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ABSTRACT 

Matrilysin is a matrix metalloprotease that degrades extracellular matrix and 

basement membrane components. Matrilysin expression is elevated in prostate cancers 

and is associated with increased histological grade and clinical stage of prostate cancer. 

We have proposed that the overexpression of matrilysin in prostate cancer cells could be 

due to stimulation by paracrine factors from stromal cells. 

Human prostate cancer cell lines were cultured with prostate-derived fibroblasts and 

fibroblast conditioned media (PFCM)- PFCM induced matrilysin expression in three of 

six prostate cancer cell lines, including the cell line LNCaP. Biochemical 

characterization of the matrilysin inducing activity in PFCM identified fibroblast growth 

factors (FGFs) as candidates for this activity. Recombinant FGF-1, FGF-2, FGF-9 and 

FGF-10 induced matrilysin expression in LNCaP cells. The expression of these FGFs by 

prostate fibroblasts was verified using RT-PCR. Using a specific inhibitor of FGF 

receptor activation, we demonstrated that a significant portion of the matrilysin inducing 

activity of PFCM is dependent on activation of LNCaP cell FGF receptors. Matrilysin 

expression in normal prostate epithelial cells (PrEC) is not enhanced by treatment with 

FGFs or PFCM. Aberrant expression of FGFR-I was observed in LNCaP cells, revealing 

a potential explanation for the ability of FGFs to induce matrilysin in LNCaP but not 

PrEC cells. 

Matrilysin expression is also elevated in in inflamed ductile and acinar prostate 

epithelial cells associated with infiltrating macrophages. Therefore, the ability of 

monocyte secreted factors to induce matrilysin expression in prostate epithelial cells was 
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determined. Treatment of LNCaP and PrEC cells with conditioned media from activated 

monocyte cultures induced matrilysin expression in these cells. The factor responsible 

for this induction was identified as interleukin - ip (IL-ip) using an anti-lL-ip 

neutralizing antibody. IL-l P induced transactivation of a reporter construct containing 

cis-elements from the human matrilysin promoter in LNCaP cells, indicating an effect of 

IL-ip on matrilysin gene transcription. An inhibitor of NFKB activity, pyrollidine 

dithiocarbamate (PDTC), blocked induction of matrilysin in LNCaP cells by IL-l p. This 

result implies a role for NFKB in the induction of matrilysin expression by IL-ip, an 

implication supported by evidence that IL-ip induces NFKB activity in LNCaP cells. 
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1. BACKGROUND INFORMATION 

The Epidemiology and Biology of Prostate Cancer 

Prostate cancer is the most commonly diagnosed noncutaneous cancer in U.S. men 

and the second leading cause of death due to cancer in this population (Boring et al., 

1993). This year alone, it is estimated that 184,500 men will be diagnosed with prostate 

cancer, and 39,200 men will die from prostate cancer in the U.S. (American Cancer 

Society, 1998). According to statistics gathered since 1973 by the SEER program of the 

National Cancer Institute, incidence rates for prostate cancer increased for over 20 years 

between 1973 and 1992, with an especially rapid increase occurring between 1987 and 

1992 (Stanford et al., 1998). This rapid increase in incidence rates is believed have been 

due to increased detection of prostate cancer following the 1986 Food and Drug 

Administration approval for the use of the prostate specific antigen (PSA) blood test as a 

screening tool for prostate cancer. Interestingly, an increase in the incidence of 

moderately differentiated prostate cancers made up most of the rapid increase in 

incidence rates following the initiation of PSA screening, indicating that PSA screening 

programs may be detecting a larger proportion of clinically relevant cancers than initially 

thought (Stanford, 1998). Incidence rates peaked in 1992 and had fallen by 6.7% through 

1995. Mortality rates also increased slightly each year until 1991 for white males and 

1993 for black males, at which times mortality rates peaked and have since fallen slightly 

through 1995 (Stanford et al., 1998). Prostate cancer incidence and mortality rates for 

black men in the U.S. are among the highest in the world, and mortality rates for U.S. 
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black men are about twice as high as those of white men in the U.S. (Stanford et al., 

1998). The reason for the difference in incidence and mortality between white and black 

men in the United States is unknown, but has been variously attributed to differences in 

genetic and environmental factors such as steroid hormone levels and diet (Hill et al., 

1979; Jones, 1992). 

The causes of prostate cancer are not known and little progress has been made in 

understanding the etiology of this disease over the past twenty years. Comparisons of 

international incidence rates have been made in an attempt to find potential etiologic 

factors for prostate cancer. There are large differences in the incidence of clinically 

apparent prostate cancer amongst a number of economically developed nations (Parkin et 

al., 1997). In particular, the incidence of prostate cancer is relatively low in Japan 

compared to that of the United States. Interestingly, the analysis of autopsy specimens 

has revealed that the incidence of occult, or latent, prostate carcinoma in Japanese men is 

not significantly different between that of men in the United States (Dhom, 1983). This 

observation has led to speculation that environmental factors may play an important role 

in the progression of latent prostate carcinoma to a clinically relevant disease. This 

hypothesis is supported by findings that the incidence of prostate cancer increases in 

Japanese immigrants to the United States (Shimizu et al., 1991). Also as the Japanese 

culture has become more "westernized", the incidence of prostate cancer among Japanese 

males in Japan has increased (Wynder et al, 1991). 

Dietary intake is an environmental factor that has long been associated with the risk 

of developing clinically relevant prostate cancer (Giles and Ireland, 1997). Dietary 
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factors can provide both positive and negative influences on carcinogenesis. Dietary fat 

and the intake of animal products are the most consistently associated dietary risk factor 

for prostate cancer (Kolonel, 1996; Giles and Ireland, 1997). There is not strong 

evidence for a protective effect of fruit and vegetable intake, however lycopene from 

tomato products, polyphenolics from green tea, and isoflavones from soybean products 

have all been suggested to be protective against prostate cancer (Giovarmucci et al., 1995; 

Liao et al., 1995; Messina et al., 1994). In general, the correlations between dietary 

factors and prostate cancer are very weak and fluther study is needed to determine the 

true extent of these relationships (Kolonel, 1996; Giles and Ireland, 1997). 

By far the strongest risk factor for prostate cancer is age. Prostate cancer is rarely 

diagnosed below age 45, but the incidence of clinically detectable prostate cancer 

increases rapidly after 50 years of age and peaks at 69 years of age for black males and 

71 years of age for white males (Stanford et al., 1998). These statistics are most likely a 

reflection of the long latency and slow growth rate of prostate cancers in general. 

Autopsy evidence has revealed that the incidence of latent or subclinical invasive prostate 

cancer is relatively high in younger men. One study found that 27% of men between the 

ages of 30 and 40 years had latent prostate cancer (Sakr et al., 1993). By the age of 80 

years as many as 60% of men have evidence of subclinical prostate cancer (Sakr et al., 

1995). The incidence of prostatic interepithelial neoplasia (PIN), which has been 

established as a precursor lesion for prostate adenocarcinoma (Haggman et al., 1997), is 

also relatively high among younger age groups and increases in incidence with age, 

similar to prostate cancer (Sakr et al., 1993; Sakr et al., 1995). The chance of a man in 
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the U.S. developing a cliniccilly detectable prostate cancer in his lifetime is roughly 10 %, 

and the chance of dying from a clinically detected prostate cancer is approximately 20 % 

across all stages and grades (Stanford et al., 1998). A number of factors contribute to the 

disparity between the high incidence of latent prostate cancers, the much lower incidence 

of clinically detectable cancer, and the even lower risk of actually dying from prostate 

cancer. Foremost among these factors has to be the biological variability in the clinical 

progression of the disease. It has been suggested that there are actually different types of 

prostate cancer, ranging from slow growing indolent cancers which never progress to a 

metastatic phenotype, to virulent rapidly growing cancers that metastasize prior to 

clinical presentation (von Eshenbach, 1996). The molecular determinants of these 

prostate cancer phenotypes have not yet been determined and it is currently not possible 

to predict the course that a particular prostate cancer will take, even with accurate 

histological grading at time of diagnosis (Montie, 1996). Therefore many men with 

indolent prostate cancer must go though the trauma of radical prostatectomy when, if left 

alone, their prostate cancer would never have caused significant health problems (von 

Eshenbach, 1996). 

The study of the molecular events in prostate cancer progression has proceeded 

largely with the hope that identifying the factors that delineate the various phenotypes of 

prostate cancer will lead to better patient management through more accurate prognoses 

and appropriate treatments. In addition, the only curative therapy currently available for 

prostate cancer is surgical resection of prostate confined disease, and there are no curative 

treatments for disseminated prostate cancer. Therefore, it is hoped that understanding the 
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molecular events in prostate cancer will lead to the development of novel therapies. 

Despite a great deal of research and a large body of literature, the molecular biology and 

genetics of prostate cancer are still poorly understood. Dong and coworkers (1997) 

recently reviewed this research and I will briefly summarize some of the more interesting 

and consistent findings. 

DNA aneuploidy is perhaps the most consistent marker for systemic prostate 

progression. In particular, aneusomies of chromosomes 7, 8 and Y appear to correlate 

with advanced stage or grade (Dong et al., 1997). The use of comparative genomic 

hybridization has revealed that the most frequent chromosomal losses are those of 8p, 5q 

and 13q, while chromosomal gains are most frequently observed for 8q, lip and 3q 

(Dong et al., 1997). The most common chromosomal allelic losses in prostate cancer 

occur at 8p 12-21, 10q23-24, 16q22-24, and 7q31.1-31.2 (Dong et al., 1997). Although 

some of these chromosomal anomalies are quite frequent in prostate cancer, the 

associated genes that affect prostate cancer remain to be identified and cloned. Mutations 

and deletions of tumor-suppressor genes occur with great frequency in a variety of 

cancers. The most commonly affected tumor-suppressor genes are p53 and the 

retinoblastoma gene (Rb). In prostate cancer, p53 abnormalities are relatively rare, 

although a higher frequency has been noted in more advanced cancers (Brooks et al., 

1996; Cohen et al., 1995). Loss of heterozygosity of Rb has been observed in as many as 

35% of prostate cancers, which implies that it may have a more important role in the 

development of prostate cancer (Ittmann and Wieczorek, 1996). However, abnormal Rb 

protein expression does not correlate well with disease progression (Vesalainen et al.. 
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1995). Alterations in growth factors and growth factor receptors that have been 

associated with prostate cancer include increased expression of transforming growth 

factor-alpha (TGFa) (Meyers et al., 1993), basic fibroblast growth factor (FGF-2) 

(Cronauer et al., 1997), insulin-like growth factors (Wolk et al., 1998), and FGF-2 

receptors (Yan et al., 1993), and loss of expression of transforming growth factor-P 

(TGF-P) receptors (Kim et al., 1996; Williams et al., 1996) and keratinocyte growth 

factor (KGF) receptors (Yan et al., 1993). The expression of a number of cell-cell and 

cell-matrix adhesion molecules has also been shown to be altered in prostate cancers. 

These include loss of expression of E-cadherin (Morton et al., 1990; Cheng et al., 1996) 

and members of the integrin family including the integrin subunits a2, a4, a5, av. and 

P4, and elevated expression of a6 (Cress et al., 1995). A shift firom the expression of 

a6p4 to a6pi integrin expression has been observed (Cress et al., 1995). These 

alterations have been associated with increased invasiveness in prostate cancer 

(Rabinovitz et al., 1995). In addition, alterations in extracellular basement membrane 

proteins have also been noted in prostate carcinomas, including loss of expression of the 

gamma 2 subchain of laminin 5 (Hao et al., 1996). Other alterations that have been 

associated with increased invasiveness of prostate cancers include increased expression 

of serine proteases (Jarrard et al., 1995) and matrix metailoproteases (Powell et al., 1993), 

which are capable of degrading extracellular matrix proteins, and decreased expression of 

tissue inhibitors of metailoproteases (TIMPs), which inhibit the activity of the matrix 

metailoproteases (Hashimoto et al., 1998). 
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Clearly more research to identify molecular alterations associated with prostate 

cancer is warranted. However, further study of those factors already associated with 

prostate cancer progression is also necessary in order to determine their clinical relevance 

and to establish their usefulness as genetic markers for aggressive disease. In addition, 

understanding the regulation of those factors which have been found to have altered 

expression in prostate carcinomas may lead to the development of novel therapeutic 

strategies. Acquisition of the invasive and metastatic phenotype is arguably the most 

important determinant in the clinical relevance of prostate cancer, and therefore the study 

of factors involved in the acquisition of this phenotj^e is of primary importance. 

Factors Involved in the Metastatic Spread of Cancer 

The metastasis of cancer cells firom the primary tumor site is a multi-step process 

involving the coordination of a number of sequential events. The steps which are 

predicted to be important to this process have been extensively reviewed (Liotta et al.. 

1993; Tarin, 1995; Lawrence and Steeg, 1996; Chambers and Matrisian, 1997; 

Woodhouse et al.. 1997; Yoneda, 98) and are used as a paradigm for the study of 

metastasis related factors. These steps include angiogenesis in the primary tumor, local 

invasion of cancer cells within the primary tumor, entry into a circulatory system 

(lymphatic or blood), transport and survival in circulation, arrest in a circulatory vessel at 

a distant site, escape fi-om the circulatory vessel (extravasation), invasion of the tissue at 

the distant site, growth of the cancer cells at the metastatic site, and angiogenesis in the 

metastatic tumor. The majority of the steps involved in metastasis require the invasion of 

cancer cells though an extracellular matrix or basement membrane. The process of 
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cancer cell invasion has been described as another multi-step process involving 

disassociation of cell-cell contacts, attachment to the basement membrane, disruption and 

proteolysis of the basement membrane, and movement of the cancer cell through the 

basement membrane (Liotta, 1986; Liotta et al., 1991). Numerous biological molecules 

have been implicated in the various steps involved in cancer cell invasion. 

The dissociation of cell-cell contacts in epithelial cancers may be due to the loss of 

E-cadherin expression or associated molecules such as a-catenin (Frixen et al., 1991; 

Veraieulen et al., 1995), and the loss of expression of these molecules has been described 

in prostate cancer (Morton et al., 1993). Abnormal expression of molecules including 

CD44, VLA-4 and ICAM-I may mediate altered cell-cell interactions with non-

homotypic cells such as bone marrow cells and endothelial cells (Okada and Hawley, 

1995). Members of the integrin receptor family mediate attachment to the basement 

membrane, and as described above the expression pattern of integrin family members is 

altered in prostate cancer (Cress et al., 1995). In addition, altered expression of 

extracellular matrix components by cancer cells may contribute to altered cell-matrix 

interactions. A number of basement membrane proteins that are involved in 

hemidesmosome formation (including B2t laminin, laminin-5, and type VII collagen) 

were found to be absent from the basal laminae of prostate cancers (Nagle et al., 1995; 

Hao et al., 1996). The loss of these proteins was associated with loss of hemidesmosome 

formation by prostate cancer cells. 

The motility of cancer cells may also be affected by extracellular matrix proteins 

since vitronectin, fibronectin, laminin, type I collagen, and type FV collagen have all been 



demonstrated to induce motility (Woodhouse et al., 1997). Other factors involved in 

motility include tumor and host derived motility factors including hepatocyte growth 

factor/scatter factor, autotaxin, insulin-like growth factors 1 and II, interleukin-8, and 

histamine (Woodhouse et al., 1997). These factors affect tumor cell motility by binding 

to and activating cell surface receptors. The downstream effects of this receptor 

activation include alterations in cell shape and attachment potentially mediated though 

cytoskeletal interactions with integrin (Nebe et al., 1998). 

The proteolytic breakdown of basement membrane and extracellular matrix 

structures has been most conunonly associated with proteases from the matrix 

metalloprotease (MMP) class of enzymes, although proteases from other classes have 

also been implicated (e.g. the urokinase plasminogen activator/plasmin system). MMPs 

have been implicated in this process because of their unique ability to degrade 

extracellular matrix proteins (especially members of the collagen family), and because 

both the number of MMPs expressed and the relative level of expression of individual 

MMPs have been shown to increase with tumor progression (Chambers and Matrisian, 

1997). In addition, functional analyses by genetic manipulation of MMP expression or 

the use of MMP inhibitors have demonstrated the ability of these enzymes to alter the 

invasive phenotype of prostate cancer cells (Powell et al., 1993; Knox et al., 1998). 

Interestingly, a role for MMPs in the initiation and maintenance of tumor growth has 

been proposed. The mechanisms for this effect of MMPs have not been characterized, 

but may include liberation of growth factors sequestered in the extracellular matrix and 

involvement in tumor angiogenesis. Interactions of MMPs with molecules associated 



with attachment and migration have also been noted. The MMP matriiysin was found to 

cleave the P4 integrin sub-unit at a specific site (von Bredow et al., 1997), and the 

migration of breast cancer cell lines on laminin-5 in vitro was induced by cleavage of 

laminin-5 with MMP-2 (Giarmelli et al., 1997). Overall the MMPs appear to be involved 

in many of the steps in invasion and metastasis, and therefore understanding the role and 

the regulation of these proteases in specific cancers will provide important information 

for designing preventive and therapeutic treatments for cancer. 

The Matrix Metalloprotease Family 

The MMPs are a family of endopeptidases that require zinc for catalytic activity and 

are capable of digesting extracellular matrix and basement membrane components. 

