 

Claire Payne for EM visualization. 
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Table 2. Autopsy results from SCID mouse invasion assay. 

CeULine #of Tumor Growth Diaphragm 
Mice Histology 

DU-145 5 Microscopic Superficial Tumors 
M-l 5 Microscopic Superficial Tumors 

M-38 5 Microscopic Superficial Tumors 
DUC-2 5 Macroscopic Invasive Tumors 
DUC-13 5 Macroscopic Invasive Tumors 
DUC-14 5 Macroscopic Invasive Tumors 
DUC-26 5 Macroscopic Invasive Tumors 
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FIGURE 8. Immunohistochemical Detection of DU-145 and DUC-26 
Tumors on a scm Mouse Diaphragm. 

(Top panel) DU-145 and (Bottom panel) DUC-26 derived tumors 
were immunohistochemically stained for cytokeratins 8 and 18 as 
previously described. The sections are positioned such that the cytokeratin 
positive tumors are above the non staining BL and skeletal muscle of the 
diaphragm. 
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Scanning EM of the abdominal surface of a diaphragm with a M-38 tumor 

showed that the tumor cells undermined the mesothelial cells that normally 

cover the diaphragm (Figure 9). This figure also shows that as the tumor 

cells approach the mesothelial cells begin to round up and separate from 

the BL of the diaphragm as compared to the mesothelial cells at a distance 

from the tumor. Transmission EM of a DUC-26 tumor showed the invasion 

of a DUC-26 pseudopodia through the BL and into the ECM of the 

diaphragm (Figure 10). 

This qualitative difference was tested for quantitative significance by 

blindly scoring the diaphragmatic tumors as invasive or non-invasive and 

comparing the vector-only transfected and matrilysin transfected cell line 

derived tumors (Figure 11). The difference between the control and 

matrilysin transfected cell lines was highly significant with a P<O.006 

indicating that by expressing matrilysin in DU-145 we were able to alter the 

invasive phenotype of the parental cells. 

To further analyze the in vivo characteristics of these tumors, 

northern analysis of RNA from DU-145 and DUC-26 subcutaneous SCID 

mouse tumors was performed (Figure 12). DU-145 cells in vitro did not 

express the matrilysin gene; however, subcutaneous tumors derived from 

DU-145 cells appeared to express low levels of the matrilysin message. 

This finding may represent the expression of matrilysin in murine immune 

cells invading the tumor or it may be due to interactions between the DU-

145 cells and the host tissue. The latter is more likely the case because the 

blot was probed and washed under high stringency. However, MMPs have 

been shown to be expressed in both macrophages and neutrophils 
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FIGURE 9. Scanning Electron Microscopy of a M-38 Diaphragmatic 
Tumor. 

A scanning EM of the surface of the diaphragm from a mouse 
injected i.p. with the M-38 cell line. The tumor is growing beneath a layer 
of mesothelial cells on the left and there is a flat, undistrubed mesothelial 
layer on the right. The mesothelial cells at the border of the tumor appear to 
be separating from one another. 
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FIGURE 10. Transmission Electron Microscopy of a DUC-26 
Diaphragmatic Tumor. 

This transmission EM shows a DUC-26 cell (top) on the surface of 
the diaphragm (bottom). The DUC-26 cell has extended a pseuopodia (open 
arrow) through the BL (filled arrow) and into the ECM of the diaphragm. 
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FIGURE 11. Statistical Comparison of Matrilysin Transfected and Control 
Transfected DU-145 cells. 

Diaphragms from mice injected with transfected cell lines were 
stained with the anti cytokeratin 8 and 18 antibody. The diaphragms were 
scored as invasive if the tumor cells penetrated the BL or non invasive if the 
BL remained intact. The scoring was perfonned in a blinded fashion. The 
Pearson Chi-squared analysis was used to test for statistical significance 
between vector-only transfected cells and matrilysin transfected cells. 
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FIGURE 12. Northern (RNA) Analysis of DU-145 and DUC-26 Cell Lines 
and Subcutaneous SCID Mouse Tumors Derived from those Cell Lines. 

Northern blots of total RNA from DU-145 and DUC-26 cultured 
cells and 2 subcutaneous tumors from each cell line were successively 
probed with matrilysin (1.2 kB), collagenase (1.9 kB), TIMP-1 (0.9 kB), 
and GAPDH (1.2 kB) as described in "Materials and Methods". 
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(Matrisian 1992). The tumors derived from DUC-26 cells were all found to 

express the larger matrilysin transcript encoded by the expression vector 

which may hide any endogenous matrilysin mRNA expression. The tumors, 

but not the cell lines in vitro, also expressed the interstitial collagenase 

message which may be due to host-tumor interactions as well (Figure 12). 

TIMP-l expression appeared to be unaltered in the DU-145 and DUC-26 

cell lines and tumors suggesting that unlike MMPs, TIMP-l expression is 

not altered in response to implantation in vivo. We have altered the ratio of 

matrilysin to TIMP-l expression in the DUC cell lines when implanted in 

vivo and this change is evident in the SCID mouse invasion assay. 

To demonstrate that the matrilysin mRNA present in the tumors 

resulted in protein, we generated a monoclonal antibody to the full length 

matrilysin protein for use in immunohistochemical analysis. This antibody, 

10D2, was used to stain DU-145 and DUC-26 tumors on the diaphragms of 

SCID mice (Figure 13). Panel A shows a DUC-26 tumor invading the 

diaphragm stained with the 10D2 antibody. There was homogeneous 

reactivity throughout the DUC-26 tumor cells indicating increased 

expression of matrilysin in the tumors from matrilysin transfected cells. 

Panel B shows a DU-145 tumor stained with the same antibody. The 

reactivity that was slightly above background in this tumor indicates that 

the matrilysin mRNA expression seen in the DU-145 subcutaneous tumors 

was from the DU-145 tumor cells. The level of matrilysin protein in the 

DUC-26 tumor appears higher than that seen in the DU-145 tumor. 
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FIGURE 13. Immunohistochemical Localization of Human Matrilysin 
Protein in Diaphragmatic Tumors. 

Slides of frozen and fixed DU-145 (top) and DUC-26 (bottom) 
diaphragmatic tumors were immuno-stained with the lOD2 monoclonal 
antibody generated to the whole matrilysin protein as described in 
"Materials and Methods". In both panels the tumors are on top and the 
diaphragms below with the BL clearly separating the two cell types. In the 
bottom panel the DUC-26 tumor has invaded through the BL and formed a 
tumor within the diaphragm. 
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Orthotopic Injection of DUC and M Cell Lines. 

There is evidence that the site of injection or implantation has an 

influence on the metastatic ability of the tumor cells (Fidler 1986; Nicholson 

1988). These data were extended to prostate cancer in a number of studies 

that showed that cell lines that do not grow ectopicly will grow orthotopicly 

and some prostate cell lines that are not metastatic at an ectopic site are 

metastatic at an orthotopic site (Stephenson et al. 1992). Co-injection of 

prostatic fibroblasts also aid in tumor growth ectopicly (Chung 1991; Gleave 

et al. 1992). To determine if the DUC or M cell lines were metastatic, 

orthotopic injections into SCID mice were performed. Six SCID mice 

prostates were injected with 200,000 cells of either M-l or DUC-26 and the 

mice were sacrificed 41 days later. The mice were fixed and sectioned and 

stained for cytokeratins 8 and 18 as the diaphragms were treated. There 

appeared to be little difference between the diaphragm model and the 

orthotopic model (Table 3). The DUC-26 cells showed invasion in four of 

the six mice whereas the M-l showed invasion in 1 of 3 mice that survived 

and had tumor takes. The M-l non-invasive tumors were extensions from the 

original injection site and were well confined (Figure 14A). The invasive 

DUC-26 tumors showed both perineural and extended invasion into skeletal 

and smooth muscle (Figure 14B). These initial data indicate that for the M 

and DUC cell lines the site of injection does not influence local invasion. 

The lungs and bone of these mice were examined for distant metastasis and 

none was evident. 



62 

TABLE 3. Orthotopic Injection Tumor Data. 

M-l Cells DUC-26 Cells 

Tumor Tumor 
Mouse # Growth Invasion Mouse # Growth Invasion 

1 Yes No 7 Yes No 
2 Yes Perineural 8 Yes Perineural 
3 Yes No 9 Yes No 
4 No No 10 Yes Mesentery, 

Skel.Musc. 
5 Died N/A 11 Yes Perineural 
6 Died N/A 12 Yes Perineural, 

Rectal SM 
Skel. Muse., skeletal muscle 
SM, smooth muscle 
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FIGURE 14. Immunohistochemical Detection of M-1 and DUC-26 Tumors 
Derived from Orthotopic Injections. 

The top panel shows an M-1 tumor in the dorsolateral prostate 
following orthotopic injection (top). The tumor is well confined and does not 
appear to be invading the surrounding tissue. The bottom panel shows a 
DUC-26 tumor in the dorsolateral prostate following orthotopic injection 
(bottom). This tumor is invading the smooth muscle of the rectum. 
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Summary 

In this chapter I have shown that the over-expression of the MMP 

matrilysin in a human prostate tumor cell line can aher its in vivo 

phenotype. This alteration manifests itself in the early events of BL 

invasion thus allowing prostate tumor cells to colonize the underlying 

stroma. The molecular basis for biological variability seen in human 

prostate cancer is not well understood. It has been observed in primary 

prostate tumors the increased loss of BL with increasing Gleason grade of 

tumor (Fuchs et ale 1989). It has also been found that prostate cancers over

express matrilysin relative to normal prostate glands (Siadat Pajouh et ale 

1991). In the study presented here I have obtained evidence in an 

experimental animal model that over-expression of the matrilysin MMP at 

the mRNA level plays a functional role during early events in prostate 

tumor cell invasion. I have also developed an in vivo model of native BL 

invasion that is extremely sensitive to detecting early events in cellular 

invasion. Tumors from DU-145 and DUC-26 cells injected subcutaneously 

express low amounts of matrilysin and interstitial collagenase whereas in 

cell culture those cell lines do not produce endogenous MMPs. These 

experiments indicate that matrilysin does not enhance the metastatic ability 

of DU-145 cells during the time span of this model, but this may be related 

to the activation state of the matrilysin being expressed (see conclusions). 