Sixteen different MMP family members have been identified to date. Historically, the 

MMPs have been grouped into three subclasses based on their substrate specificity for 

extracellular matrix proteins (Chambers and Matrisian, 1997; Duffy and McCarthy, 

1998). These subclasses include the gelatinases, collagenases, and the stromelysins. The 

gelatinases degrade gelatins and collagens IV, V, VII, IX, and X, and include gelatinase 

A (MMP-2, 72 kD Type IV collagenase) and gelatinase B (MMP-9, 92 kD Type IV 

collagenase). The collagenases degrade fibrillar collagen (types I, II, and III) and include 

interstitial collagenase (MMP-1, collagenase-1), Neutrophil collagenase (MMP-8), and 

collagenase-3 (MMP-13). Members of the stromelysin subgroup have broader substrate 

specificity and can degrade proteoglycans, collagen FV, ECM glycoproteins, gelatins, and 

elastins. The members of the stromelysin subclass include stromelysin-1 (MMP-3), 

stromelysin-2 (MMP-10), and matriiysin (MMP-7, PUMP-1). Another recently 
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described MMP, stromelysin-3 (MMP-11), has been assigned to this subclass, however 

this enzyme does not exhibit strong proteolytic action against any of the substrates for the 

stromelysin subclass so it may be misclassified (Murphy et al., 1993). Other MMPs that 

cannot be easily grouped into the three classical MMP subclasses include metalloelastase 

(MMP-12) which degrades elastins, and the membrane-type MMPs (MTl-MMP, MT2-

MMP, MT3-MMP, and MT4-MMP), which are membrane bound and are primarily 

thought to function as activators of MMP-2 (Sato et al., 1994). MTl-MMP has also been 

shown to degrade fibrillar collagens, proteoglycans, and ECM glycoproteins (Ohuchi et 

al., 1997). 

All of the known MMPs share in conmion a minimum of three structural domains 

including a leader sequence necessary for secretion, a prodomain that inhibits the 

catalytic activity of the enzyme, and the catalytic domain containing the zinc binding site. 

All MMPs except matrilysin have additional domains, including a hinge region and 

domains that mediate substrate specificity (e.g. fibronectin-like domain, MMP-2 & -9), or 

localization to the plasma membrane (i.e. transmembrane domain, MT-MMP). MMPs 

are secreted as inactive zymogens requiring removal of the amino-terminal prodomain to 

be catalytically active. Stromelysin-3 and the MT-MMPs have a furin consensus site 

located near their prodomains that likely allows activation of these MMPs by the 

transmembrane serine protease furin found in the trans-go Igi network (Duffy and 

McCarthy, 1998). The other MMPs are thought to be activated following secretion by 

the activity of serine proteases such as urokinase plasminogen activator/plasmin or by 

interactions between MMP members. Proteolytic cascades involving sequential 
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activation of serine and MMP proteases have been proposed (Nagase et al., 1991). 

Following activation by cleavage of the prodomain, the activity of MMPs can be 

inhibited by the tissue inhibitors of metalloproteases (TIMPs). There are four members 

of the TIM? family, including TIMP-1, TIMP-2, TIMP-3, and TIMP-4. These TIMP 

proteins differ in their tissue expression patterns, and to some extent, in their affinity for 

particular MMPs (Chambers and Matrisian, 1997). Therefore, the tumor phenotype 

resulting from expression of MMPs is dependent on the level of expression of specific 

TIMP proteins. 

Regulation of MMP gene transcription represents the primary control point for the 

expression of most of these enzymes (Chambers and Matrisian, 1997). Growth factors, 

cytokines, tumor promoters (Mackay et al., 1992), ECM proteins (Shibata et al., 1997. 

Azzam and Thompson, 1992), and oncogenes (Himelstein et al., 1997) have all been 

shown to induce transcription of a number of MMP genes. Downregulaton of MMP gene 

expression has been demonstrated following treatment with TGPP and steroid hormones 

(Kerr et al., 1988; Reddy et al., 1998). Characterization of the general pattern of MMP 

expression in a given type of cancer and understanding the factors regulating this 

expression within the tumor tissue are important steps in understanding the invasive 

phenot3^e of these cancers. 

Matrix Metalloproteases in Prostate Cancer 

Expression of a number of MMPs has been observed in normal prostate tissue and in 

prostate cancers. Pajouh and coworkers (1991) examined surgical specimens of prostate 

cancers, lymph node metastases, and normal human prostates for the expression of 
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coIIagenase-1, gelatinase A, gelatinase B, stromelysin-l, and matrilysin. Matrilysin 

mRNA expression was observed more frequently in prostate cancers and metastases 

compared to normal prostate tissue (72 %, 66 %, and 27% respectively). Prostate cancers 

also had more frequent expression of gelatinase than normal tissue (60% and 0 % 

respectively), but no expression of collagenase-l or stromelysin was observed in any 

tissue by northern analysis. 

Knox et al. (1996) used in situ hybridization and immunohistochemistry to localize 

the expression to MMPs in the prostate to specific cell types. Gelatinase A mRNA 

expression in prostate cancers was localized to stromal cells, and was especially prevalent 

in stromal cells adjacent to cancer cells, while gelatinase B mRNA expression was 

confined to infiltrating macrophages. Expression of these gelatinases has been associated 

with prostate cancer progression. Montironi et al. (1996) reported that protein levels of 

gelatinase A increased with malignant progression from normal prostate, through PIN 

and invasive carcinoma. The expression of gelatinase A was also observed by these 

researchers to be highest at the periphery of tumor nodules near stromal cells (Montironi 

et al., 1995). Wood et al. (1997) found that increased gelatinase A and B expression and 

decreased TIMP-1 and TIMP-2 expression were correlated with increasing grade and 

stage of prostate cancer. Decreased TIMP expression in prostatic neoplasia was also 

reported by Balakrishna et al. (1993). 

Matrilysin mRNA and protein were reported by Knox et al. (1996) to be focally 

expressed within prostate cancers by small groups of cancer cells. Western analysis of 

prostate cancer tissues revealed that most of the matrilysin present in these tumors was in 
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the truncated active form. Matrilysin expression was also observed in normal prostatic 

tissue, but only in epithelial cells of inflamed atrophic glands and dilated ducts. 

Saariaiho-Kere et al. (1997) reported that normal prostate glands constitutively express 

matrilysin. These results appear to be different than those reported by BCnox et al. (1996), 

although it is possible that the expression Saariaiho-Kere et al. (1997) observed was in 

inflamed ducts and glands. Other potential reasons for this discrepancy may include 

differences in the stringency of the in sim hybridization procedures or differences in the 

source of tissues used in the analyses. In the study reported by Knox et al. (1996) normal 

tissue from men with an average age of 33 years was used, while Saariaiho-Kere et al. 

(1997) reported that the specimens used in their study had age related nodular 

hyperplasia. 

The importance of matrilysin expression in prostate cancer progression has been 

assessed by correlative and functional studies. Hashimota et al. (1998) determined that 

elevated levels of matrilysin expression in prostate cancer significantly correlated with 

pathological features such as increased grade and stage and vascular and lymphatic 

invasion. The ability of matrilysin expression to increase the invasive capacity of a 

prostate carcinoma cell line was demonstrated by stable transfection of the weakly 

invasive Du-145 prostate cancer cell line with an expression vector containing the cDNA 

for human matrilysin. The matrilysin expressing transfects were significantly more 

invasive than controls when injected either intraperitoneally (Powell et al., 1993) or into 

the prostate (Knox et al., 1995) of SCID mice. In addition, the synthetic MMP inhibitor 
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BB-94 (Batimastat, British Biotech) inhibited both the in vitro and in vivo invasive 

potential of matrilysin transfected Du-145 cells (Knox et al., 1998). 

The results from these studies indicate that the MMPs most likely to be involved in 

the malignant progression of prostate cancer are gelatinase A and matrilysin. The 

characterization of MMP expression in prostate cancers has not been exhaustive however 

and further analysis may reveal the involvement of other more recentiy described MMPs, 

such as the MT-MMPs. Matrilysin is a particularly interesting MMP in that it is 

expressed by the prostate carcinoma cells, whereas the gelatinases are expressed by cells 

within the tumor stroma. The expression of matrilysin by cancer cells has generated a 

great deal of interest in its expression and activity during the malignant progression of 

cancers. 

Matrilysin Expression and Activity 

Matrilysin (PUMP-1, MMP-7) is a matrix metalloprotease belonging to the 

stromelysin enzyme subclass (reviewed in Wilson and Matrisian, 1996). The cDNA for 

matrilysin was cloned from a mixed tumor library by Muller et al. (1988) and was shovm 

to encode a protein first described by Sellers and Woessner (1980) as a small uterine 

metalloprotease. The gene for matrilysin has been mapped to chromosome 1 lq21 to q22 

(Knox et al., 1996b). It is approximately 9.65 kbp long and consists of 6 exons (Gaire et 

al., 1994), and encodes a fully processed mRNA of 1.2 kb (Muller et al., 1988). The 

expression of matrilysin protein appears to be primarily regulated at the level of 

transcription presumably through transcription factor interactions with AP-1 and c-ets 

binding sites found in the 5' promoter/enhancer region of the gene (Gaire et al., 1994). 
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The regulation of matrilysin transcription has not been well characterized, however, as 

these cis-elements do not appear to account for the cell-tj^e specificity of expression. 

There is no evidence for regulatory control of matrilysin mRNA stability, or secretion of 

promatrilysin. There is one report that inhibition of polyamine synthesis for four days 

decreases matrilysin protein accumulation without affecting steady-state mRNA levels 

(Wallen et al., 1994). As with all MMPs, matrilysin is secreted as a zymogen that must 

be activated by cleavage of an amino-terminal 9 kD prodomain. The 28 kD promatrilysin 

protein can be cleaved to the 19 kD active form of matrilysin by APMA, trypsin, heat, 

freeze-thaw, plasmin, leukocyte elastase, and stromelysin-l (Wilson and Matrisian, 

1996). Although promatrilysin is relatively stable in the medium of in vitro cell cultures, 

it appears to be readily activated in vivo (Powell et al., 1993). 

Matrilysin is the smallest of the known matrix metalloproteases, lacking the 

carboxyl-terminal hemopexin-like domain present in other known members of the family. 

The hemopexin-like domain may be involved with interactions between MMPs and 

TIMPs. Baragi et al. (1994) demonstrated that matrilysin has a lower affinity for TIMP-1 

than stromelysin, but a truncated form of stromelysin lacking the hemopexin-like domain 

has similar TIMP-1 binding characteristics as matrilysin. Matrilysin is capable of 

enzymatically cleaving a diverse set of extracellular matrix proteins including 

proteoglycans, fibronectin, entactin, laminin, gelatin, and elastin. Matrilysin is 

particularly effective at degrading entactin, a protein which links type IV collagen and 

laminin. Matrilysin degrades entactin about 100- and 600-fold faster than interstitial 

collagenase and gelatinase B respectively (Sires et al., 1993). In addition, matrilysin can 
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degrade the elastase inhibitor a-1-antitrypsin (Sires et al., 1994; Zhang et al., 1994), 

cleave off the extracellular portion of P4 integrin that binds extracellur matrix proteins 

(von Bredow et al., 1997), and activate other proteases involved in basement membrane 

degradation including progelatinase B, procollagenase, and prourokinase (von Bredow et 

al., 1998; Sang et al., 1996; Marcotte et al., 1992). 

Matrilysin is unique among MMPs in that it appears to be almost exclusively 

expressed in epithelial cells of glandular tissues and cancers, while other MMPs, such as 

the stromelysins and gelatinases, are more commonly expressed by cells in the stromal 

compartment (Wilson and Matrisian, 1996). Expression of matrilysin is widespread in 

glandular epithelium (Saariaiho-Kere et al., 1995) and has been found in the cycling 

endometrium (Rodgers et al., 1993), the involuting rat prostate (Powell et al., 1996) and 

uterus (Woessner and Taplin, 1988), developing mononuclear phagocytes (Busiek et al., 

1992), mammary gland, pancreas, liver, prostate, and lung (Saariaiho-Kere et al., 1995). 

The constitutive expression of matrilysin in exocrine tissues has led to the hypothesis that 

it may function to maintain the patency of luminal and ductile structures (Saariaiho-Kere 

et al., 1995). The observation that matrilysin protein is often observed to be secreted in 

the luminal direction in these tissues is cited as support for this hypothesis (Wilson and 

Matrisian, 1996), however the substrates which matrilysin would act on in these 

situations have yet to be determined. In cycling endometrial tissues and in the involuting 

uterus a substantial amount of extracellular matrix protein degradation must take place 

and matrilysin presumably participates in this process. 
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Matrilysin expression has also been found to be overexpressed in cancers of the 

breast (Basset et al., 1990), lung and upper respiratory tract (Muller et al., 1991), skin 

(Karelina et al., 1994), stomach and colon (McDonnell et al., 1991), and prostate (Pajouh 

et al., 1991). The effect of matrilysin expression on the tumorigenicity and invasiveness 

of cancer cells has been studied by altering matrilysin expression in a number of cancer 

cell lines. Overexpression of matrilysin by stable transfection with a matrilysin cDNA 

expression vector increased the invasive capacity of the prostate cancer cell line Du-145 

(Powell et al., 1993). The invasive BM314 colon cancer cell line expresses matrilysin 

and down-regulation of matrilysin expression in these cells by transfection with an 

antisense matrilysin vector decreased their invasiveness (Yamamoto et al., 1995). 

Transfection of the colon cancer cell line SW480, which does not express matrilysin, 

with a matrilysin expression vector did not reproducibly alter the in vitro invasiveness of 

these cells but did increase their timaorigenicity when injected into the cecum of nude 

mice. Tumorigenicity of the matrilysin expressing SW620 colon cancer cell line was 

reduced by antisense matrilysin expression (Witty, et al., 1994). Manipulating matrilysin 

expression in the min mouse model of intestinal carcinogenesis has provided additional 

evidence for a role of matrilysin in tumorigenicity. Min mice, which carry a germ-line 

AFC mutation, develop a large number of intestinal adenomas; knocking out the 

matrilysin gene in these mice by homologous recombination had the effect of reducing 

the number and size of the adenomas that developed (Wilson et al., 1997). 

In summary, matrilysin is expressed in a cell type specific manner during normal and 

pathological events that involve the degradation of matrix proteins. The substrate 
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specificity of matrilysin implies that it can play an important role in processes requiring 

extracellular matrix protein degradation, and functional studies have demonstrated that 

matrilysin expression can alter the tumorigenicity and invasiveness of cancer cells. The 

factors regulating the cell type specific expression of matrilysin remain to be elucidated. 

Tumor-Stroma Interactions and Matrix Metalloprotease Expression 

There is a great deal of evidence that interactions between cancer cells and the 

surrounding stroma are involved in regulating the expression of certain matrix 

metalloproteases in tumors. This evidence includes observations that matrix 

metalloprotease expression is often elevated at the tumor-stromal interface in a variety of 

cancers. For example, stromelysin-3 expression is elevated in the stroma immediately 

adjacent to invasive tumor edges in head and neck squamous cell (Muller et al., 1993) 

carcinomas, basal cell skin carcinomas (Wolf et al., 1992) and breast carcinomas (Basset 

et al., 1990). The expression of collagenase-3 (MMP-13) has been found to be similarly 

confined to stromal cells surrounding cancer cells in breast carcinomas (Uria et al., 1997). 

MMP-2 expression is elevated in stromal cells near the tumor interface of squamous and 

basal cell skin carcinomas, and MMP-9 expression is elevated in subpopulations of 

squamous skin cancer cells located near the stromal interface (Pyke et al., 1992). Further 

evidence that interactions between cancer cells and fibroblasts can regulate matrix 

metalloprotease expression has been provided by experiments in which these cell types 

were co-cultured in vitro. The culture of breast carcinoma cell lines with fibroblasts 

enhanced the production of collagenase 1, gelatinase A, stromelysin, and MTl-MMP by 

fibroblasts (Ito et al., 1995; Noel et al., 1994; Polette et al., 1997), and increased the 
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expression of geiatinase B in breast cancer cell lines (Himelstein and Muschel, 1996). 

The human lung carcinoma cell line (LX-1) induced collagenase 1 expression in 

fibroblasts (Biswas, 1984). Collagenase and stromelysin expression by a fibroblast cell 

line was increased by co-culture with the T24 human bladder cancer cell line (Nabeshima 

et al., 1994), and HT1080 fibroszircoma cells induced collagenase I expression in 

fibroblasts (Munaut et al., 1995). Transformed rat embryo cells, which were metastatic 

but did not express geiatinase B, were able to induce geiatinase B expression by rat 

embryo fibroblasts in co-culture (Himelstein et al., 1994). Geiatinase B expression by 

keratinocyte (Borchers et al., 1994) and oral cavity (Lengyel et al., 1995) derived 

squamous cell carcinoma cell lines was enhanced by co-culture with fibroblasts. In a 

number of the cases where co-culture of cancer cells with fibroblasts enhanced matrix 

metalloprotease expression, this affect could be reproduced by treatment of the affected 

cell type with conditioned media firom the cells that caused the induction. For most of 

these cases the factors responsible for the induction of matrix metalloprotease expression 

were not identified. There are, however, a number of growth factors and cytokines 

known to be expressed by tumor and stromal cells that can regulate matrix 

metalloprotease expression, and these have been implicated as potential mediators of the 

interactions between tumor and stromal cells. These factors include epidermal growth 

factor (EGF), transforming growth factor-alpha (TGF-alpha), TGF-beta, fibroblast 

growth factors (FGFs), tumor necrosis factor-alpha (TNF-alpha), interleukin-1 (IL-1), 

and interleukin-6 (IL-6). In addition, novel factors such as EMMPRIN (extracellular 

matrix metalloproteinase inducer) have been discovered. EMMPRIN was determined to 
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human fibroblasts (Biswas, 1984). This factor has also been shown to induce the 

expression of gelatinase A (MMP-2) and stromelysin (MMP-3) in fibroblasts (Katakoa et 

al., 1993). EMMPRIN is a 58 kD member of the immunoglobin superfamily (Biswas et 

al., 1995) and is present on the surface of many cancer cells, but is not normally 

expressed by normal cells (Ellis et al., 1989; Muraoka et al., 1993). 