In collaboration with Drs. Knox and Mack, I have shown that the M and 

DUe cell lines phenotype do not change appreciably whether injected into 

an ectopic or orthotopic site. Therefore, the biological variability seen in 
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human prostate cancer could, in part, be due to different levels of matrilysin 

expression in the primary tumors. 
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VII 

MA TRILYSIN EXPRESSION DURING THE INVOLUTION OF THE 

RAT VENTRAL PROSTATE 

Introduction 

Involution of the rat ventral prostate (RVP) due to androgen 

withdrawal (castration) is a complex physiological process characterized by 

loss of prostate weight, epithelial cell apoptosis and a switch from a largely 

glandular organ to a stroma dominated organ (Kiplesund et al. 1988; 

Kyprianou et al. 1988). The involution of the RVP involves significant 

tissue remodeling, including clearing of apoptotic cells (Kyprianou et al. 

1988) and extracellular matrix degradation and deposition. Urokinase-type 

plasminogen activator (uPA) has been shown to be expressed focally in 

normal RVP epithelial cells and is induced during involution of the RVP 

following castration (Rennie et al. 1988; Andreasen et aI. 1990; Freeman et 

al. 1990). Interpretation of these data have led to the hypothesis that uPA 

plays a role in epithelial cell turnover and epithelial cell loss in the 

involuting RVP (Rennie et al. 1988; Andreasen et al. 1990; Freeman et al. 

1990). 

The matrilysin protein was initially purified from post-partum rat 

involuting uterus (Woessner et al. 1988). Matrilysin has been shown to be 

expressed in human breast and prostate adenocarcinomas both derived from 

hormonally regulated tissues (Basset et al. 1990; McDonnell et al. 1991; 

Siadat Pajouh et al. 1991). Matrilysin has also been shown to be involved in 
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early events in human prostate tumor cell invasion (Powell et al. 1993). 

Recently, matrilysin has been shown to be the enzyme that produces low 

molecular weight prourokinase (LMW pro-uPA) from high molecular 

weight prourokinase (HMW pro-uPA) (Marcotte et ale 1992; Marcotte et ale 

1992). This cleaves the inactive from of uPA from its receptor binding 

domain potentially producing active uPA that is not constrained to the cell 

membrane. We describe here that matrilysin is expressed in the RVP 

following castration and propose that matrilysin in conjunction with 

urokinase-type plasminogen activator is involved in the remodeling of the 

prostate cellular architecture following castration, and may also be involved 

in normal prostate epithelial cell turnover. 

Results 

Involution of the Rat Ventral Prostate 

A major effect of androgen withdrawal on the gross anatomy of the rat 

ventral prostate was a decrease in the prostate wet weight as a function of 

time after castration. The process of RVP involution was monitored by 

calculating the RVP weight per gram of body weight (Figure 15). It was 

apparent that the RVPs were decreasing in size and weight until day 7 and 8 

post-castration where the wet weight ratio plateaued at approximately 100 

}lg prostate/gm body weight. The serum from 3 rats in each group were 

assayed for testosterone levels by radioimmuno assay (RIA). Control levels 

at day 0 were 1.23±0.63 ng/ml and by day 1 continuing through day 8 the 
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FIGURE 15. Involution of Rat Ventral Prostate as Measured by RVP Wet 
Weight. 

The rat and the R VP removed were both weighed prior to subsequent 
procedures. The values were standardized by calulating the weight of the 
RVP per gram of rat body weight at the time of sacrifice. Points represent 
the average of 5 rats per day ± the standard deviation. The serum from 3 rats 
in each group were assayed for testosterone levels by radioimmuno assay 
(RIA). Day 0 levels were 1.23±O.63 ng/rol and by day 1 continuing through 
day 8 the level was < 0.1 ng/rol (assay limit of detection). 
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level was < 0.1 ng/ml (assay limit of detection). These data indicated that the 

castrations were effective in decreasing the serum testosterone levels and 

inducing the anticipated involution of the RVP. 

Histology of the Involuting RVP 

The effects of castration at the cellular level were equally apparent. In 

the normal RVP glandular structures with large lumina and small amounts of 

supporting stroma and connective tissue were seen (Figure 16A). Two days 

after castration few cellular changes were seen. The glandular epithelial cells 

had lost some cell volume which was previously described as the loss of the 

cells secretory apparatus (Westin et al. 1993) (Figure 16B). There also 

appeared to be a slight relative increase in the amount of stroma (Figure 

16B). Apoptosis had been shown to peak in the RVP at two to three days 

post-castration (English et al. 1989; Westin et al. 1993), and by day four the 

changes in the prostate architecture were pronounced (Figure 16C). The 

epithelial cell height was markedly decreased and the lumen of the 

individual glands were smaller; the relative amount of stroma between each 

gland increased. These histologic changes continued through eight days 

post-castration when the lumina were small or nonexistent, the epithelial 

cells that remained were approximately half the size of those in a normal 

RVP (Westin et al' 1993) and the smooth muscle cells and stroma dominated 

the structure of the prostate (Figure 16 D, E, F). These changes observed in 

the RVP following castration have been documented previously and are 

completely reversible with androgen replacement therapy (Kiplesund et al. 
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FIGURE 16. Histology of the RVP Prior to, and During Castration fuduced 
fuvolution. 

RVPs were embedded in paraffin, fixed and stained with 
hematoxylin/eosin. Normal day 0 RVP is shown (A) as well as day 2 (B), 
day 4 (C), day 5 (D), day 6 (E) and day 8 (F) post-castration. Note the 
alteration in the ratio of glandular structures to stromal area during the 
course of involution. 220x. . 
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1988; Kyprianou et al. 1988; English et al. 1989; Westin et al. 1993). 

However, proteins that may function in tissue remodeling of the RVP have 

not been extensively studied (Andreasen et al. 1990; Freeman et al. 1990; 

Wilson et al. 1991). 

Northern Analysis of Proteinase Expression in the RVP 

The matrilysin protein was originally purified from rat posc-partum 

involuting uterus (Woessner et al. 1988). This induced expression of 

matrilysin following hormonal changes was what generated the hypothesis 

that matrilysin may also be induced in the involuting RVP. Northern analysis 

of total RNA from the involution time course following castration with the 

human cDNA for matrilysin showed increased expression of the matrilysin 

mRNA (Figure 17). Matrilysin mRNA was undetectable in the normal RVP, 

but appeared at day two and peaked at day five post-castration. Analysis of 

the northern blot by scanning densitometry indicated that the peak increase 

was five fold greater than the day three expression level (data not shown). 

The matrilysin mRNA level began to decrease on day eight post-castration 

which correlated with the nadir of prostate regression and thus tissue 

remodeling. Another MMP, stromelysin-l, was examined by northern 

analysis and found to be negative throughout the time course (data not 

shown). We also examined the steady state mRNA levels of TIMP-l, a 

known inhibitor of matrilysin. The mRNA for TIMP-l was barely detectable 

in control RVP. The message peaked on day five and reached a plateau at a 

lower level on days six through eight (Figure 17). 
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FIGURE 17. Northern Analysis of the Involuting RVP Following Castration. 

Total RNA from 3 prostates was pooled for each day post-castration 
and 15 Jlg of total RNA were analized by northern analysis. The blots were 
probed with the cDNAs for I1).atrilysin, TIMP-1, uP A, SGP-2. The blots were 
stripped and reprobed with a probe for the 7S cytoplasmic RNA as a loading 
control. 
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Urokinase type plasminogen activator (uPA) has been previously 

described to be increased during RVP involution (Rennie et al. 1988; 

Andreasen et al. 1990; Freeman et al. 1990). The time course for uPA 

mRNA expression in the prostate showed that the levels increased on day 

two, peaked on days three through five, then were reduced dramatically by 

day six to a low basal level (Figure 17). Sulfated glycoprotein-2 (SGP-2) is 

a protein that has been associated with the induction of programmed cell 

death in a number of systems (Briehl et al. 1990; Briehl et al. 1991; 

Tenniswood et al. 1992). The northern blot was probed for the SGP-2 

mRNA and the time course was similar to the time: course for uPA and 

correlated well with the previously described levels of SGP-2 in the 

involuting RVP (Figure 17) (Briehl et aI. 1991). 

Western Analysis of Involuting RVP for Matrilysin 

Western analysis of protein from the involuting RVP for matrilysin 

protein was performed using a rabbit polyclonal antibody directed against 

purified latent rat matrilysin (uterine metalloproteinase) (Woessner et al. 

1988; Woessner 1991). This polyclonal antibody weakly reacts with the 

fully activated form of matrilysin (Figure 18). With this limitation it is not 

possible to determine the amounts of latent versus active matrilysin present 

during the castration time course. The antibody does detect an intermediate 

in the activation cascade of matrilysin by 4-amino phenyl mercuric acetate 

(APMA) which is approximately 25 kD (Figure 18 and 19) (Crabbe et aI. 

1992). Following castration the levels of matrilysin protein increased until 
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FIGURE 18. Characterization of the Rat Matrilysin Polyc1onal Antibody on 
RVP by Western Analysis. 

The anti-matrilysin antibody obtained from Dr. Woessner and rabbit 
pre-immune sera from the rabbit that produced the antibody were blotted to 
total protein from a normal RVP that were either treated or not treated with 
APMA. The identity of the band at :::::: 60 kD is unknown. The bands at ::::::50 
kD are due to the secondary antibody. 



0 
~ 
CU 
C 

« 
:1E 
a. 
« 
+ 

0 
~ 
CU 
C 

0 ~ C\I 
~ ~ ~ 
CU CU CU 
C C C 

('t) 'I::t LO (0 ...... co 
~ ~ ~ ~ ~ ~ 
CU CU CU CU CU CU 
C C C C C C -----------.. ~ .. , 

. !. 
.~ .' 

76 

.... 43kD 

.... 30kD 

.. 18 kD 

FIGURE 19. Western Analysis for Matrilysin Protein in the Involuting RVP 
Following Castration. 

Western analysis was performed on proteins extracted from RVPs 
during the process of involution with a polyclonal antibody that recognizes 
rat matrilysin. The first lane is day 0 RVP proteins incubated at 37°C for 3 
hours and is a control for the second lane in which APMA was added to 
show the auto-activation of the matrilysin protein. The subsequent lanes are 
not treated with APMA. The band at 65 kD is unknown at this time but is 
consistently seen in prostate as well as uterus (Woessner 1993). The band at 
approximately 55kD is due to the secondary antibody alone (data not 
shown). 
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day three and then declined to control levels at day eight (Figure 19). The 

basal amount of matrilysin present in the RVP may represent a pool of the 

latent form in the RVP. 