With regard to the role of tumor-stroma interaction in the regulation of matrilysin 

expression, there has been only a limited amount of research. Borchers et al. (94) found 

that a soluble factor secreted by primary human foreskin fibroblasts increased matrilysin 

expression in the human squamous cell carcinoma cell line 114. Additionally, Katakoa 

and coworkers (1997) found that matrilysin expression in the WiDr colon carcinoma cell 

line was induced by coculture with colon derived fibroblasts The fibroblast-secreted 

factors responsible for increasing matrilysin expression in these cell lines remain to be 

identified. 

Statement of the Problem 

A potential problem with mass screening for prostate cancer may be the detection of 

many latent, in situ carcinomas. Many of these in situ prostate cancers would remain 

latent for the life of the patient and would otherwise remain undetected (Carter et al., 

1990). Currently, it is not possible to differentiate between those carcinomas that will 

progress to an invasive and metastatic phenotype and those that will remain latent (Von 

Eschenbach, 1996). Therefore, there is a great interest in determining the factors 

involved in the progression of prostate cancers to an invasive phenotype. One of the 
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factors that is thought to limit the growth and invasiveness of in situ prostate cancers is 

the confining presence of the surrounding basement membrane, which is composed of a 

variety of extracellular matrix proteins. The expression of proteases that can degrade 

these extracellular matrix proteins has been proposed to be an important component in 

the ability of these cancers to invade through this structure. The matrix metalloprotease 

matrilysin is focally overexpressed by prostate cancer cells and may play an important 

role in these early invasive events (Knox et al., 1996). The factors regulating matrilysin 

expression in vivo have not been well characterized, and the molecular mechanisms 

controlling expression of matrilysin expression in prostate cells have not been studied. If 

matrilysin does play a critical role in prostate cancer invasion, then understanding the 

mechanisms by which matrilysin expression is regulated in these cancer cells could 

provide insight into potentially novel targets for prostate cancer prevention or therapy. 

Specific Aims of this Dissertation 

Stromal-epithelial interactions have been shown to be important in regulating the 

expression of a number of matrix metalloproteases as detailed earlier. Some of these 

interactions have been attributed to activity of specific growth factors or cytokines. We 

therefore hypothesized that matrilysin expression in prostate cancer cells could be 

regulated through stimulation by paracrine factors secreted firom cells in the surrounding 

stroma. A number of grov^rth factors and cytokines are known to be expressed in prostate 

cancers (Russell et al., 1998), however, the ability of these molecules to regulate 

matrilysin expression in prostate cancer cells had not been determined prior to the work 

reported in this dissertation. The overall goal of the research reported in the following 
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chapters was to identify factors that could regulate matrilysin expression by prostate 

carcinoma cells in vivo and to begin to characterize the molecular mechanism by which 

they regulate matrilysin expression. A number of specific aims were designed in order to 

accomplish this goal. 

The first specific aim was to determine the ability of factors secreted firom prostate-

derived fibroblasts and activated monocytes to induce matrilysin expression in human 

prostate carcinoma cell lines using an in vitro cell culture model. The results firom 

experiments designed to address this aim demonstrated that both prostate derived 

fibroblasts and activated monocytes secrete factors that induce matrilysin expression in 

the human prostate carcinoma cell line LNCaP. 

The second specific aim was to identify the factors secreted by prostate derived 

fibroblasts and activated monocytes that were responsible for inducing matrilysin 

expression in the LNCaP human prostate carcinoma cell line. The matrilysin inducing 

activity secreted firom activated monocytes was determined to be IL-ip, while a 

substantial amount of the matrilysin inducing activity secreted from prostate fibroblasts 

can be attributed to members of the fibroblast growth factor family. 

The third specific aim was to characterize of the FGF receptor expression pattern of 

LNCaP and normal prostate epithelial cells by RT-PCR. The results firom this analysis 

demonstrated that LNCaP cells express an FGF receptor (FGFR-1) that is not expressed 

by normal prostate epithelial cells. 

The fourth specific aim was to characterize molecular events involved in the 

induction of matrilysin expression in LNCaP cells by IL-ip. Evidence is provided that 
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NFKB may play an important role in the induction of matrilysin expression in LNCaP 

cells by IL-ip. 

n. MATERIALS AND METHODS 

Cell Lines and Culture Conditions 

The human prostate carcinoma cell line LNCaP was obtained from American Type 

Culture Collections (ATTC, Rockville, MD), and was maintained in Dulbecco's 

Modified Eagles Medium (DMEM) or RPMI-1640 medium (RPMI) as indicated. The 

LNCaP cell line was derived from a supraclavicular lymph node metastasis from a 50-

year-old Caucasian male. These cells express androgen receptor, prostatic acid 

phosphatase, and prostate specific antigen (PSA). The prostate carcinoma cell lines PC-3 

(derived from a bone metastasis), Du-145 (derived from a brain metastasis), and JCA-1 

(derived from primary prostate carcinoma) were cultured in DMEM. These cell lines do 

not express PSA or functional androgen receptor. PC-3 and Du-145 cell lines were 

obtained from ATCC, and the JCA-1 cell line was obtained from Dr. Chiao (Muraki et 

al., 1990). The human monocyte cell line THP-1, which was derived from a patient with 

acute monocytic leukemia, was obtained from ATTC and maintained in RPMI. The 

THP-1 cell line differentiates into a macrophage-like phenotype upon treatment with 

lipopolysaccharides. Culture media for the above cell lines were supplemented with 10% 

fetal bovine serum and penicillin (100 units/ml)/streptomycin (100 |ig/ml). Two other 

human prostate carcinoma cell lines were also used, MDA-PCA-2a and MDA-PCA-2b. 

These two cell lines were derived from a single bone metastasis and express androgen 
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receptor and PSA (Navone et al., 1997). We obtained the MDA-PCA ceil lines from Dr. 

Nora Novone of the M.D. Anderson Cancer Center, and they were cultured in HPC-1 

media (BRPF, Ijamsville, MD) supplemented with 20% fetal bovine serum and 

gentamycin (50 mg/ml). HPC-1 is a medium developed for growing prostate cancer cells 

(lype et al., 1998); in addition to the standard amino acids, vitamins, minerals, and other 

factors found in most basal media, it also contains epidermal growth factor (5 ng/ml), 

bovine pituitary extract, hydrocortisone, insulin (5 fig/ml), and dihydrotestosterone. All 

cells were maintained in a humidified incubator at 37°C and 5% CO2. 

Growth of Normal Prostate Epithelial Cells 

A primary culture of normal prostate epithelial cells (PrEC) was purchased from 

Clonetics (Biowhittaker, San Diego, CA). The PrEC culture was derived from a single 

donor, and was positive for cytokeratins 5, 8, and 18. PrEC cells were maintained in the 

senmi free growth medium (PREGM) for PrEC cells from Clonetics, which contains 

bovine pituitary extract, triiodothyronine, epinephrine, hydrocortisone, transferrin, 

insulin, retinoic acid, and gentamicin/amphotericin-B. The cells used for all experiments 

were from passage two through four. 

Establishment of Prostate Fibroblast Cultures 

Prostate fibroblast cultures were generated from samples of radical prostatectomy 

taken from non-neoplastic regions. The sections were cut into Imm^ pieces, which were 

briefly allowed to dry onto the growth surface of a 100-mm tissue culture dish, and then 

cultured until nearly confluent. Primary prostate cultures were passaged at least twice. 
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and then cultures that had the morphological appearance of fibroblasts were tested by 

immunohistochemistry for the presence of mesenchymal and epithelial markers. Only 

cultures that were 100 % vimentin positive and cytokeratin negative were used in the 

experiments described in this manuscript. The radical prostatectomy samples were 

obtained from the University of Arizona Department of Pathology. Four different patient 

samples were used to isolate prostate fibroblasts, and the isolates were named PFl, PF2, 

PF3, and PF4 (PF = prostate fibroblast). 

Generation of Prostate Fibroblast Conditioned Media 

Prostate fibroblast conditioned medium (PFCM) was generated by culturing prostate 

fibroblasts (passage 3 to 12) to confluency and then incubating them for 72 hours in 

senmi free DMEM. The PFCM was then collected and clarified by centrifligation. 

Following collection of PFCM, prostate fibroblast cultures were allowed to recover in 

growth medium for at least 72 hours before conditioned medium was collected again. 

Conditioned media were either used fresh or stored at -80°C prior to use. For some 

experiments conditioned media from several cultures were pooled. 

Generation of Peripheral Blood Lymphocyte (PBL) Conditioned Media 

To isolate peripheral blood lymphocytes, 50 ml of blood was drawn from a human 

volunteer into a sterile syringe containing 500 ul of 15 % EOTA. The blood was diluted 

1:1 with serum-free RMPI. Ten mis of diluted blood was layered on top of 4 ml of 

Histopaque (Sigma, St. Louis, MO) in sterile 15 ml tubes taking care not to mix the two 

solutions. The tubes were then centrifuged for 30 minutes at 400 x g at room 
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temperature. The white buffy coat resting on top of Histopaque layer was placed in new 

tubes taking care to carry over as little of the Histopaque as possible, resuspended in 10 

ml of serum free RPMI and centrifuged for 15 minutes at 250 x g. The cells were then 

washed twice in 5 ml of RPMI-1%FBS, and resuspended in 1 ml of RPMI-1% FBS. The 

cells from all tubes were then combined, counted and seeded at a concentration of 10 x 

10^ cells/10 mis RPMI-SF in T75 flasks. The cell preparation was then enriched for 

monocjmc cells by allowing monocytes to attach for 2 hours, and then removing the 

suspended lymphocytic cells. Ten mis of RPMI-SF containing 5ug/ml of 

lipopolysaccharide (LPS; Sigma, St. Louis, MO) was then added to the attached cells. 

The cells were incubated for 4 hours in the LPS containing media, following which the 

media were removed, clarified by centrifiigation and sterile filtration, aliquotted, and 

stored at -80° C. 

Generation of Conditioned Medium from THP-1 ceils 

To generate THP-1 conditioned media (THP-1 CM), THP-1 cells were seeded at a 

density of I x 10® cells/ml in serum free RPMI medium containing 5 jig/ml LPS. After 

an incubation of four to eight hours the media were clarified by centrifiigation and passed 

through a 0.2 |am filter. Conditioned media was aliquotted and stored at -80° C. 

Tissue Culture Reagents, Growth Factors, Cytokines, and Neutralizing Antibodies 

Recombinant human fibroblast growth factors (FGF) were purchased from R&D 

Systems (Minneapolis, MN). The FGF receptor inhibitor SU5402 (3-[4-Methyl-2-(2-

oxo-l,2-dihydro-indol-3-ylidenemethyl)-l^-pyrrol-3-yl]-propionic acid) 
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(Mohainmadi97) was provided by Sugen, Inc. (Redwood City, CA). Recombinant 

human interleukin-la (IL-la), recombinant hiraian interieukin-ip (IL-IP), neutralizing 

antibodies against the IL-1 proteins, and recombinant human interleukin-6 (IL-6) were 

purchased from Genzyme Diagnostics (Cambridge, MA); recombinant TNFa from 

Boehringer Marmheim (Indianapolis, IN); and antibody against mouse interleukin-2 (IL-

2) from Collaborative Biomedical Products (Bedford, MA). 

Western Analyses 

TCA precipitated conditioned media samples were electrophoresed on 12.5% SDS-

PAGE gels and electroblotted onto lmmobilon™-P membranes. The membranes were 

incubated in a 2.5% milk/TBST (Tris-buffered saline + Tween 20) blocking solution for 

30 minutes. The primary antibody Rb2, a rabbit polyclonal antibody raised against 

purified human matrilysin, was added to this solution and incubated either at 4° C 

overnight, or at room temperature for 3 hours. The membranes were then washed with 

TBST and incubated with a goat anti-rabbit horseradish peroxidase conjugated secondary 

antibody at room temperature for 1 hour. The membranes were washed again in TBST 

and bands were visualized by treating the membranes with ECL western blotting 

detection reagent (Amersham Life Science, Buckinghamshire, England) and exposing 

them to Kodak Autoradiograph film. 

Northern Analyses 

Total RNA was isolated from cells by either the acid guanidinium thiocyanate-

phenol-chloroform method (Chomczynski and Sacchi, 1987) or using an RNeasy spin 
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column kit from Qiagen (Valencia, CA). Equal amounts of RNA (20 |ig) were 

electrophoresed on a 1% agarose, 3-[N-morphoIino]propane-sulfonic acid/formaldehyde 

gel. The RNA was transblotted to a nylon membrane (GeneScreen™, NEN Research 

Products, Boston, MA) and cross linked with ultraviolet light (GS Genelinker™, BioRad, 

Hercules, CA). The membranes were then hybridized with a ^~P labeled random primed 

probe generated from cDNA for the mRNA of interest using the RTS RadPrime DNA 

labeling system (Gibco BRL, Gaithersburg, MD) and washed according to the membrane 

manufacturers instructions. The membranes were then exposed to a storage phosphor 

screen (Molecular Dynamics, Sunnyvale, CA). A Molecular Dynamics Phosphoimager 

equipped with the ImageQuant software package was used for obtaining and analyzing 

digital images from the screens. As a control for loading and transfer of RNA, some 

membranes were stripped and reprobed for glyceraldehyde-3'-phosphate-dehydrogenase 

(GAPDH) as described above with a probe generated from an 800 bp Xbal-Pstl 

fragment from pHcGAP (ATCC, Rockville, MD). 

Heparin-Sepharose Column Chromatography 

Four milliliters of PFCM were concentrated to 0.2 ml using a Centricon-10 filtration 

device. The concentrated PFCM was then brought up to a volimie of 2 ml with a 0.01 M 

NaP04 buffer. One ml of this start solution was loaded onto a 1 mL HiTrap™ heparin 

affinity column (Pharmacia) equilibrated with 0.01 M NaP04 buffer while the other I ml 

was exchanged back into serum free DMEM using a Centricon-10 device and used to 

treat cells (PFCM-CIO). The heparin affinity column was washed with 5 ml of NaP04 

buffer and the flow-through was collected. Heparin bound protein was then serially 
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eluted with 5 ml NaP04 buffer solutions of increasing NaCI molarity (0.5, 1.0, 1.5, and 

2.0 M) and the salt elutions were collected. The flow-through and eluates were then 

exchanged into serum free DMEM and concentrated to a 1 ml volume by centrifiigation 

through Centriprep-10 filtration devices. All samples were then sterilized by filtration 

through a 0.22 micron syringe-tip filter. 

Enzyme-Linked Immunoabsorbant Assay for Promatrilysin 

An antibody sandwich assay was developed for detection and quantification of 

matrilysin. The capture antibody (10D2, a mouse monoclonal antibody produced in the 

laboratory of Dr. Raymond Nagle) was coated onto 96 well E.I. A. plates (Costar, 

Cambridge, MA). This antibody is specific for human promatrilysin, and, therefore, the 

ELISA does not detect active matrilysin. The detection antibodies included Rb2, a rabbit 

polyclonal antibody to human matrilysin (12), followed by a goat anti-rabbit-HRP 

conjugated antibody (Pierce, Rockford, IL) used to detect bound Rb2. Horseradish 

peroxidase activity was quantitated using a hydrogen peroxide/o-phenyldiamine (Sigma, 

St. Louis, MO) colorimetric system. Purified promatrilysin (Syntex, Palo Alto,CA) was 

used to generate a standard curve for each assay. No cross reactivity was observed with 

either purified gelatinase A or gelatinase B (a gift from Dr. Eric Howard, University of 

Oklahoma). The assay was linear in the range of 0.2 to 12.5 ng/ml. Samples were 

diluted prior to analysis until the readings fell within the linear range of the assay and the 

results were multiplied by the dilution factor. 
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MTT CeU ViabiUty Assay 

MTT assays were performed directly on cells cultured in 24 well and 48 well dishes. 

Following removal of media from cells, 300 |a.l of a 0.5 mg per ml solution of MTT 

thiazolyl blue (M5655, Sigma, St. Louis, MO) dissolved in phosphate buffered saline 

(PBS) was added to each well. Cells were incubated in the MTT solution from one to 

three hours at 37° C. After incubation, 700 jil of DMSO were added to each well and the 

solution was mixed well by shaking for several minutes followed by pipetting the 

solution multiple times through a PI000 pipetted tip. The culture plates were then placed 

in a microplate reader and absorbency of the samples at 570 nm was measured with a 

background subtraction of 650 nm. 

Transient Transfections 

Plasmids were isolated using QiaPrep columns (Qiagen, Chatsworth, CA) according 

to manufacturer's instructions. LNCaP cells were seeded at a density of 500,000 cells per 

12.5-cm flasks and allowed to attach overnight. After removal of culture media, cells 

were transfected with 10 |j.g plasmid/flask using Lipofectin (5 pL/ml; Gibco BRL, Grand 

Island, NY) in 1 ml of serum free culture medium for 16 to 24 hours. Following 

transfection, the cells were washed once with SF-RPMI and then incubated in treatment 

medium for 24 hours. 

Chloramphenicol Acetyl Transferase Enzyme Activity 

Cell lysates were analyzed for chloramphenicol acetyl transferase (CAT) enzyme 

activity as follows. Cells were washed with PBS and resuspended in 150 ul of 250 mM 
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Tris buffer, pH 7.5. Cells were lysed by the "freeze-thaw" method (2 min in dry ice-

EtOH, 2 min in 37°C H2O bath, repeat 3-5 times). Cell debris was removed by 

centrifugation and the supematants were incubated at 65°C for 10 min. Denatured 

proteins were removed by centrifugation and the supematants were kept on ice. A 

volume of cell lysate equal to 5 to 20 fig of total protein (determined by a Bio-Rad 

protein assay, Bio-Rad, Hercules, CA) was added to each CAT assay sample tube and the 

volumes of the assay samples were equalized with 250 mM Tris buffer. 50 |ig of butyl-

CoA (Sigma, St. Louis, MO) and of [''*C]-chloramphenicol were added to each of the 

assay samples, which were then vortexed briefly and incubated at 37° C for 2 to 6 hours. 