The relationship between matrilysin expression in the RVP and in 

human prostate cancer has not been determined and if these two systems are 

related then castration could have an affect on treatment of human prostate 

cancer. In collaboration with Dr. Maarten Bosland the mRNA expression 

levels of matrilysin in rat prostate adenocarcinomas was determined. Dr. 

Bosland provided ten chemically induced rat dorsolateral prostate 

adenocarcinomas as described previously (Bosland et al. 1990; Sukumar et 

al. 1991). Northern analysis was performed on total RNA from these tumors 

for expression of the rat matrilysin mRNA (Figure 20). Seven of the ten 

tumors expressed varying steady state levels of matrilysin mRNA. This was 

an important observation for a number of reasons. First the incidence of 

matrilysin expression in the rat tumors (70%) was similar to the reported 

incidence in human prostate cancer (72%) (Siadat Pajouh et al. 1991). 

Second, these data lend support to the chemically induced rat prostate cancer 

model as a model for human prostate carcinogenesis. Finally, this similarity 

in matrilysin expression between rat and human prostate indicates that there 

may be a common mechanism for the induction of matrilysin in the 

neoplastic prostate. 



78 

ABC D E F G H I J 

... 18s 
Matrilysin 

FIGURE 20. Northern Analysis of Chemically Induced Rat Prostate 
Adenocarcinomas for Matrilysin mRNA. 

The rat prostate adenocarcinomas obtained from Dr. Bosland were 
analyized by northern analysis using the human cDNA for matrilysin under 
low stringency conditions. Expression of matrilysin in tumors A, C and H 
was questionable. However, tumors B, 0, E, F, G, I and J all express various 
amounts of matrilysin mRNA. 
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Summary 

In summary, matrilysin, TIMP-1 and uPA steady state mRNA levels 

are transiently increased in the RVP following androgen withdrawal by 

castration. The protein level of matrilysin also increases post-castration; 

however, there is a basal level of matrilysin protein present in the RVP prior 

to castration. The matrilysin mRNA was seen to be over-expressed in 

carcinogen induced rat dorsolateral prostate adenocarcinomas. There is 

evidence in the post-lactating breast involution model that blocking the 

activities of MMPs by the use of TIMP-1 prolongs the lactational phenotype 

of the mammary epithelial cells (Talhouk et al. 1992). It has also been 

shown that matrilysin cleaves the receptor binding domain of pro-uPA 

separating it from the active site (Marcotte et al. 1992). Thus the co

expression of uP A and matrilysin may playa concerted role in the modeling 

of the RVP and/or the lack of proteinase expression may maintain the 

normal secretory functions of the prostate. These data may implicate a 

regulatory role for matrilysin as well as extracellular matrix degradation. 
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In this dissertation I have used animal models and molecular biology 

techniques to address the question of what functions does matrilysin 

perform in the normal and neoplastic prostate. There is abundant evidence 

that MMP expression is associated with aggressive tumor cell phenotypes. 

Expression of MMPs in normally non-invasive cell lines causes these cell 

lines to become more invasive. However, there is recent research that 

indicates that stromelysin-3, although homologous to the MMP family may 

have evolved another function not related to degradation of BL and ECM 

components (Murphy et ale 1993). To understand the biology of prostate 

cancer and possibly define a marker for progression from latent to clinically 

significant prostate cancer, I sought to determine if matrilysin performed a 

functional role in prostate tumor cell invasion. To answer this question, I 

developed an in vivo invasion model to assay the effect of the over

expression of a single MMP in the human prostate tumor cell line DU-145 

(Powell et ale 1993). Data from those experiments indicated that over

expression of matrilysin did alter the invasive phenotype of the DU-145 

cells. The DUC cell lines were not more metastatic in either the diaphragm 

invasion assay or in orthotopic injections as might have been expected. This 

was probably due to the single change that was made in the MMP system 

which is just one of the many steps involved in metastasis. 
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The role of matrilysin in the normal prostate is harder to define due to 

the lack of normal human androgen sensitive prostate cell lines and 

limitations on studying androgen withdrawal in the human prostate. I used 

the well characterized rat ventral prostate model of issue involution 

(Tenniswood et al. 1992). In this model system I showed that matrilysin and 

uPA mRNAs were both induced in the RVP following castration. The 

TIMP-l mRNA was also induced following castration, but with a different 

time course. The matrilysin protein was also increased in the RVP. The 

combination of matrilysin and uPA expression may function in concert to 

perform the considerable tissue remodeling that occurs in the RVP post

castration. I also showed that carcinogen induced rat dorsolateral prostate 

adenocarcinomas express the matrilysin mRNA at rates similar to the 

incidence seen in human prostate cancer. 

SCID Mouse Invasion Model 

There are a wide variety of model systems for determining the 

invasive and metastatic ability of tumor cell lines. These models can be 

divided into two groups, in vitro and in vivo models. The in vitro models 

range from invasion through a reconstituted basement membrane 

(matrigel)(Hendrix et al. 1989) to modified organ culture measuring tumor 

cell invasion into chicken embryo hearts (Mareel 1982). These models 

have the advantage that they are quantifiable, quick to perform, culture 

conditions can be altered by adding putative inhibitors or stimulators of 

invasion and the assay conditions are relatively defined. In vitro models by 
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their very definition have the draw backs of being in vitro in that required 

cellular interactions, circulating factors or native BL and ECM may be 

required for the true invasive phenotype to be expressed, in addition to the 

reasons given above the results obtained may not correlate with the in vivo 

phenotype. In vitro models also only measure invasion and may not predict 

metastatic ability in all cases. 

In vivo models generally measure spontaneous or experimental 

metastasis in mice. In vivo models include subcutaneous injection, 

orthotopic injection (Nakajima et al. 1990), foot pad injection (Mareel 

1991) and tail vein injection (Mareel 1991). These models are quantifiable 

for metastasis formation but not at the level of local BL invasion. The very 

nature of these models by their injection sites precludes the assessment of 

the early events of in vivo BL invasion which for adenocarcinomas is one of 

the first steps in the metastatic pathway. The in vivo models require more 

time to perform (depending on the cell line). However, the data obtained 

may be more physiologically relevant. 

In an attempt to merge the advantages of both in vitro and in vivo 

models I developed the SCID mouse diaphragm invasion assay. This assay 

as described previously combines several of the advantages stated earlier. 

First, it is an in vivo assay and as such may supply needed cofactors that are 

not present in tissue culture. This was seen in the ability of DU-145 cells to 

produce both matrilysin and interstitial collagenase mRNA in vivo but not 

in vitro. Cofactors may have also played a role in the activation of the 

matrilysin protein since the protein produced in vitro was in the latent form 

and yet there was a large difference in invasion between the M and DUC 
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cell lines. The diaphragm invasion model closely simulates the three step 

model of tumor cell invasion (Figures 2 and 21). There is a mesothelial cell 

layer corresponding to a basal cell layer covering an intact BL as opposed 

to a reconstituted BL (Figure 21A). The tumor cells injected into the 

peritoneum first colonize the surface of the diaphragm and form a small 

tumor on the surface of the diaphragm (Figure 21B). The tumor cells, in the 

case of both M and DUC cells, grow beneath the mesothelial cell layer on 

the BL (Figure 21C). The DUC cells were then able to invade through the 

diaphragm BL and form colonies within the skeletal muscle of the 

diaphragm (Figure 21D). This model has the potential for detecting not only 

the invasive ability of a tumor cell lines but also its metastatic ability by 

examining the lungs and bone, although this has not been shown with the M 

and DUC cell lines. The system can be manipulated through i.p. injections 

of compounds thought to inhibit or enhance the invasive characteristics of 

the injected cell line. The assay is relatively easy to perform and can be 

used with large numbers of animals as only one i.p. injection is required. 

The quantitation can be performed with or without tumor cell specific 

staining although staining aids in the observation of early invasion of the 

diaphragm. There are two primary limitations to the diaphragm invasion 

assay. First is that the tumor cells must attach and grow on the diaphragm 

which will not always happen as was the case with the prostate tumor cell 

line LnCaP (data not shown). LnCaP cells are only tumorigenic when 

injected with prostate fibroblasts or when implanted orthotopically (Gleave 

et al. 1992; Stephenson et al. 1992). The second limitation is that the i.p. 

site is not orthotopic for most cell lines and it has been shown that a non-
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FIGURE 21. scm Mouse Diaphragm Invasion Model. 

The nonnal mouse diaphragm consists of the mesothelial cells on the 
BL supported by skeletal muscle (A). Tumor cells injected i.p. form 
colonies on the mesothelial cells (B), then displace the mesothelial cells and 
attach top the BL (C). If the cells are invasive the BL is degraded and 
invasion occurs (D). 
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metastatic cell line implanted orthotopicly produced metastatic tumors 

(Stephenson et al. 1992). Even with these limitations the diaphragm 

invasion assay is a new and powerful method for studying the invasive 

characteristics of tumor cells in an in vivo situation. 

The Role Of Matrilysin In Tumor Cell Invasion 

The degree of the change in invasive phenotype that resulted from the 

over-expression of a single MMP gene in the DU-145 cells was unexpected. 

There are at least two explanations for this change in biological behavior. 

The first potential explanation is that matrilysin is either directly or 

indirectly activating other MMPs or proteinases being secreted from the 

DUC cells or surrounding tissue. Matrilysin can super-activate collagenase 

with a 5-fold increase in activity (Quantin et al. 1989) and also form LMW

Pro-uPA from HMW-Pro-uPA (Marcotte et al. 1992). We have shown here 

that subcutaneous tumors derived from DU-145 and DUC-26 cells express 

the mRNA for interstitial procollagenase; if these tumors are expressing the 

interstitial procollagenase protein then matrilysin may be acting in concert 

with collagenase to produce a more invasive phenotype. It has recently been 

shown that stromelysin (MMP-3) can proteolytically activate the 

progelatinase B (Ogata et al. 1992). Since matrilysin is a member of the 

stromelysin subclass of MMPs (Matrisian 1990) and stromelysin can also 

super-activate interstitial collagenase it is possible that matrilysin may 

directly activate progelatinase B. We have shown that DU-145 cells express 

both gelatinase A and gelatinase B by immunohistochemistry (in vivo) and 
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zymography (in vitro) (data not shown). It is also possible that matrilysin 

indirectly activates other MMPs through proteolytic cleavage of as yet 

undiscovered endogenous activator of MMPs. It has been hypothesized that 

proteinases that are involved in invasion and metastasis are activated by a 

cascade of enzymatic activations (Liotta 1986; Matrisian 1990; Liotta et al. 