Following the incubation, ''^C-chloramphenicol was extracted from the samples with 

ethyl acetate. The ethyl acetate was removed by vacuum centrifugation and the samples 

were redissolved in chloroform. The butylation of [''*C]-chloramphenicol by CAT 

enzyme in cell lysates was determined by spotting the samples on Baker-flex silica gel IB 

thin layer chromatography (TLC) plates and developing the plates in a 95:5 mixture of 

chloroform and methanol. After development the TLC plates were dried and exposed to 

a storage phosphor screen. Digital images were obtained and analyzed as described 

previously for northern analyses. CAT enzyme activity was calculated as the percent 

conversion of [''*C]-chloramphenicol (which appears as a slowly migrating spot) to 

butylated-[''*C]-chloramphenicol (which appears as two faster migrating spots). This 

assay ceases to be linear above approximately 30% conversion (Gorman et al., 1982), 

therefore, the amount of cell lysate added and the incubation times were adjusted so that 

the percent butylation of [^'^CJ-chloramphenicol was below 30 per cent for all samples. 
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Luciferase Assay 

Following removal of treatment media, cells were lysed in 1% Triton X-100, 25 mM 

glycylglycine, 15 mM MgS04, 4 mM EGTA, I mM DTT. The protein concentration of 

the lysates was determined with Bio-Elad Dc reagent (Bio-Rad Laboratories). 180 |jJ of 

assay buffer (25 mM glycylglycine, 15 mM K3PO4,15 mM MgS04, 4 mM EGTA, I mM 

DTT, 2 mM ATP) were added to a volume of lysate equal to 40 |ig of protein and the 

luminescence reaction was initiated in a Monolight 2010 luminometer with the injection 

of 100 |il 0.2 mM d-luciferin (in 25 mM glycylglycine, 15 mM MgS04,4 mM EGTA, 2 

mM DTT). After 2 second, emission was integrated over a 10 second interval and 

expressed as relative light units (RLU). 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

Total RNA was isolated firom cells using the RNAeasy mini spin column kit 

(Qiagen, Valencia, CA). Total RNA was reverse transcribed with Superscript II (Gibco 

BRL, Grand Island, NY) according to manufacturers instructions using I joM oligo(dTi6) 

as primer. PGR was performed on the equivalent of 250 ng of reverse transcribed RNA 

using a Perkin-Elmer Cetus apparatus. The PGR reaction included 50 (xM of each dNTP. 

0.5 |iM of each oligonucleotide primer, 1.5 mM MgCh, and 2.5 units of Taq polymerase 

(Gibco BRL). 

RT-PCR of Fibroblast Growth Factors (FGF) 

The oligonucleotide primers used to amplify mRNA for FGFs were as follows 

(upstream primers are listed first): FGF-l, GAAGCCCAAAGTCCTCTACTGTAGC and 
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TGTTGTAATGGTTCTCCTCCAGC (Penoult-Llorca et al., 1995); FGF-2, 

AGAGCGACCCTCACATCAAG and TCGTTTCAGTGCCACATACC (base pair 503 

to 726, Genbank accession number M27968); FGF-7, 

CTTTGCTCTACAGATCATGCTTTC and AATGTGCCCGTGTTGCCGGTG (Penoult-

Llorca et al., 1995); FGF-9, AATGTGCCCGTGTTGCCGGTG and 

AATTTCTGGTGCCGTTTAGTCCTAGTCCCT (Penoult-Llorca et al., 1995); FGF-10, 

GAGATGTCCGCTGGAGAAAG and ATTTGCCTCCCATTATGCTG (base pair 224 

to 527, Genbank accession number AB002097). The PCR cycling conditions for all 

primer pairs were 95°C for 1 min., 60°C for 1 min., and 72°C for 1 min. for 30 cycles, 

followed by a 5 min. extension at 72°C. Primer sequences for FGF-2 and FGF-10 were 

selected using the Primer3 program from the Whitehead institute (http://www-

genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). All primers were checked for specificity 

by comparison to known sequences using the NCBl Blast program 

(http://www.ncbi.nlm.nih.gov/). Aliquots of the PCR reactions were run out on agarose 

gels (1.5% in Tris-Borate-EDTA buffer), stained with ethidium bromide and visualized 

with UV light. Representative bands from each PCR reaction were isolated from the gels 

and sequenced in order to ensure that the correct sequence was being amplified. 

Sequencing was done by the University of Arizona Laboratory of Molecular Systematics 

& Evolution using a model 377 Applied Biosystems cycle sequencing machine with dye-

labeled terminators and fluorescent detection. 

http://www.ncbi.nlm.nih.gov/
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RT-PCR of FGF Receptors 

The oligonucleotide primers used for the PGR amplification of FGF receptor cDNA 

were as foUows. FGFR-l, TGGAAGTGGAGTCCTTCCTG and 

GCATACGGTTTGGTTTGGTG (base pair 230 to 565, Genbank accession number 

X51803); FGFR-3, TGGAGTTCCACTGCAAGGTGTA and 

CACCAGGATGAACAGGAAGA (UF2 and TMRl, Murgue, et al., 1994); FGFR-4, 

TCGACCCACTATGGGAGTTC and TTGTCCTCAGTCACCAGCAC (base pair 1422 

to 1926, Genbank accession number X57205). The PCR cycling conditions for all primer 

pairs except FGFR-3 and FGFR-4 were 95°C for 1 min., 60°C for 1 min., and 72°C for 1 

min. for 30 cycles, followed by a 5 min. extension at 72°C. The cycling conditions for 

FGFR-3 and FGFR-4 were the same as above except that for FGFR-3 the number of 

cycles was increased to 35, and for FGFR-4 the annealing temperature was increased to 

65°. Primer sequences for FGFR-l and FGFR-4 amplification were selected using the 

Primer3 program firom the Whitehead institute (http://www-genome.wi.mit.edu/cgi-

bin/primer/primer3 .cgi). 
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in. PROSTATE FIBROBLAST SECRETED FACTORS INDUCE 
MATRILYSIN EXPRESSION IN PROSTATE CARCINOMA 
CELLS 

Introduction 

The reason for the overexpression of matrilysin by prostate cancer cells is unknown; 

however, we propose that it could be due to stimulation by paracrine factors from cells in 

the surrounding stroma. Interestingly, in prostate cancer, matrilysin is focally expressed 

by subpopulations of cancer cells. It is not expressed at all by stromal cells, and its 

expression does not appear to be confined to the edges of invading tumors as has been 

observed for other matrix metalloproteases (Knox et al., 1996). One interpretation of the 

focal expression of matrilysin by prostate cancer cells is that a subpopulation of cancer 

cells has gained an altered sensitivity to factors normally secreted by the stroma resulting 

in the induction of matrilysin expression. 

In support of this hypothesis is the observation that a low level of matrilysin 

expression has been observed in tumors arising from subcutaneous or orthotopic injection 

of the prostate carcinoma cell line Du-145 into SCID mice (Powell et al., 1993). Du-145 

cells do not express matrilysin in vitro, therefore it appears that some interaction with 

factors present in mouse tissues induces matrilysin expression in these cells. As 

mentioned previously, matrilysin expression in the human keratinocyte squamous cell 

carcinoma cell line is induced by treatment with conditioned medium from human 

foreskin fibroblasts (Borchers et al., 1994). These observations led us to conduct 
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experiments testing the ability of prostate derived fibroblasts to induce matrilysin 

expression in prostate carcinoma cell lines. 

Initially prostate fibroblasts were co-cultured with prostate carcinoma cell lines and 

later conditioned media from prostate fibroblasts was used to treat these cell lines. Since 

matrilysin is not overexpressed by normal prostate epithelium, we also tested whether 

matrilysin expression by normal prostate epithelial cells was affected by interactions with 

prostate fibroblasts. After establishing that factors secreted by prostate fibroblasts 

induced matrilysin expression in some prostate carcinoma cell lines, but not in normal 

epithelial cells, we performed a number of biochemical characterizations of the matrilysin 

inducing activity from prostate fibroblasts. 

Initial characterizations of the matrilysin inducing activity secreted by prostate 

fibroblast indicated that members of the fibroblast growth factor (FGF) family might be 

involved in the paracrine stimulation of matrilysin expression in LNCaP cells by 

fibroblasts. There are at least fourteen members of the FGF family, ten of which have 

been well characterized in humans (McKeehan et al., 1998). Based on evidence that 

FGF-1, FGF-2, FGF-7, FGF-9 and FGF-10 are expressed in tissue stroma (Ittman and 

Mansukhani, 1997; Penault-Llorca et al., 1995; Emoto et al., 1997), we tested the ability 

of recombinant FGF-l, FGF-2, FGF-7, FGF-9 and FGF-10 to induce matrilysin 

expression in the prostate carcinoma cell line LNCaP and in normal prostate epithelial 

cells. We then characterized the expression of messenger RNA for these FGF proteins in 

prostate fibroblasts, LNCaP cells, and normal prostate epithelial cells by RT-PCR. We 

also used a specific FGF receptor inhibitor to determine that FGF receptor activation was 
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involved in the induction of matrilysin expression by PFCM. Finally, the expression of 

FGF receptors by LNCaP and normal prostate epithelial cells was characterized by RT-

PCR in an attempt to identify a potential difference between these cells that could explain 

the ability of fibroblast growth factors to induce matrilysin in LNCaP cells but not in 

normal prostate epithelial cells. 

Results 

Co-culture of Prostate Carcinoma Cell Lines with Prostate Fibroblasts 

To determine if prostate fibroblasts could induce expression of matrilysin by prostate 

carcinoma cells, we used an in vitro model system which employed prostate carcinoma 

cell lines and primary cultures of human prostate fibroblasts derived from radical 

prostatectomy samples. The prostate carcinoma cell lines Du-145, PC-3, JCA-1, and 

LNCaP were cultured either alone or with equal numbers of prostate fibroblasts (PFl 

isolate) in serum-firee DMEM. After 48 hours of incubation the culture media were 

collected and analyzed by westem analysis to determine the amount of matrilysin protein 

secreted into the media. Because in these experiments we were measuring matrilysin 

protein secreted into culture medium, we were actually determining the concentration of 

matrilysin protein in culture media. The concentration of matrilysin in the culture 

medium is a function of the number of cells secreting matrilysin, the amount of 

matrilysin secreted by each cell, the volume of the culture medium, and the length of time 

the medium is present on the cells. Therefore, it was very important that for each 

experiment a specific number of cells were cultured in a constant volume of treatment 



51 

media, and that tiie media was collected at the same time. These values are presented for 

each experiment in which matrilysin protein concentration was measured. The 

concentration of matrilysin present in the culture medium was initially measured by 

western analysis using a polyclonal antibody that recognizes both the proenzyme form 

and the active form of matrilysin. Later, we developed an ELISA for matrilysin that 

allows more consistent and accurate quantification of matrilysin protein in culture media. 

Although the matrilysin ELISA we developed detects only the proenzyme form of 

matrilysin (promatrilysin), we have established by western analysis that, under the in 

vitro conditions used in these experiments, nearly all of the matrilysin secreted by these 

cells remains in the proenzyme form (Klein et al., 1997). 

We were unable to detect matrilysin protein in culture media collected from Du-I45. 

PC-3 or JCA-1 cells, and co-culture with prostate fibroblasts did not induce matrilysin 

expression in these cell lines (data not shown). Matrilysin expression was, however, 

strongly induced in co-cultures of LNCaP cells with prostate fibroblasts. The data 

presented in Figure 1 show that individual cultures of prostate fibroblasts or LNCaP cells 

did not express detectable levels of matrilysin as determined by western analysis. In 

subsequent experiments a low basal level of matrilysin expression was routinely observed 

in LNCaP cells cultured in serum-free medium; however, matrilysin was never detected 

in media collected from prostate fibroblasts cultured alone. In contrast to the weak or 

absent expression of matrilysin in the isolated culture of LNCaP cells, a very strong band 

corresponding to the molecular weight of promatrilysin can be seen by western analysis 

of the medium from the LNCaP cell and prostate fibroblast co-culture in Figure I. The 
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Promatrilysin -

Active Matrilysin -

Figure 1. Co-culture of LNCaP cells with Prostate Fibroblasts induces matrilysin 
protein expression. 

Prostate fibroblasts and LNCaP cells were seeded out individually or in combination at a 
density of 30,000 cells/cm" of each cell type in six well dishes. The cells were allowed to 
attach overnight and then they were cultured in 2 ml of serum-free DMEM for 48 hours. 
The culture media was collected, electrophoresed on a 12.5% polyacrylamide gel, and 
transblotted to a PVDF membrane. The membrane was western blotted with antibody 
Rb2 which recognizes promatrilysin (28 kD) and activated matrilysin (19 kD). Some 
samples were treated with APMA that causes activation of MMPs resulting in a shift in 
molecular weight to the activated form. 



identification of this band as promatrilysin was fiirther supported by the evidence in the 

adjacent lane that treatment of the medium firom the co-cultured cells with 4-

aminophenylmercuric acetate (APMA) causes a characteristic shift in molecular weight 

of the detected protein to diat of the active form of matrilysin. 

To test the effect of co-culturing LNCaP cells with prostate fibroblasts on steady-

state matrilysin mRNA expression, 2x10^ LNCaP cells and 1x10^ prostate fibroblasts 

were seeded either together or individually and cultured for 72 hours. Total RNA was 

then isolated firom these cells and used for northern analysis. As shown in Figure 2, 

LNCaP cells cultured alone express a low level of matrilysin mRNA while prostate 

fibroblasts do not express mRNA for matrilysin. Since prostate fibroblasts do not express 

matrilysin mRNA, the presence of prostate fibroblast EINA in co-culture samples has the 

effect of diluting out the matrilysin mRNA in comparison to RNA isolated fi:om pure 

cultures of LNCaP cells. Therefore, to provide a proper control for comparison with co-

cultures of LNCaP cells and prostate fibroblasts, cell lysates firom individual cultures of 

these cell types were mixed during the RNA isolation procedure and this sample was 

included in the northern analysis. In co-cultures of LNCaP cells and prostate fibroblasts, 

there was a substantial increase in steady-state matrilysin mRNA compared to RNA 

mixed after isolation firom LNCaP cells and prostate fibroblasts cultured individually. 

These data indicate that prostate fibroblasts can induce matrilysin expression by LNCaP 

ceils through either secreted factors or cell-cell contact, and that this induction is at least 

partially mediated through a pre-translational mechanism. 
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Matriiysin 

GAPDH -

Figure 2. Co-culture of LNCaP cells with Prostate Fibroblasts increases steady-
state matriiysin mRNA levels. 

Northern analysis was performed using 20 ug per lane of total RNA isolated from LNCaP 
ceils and prostate fibroblasts cultured individually or in combination. An additional lane 
was included in which 10 [ig of LNCaP cell RNA and 10 |j.g of prostate fibroblast RNA 
were mixed together and run on the gel. The blot was probed with a ^~P-labeIed cDNA 
insert of matriiysin or GAPDH. 
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Interestingly, LNCaP cells are much more tumorigenic in immunodeficient mice 

when they are co-injected with fibroblasts derived from prostate or bone (Gleave et al., 

1992). We decided to test if matrilysin was expressed in tumors that arose from co-

injection of LNCaP cells with prostate fibroblasts. Athymic nude mice were injected 

subcutaneously at four sites with either 1x10^ LNCaP cells or Ix 10^ prostate fibroblasts 

(PFl) alone or with a mixture of 1 x 10^ LNCaP cells and Ix 10^ prostate fibroblasts. As 

previously reported LNCaP cells were more tumorigenic when injected with prostate 

fibroblasts (27 tumors/32 sites injected) than when they were injected alone (2 tumors/16 

sites injected). These tumors were primarily epithelial in nature as established by 

immunohistochemical analysis for cytokeratins 8 and 18 (data not shown), indicating that 

they were derived from LNCaP cells. Northem analysis, performed on RNA isolated 

from three of the tumors arising from co-injection of LNCaP cells and prostate 

fibroblasts, revealed that matrilysin mRNA was highly expressed in these tumors (Figure 

3). The high expression of matrilysin in these tumors and the ability of fibroblasts to 

enhance tumorigenicity of LNCaP cells, indicates that fibroblast induced matrilysin 

expression could be important for tumor formation by LNCaP cells. We therefore 

decided to determine what factors were involved in fibroblast mediated induction of 

matrilysin expression in LNCaP cells. 

Fibroblast Secreted Factors Induce Matrilvsin Expression by Prostate Carcinoma Cell 
Lines 

We had initially hypothesized that paracrine factors secreted from stromal cells could 

induce matrilysin expression in prostate carcinoma cells. The experiments detailed in the 
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Figure 3. Tumors arising from LNCaP cells co-injected with prostate fibroblasts 
into athymic nude mice express matrilysin mRNA. 

Athymic nude mice were injected subcutaneously with a mixture of Ix 10^ LNCaP cells 
and 1x10^ prostate fibroblasts. Northern analysis was performed using 20 ug of total 
RNA isolated from fiill thickness athymic nude mouse skin and from tumors which arose 
from sites injected with LNCaP cells and prostate fibroblasts. The blot was probed with a 
^^P-Iabeled cDNA insert of matrilysin or 7s rRNA. 