1991). Under this hypothesis one could argue that matrilysin may act at or 

near the top of an activation cascade (Figure 22). If this is the case then 

expression of an auto-activated matrilysin in DU-145 cells would alter the 

ratio of active to latent gelatinases A and B. Another prediction is that 

LMW Pro-uPA would also be present in these cell cultures since DU-145 

cells express HMW Pro-uPA (Gaylis et al. 1989; Hoosein et al. 1991; Keer 

et al. 1991). This model does not account for alterations in the MMPs 

produced by the stromal cells such as the stromelysins. These experiments 

are currently being performed in our laboratory. Therefore, by transfecting 

the gene for matrilysin into DU-145 cells which already express 3 members 

of the MMP family as well as uPA we may have enhanced the activation of 

the proteinases present thus increasing the invasiveness of the transfected 

cells. 

An alternative hypothesis is that matrilysin substrate degradation 

creates proteolytic fragments of the extracellular matrix which in tum bind 

through their respective integrin receptors and signal for an increase in the 

expression of genes involved in invasion (Kornberg et al. 1992). This is 

supported by evidence that shows proteolytic fragments of fibronectin and 

Arg-Gly-Asp containing synthetic peptide fragments can transduce a signal 

through the fibronectin receptor and increase the expression of interstitial 
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FIGURE 22. Cascade of Proteinase Activation. 

A cascade of enzyme activation has been proposed before (He et aI. 
1989). The cascade proposed here has been updated to include several 
developments. Matrilysin can clip HMW-Pro-uPA to form LMW-Pro-uPA 
(Marcotte et aI. 1992) (A) and LMW-Pro-uPA can be activated by cathepsin 
B (Kobayashi et al. 1991) and plasmin (Testa et al. 1990) to form soluble 
uPA. uPA has been shown to activate progelatinase A (Reith et aI. 1992) (10) 
as well as plasminogen (Schmitt et al. 1992) (lE). It is proposed that the 
soluble LMW-uPA has these same activities (IF). Due to the similarities 
between matrilysin and stromelysin a number of putative activities can be 
inferred. Matrilysin may activate progelatinase B (~) because stromelysin 
has that activity (Ogata et al. 1992) (CC). Matrilysin may activate 
procollagenase (1HI) due to the activity of stromelysin (IT). Matrilysin has been 
shown to super activate collagenase (G) just as stromelysin has (Jf). 
Matrilysin, interstitial collagenase, gelatinases A and Band uPA are 
produced by the tumor cells, whereas stromelysin can be produced by both 
tumor and stromal cells. 
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procollagenase and prostromelysin-1 in rabbit synovial fibroblasts (Werb et 

al. 1989). In contrast, native fibronectin does not have the same effect 

indicating that it is not just a cell attachment phenomenon but a more 

specific response to a unique peptide. Recently it has been shown that both 

cell adhesion and integrin clustering causes the phosphorylation of a 

tyrosine kinase (pp12.s£ak) associated with focal adhesion contacts 

(Kornberg et ale 1992; Juliano et al. 1993). It has also been shown that a 

synthetic peptide derived from the laminin A chain can increase the amount 

of collagenase IV activity (Kanemoto et al. 1990). Therefore the possibility 

exists that the fragments of ECM generated by matrilysin could in turn 

transduce a signal through the integrin family of receptors and cause an 

increase in the expression of genes involved in invasion. These theories are 

not mutually exclusive. The total effect could be due to any combination of 

proteinase activation, signal transduction along with the matrix degrading 

ability of matrilysin. 

Matrilysin Expression and Prostate Tissue Remodelin,.g 

I have shown that during castration induced RVP involution there was 

enhanced expression of matrilysin, TIMP-1 and uP A messenger RNAs and 

that these genes are expressed in a manner consistent with the changes that 

occur during the remodeling of the RVP following castration. We have also 

shown that the matrilysin protein is produced in a time dependent manner 

following castration; however, there appears to be a small pool of matrilysin 

protein in the RVP prior to castration without detectable amounts of mRNA 
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present. The matrilysin mRNA was also expressed in 70% of carcinogen 

induced rat dorsolateral prostate adenocarcinomas. 