57 

previous section demonstrate that stromal fibroblasts can induce matriiysin expression 

when co-cultured with a prostate carcinoma cell line, however, this induction could have 

been the result of cell-cell, cell-matrix, or soluble factor interactions with fibroblasts. To 

test the hypothesis that soluble factors secreted from fibroblasts induce matriiysin 

expression in LNCaP cells, conditioned media were collected from fibroblast cultures and 

used to treat LNCaP cells. We generated conditioned media from four individual isolates 

of human prostate fibroblasts (PFl, PF2, PF3, and PF4) and from an isolate of human 

lung fibroblasts (grown out of an autopsy specimen) by culturing these cells in serum free 

medium for 72 hours. The conditioned media were then aspirated off of the cells and 

clarified by centrifligation and sterile filtration. LNCaP cells were cultured in serum-free 

DMEM or the fibroblast conditioned media for 48 hours, following which the media were 

collected and analyzed by western analysis for matriiysin protein. In the experiment 

presented in Figure 4, LNCaP cells cultured in serum-free DMEM did not express 

detectable amounts of matriiysin. However, treatment with three out of the four prostate 

fibroblast conditioned media (PFCM) strongly induced matriiysin expression in LNCaP 

cells, as did treatment with lung fibroblast conditioned medium, while PFCM from one 

isolate (PF3) gave only a weak induction. Fibroblast-conditioned media that had not 

been cultured with LNCaP cells was also included in this westem analysis. Although a 

very weak band can be seen in some of these lanes, this is most likely due to non-specific 

binding since we could not detect matriiysin in PFCM by later ELISA analyses. In 

addition to the effect of prostate and lung fibroblast conditioned media on matriiysin 

expression in LNCaP cells, we also were able to demonstrate that conditioned media 
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Figure 4. Cultured fibroblasts secrete factors that induce matrilysin expression by 
LNCaP cells. 

LNCaP cells were seeded out at a density of 30,000 cells/cm^ in six well dishes and 
allowed to attach overnight. The cells were then incubated for 48 hours in 2 ml of 
conditioned media from one of four different isolates of human prostate fibroblasts 
(PFCM) or an isolate of human lung fibroblasts (HLFCM). Treatment media were 
collected and analyzed for matrilysin protein by western analysis. The lane marked with 
DMEM indicates media from LNCaP cells cultured in serum-free DMEM. Lanes 
marked with LNCaP & PFCM (or HLFCM) indicate media from LNCaP cells treated 
with the various fibroblast-conditioned media. Lanes marked with PFCM (or HLFCM) 
alone indicate fibroblast-conditioned media that were not incubated with LNCaP cells. 
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from human foreskin fibroblasts induced matrilysin expression in LNCaP cells (data not 

shown). However, conditioned medium from NIH 3T3 cells did not affect matrilysin 

expression by LNCaP cells. These data demonstrate the ability of fibroblast secreted 

factors to enhance matrilysin expression in a prostate carcinoma cell line. 

Since LNCaP cells were the only prostate carcinoma cells we had screened that 

increased matrilysin expression in response to fibroblast conditioned media, we were 

interested in finding other prostate carcinoma cells which would behave similarly. We 

obtained two newly established prostate carcinoma cell lines, MDA-PCA-2a and MDA-

PCA-2b (Navone et al., 1997), from Dr. Navone, M.D. Anderson Cancer Center, which 

were derived from a bone metastasis of a human prostate cancer. We determined that 

these cell lines normally express high basal levels of matrilysin, and they are induced by 

PFCM to express even higher amounts of matrilysin protein (Figure 5). MDA-PCA-2a 

and MDA-PCA-2b seeded out at 70,000 cells per cm" in 24 well dishes and cultured in 

500 (J.1 of senmi-free DMEM for 48 hours secreted about 50 and 20 ng/ml of 

promatrilysin protein respectively as determined by ELISA analysis for promatrilysui. In 

contrast, LNCaP cells typically secrete less than 5 ng/ml of promatrilysin protein when 

they are cultured under similar experimental conditions (See Figures 6, 7, and 8 for 

examples). The induction of matrilysin expression by PFCM was most pronounced for 

the MDA-PCA-2a cells, increasing matrilysin in the treatment media up to nearly 200 

ng/ml, however MDA-PCA-2b were also induced to express about two-fold more 

promatrilysin compared to basal expression (Figure 5). 
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Figure 5. Two new human prostate cancer cell lines express high levels of 
matrilysin and treatment with prostate fibroblast conditioned medium (PFCM) 
enhances matrilysin expression by these cells. 

The MDA-PCA-2 cell lines were seeded out at a density of 70,000 cells/cm^ and allowed 
to attach overnight in growth medium. The cells were then treated with either serum free 
DMEM or PFCM for 48 hours. Following treatment, the media were collected off the 
cells and analyzed by ELISA for promatrilysin content. Results represent the mean and 
standard deviations of triplicate dishes from a representative experiment. 
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Fibroblast Secreted Factors and Matrilvsin Expression by Normal Prostate Epithelial 
Cells 

Having established that LNCaP and MDA-PCA-2 prostate carcinoma cell lines are 

induced to overexpress matrilysin by factors secreted from prostate fibroblasts, we 

wanted to determine if PFCM could also induce matrilysin expression in normal prostate 

epithelial cells. A primary culture of prostate epithelial cells was obtained from Clonetics 

(San Diego, CA) and was used between passages 2 and 4 for these experiments. Cultures 

of LNCaP and PrEC cells were treated with either serum free DMEM or with PFCM. 

After a 48 hour incubation the amount of promatrilysin protein secreted into the culture 

media was determined by ELISA. PrEC cells cultured in serum-free DMEM expressed 

matrilysin at a level comparable to that of unstimulated LNCaP cells (Figure 6), however, 

treatment with PFCM did not induce PrEC cell matrilysin expression as it did in LNCaP 

cells. 

Biochemical Characterization of Matrilvsin Inducing Activity from Fibroblasts 

In an attempt to identify the factors in PFCM responsible for inducing matrilysin 

expression in prostate carcinoma cell lines, we performed a number of biochemical 

characterizations of the activity present in PFCM. BCnowing that growth factors and 

c5'tokines are often effective at extremely low concentrations, one of the first experiments 

we did was to determine how dilute the PFCM could be made before the matrilysin 

inducing activity was lost. The data from two similar experiments are presented in 

Figure 7. In the first experiment (Figure 7A) LNCaP cells were either co-cultured with 

PFl cells or treated with frill strength PFCM derived from PFl cells or PFCM that had 
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Figure 6. Conditioned media from human prostate Hbroblasts induces matriiysin 
expression in LNCaP cells, but does not affect the matriiysin expression of PrEC 
cells. 

LNCaP cells (50,000 ceils/well of a 48 well cluster dish) and normal prostate epithelial 
(PrEC) cells (100,000 cells/well) were treated with 300 |il of either serum free medium or 
prostate fibroblast conditioned medium (PFCM). Media were collected after 48 hours of 
incubation. The quantities of promatrilysin protein in the media were determined by an 
ELISA described in the ""Materials and Methods"" section. PFCM was generated by 
culturing prostate fibroblasts in serum free medium for 72 hrs, as described in "Materials 
and Methods". Results are presented as the means +/- 95% confidence intervals of three 
experiments done in triplicate. 
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Figure 7. The concentration of matriiysin inducing factors in prostate fibroblast 
conditioned media (PFCM) is higiier than that necessary for maximal stimulation. 

A) LNCaP cells were seeded out at a density of 30,000 cells/cm^ and allowed to attach 
overnight. The cells were then incubated for 48 hours in 2 ml full strength or diluted 
prostate fibroblast conditioned medium (PFCM) as indicated. Treatment media were 
then collected and analyzed by western analysis for matriiysin protein. B) LNCaP cells 
were seeded out at a density of 75,000 cells/cm^ and allowed to attach overnight. The 
cells were then incubated in 0.5 ml of PFCM dilutions as above. Treatment media were 
then collected and analyzed by an ELISA for promatrilysin. 
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been serially diluted with serum-free DMEM. After 48 hours of incubation the media 

were collected from the cells and analyzed by western analysis for matrilysin protein 

expression. Treatment of LNCaP cells with PFCM gave as strong of an induction as co-

culture with PFl cells. The PFCM appeared to retain frill potency out to a Y* dilution, and 

was still weakly active at a 1/16 dilution, but the ability to induce matrilysin expression 

was lost at greater dilutions. The second experiment (Figure 7B) was very similar except 

that PFCM from PF4 cells was used, and the matrilysin content of the media was 

determined by an ELISA that allows quantitation of the results. The results from this 

experiment are very similar to those of the earlier experiment, with the full activity being 

lost at dilutions higher than four fold. Due to the sensitivity of the ELISA however, it 

possible to see that some matrilysin inducing activity remains even at the 1/64 dilution. 

To determine whether or not the matrilysin inducing activity was proteinaceous, 

PFCM from PFl cells was digested for 24 hours at 37° C with trypsin. Following trypsin 

digestion an excess of soybean trypsin inhibitor was added to the PFCM. As a control for 

the effects of the 24-hour incubation and the presence of the trypsin inhibitor, a parallel 

sample of PFCM (mock-digested) was carried through the same steps except that trypsin 

was not added. LNCaP cells were then treated with serum-free DMEM, PFCM, trypsin 

digested PFCM, or mock-digested PFCM. After 48 hours of treatment the media were 

collected and analyzed by western analysis and ELISA for matrilysin expression (Figure 

8). The results of the experiment clearly indicate that the matrilysin inducing activity in 

PFCM is trypsin sensitive and therefore must be proteinaceous. 
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Figure 8. The matrilysin inducing activity in PFCM is sensitive to proteolytic 
digestion by trypsin. 

PFCM was incubated at 37°C for 16 hrs. with or without 10 |J.g/niL of trypsin (14,400 
BAEE units/mg). Soybean trypsin inhibitor (120 |ig/mL, Gibco BRL, inhibits >7.000 
BAEE units/mg) was then added to the PFCM to allow incubation of the media with 
attached cells. LNCaP cells (30,000 cells/cm^ in six well dishes) were incubated in 2 ml 
of serum-free DMEM medium (Lane 1), untreated PFCM (Lane 2), trypsin and trypsin 
inhibitor treated PFCM (Lane 3) or trypsin inhibitor treated PFCM (Lane 4) samples for 
48 hrs. The media were then collected from the LNCaP cells and analyzed for 
promatrilysin expression by western blot analysis (A) and ELISA (B). These results are 
representative of multiple experiments. 
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Growth factors and cytokines are in general very heat labile, being rapidly denatured 

at temperatures near 100° C. In order to determine the ability of the matrilysin inducing 

activity in PFCM to withstand high temperatures, the PFCM was heat treated and then 

compared to non-heated PFCM for its ability to induce matrilysin expression in LNCaP 

cells. The results of a representative experiment are presented in Figure 9. For this 

experiment, PFCM (from PF4 cells) was aliquotted into several microfiige tubes that 

were then placed in a boiling water bath. Individual tubes were then removed from the 

water bath at designated time intervals, and placed immediately mto an ice bath. LNCaP 

cells were treated with serum-free DMEM, PFCM, or PFCM that had been heat-treated 

for various time intervals. Following a 48-hour incubation with the LNCaP cells these 

treatment media were collected and analyzed for matrilysin protein content by ELISA. 

As can be seen in Figure 9, the matrilysin inducing activity in PFCM is relatively heat 

stable, with full activity being retained until between four and eight minutes of heat 

treatment and some activity being retained even after 12 minutes of heat treatment. Other 

experiments demonstrated that the ability of PFCM to induce matrilysin expression in 

LNCaP cells could be abolished with 30 minutes of heat treatment in a boiling water bath 

(data not shown). 

We also attempted to ascertain the molecular weight of the matrilysin inducing 

activity in PFCM. Centricon filtration devices with different molecular weight cut-offs 

were used to fractionate PFCM components by size. In Figure 10, the results from a 

representative experiment are shown. For this experiment 2 ml volumes of PFCM 

(collected from PFl cells) were centrifuged though a Centricon filtration device with 
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Figure 9. The matrilysin inducing activity in PFCM is relatively heat stable. 

Prostate fibroblast conditioned medium (PFCM) was heated to 95°C for the indicated 
times. LNCaP cells (75,000 cells/cm^ in 24-weIl dish) were incubated in 0.5 ml of 
serum-free DMEM medium (Control), untreated PFCM, or the heat treated PFCM 
samples for 48 hrs. The media were then collected from the LNCaP cells and analyzed 
for promatrilysin expression by ELIS A. The data presented were generated from a single 
experiment. 
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molecular weight cut-offs of 10 kD, 30 kD, 50 kD, or 100 kD. The samples were 

centrifuged until the retentate volume was approximately 100 fil. The column flow 

through and retentate were then collected and both were adjusted to a volume of 2 ml 

with serum-free DMEM and filter sterilized. LNCaP cells were treated with serum-free 

DMEM, non-fractionated PFCM, or the size-fractionated PFCM samples. After 48 hours 

of treatment the media were collected and analyzed for matrilysin protein by western 

analysis. As can be seen in Figure I OA, nearly all of the matrilysin inducing activity of 

PFCM was retained by the filters in the Centricon devices, even with filters that were 

designed to allow molecules less than 100 kD to pass through (C-lOO). This was a 

surprising result considering that the reported molecular weights for most growth factors 

and cytokines are well below 100 kD. We suspected that the Centricon devices were not 

functioning properly and therefore we stained the membrane used for the western blot in 

Figure 1 OA with comassie blue dye. This allowed the visualization of all proteins present 

in the samples from the treatment media (Figure lOB). Serum-free DMEM collected 

from LNCaP cells contains very little detectable protein while the PFCM treated lane has 

many protein bands from below 30 kD to over 200 kD in molecular weight. PFCM 

contains a fairly high level of protein, and a similar banding pattern was seen for PFCM 

not cultured with LNCaP cells. It is therefore most likely that the difference between the 

serum-free DMEM lane and the PFCM lane in Figure lOB is due to proteins already 

present in PFCM rather than because of a massive induction LNCaP cell protein 

expression. Having made that assumption, it is very clear that the attempted fiactionation 

of PFCM with the Centricon devices was totally unsuccessfixl, since the 100 kD cut-off 
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Figure 10. Molecular weight cut-off filtration devices could not be used to 
determine the molecular weight of the matrilysin inducing factors in PFCM 

A) Samples of prostate fibroblast conditioned media (PFCM) were centrifliged through 
Centricon filtration devices with molecular weight cut-offs of 10 kD (C-10), 30 kD (C-
30), 50 kD (C-50), and 100 kD (C-100). The flow through (FT) and retentates (Ret) were 
adjusted to the volume of the original samples with serum-free DMEM. LNCaP cells 
(30,000 cells/cm2 in six well dishes) were treated with 2ml of serum-free DMEM, 
PFCM, or the volume adjusted column flow throughs and retentates. The treatment 
media were then collected and analyzed by western analysis for matrilysin expression. 
B) The membrane used for the western blot above was stained with comassie dye to 
reveal the protein bands present on the blot. Molecular weight markers are in lane 1 
(MWM). 
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filter apparently retained all of the proteins with molecular weights below 66 kD. It 

seems that something in the PFCM was blocking the pores of the Centricon filters and 

therefore reducing their effective molecular weight cut-off sizes. We also attempted to 

size firactionate the PFCM using gel filtration chromatography. Similar problems were 

encountered with this technique in that the matrilysin inducing activity always co-eluted 

with the major protein peak, which ran at about 70 kD (data not shown). We concluded 

that the matrilysin inducing activity in PFCM must either be of an unusually large size, or 

be complexed with larger molecular weight components. 

A number of growth factors are known to strongly bind to polysaccharides such as 

heparin, the most well known of these being the fibroblast growth factor (FGF) family of 

proteins. To determine if the matrilysin inducing activity in PFCM would bind heparin, 

we firactionated PFCM using a heparin-sepharose affinity column. PFCM fi-om the PFl 

isolate was exchanged into the colunm buffer and loaded on to the column. Bound 

proteins were eluted with column buffer containing increasing salt concentrations. 

Fractions were collected firom the column flow through and from the salt elutions. These 

fractions were then desalted, exchanged back into serum-free DMEM, and filter 

sterilized. LNCaP cells were treated with serum-free DMEM, PFCM, PFCM that went 

through the same buffer exchanges as the column fractions, or the desalted fractions 

collected from the column. Following 48 hours of incubation the treatment media were 

collected and analyzed by western analysis for matrilysin protein. As can be seen from 

the results presented in Figure 11 A, matrilysin-inducing activity was present in the 

column flow though (unbound fraction), as well as in the bound fractions eluted with the 
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Figure 11. A heparin-binding component of PFCM induces matrilysin expression 
by LNCaP cells. 

A) LNCaP cells were seeded out at a density of 20,000 cells/cm^ in six well dishes and 
allowed to attach overnight. Cells were then treated with Iml of: serum free DMEM, 
prostate fibroblast conditioned medium (PFCM), PFCM that went though the same buffer 
exchanges as the colunm fractions (PFCM-CIO), PFCM fractions which did not bind to 
the column (Flow through), or one of the PFCM fractions eluted by NaCI. The treatment 
media were then collected and analyzed by western analysis for matrilysin expression. 
B) Column fractions were analyzed for total protein content by a Bio-Rad protein assay. 
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0.5, 1.0 and 1.5M NaCl buffer. The amount of total protein present in each fraction was 

also determined (Figure 1 IB). The unbound fraction of PFCM contained by far the most 

protein, followed by the 0.5M salt eluate. The 1.0 and 1.5M salt eluates contained 

approximately 250-fold less protein than the unbound fraction, demonstrating a 

substantial purification of matrilysin inducing activity in these fractions. These results 

clearly indicated that a portion of the matrilysin inducing activity binds to heparin with a 

high affinity. It also appears likely that multiple factors may be responsible for the 

matrilysin inducing activity of PFCM since the activity was present in the unbound 

fraction, and had a very broad binding affinity for heparin. 

While the results presented in this section do not clearly identify the factor or factors 

responsible for the induction of matrilysin expression in LNCaP cells by prostate 

fibroblasts, they do provide consistent supporting evidence for a role of proteins from the 

fibroblast growth factor family. The strongest evidence for this contention is of course 

the heparin binding affinity of a significant portion of the matrilysin inducing activity of 

PFCM. The results from the heat denaturation experiments also support a role for FGF 

proteins. FGF-1 and FGF-2 are protected from heat denaturation when bound to heparin 

(Gospodarowicz and Cheng, 1986), and a similar phenomenon could explain the relative 

heat stability of the factors in PFCM that induce matrilysin expression in LNCaP cells. 

Additionally, if these factors in PFCM are bound to larger molecules such as heparin, it 

could explain the problems encountered in attempting to determine the molecular weight 

of the matrilysin inducing activity in PFCM. Based on these findings we decided to 
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further study the potential role of FGF proteins in the induction of matrilysin in LNCaP 

cells by PFCM. 

FGFs Induce Matrilysin Expression in LNCaP cells but not in normal prostate epithelial 
cells 

The first step in establishing the importance of FGF proteins in the induction of 

matrilysin expression by PFCM was to determine the ability of recombinant fibroblast 

growth factors to induce matrilysin expression in LNCaP cells. Cultures of LNCaP cells 

were treated with recombinant FGF-1, FGF-2, FGF-7, FGF-9 or FGF-10 at various doses 

for 48 hours in serum free DMEM containing 2 |ig/ml sodium heparin (Figure 12). An 

ELISA specific for promatrilysin was used to determine the amount of promatrilysin 

protein secreted into the culture media by LNCaP cells following FGF treatment. The 

FGF proteins used in these experiments were chosen based on reports that they are 

expressed by stromal cells within glandular epithelial tissues. The heparin concentration 

used was selected because it has been reported to optimize the activity of FGF proteins 

that require heparin for full activity. 

FGF-1 was the most potent inducer of promatrilysin expression in LNCaP cells, with 

a dose as low as 0.1 ng/ml causing an almost three fold increase over basal expression 

(Fig. 12A). Interestingly the effect of FGF-1 on promatrilysin expression peaked at a 

dose of 1 ng/ml with a greater than four fold induction. Increasing the dose of FGF-1 to 

10 or 100 ng/ml resulted in progressively less induction. This dose response profile was 

dependent on the presence of heparin, as maximum stimulation by FGF-1 in the absence 

of heparin was not observed until doses reached 100 ng/ml (data not shown). Treatment 
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Figure 12. Treatment with fibroblast growth factors (FGF) induces matrilysin 
expression by LNCaP ceils. 

(Panels A-E) LNCaP cells (50,000 cells/well of a 48 well cluster dish) were treated with 
300 |il of serum free medium containing either recombinant human FGF-1, FGF-2, FGF-
7, FGF-9, or FGF-10 at the doses indicated. (Panel F) LNCaP cells were treated with 1 
ng/ml of the individual FGF proteins as indicated or with a combination of 1 ng/ml each 
of FGF-2, FGF-7, FGF-9, and FGF-10 (represented by the last bar). Media were 
collected after 48 hours of treatment and the quantity of promatrilysin protein in the 
media was determined by an ELISA described in the ""Materials and Methods"" section. 
Results are presented as the means +/- 95% confidence intervals of three independent 
experiments done in triplicate. 
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with FGF-2, FGF-9, or FGF-IO also resulted in a significant induction of promatrilysin 

protein expression by LNCaP cells (2 to 2.5 fold over control; Fig. 12B,D-E), however 

much higher doses, in the range of 10 to 100 ng/ml, were required. FGF-7 treatment 

appeared to cause a slight increase in matrilysin expression with increasing dose, 

however the level of expression was never significantly different than control even at the 

highest dose. Since only FGF-1 was capable of inducing promatrilysin protein 

expression at physiologically relevant doses (less than 10 ng/ml), we decided to 

determine if ineffective doses of the other FGF proteins could synergize to cause an 

induction. LNCaP cells were treated with a combination of 1 ng/ml each of FGF-2, FGF-

7, FGF-9, and FGF-10 (Fig. 12F). While treatment with 1 ng/ml of these FGF proteins 

individually has no significant effect on promatrilysin expression, treatment with a 

combination of 1 ng/ml of FGF-2, FGF-7, FGF-9, and FGF-10 resulted in a nearly three 

fold induction in promatrilysin protein expression. 

To ensure that the effect of FGF proteins on matrilysin expression in LNCaP cells 

was not simply a result of an increase in cell number, we performed a MTT cell viability 

assay on the cells remaining after collection of the treatment media. The MTT assay 

described in the Materials and Methods section was determined to be linear between 5 x 

10'* and 2x10^ cells (Figure 13 A). None of the FGF treatments altered the number of 

viable cells in the cultures by more than 20 per cent compared to LNCaP cells cultured in 

serum-firee DMEM (Figure 13B). Since such small changes in cell number could not 

account for the differences seen in matrilysin expression between FGF treated and 
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Figure 13. FGF treatment does not increase ceil number during a 48-hour 
treatment period. 

A) LNCaP cells were seeded out at the indicated cell numbers and allowed to attach 
overnight, following which a MTT assay was performed on them. B) Cells from the 
experiments in Figure 14 were analyzed by a MTT assay after removing the treatment 
media at the end of the 48-hour incubation period. Data are expressed as the percent 
absorbance at 570 mn of DMEM treated control cells. 
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untreated LNCaP cells, the effect of FGF proteins on matrilysin expression could not be 

due to an affect on cell number. 

FGF proteins induce matrilysin in LNCaP cells similar to PFCM. PFCM does not 

affect matrilysin expression in normal prostate epithelial cells, however, and we decided 

to determine if FGF proteins were similarly ineffective in altering matrilysin expression 

in these cells. We treated cultures of normal prostate epithelial cells (PrEC) with FGF-l. 

FGF-2, FGF-7, FGF-9 or FGF-10 to test whether FGF stimulation would induce 

matrilysin expression of normal prostate epithelial cells. PrEC cells were treated for 48 

hours with recombinant FGF proteins diluted in growth factor firee PrEBM basal medium 

(Clonetics, San Diego, CA) containing 2 |ig/ml sodium heparin. The doses used were the 

same as those that caused maximum induction of promatrilysin protein expression in 

LNCaP cells. Following treatment, the culture media were collected and the amount of 

promatrilysin protein present was determined by an ELISA. 

Untreated PrEC cells secreted a detectable level of promatrilysin protein expression 

that was slightly lower than that observed from untreated LNCaP cells. However, in 

contrast to the results we obtained with LNCaP cells, none of the recombinant FGF 

proteins tested, either individually or in combination, were able to induce promatrilysin 

expression by PrEC cells (Figure 14). Treatment of PrEC cells with a higher dose of 

FGF-l (100 ng/ml) was also ineffective (data not shown). 

Fibroblast Grovyth Factor (FGF) Expression bv Prostate Fibroblasts 

Having established that FGF-l, 2, 7, 9, and 10 induced matrilysin expression in 

LNCaP cells, we decided to determine if prostate fibroblasts expressed these FGFs. 
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Figure 14. Treatment with fibroblast growth factors does not affect matrilysin 
expression by PrEC cells. 

Normal prostate epithelial (PrEC) cells (100,000 cells/well of a 48 well cluster dish) were 
treated with 300 |j.l of basal medium alone (Control), or media containing 1 ng/ml of 
FGF-1, or 100 n^ml of either FGF-2, FGF-7, FGF-9, or FGF-10. Additionally, cells 
were treated with basal medium containing a combination of 1 ng/ml each of FGF-2, -7, -
9 and -10. Media were collected after 48 hours of incubation and the quantity of 
promatrilysin protein in the media was determined by an ELIS A described in the 
""Materials and Methods"" section. Results are presented as the means +/- 95% 
confidence intervals of three independent experiments done in triplicate. 
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FGF-l, FGF-2 and FGF-7 have been reported to be expressed by prostate stromal 

cells in culture (Ittman and Mansukhani, 1996), but expression of the recently 

characterized FGF-9 and FGF-10 proteins had not been determined in prostate cells. We 

decided to confirm the expression of FGF-l, FGF-2, FGF-7 by cultures of prostate 

fibroblasts, and to determine if they also expressed FGF-9 and FGF-10. We initially 

attempted to measure FGF-I and FGF-2 by western analysis similar to that described for 

matrilysin in "Materials and Methods". PFCM was TCA precipitated, resuspended in 

Laemli buffer, electrophoresed on a 12.5% PAGE gel and transblotted to a PDVF 

membrane. The membranes were probed with antibodies specific for FGF-I (Ab-32NA; 

R&D Systems, Minneapolis, MN) or FGF-2 (Ab-3; Calbiochem, San Diego, CA), and 

antibody binding was detected as described previously. We were unable to detect FGF-l 

or FGF-2 in PFCM by western analysis, so we developed an ELISA for each of these 

proteins in an attempt achieve a greater level of sensitivity for the detection of these 

proteins. These ELISAs were done exactly as the matrilysin ELISA described in 

"Materials and Methods" except for the antibodies used. The antibodies for the FGF-l 

ELISA were mAb F-9666 (Sigma, St. Louis, MO) for coating and Ab-32NA for 

detection. The antibodies for the FGF-2 ELISA were Ab-3 for coating and Ab-233-NA 

(R&D Systems, Minneapolis, MN) for detection. The limit of sensitivity for the FGF-I 

ELISA was approximately 1 ng/ml and for the FGF-2 ELISA it was about 3 ng/ml using 

recombinant protein as a standard. Using these ELISA assays we were still unable to 

detect the presence of FGF-l or FGF-2 proteins in PFCM (collected from PF4 cells) (data 

not shown). 
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Since the FGF proteins could be active at concentrations below the detectable limits 

of western or ELIS A analyses, we decided to take a different approach and use the very 

sensitive RT-PCR technique to determine if prostate fibroblasts expressed messenger 

RNA for the FGF proteins tested in the previous section. Total RNA was collected from 

isolates of prostate fibroblasts and also from LNCaP and PrEC cells. This RNA was then 

analyzed for the presence of FGF messenger RNA by RT-PCR. As the representative gel 

images in Figure 15 show, prostate fibroblasts express mRNA for FGF-1, FGF-2, FGF-7, 

FGF-9 and FGF-10. Sequencing of the RT-PCR products verified identity with 

published sequences for these FGFs (data not shown). These results were consistent for 

isolates of prostate fibroblasts derived independently from tissue obtained from three 

different patients (PFl, PF2, and PF4). LNCaP cells do not express mRNA for any of 

these FGF proteins, while PrEC cells appear to express mRNA for FGF-1 and FGF-2. 

The Effect of FGF Receptor Inhibition on Matrilvsin Induction by PFCM 

Prior to determining that prostate fibroblasts express mRNA for multiple FGF 

proteins, we had attempted to use neutralizing antibodies to determine if individual FGF 

proteins were responsible for the induction of matrilysin expression in LNCaP cells by 

PFCM. The data from a representative FGF-2 neutralizing antibody experiment are 

shown in Figure 16. PFCM collected from PF4 fibroblasts and serum-free DMEM 

containing 5 ng/ml FGF-2 were incubated for an hour with an antibody that specifically 

neutralizes the activity of human FGF-2. LNCaP cells were treated with serum-free 

DMEM (Control), FGF-2 (5 ng/ml), PFCM, or the media incubated with the anti-FGF-2 

neutralizing antibody. Both FGF-2 and PFCM induced matrilysin expression in LNCaP 
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Figure 15. RT-PCR analysis of fibroblast growth factor (FGF) mRNA expression 
by prostate fibroblasts, LNCaP cells, and PrEC normal prostate epithelial cells. 

Total RNA was isolated from each cell type and subjected to reverse transcription (RT) to 
generate cDNA (+ lanes) as described in ""Materials and Methods"". Control reactions 
were also carried out in which no reverse transcriptase was added (- lanes). Polymerase 
chain reaction (PGR) was then carried out on aliquots from the RT reactions. PGR 
primer pairs were chosen to be specific for exon sequences within each respective FGF 
gene and to span at least one intron. The PGR conditions for all primer pairs were 95 °G 1 
min., 60°G 1 min., and 72°C 1 min. for 30 cycles, followed by a 5 min. extension at 
72°C. PGR reactions were run out on a 1.5% agarose gel, stained with ethidium bromide 
and visualized with UV light. The amplified product for each reaction was then purified 
and sequenced. The gel images in this Figure are representative of RT-PGR reactions 
performed on three independent RNA isolates. 
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Figure 16. An FGF-2 neutralizing antibody does not inhibit prostate fibroblast 
conditioned media (PFCM) induced matrilysin expression by LNCaP cells. 

LNCaP cells were seeded at a density of 70,000 cells/cm^ and allowed to attach overnight 
in growth medium. Cells were then treated for 48 hours with the indicated treatments. 
Prior to application to the cells, treatment media were pre-incubated for I hour at 37°C 
with or without neutralizing antibody (Ab-FGF-2). FGF-2 was added at a concentration 
of 5 ng/ml, and the neutralizing antibody was added a concentration of 4 |xg/ml. Results 
represent the mean and standard deviations of one representative experiment done in 
triplicate. 
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cells compared to control media. The induction of matrilysin expression by FGF-2 was 

completely blocked by the anti-FGF-2 antibody, however this antibody had no effect on 

the induction of matrilysin expression by PFCM. Since the FGF-2 levels in PFCM are 

less than 5 ng/ml, we initially interpreted the inability of the anti-FGF-2 neutralizing 

antibody to block the matrilysin inducing activity of PFCM to mean that FGF-2 does not 

contribute to this activity. However, the findings that prostate fibroblasts express 

messenger RNA for several FGF proteins and that multiple FGF proteins induce 

matrilysin expression in LNCaP cells make such a conclusion premature. It is likely that 

multiple FGF proteins are present in PFCM and that neutralization of any one or even 

two of them would have no effect on the overall matrilysin inducing activity of PFCM. 

Therefore, a different experimental approach was needed to determine if FGF proteins 

are involved in the induction of matrilysin expression by PFCM. 

The approach taken was to use a specific FGF receptor inhibitor (SU5402) 

(Mohammadi et al., 1997) to determine if FGF receptor activation in LNCaP cells was 

necessary for the induction of promatrilysin expression by PFCM. SU5402 is a tyrosine 

kinase inhibitor that interacts specifically with the ATP binding site of FGF receptors 

thereby inhibiting ATP binding and receptor autophosphorylation. This inhibitor does 

not affect the activation of other receptor tyrosine kinases such the EGF receptor, PDGF 

receptor, or Insulin receptor. Cultures of LNCaP cells were treated with serum free 

DMEM, PFCM, FGF-1 (100 ng/ml, no heparin) or EGF (25 ng/ml) containing 0, 3, 6, or 

12.5 |xM SU5402. FGF-1 treatment was included as a positive control for the effects of 

SU5402, and EGF treatment was included to control for non-specific effects of SU5402 
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on promatrilysin expression induced via a non-FGF receptor pathway. The media were 

collected from the ceils after 48 hours of incubation and analyzed for promatrilysin 

protein by ELISA (Figure 17). 

In the absence of SU5402 inhibitor, FGF-1, PFCM and EGF all substantially induced 

promatrilysin expression compared to DMEM controls (mean values =11 ng/ml, 

11 ng/ml, 17 ng/ml, and 1 ng/ml respectively). As expected SU5402 was significantly 

more effective at inhibiting the induction of promatrilysin expression by FGF-1 than it 

was at inhibiting EGF induced expression. The mean induction of promatrilysin 

expression by FGF-1 was almost 90% lower in the presence 6 jiM SU5402 than it was in 

the absence of SU5402. The mean induction of promatrilysin expression by EGF was 

only decreased about 18% by this dose of SU5402. The mean induction of promatrilysin 

expression by PFCM was decreased 60% by treatment with 6 [oM SU5402. The 12.5 |iM 

dose of SU5402 decreased EGF induction of matrilysin expression by 38%, and a higher 

dose of SU5402 (25 |xM) caused morphological changes and detachment of the LNCaP 

cells (data not shovm), indicating that the compound may be cytotoxic to LNCaP ceils in 

this higher dose range. 

FGF receptor Analvsis of LNCaP cells and Normal Prostate Epithelial Cells 

Since FGF receptor activation is involved in the induction of matrilysin expression in 

LNCaP cells by PFCM, we decided to characterize the expression of FGF receptors in 

these cells. We also included prostate fibroblasts in the analysis for comparison. 

Differences in FGF receptor expression between LNCaP and normal PrEC cells could 

potentially explain why FGF receptor activation by secreted factors from prostate 



85 

120 
FGF-1 

PFCM 

EGF 100 

80 

60 
Q. 

20 

0 
0.0 3.0 6.0 9.0 12.0 15.0 

Dose of FGFR inhibitor SU5402 ( ^M) 

Figure 17. A specific inhibitor of the fibroblast growth factor (FGF) receptor family 
(SU5402) reduces the induction of matriiysin expression by PFCM in LNCaP cells. 

LNCaP cells (50,000 cells/well of a 48 well cluster dish) were treated with 300 (il of 
either recombinant human FGF-1 (100 ng/ml), prostate fibroblast conditioned medium 
(PFCM), recombinant mouse epidermal growth factor (EGF) (25 ng/ml) or servmi free 
control medium. Within each of these treatment groups, the FGF receptor inhibitor 
SU5402 dissolved in dimethyl sulfoxide (DMSO) was added at various doses. DMSO 
alone was also added in each group as a vehicle control. Media were collected after 48 
hours of incubation and the quantity of promatrilysin protein in the media was 
determined by ELISA as described in the ""Materials and Methods"" section. The data 
represent promatrilysin expression at each dose of SU5402 as a percent of expression in 
the absence of SU5402 for each treatment group. Average promatrilysin expression in 
the absence of SU5402 for each treatment group: FGF-1, 11 ng/ml; PFCM, 11 ng/ml; 
EGF, 17 ng/ml; Control, 1 ng/ml. Basal expression (Control) was not affected by 
SU5402 treatment and was not included in the Figure. Results are presented as the means 
+/- 95% confidence intervals of three independent experiments done in triplicate. 
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fibroblasts induces matrilysin expression in LNCaP cells, but not in normal prostate 

epithelial cells. There are four different FGF receptor genes, each encoding for receptors 

with different binding affinities for the various FGF proteins (Omitz et al., 1996). 