There is considerable evidence that MMPs are regulated either 

directly or indirectly by alterations in hormone status. The expression of 

interstitial collagenase and stromelysin have been shown to be repressed by 

glucocorticoids, estrogen and progesterone (Werb 1989; Matrisian 1990; 

Woessner 1991). The matrilysin protein was originally isolated from post

partum rat involuting uterus (Woessner et al. 1988) and has since been 

shown to be expressed in human endometrium during the reproductive cycle 

(Rodgers et al. 1993). The data presented here indicate the negative 

regulatory role of steroid hormones on MMP expression appears to include 

androgens and matrilysin in the RVP. The observation that TIMP-l was also 

induced following castration was not surprising in that MMPs and TIMPs 

can be both coordinately and differentially regulated with respect to one 

another (Khokha et al. 1989; Overall et al. 1991; Wright et al. 1991; 

Matrisian 1992). The differences between the two time courses are 

consistent with the observations of Talhouk et.al who showed that both 

stromelysin and TIMP-l were increased in mouse post-lactating mammary 

tissue (Talhouk et al. 1992). Talhouk also suggested that the mammary 

epithelial cells were maintained in a tissue specific lactational phenotype by 

the BL underlying each gland and that by altering this BL the phenotype was 

changed and lactation discontinues. The involuting RVP could be an 

analogous situation with prostate epithelial cells of the RVP ceasing 

production of semen proteins instead of milk proteins. 
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There have been a number of studies that used castration induced 

involution of the RVP as a model of both programmed cell death and 

androgen regulated gene expression (Tenniswood et al. 1992). Among the 

genes shown to be expressed during castration are: sulfated glycoprotein-2 

(Briehl et al. 1991), transforming growth factor B (Kyprianou et al. 1989), 

glutathione S -transferase (Ybl isoenzyme) (Briehl et al. 1991), cathepsin D 

(Wilson et al. 1991), both tissue- and urokinase-type plasminogen activators 

(Rennie et al. 1988; Andreasen et al. 1990; Freeman et al. 1990) and a 

number of proteinase activities (Wilson et al. 1991). uPA is of particular 

interest since it has been suggested to playa role not only in the tissue 

remodeling in the RVP but in normal prostate epithelial cell turnover 

(Andreasen et al. 1990). Matrilysin has recently been shown to 

proteolytically cleave pro-uPA into the amino-terminal fragment and the 

LMW-pro-uPA (Marcotte et al. 1992; Marcotte et al. 1992). The 15 kDa 

amino terminal fragment is responsible for the binding of pro-uPA to its 

integral membrane receptor. LMW -pro-uPA is 30 kDa and contains the 

catalytic site of uPA; however, it is not active until it has been cleaved by 

plasmin or other proteinases (Marcotte et al. 1992). Matrilysin has been 

detected in the normal human prostate by northern analysis in 3 of 11 cases 

(Siadat Pajouh et al. 1991). This expression could be due to epithelial cell 

turnover in the prostate in combination with uPA. The co-expression of 

matrilysin and uPA in the involuting RVP may lead to the formation of an 

active non-membrane bound form of uP A and active matrilysin. These 

enzymes could play an active role in the remodeling of the prostate 

architecture following castration and in epithelial cell turnover. 
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The determination of the function of matrilysin expression in the 

involuting RVP would be aided by the production of a monoclonal antibody 

directed against the rat matrilysin protein that could be used in 

immunohistochemistry. This would allow the identification of the cell type 

that is responsible for the expression of matrilysin, such as: epithelial cells, 

basal cells, fibroblasts or infiltrating immune cells. An antibody would also 

allow for the localization of the matrilysin protein prior to castration and 

subsequent involution of the RVP. The cloning of the cDNA for rat 

matrilysin would also allow for the identification of the cells involved in 

increased matrilysin mRNA expression by in situ analysis. The rat 

matrilysin cDNA has recently been cloned and recombinant protein is being 

produced for antibody production and affinity purification (Woessner 1993). 

Thus, a more detailed analysis of matrilysin expression in the RVP may be 

possible. 

One of the primary implications of the expression of matrilysin and 

uPA in the involuting RVP is in the area of human prostate cancer treatment. 

Hormone ablation therapy is the main palliative treatment for metastatic 

prostate cancer and is occasionally used in combination with radiation 

therapy for advanced non-metastatic prostate cancer (Olsson et al. 1993). 

Does androgen ablation therapy induce a transient burst of proteinase 

activity in the human prostate as well as the primary and metastatic tumors 

in the patient? Also, does androgen ablation lead to chronic proteinase 

expression in the androgen independent tumor cells that inevitably survive 

this treatment? These questions are not simple to answer. Experiments in 

humans would be limited to available material from TURP specimens and 
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maintaining a rigorous follow-up on all material from a particular patient. 

The questions may be more directly addressed in the rat adenocarcinoma 

model discussed previously. Since the incidence of matrilysin expression 

appears to be similar in the rat and human prostate tumors one could 

compare rats with tumors and rats with tumors that were castrated over a 

time course of one week. Rats that have tumors with and without castration 

could also be compared for the incidence of matrilysin expression in the 

tumors after chronic androgen ablation. These are important questions to 

answer because androgen ablation could lead to further dissemination of the 

primary or metastatic lesions. 

In this dissertation I have shown that matrilysin is expressed in both 

the normal and neoplastic prostate. Matrilysin may be prevalent in the 

prostate due to its association with genes under the direct or indirect control 

of androgens and the androgen receptor. In fact this could be the basis for all 

matrilysin expression in the prostate. It has been theorized that by the time of 

diagnosis there are already subclones of the tumor that are androgen 

independent. These androgen independent tumor cells could be the cells 

responsible for matrilysin expression and matrilysin expression may be a 

consequence of androgen independence. The understanding of the biology 

and biological variability of prostate cancer are important steps in the 

advancement of prostate cancer diagnosis and treatment. These studies have 

characterized the role of matrilysin in the prostate and thus have aided our 

understanding of the biology of prostate cancer. 
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