Further diversity is provided by the generation of mRNA splice variants from FGF 

receptor genes 1,2 and 3. Two exons can encode for the carboxy-terminal half of the 

third immunoglobulin-like domain of these receptors and binding affinity for a particular 

FGF protein is dependent on which of these exons is present in the mature mRNA 

encoding for the receptor. The nomenclature for FGF receptors includes a designation 

for these splice variants; the receptors are named FGFR-1, FGFR-2, FGFR-3, FGFR-4 

followed by further identification of the splice variant as either Illb or IIIc (i.e. FGFR-

2IIIb) depending on which exon encoding the carboxyl-terminal half of the third Ig-like 

domain is present. 

The expression pattern of all four FGF receptor genes in LNCaP cells, PrEC cells, 

and prostate fibroblasts was determined using qualitative RT-PCR. The expression of 

FGFR-2IIIb and FGFR-2IIIc had already been well characterized in prostate cells and in 

prostate cancer cell lines (Carstens et al., 1997; Ittman and Mansukhani, 1997). We were 

able to confirm by RT-PCR that normal prostate epithelial cells and LNCaP cells both 

express the FGFR-2IIIb receptor, while prostate fibroblasts express FGFR-2IIIc. We 

have not included these data since these observations are already well established in the 

literature. 

LNCaP cells have also been reported to express mRNA for FGFR-1 (Nakamoto et 

al., 1992). While there is one report that normal human prostate epithelial cells express 
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FGFR-1 (Leung et al., 1997), two other reports claim that FGFR-1 is expressed 

exclusively by stromal cells and normal human prostate epithelial cells do not express 

FGFR-1 (Story et al., 1994, Ittman and Mansukhani. 1997). In my experiments, RT-PCR 

analysis revealed that prostate fibroblasts and LNCaP cells both express mRNA for 

FGFR-1, while the normal PrEC cells do not (Figure 18 A). This analysis was done using 

primers specific for a region of the FGFR-1 receptor gene that is non-homologous to the 

other FGF receptors. Unfortunately this analysis did not allow the determination of lllb 

or IIIc exon expression. When we used primer sets designed to allow such a 

determination for FGFR-1 (Leung et al., 1997), only non-specific bands of inappropriate 

size were amplified. The PGR assay we used to determine expression of these receptors 

was non-quantitative, therefore, to compare the quantities of FGFR-1 mRNA expressed 

by these cells we performed a northern analysis on total RNA isolates (Figure 18B). 

FGFR-1 expression was very strong in prostate fibroblasts as determined by northern 

analysis, while expression in LNCaP cells was barely detectable. 

Prostate epithelial and stromal cells have both been reported to express FGFR-31IIc 

but FGFR-3 expression had not been determined for LNCaP cells. Using primers that 

span the region of FGFR-3 mRNA including the alternatively spliced Illb and IIIc exons, 

we determined by RT-PCR that both LNCaP cells and PrEC cells express FGFR-3 

(Figure 19A). The amplification products firom these PCR reactions were then digested 

with TaqI and Haell restriction endonucleases to determine which FGFR-3 splice variant 

these cells expressed. If FGFR-3 Illb was expressed, PCR amplification would produce a 

362 bp product that could be digested by TaqI into 204 and 158 bp fiagments. 



88 

100 bp 
Ladder LNCaP 

PF LNCaP PrEC 

Figure 18. RT-PCR and Northern analyses of fibroblast growth factor receptor 1 
mRNA expression by prostate fibroblasts, LNCaP cells, and PrEC normal prostate 
epithelial cells. 

A) Total RNA was isolated from each cell type and subjected to reverse transcription 
(RT) to generate cDNA (+ lanes). Control reactions were also carried out in which no 
reverse transcriptase was added (- lanes). PCR was then carried out on aliquots from the 
RT reactions using primers described in "Materials and Methods". PCR conditions were 
95°C 1 min., 65°C 1 min., and 72°C I min. for 30 cycles, followed by a 5 min. extension 
at 72°C. PCR reactions were run out on a 1.5% agarose gel, stained with ethidium 
bromide and visualized with UV light. B) Northern analysis was performed on 20 |ag of 
total RNA from each cell type as described in "Materials and Methods". The membrane 
was probed with a ^^P-labeled PCR product from LNCaP RT-PCR reaction described 
above. 
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A. 100 bp 
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Uncut Taq I Hae II Uncut Taq I Hae II 

Figure 19. RT-PCR analysis of fibroblast growth factor receptor 3 mRNA 
expression by prostate fibroblasts, LNCaP cells, and PrEC normal prostate 
epithelial cells. 

(A) Total RNA was isolated from each cell t)q)e and subjected to reverse transcription 
(RT) to generate cDNA (+ lanes). Control reactions were also carried out in which no 
reverse transcriptase was added (- lanes). PGR was then carried out on aliquots from the 
RT reactions using primers described in "Materials and Methods". PGR conditions were 
95°G 1 min., 60°G I min., and 72°G 1 min. for 35 cycles, followed by a 5 min. extension 
at 72°G. PGR reactions were rvm out on a 1.5% agarose gel, stained with ethidium 
bromide and visualized with UV light. Aliquots from the PGR reactions for LNGaP cells 
(B) and PrEG cells (C) described above were subjected to restriction digests with the 
indicated enzymes. Digestion of the 365bp PCR product by Taq I indicates the presence 
of the FGFR-3IIIb splice variant while digestion by Hae II mdicates the presence of 
FGFR-3IIIc. PGR conditions were 95''G 1 min., 65°C 1 min., and 72°C 1 min. for 30 
cycles, followed by a 5 min. extension at 72°C. 
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Expression of FGFR-3IIIc would result in amplification of a 357 bp product digestible by 

Haell into 131 and 226 bp fragments. The FGFR-3 PGR amplification products from 

both LNGaP cells (Figure 19B) and PrEG ceils (Figtire 19C) were completely digested by 

Taql to the expected sizes, while no digestion of the PGR products occurred with the 

Haell enzyme. These data indicate that both LNGaP and PrEC cells express the FGFR-

3IIIb splice variant and not FGFR-3 Hie. 

A representative gel showing the results of RT-PGR analysis for FGFR-4 expression 

is presented in Figure 20. Ittman and Mansukhani (1997) reported that prostate cells do 

not express FGFR-4, however the data presented in Figure 20 demonstrate that prostate 

fibroblasts, LNGaP cells and PrEG cells all express mRNA for FGFR-4. Although the 

band intensity is much greater in the LNGaP lane, this result was not consistent for all 

experiments. In addition, the PGR reaction was not quantitative so it is not appropriate to 

make quantitative comparisons between lanes. The level of FGFR-4 expression is very 

low in all of the cell types however as we were unable to detect FGFR-4 mRNA 

expression from these cells by northem analysis (data not shown). 

Discussion 

The results presented in this chapter support the hypothesis that paracrine factors 

from prostate stromal cells can induce matrilysin expression in prostate carcinoma cells. 

Of the six prostate cancer cell lines tested, three of them (LNCaP, MDA-PG A-2a, and 

MDA-PGA-2b) were induced by prostate fibroblast secreted factors to express elevated 

levels of matrilysin. We had initially thought that the expression of matrilysin in tumors 

arising from Du-145 cells injected into SGED mice might be due to paracrine factors 
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Figure 20. RT-PCR analysis of fibroblast growth factor receptor 4 mRNA 
expression by prostate fibroblasts, LNCaP cells, and PrEC normal prostate 
epithelial cells. 

Total RNA was isolated from each cell type and subjected to reverse transcription (RT) to 
generate cDNA (+ lanes). Control reactions were also carried out in which no reverse 
transcriptase was added (— lanes). PGR was then carried out on aliquots from the RT 
reactions using primers described in "Materials and Methods". PGR conditions were 
95°G 1 min., 65°C 1 min., and 72°C 1 min. for 30 cycles, followed by a 5 min. extension 
at 72°G. PGR reactions were run out on a 1.5% agarose gel, stained with ethidium 
bromide and visualized with UV light. 
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secreted from fibroblasts. However, Du-145 cells were not induced to express matrilysin 

in vitro by co-culture with fibroblasts, which raises the possibility that additional 

interactions with other stromal cell types and/or extracellular matrix proteins could be 

necessary for expression of matrilysin by these cells. As stated by Powell et al. (1993) it 

is also possible that the matrilysin in the Du-145 tumors wzis coming from murine tissue. 

Given the importance of the implication that factors other than those derived from 

cultured fibroblasts are necessary for the induction of matrilysin in the Du-145 cell line, it 

is imperative that the source of matrilysin is identified in these tumors. If Du-145 cells 

truly express matrilysin in vivo, then the elucidation of the factors involved may provide 

a novel and important means of matrilysin gene regulation. The cell lines that are 

induced to express matrilysin by fibroblasts are unique among the prostate cancer cell 

lines we tested in that they are androgen responsive, secrete PSA and have relatively slow 

rates of growth. It is unclear if any of these characteristics are important for matrilysin 

expression, but further study into the role of androgen receptor activation in the 

regulation of matrilysin gene expression would appear warranted. It is also interesting to 

note that LNCaP cells do not express active integrins, while the other cell lines tested do 

(Witkowski et al., 1993), and that PC-3 and Du-145 cells do not have an intact E-

cadherin-a-catenin complement as LNCaP cells do. It is therefore possible that 

alterations in cell-matrix or cell-cell interactions could explain the differences in 

matrilysin expression between these cell lines, and ftuther studies should be conducted to 

determine the role of these interactions in the regulation of matrilysin expression. 
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The enhancement of matrilysin expression in LNCaP ceils by treatment with 

conditioned media from a number of independent fibroblast cultures clearly indicates that 

matrilysin expression is induced in these cells by factors commonly expressed by 

cultured fibroblasts. Interestingly, matrilysin expression in normal prostate epithelial 

cells was not enhanced by treatment with prostate fibroblast conditioned media. This 

lack of response by normal prostate epithelial cells is different fi-om that of the non-

responsive prostate carcinoma cell lines Du-145, PC-3, and JCA-1. These cancer cell 

lines do not express any matrilysin in vitro, and they are not induced to express matrilysin 

by any factors known to induce matrilysin in other cell lines such as EGF, TP A or IL-1. 

Normal prostate epithelial cells do express low basal levels of matrilysin in vitro, and as 

described in the next chapter, they are induced by IL-l to express elevated levels of 

matrilysin. The lack of matrilysin induction in normal prostate epithelial cells by PFCM 

supports the hypothesis that prostate cancer cells become responsive to paracrine factors 

noraially expressed by prostate fibroblasts. 

The biochemical analysis of prostate fibroblast conditioned media led us to consider 

the possibility that at least some of the fibroblast secreted factors responsible for inducing 

matrilysin in LNCaP cells belong to the fibroblast growth factor family. This speculation 

was supported by a number of reports in the literature. Prostate stromal cells are known 

to express FGF-1, FGF-2, and FGF-7 (Ittman and Mansukhani, 1997) and stromal cells 

from other tissues express FGF-9 (Penault-Llorca et al., 1995) and FGF-10 (Emoto et al., 

1997), which until now have not been studied in prostate tissue. One of the best smdied 

FGF proteins, FGF-2 (basic FGF), has been shown to induce the expression of interstitial 
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collagenase (MMP-1) in osteoblasts (Newberry et al., 1997), endothelial cells (Okamura 

et al., 1991), fibroblasts (Chua et al., 1991), and gliomas (Miyagi et al., 1998). FGF-2 

also induces gelatinase A (MMP-2) and gelatinase B (MMP-9) expression in bladder 

cancer cell lines (Miyake et al., 1997), MMP-9 expression in osteosarcoma cells (Kurogi 

et al., 1996); and collagenase-3 (MMP-13) expression in chrondosarcoma cells (Uria et 

al., 1998). In addition, FGF-9 has been shown to induce MMP-1 expression by glioma 

cells (Miyagi et al., 1998). 

We determined that recombinant FGF-l, FGF-2, FGF-9 and FGF-10 are all capable 

of inducing matrilysin expression in the prostate carcinoma cell line LNCaP. FGF-l was 

effective at a much lower dose than any of the other FGF proteins. The effectiveness of 

FGF-l might be explained by its high affinity for all of the known FGF receptor proteins 

(Omitz et al., 1996). High affinity binding of FGF proteins other than FGF-l is restricted 

to particular FGF receptors, an extreme example being the specificity of FGF-7 for 

FGFR-2IIIb (KGFR). FGF proteins dimerize through interactions with polysaccharides 

(e.g. heparin) and bind to FGF receptors, causing dimerization and activation of the 

receptor (DiGabriele et al., 1998). The activation of multiple FGF receptor types or 

heterodimerization of FGF receptors could be necessary for the induction of matrilysin 

expression, in which case FGF-l would be expected to be a more potent inducer due to 

its high affinity for all receptors. The synergistic effect of combining low doses of FGF-

2, FGF-7, FGF-9 and FGF-10 might also be explained by the receptor specificity of these 

FGF proteins. The combined presence of low doses of these FGF proteins could result in 

the same activation of multiple FGF receptor types or receptor heterodimerization as is 
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possible with FGF-1 treatment, whereas individually, high doses of these FGF proteins 

would be required to create this effect. We did not test all possible combinations of FGF-

2, FGF-7, FGF-9 and FGF-10 and it is certainly possible that all four FGF proteins are 

not required for the synergistic effect that we observed on matrilysin expression. In 

addition, it is possible that even lower doses of these combined FGF proteins may induce 

matrilysin expression in LNCaP cells. 

We also determined that the FGF proteins that induce matrilysin expression in 

LNCaP cells do not affect matrilysin expression by normal prostate epithelial cells. Since 

this is the same result that was obtained with PFCM, this finding ftirther supports the 

hypothesis that part of the matrilysin inducing activity of PFCM could be due to FGF 

proteins. This finding also correlates well with the observation that normal prostate 

epithelial cells do not express detectable levels of matrilysin in vivo, except in areas of 

inflammation (Knox et al., 1996), even though FGF-l, FGF-2 and FGF-7 are expressed 

by normal prostate stroma (Ittman and Mansukhani, 1997). It appears that FGF signal 

transduction has been altered in this prostate carcinoma cell line such that matrilysin 

expression in these cancer cells is induced by stimulation with FGF proteins, while 

matrilysin expression in normal epithelial cells is unaffected. 

The participation of FGF proteins in the induction of matrilysin expression by PFCM 

is further implicated by the results from my RT-PCR analysis of FGF mRNA expression 

in prostate fibroblasts. We found that mRNA was expressed for FGF-1, FGF-2, FGF-7, 

FGF-9 and FGF-10 in cultured prostate fibroblasts. These results confirm the findings of 

others that FGF-1, FGF-2, and FGF-7 are expressed by prostate stromal cells (Ittman and 
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Mansukhani, 1997), however the expression of FGF-9 and FGF-IO by prostate fibroblasts 

had not been previously described. My attempts to measure FGF protein levels for FGF-

1 and FGF-2 in PFCM were unsuccessful, most likely due to the lack of sensitivity of the 

assays used to measure these FGF proteins. As described earlier, very low levels of FGF 

proteins can synergize to induce matrilysin expression in LNCaP cells. It is also possible 

that the expression of FGF mRNA does not correlate with the secretion of FGF protein 

by prostate fibroblasts. Nevertheless, the expression of mRNA for these five FGF 

proteins does support the hypothesis that paracrine stimulation by fibroblast growth 

factors secreted from stromal fibroblasts induces matrilysin expression by prostate cancer 

cells. 

To provide definitive proof that PFCM induction of promatrilysin expression in 

LNCaP cells was dependent on the activity of FGF proteins, we attempted to neutralize 

the activity of FGF proteins in PFCM. Due to the potential presence of multiple FGF 

proteins in PFCM, some for which there are no available neutralizing antibodies, it was 

not practical to use neutralizing antibodies for this purpose. Therefore, we chose to 

determine if activation of LNCaP cell FGF receptors was required for the induction of 

promatrilysin expression by PFCM. To accomplish this we used the tyrosine kinase 

inhibitor SU5402, which has been reported to specifically block activation of FGF 

receptors (Mohammadi et al., 1997). Inhibiting the FGF receptors of LNCaP cells with 

SU5402 substantially reduced the ability of PFCM to induce matrilysin expression in 

these cells, demonstrating a clear role of FGF receptor activation in PFCM induced 

promatrilysin expression. The induction of promatrilysin expression by PFCM was not 
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inhibited as completely as the induction by FGF-I. This indicated that PFCM might also 

contain non-FGFR binding factors that induce matrilysin expression in LNCaP cells. 

Changes in FGF receptor expression have been correlated with malignant 

progression in a rat prostate cancer model (Yan et al., 1993). These changes include a 

switch from expression of FGFR-2IIIb to expression of FGFR-2IIIc, and abnormal 

expression of FGFR-I, which is normally confined to stromal tissues. Aberrant FGFR-1 

expression by LNCaP cells, as determined by RT-PCR, represents a potential mechanism 

to explain the ability of FGF proteins to induce matrilysin expression by LNCaP but not 

PrEC cells. Although the FGF receptor subtypes exhibit different binding affinities for 

the various FGF proteins, they all are strongly activated by FGF-1. Since FGF-1 should 

bind and activate the FGF receptors of PrEC cells, the lack of matrilysin induction in 

these cells by FGF-1 cannot be explained by the binding affinity of the receptors. 

However, the signaling pathways activated by FGFR-1 and FGFR-2 receptor activation 

appear to be quite different (Feng et al., 1997), and the difference in signals induced by 

FGFR-1 could be responsible for the induction of matrilysin in LNCaP cells. While 

definitive conclusions about the expression of the FGF receptor subtypes in these cells 

depends on analysis of cell surface FGF receptor expression, it would be interesting to 

transiently transfect PrEC cells with an FGFR-1 expression vector to determine if FGFR-

1 expression would result in matrilysin induction by FGF-1. In addition to the potential 

effects of FGFR-1 expression, it is also possible that differences in signaling events other 

than those elicited by FGF receptor activation are responsible for the ability of FGF 

proteins to induce matrilysin expression in LNCaP but not PrEC cells. These differences 
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might include the constitutive activation of a parallel signaling pathway that is necessary 

for activation of matrilysin gene transcription, or the loss of a normally present 

transcriptional repressor. 

Conclusions 

The results of the experiments presented in this chapter provide evidence that 

fibroblast growth factors, normally secreted by prostate fibroblasts, induce matrilysin 

expression in prostate cancer cells. In addition, matrilysin-inducing factors other than 

fibroblast growth factors may be secreted by prostate fibroblasts. The fibroblast growth 

factors potentially involved in the induction of matrilysin by PFCM include, but are not 

limited to, FGF-1, FGF-2, FGF-7, FGF-9 and FGF-10. These FGF proteins do not 

induce matrilysin expression in normal prostate epithelial cells, implying that matrilysin 

expression in prostate epithelial cells is affected by changes during the progression of 

prostate cancer that alter the response of cancer cells to FGF stimulation. One such 

change might be the aberrant expression of FGFR-l in prostate carcinoma cells. 
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IV. THE INDUCTION OF MATRILYSIN EXPRESSION IN 
PROSTATE CARCINOMA CELLS AND NORMAL PROSTATE 
EPITHELIAL CELLS BY INTERLEUKIN-ip 

Introduction 

Pathological analysis of non-cancerous regions of the human prostate frequently 

reveals the presence of atrophic glands and dilated ducts. These structures are usually 

associated with local inflammation defined by the presence of infiltrating leukocytes, 

particularly macrophages. Interestingly, matrilysin expression in these anomalous 

structures is often extremely high compared to normal glandular and ductile epithelial 

structures (Pajouh et al., 1991; BCnox et al., 1996). The expression of matrilysin in these 

structures is confined to the epithelial cells and is not present in the surrounding stroma 

or in infiltrating leukocytes (Knox et al., 1996). The significance of matrilysin 

overexpression by epithelial cells in dilated ducts and atrophic glands in the human 

prostate is not known; however, it probably plays an important role in the turnover of the 

extracellular matrix that must occur at these sites. The observation that infiltrating 

macrophages were present near these structures provided evidence that the 

overexpression of matrilysin may be part of a larger inflammatory response induced by 

the macrophages. Activated macrophages are known to secrete cytokines such as tumor 

necrosis factor alpha (TNFa) and interleukin-1 (IL-1) during the inflammatory process. 

These cytokines have been shown to induce the expression of matrix metalloproteases in 

a variety of cell tj^es such as connective tissue cells, endothelial cells, 

monocytes/macrophages, neutrophils, and tumor cells (reviewed in Mauviel, 1993). The 
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induction of stromelysin and collagenase expression by IL-1 in chrondocytes and 

synovial fibroblasts has been particularly well studied (Lin et al., 1988; Stephenson et al., 

1987; McCachren et al., 1989; Frisch and Ruley, 1987; Mizel et al., 1981; Campbell et 

al., 1986; Gowen et al., 1984; MacNaul et al., 1990; Saus et al., 1988; Hutchinson et al., 

1992; McDonnell et al., 1992). While the induction of matrilysin (and other matri.x 

metalloproteases) by inflammatory cytokines has been observed in cultured glomular 

mesangial cells (Marti et al., 1992) and some glioma cell lines (Nakano et al., 1995), 

there have been no reports on the effect of inflammatory cytokines on matrilysin 

expression in cells of glandular epithelial origin. Due to the proximity of the infiltrating 

macrophages to the prostate epithelial cells that were overexpressing matrilysin, we 

hypothesized that the paracrine activity of macrophage secreted cj^okines could regulate 

prostate epithelial cell matrilysin expression. 

In this chapter we present a number of experiments that demonstrate a role for the 

macrophage secreted cytokine interleukin-ip in the regulation of matrilysin expression in 

prostate carcinoma cells and in normal prostate epithelial cells. We also present evidence 

that the mechanism by which IL-ip induces matrilysin expression in prostate cells 

involves transcriptional activation of the matrilysin gene. In addition, the ability of 

antioxidants to block matrilysin induction by IL-1 p is established, and a role for NFKB in 

the IL-ip induced transcriptional activation of the matrilysin gene is explored. 
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Results 

Activated Monocytic Ceils Secrete Factors Which Induce Matrilvsin Expression by 
Prostate Epithelial Cells 

The monocyte cell line THP-1 (Tsuchiya et al., 1980) was used as a source of 

monocyte derived factors to identify which, if any, of these factors could induce 

matrilysin expression in prostate epithelial cells. The human prostate carcinoma cell line 

LNCaP was used to model prostate epithelium because LNCaP cells express matrilysin 

protein in cell culture, and have retained some features of normal prostate epithelial cells 

including androgen responsiveness and the secretion of prostate specific antigen (PSA). 

Since THP-1 cells must be cultured in RPMI medium, and LNCaP cells are compatible 

with this medium, both cell lines were cultured in RPMI medium supplemented with 10% 

fetal bovine serum. There is no difference in matrilysin expression between LNCaP cells 

cultured in DMEM or RPMI (data not shown). Conditioned media collected from 

lipopolysaccharide (LPS) activated THP-1 cells, as described in "Materials and 

Methods", were used to determine if factors secreted from THP-1 cells could induce 

matrilysin expression in LNCaP cells. Cultures of LNCaP cells were incubated in serum 

free-RPMI (SF-RPMI) alone, in SF-RPMI containing LPS, or in THP-1 cell conditioned 

media (THP-1 CM). After a 48 hour incubation the amount of matrilysin protein secreted 

into the medium was determined. Western analysis for matrilysin protein revealed that 

THP-1 CM dramatically induced the expression of matrilysin protein by LNCaP cells 

(Figure 21 A). Nearly all of the matrilysin protein present was in the 28 kD proenzyme 

form, with only a slight band corresponding to the 19 kD activated form (Lane D). 
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Figure 21. Conditioned medium from THP-1 cells induces matrilysin expression in 
LNCaP ceUs. 

A) Representative western blot of matrilysin protein in medium. For all except lane B, 
LNCaP cells (75,000 cells/cm") were incubated with 0.5 mL of treatment medium as 
follows: serum free RPMI (Lane A), serum free RPMI plus LPS (Lane C), or serum free 
conditioned medium from LPS activated THP-1 cells (THP-1 CM) (Lane D). Media 
were collected for analysis of matrilysin protein after 48 hours of incubation with LNCaP 
cells. Lane B represents analysis of THP-1 CM which was not incubated with LNCaP 
cells. B) ELISA analysis of the above media. The ELISA utilizes a monoclonal antibody 
specific for promatrilysin as the capture antibody, and, therefore, only detects 
promatrilysin. Results represent the means and 95% confidence intervals for at least 3 
experiments run in triplicate. 
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Although monocytes have been reported to express matrilysin in vitro (Busiek et al., 

1992), THP-1 cells did not secrete any matrilysin protein in response to LPS activation 

(Lane B), and LPS alone did not induce matrilysin protein expression in LNCaP cells 

(Lane C). The ELISA assay for promatrilysin (described in "Materials and Methods") 

was used to better quantitate and follow the induction of LNCaP matrilysin protein 

expression by THP-1 cell secreted factors. Quantitation of promatrilysin by ELISA 

demonstrated an approximately 70 fold increase in secreted matrilysin protein in media 

from LNCaP cells treated with THP-1 CM compared to untreated controls (Figure 2IB). 

Recombinant Cvtokines and Matrilysin Expression 

After establishing that monocyte derived factors do induce matrilysin expression in 

LNCaP cells, we set about determining the identity of the matrilysin inducing factor(s) in 

THP-1 CM. Monocytic cells, including THP-1 cells, are known to secrete the cytokines 

TNF-a, IL-1, and lL-6 in response to activation by LPS (Boutten et al., 1992). To 

determine if any of these cytokines could mimic the induction of matrilysin expression in 

LNCaP cells by THP-l CM, we treated LNCaP cells with equimolar amounts of purified 

recombinant forms of these cytokines. As shown in Figure 22, treatment with IL-1 (50 

pM) induced an approximately 100 fold increase in promatrilysin expression by LNCaP 

cells compared to untreated cells, while neither TNF-a or IL-6 were capable of inducing 

a significant change in matrilysin expression. These data strongly implicated IL-l as 

being a factor in THP-1 CM that is at least partially responsible for the induction of 

matrilysin expression in LNCaP cells. 
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Figure 22. IL-l induces the expression of matrilysin by LNCaP ceils. 

LNCaP cells (75,000 cells/cm^) were incubated with 0.5 mL of serum free EIPMI alone or 
with 50 pM TNFa, IL-1 a or lL-6. Media were collected after 48 hours of incubation 
with LNCaP cells. The quantity of promatrilysin protein in the media was determined by 
ELISA. Results represent the means and 95% confidence intervals for least 3 
experiments run in triplicate. 
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Tnterleiikin-1 Neutralizing Antibody Experiments 

Two naturally occurring forms of IL-I receptor agonists are known: IL-Ia and IL-

1(3. Neutralizing antibodies specific for IL-la or IL-lp were therefore used to determine 

if either of these proteins were responsible for THP-l CM induction of matrilysin 

expression in LNCaP cells. As shown in Figure 23, preincubation of THP-l CM with 

anti-IL-ip antibody prior to incubation with LNCaP cells completely abrogated the 

ability of THP-l CM to induce matrilysin expression in LNCaP cells, while 

preincubation with anti-IL-la antibody had no effect. The neutralization observed with 

anti-IL-ip antibody was specific as preincubation with anti-IL-la or a monoclonal 

antibody to mouse lL-2 did not alter the ability of THP-l CM to induce LNCaP 

matrilysin expression. The anti-IL-Ia antibody was able to neutralize the induction of 

LNCaP matrilysin expression by a 50 pM dose of recombinant IL-la, demonstrating that 

the antibody was active (data not shown). 

To make certain that the results obtained with THP-l CM were generalizable to 

monocytes from a non-malignant source, we repeated the experiments described above 

using conditioned media collected from normal peripheral blood monocytes (PBM CM). 

The peripheral blood monocytes were collected from a donor as described in "Materials 

and Methods" and conditioned media was collected following treatment of the cells with 

LPS. As can be seen in Figure 24, the induction of matrilysin expression in LNCaP cells 

by PBM CM was substantial but not as great as that caused by THP-l CM. This could be 

the result of a reduced concentration of cytokines in PBM CM because of a lessor 
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Figure 23. The factor secreted by THP-1 cells which induces LNCaP matrilysin 
protein expression is IL-ip. 

LNCaP cells (75,000 cells/cm^) were incubated with 0.5 mL of: serum free RPMI, serum 
free conditioned medium from LPS activated THP-I cells (THP-1 CM), or THP-l-CM 
preincubated with neutralizing antibody to IL-la (2 \xgJvc\L), IL-ip (2 |ig/mL) or mouse 
IL2 (4 |j.g/mL, a control for non-specific antibody effects). Media were collected after 48 
hours of incubation with LNCaP cells. The quantity of promatrilysin protein in the media 
was determined by ELISA. Results represent the means and 95% confidence intervals 
for at least 3 experiments run in triplicate. 
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Figure 24. Interleukin-ip is the factor secreted by peripheral blood monocytes that 
induces matrilysin expression by LNCaP cells. 

LNCaP cells (75,000 cells/cm^) were incubated with 0.5 mL of: serum free RPMI, serum 
free conditioned medium from LPS activated peripheral blood monocytes (PBM CM), or 
PBM CM preincubated with neutralizing antibody to IL-la (2 ng/mL), IL-ip (2 (ig/mL) 
or mouse IL2 (4 |ag/mL, a control for non-specific antibody effects). Media were 
collected after 48 hours of incubation with LNCaP cells. The quantity of promatrilysin 
protein in the media was determined by ELISA. Results represent the means and 
standard deviations for a representative experiment. 
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number of viable cells present during the generation of PBM conditioned medium. 

Similar to the results obtained with THP-1 CM, the matrilysin inducing activity of PBM 

CM was blocked by preincubation with anti-IL-ip neutralizing antibody, while anti-IL-

la antibody treatment was not more effective at blocking matrilysin induction than the 

non-specific control antibody anti-mIL-2. The results of these experiments indicate that 

IL-1P is solely responsible for the induction of matrilysin in LNCaP cells by activated 

monocytes. 

The effect of THP-1 CM on steady state matrilysin mRNA levels in LNCaP cells 

was also studied. LNCaP cells were treated for 20 hours with THP-1 CM with or without 

antibody preincubation. At the end of the treatment period, total RNA was collected 

from LNCaP cells and analyzed by northern hybridization. Treatment with THP-1 CM 

resulted in a substantial increase in steady state matrilysin mRNA (Figure 25A, Lane B) 

over that observed in untreated control cells (Lane A). Quantitation by digital image 

analysis revealed that, following GAPDH correction for loading and transfer, this 

increase was approximately 50 fold over untreated LNCaP cells (Figure 25B, Column 1). 

Preincubation of THP-1 CM wdth IL-ip neutralizing antibody completely blocked its 

capacity to induce steady state matrilysin mRNA levels (Lane C, Column 2), while the 

irrelevant antibody against mouse lL-2 had no effect (Lane D, Column 3). 

THP-1 Conditioned Medium and IL-IB Induce Matrilysin Expression in Normal Prostate 
Epithelial Cells 

PrEC cells from Clonetics (San Diego, CA) were used to determine the effect of 

THP-1 CM and IL-1 P on matrilysin expression by normal prostate epithelial cells. From 
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Figure 25. THP-1 secreted IL-ip induces increased steady state matrilysin mRNA 
levels in LNCaP cells. 

A) Representative northern blot. LNCaP cells (50,000 cells/cm") were incubated with: 
serum free RPMI (Untreated control. Lane A), serum free conditioned medium from LPS 
activated THP-1 cells (THP-l CM, Lane B), or THP-1-CM preincubated with 
neutralizing antibody to IL-ip (2 mg/mL, Lane C) or, as a control for non-specific 
antibody effects, mouse IL2 (2 mg/mL, Lane D). Total RNA was collected after 20 hours 
of treatment and analyzed by northern analysis for the presence of matrilysin and 
glyceraldehyde-3'-phosphate-dehydrogenase (GAPDH) mRNA. Hybridized mRNA 
bands were visualized and quantitated using a phosphorimaging system. B) Quantitation 
of levels as determined by northern analysis. Data were normalized for differences in 
loading and transfer using GAPDH values, and are presented as the fold induction of 
steady state matrilysin mRNA in treated cells over values for untreated controls. Results 
represent the means and 95% confidence intervals for at least 3 experiments. 
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Figure 26. Conditioned medium from THP-1 cells and IL-ip induce matrilysin 
expression by normal prostate epithelial ceils PrEC. 

Normal prostate epithelial (PrEC) cells (100,000 cells/well in a 24 well dish) were treated 
with A) 500 (il of either serum free RPMI medium or THP-1 conditioned medium (THP-
1 CM), and B) 500 |il of either PrEC growth medium (PREGM) or PREGM containing 
1.5 ng/ml IL-1 p. Media were collected after 48 hours of incubation. The quantity of 
promatrilysin protein in the media was determined by an ELISA described in the 
"Materials and Methods" section. Results represent means and standard deviations for a 
representative experiment. 
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the results of the representative experiments shown in Figure 26 it can be seen that these 

cells secreted low but detectable levels of promatrilysin protein under the culture 

conditions used. Treatment with either THP-1 CM (Figure 26A) or IL-ip (50pM) 

(Figure 26B) resulted in a two to three fold increase in promatrilysin protein expression 

by PrEC cells. While these results are significant, the magnitude of the increase in 

matrilysin expression induced by IL-ip is far less in PrEC cells than in LNCaP cells. 

Transcriptional Activation of the Matrilysin Gene Promoter bv IL-IB 

To determine if transcriptional activation of the matrilysin gene promoter was 

involved in the IL-ip induced increase of steady state matrilysin mRNA. we conducted 

transient transfection experiments in LNCaP cells with human matrilysin promoter-

chloramphenicol acetyl transferase (CAT) reporter plasmids. We initially used CAT 

reporter constructs containing either 4.2 kb, 933 bp or 295 bp of the 5' human matrilysin 

promoter region including the endogenous TATA box and 35 base pairs of transcribed 

sequence cloned into the multiple cloning site immediately upstream of the CAT gene in 

pG7-745TRCAT. These plasmids had been obtained from Dr. Lyim Matrisian (Gaire et 

al., 1994) and were named p-4.2HPCAT, p-933HPCAT, and p-295HPCAT, respectively. 

The basal level of CAT activity generated in LNCaP cells transfected with these plasmids 

was extremely low, and no increase in CAT activity was observed when these cells were 

treated with 200 pM of IL-1P for 48 hours (data not shown). Due to concems about the 

ability of the reporter plasmids used in these experiments to reflect transcriptional 

activation through the matrilysin gene promoter, a new matrilysin promoter-CAT reporter 

plasmid was generated by Dr. Bowden's laboratory. This plasmid, named pHMPCAT, 
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was designed to study the ability of cis-elements in the matrilysin promoter to enhance or 

repress basal transcription of a CAT gene under the control of a minimal thjnnidine 

kinase promoter. pHMPCAT was constructed using an 1170 bp PCR product, amplified 

from P-4.2HPCAT, that included the entire sequenced region of the matrilysin promoter 

immediately upstream of the endogenous TATA box of the matrilysin gene (-1203 to -

33). The PCR amplified product was subcloned into the multiple cloning site of 

pBLCAT2 (Luckow and Schutz, 1987) upstream of the thymidine kinase minimal 

promoter. Treatment of pHMPCAT transfected LNCaP cells with 200 pM of IL-ip for 

48 hours resulted in an average of a 3.7 fold increase in CAT enzyme activity as 

compared to untreated cells (Figure 27), whereas no induction was seen in cells 

transfected with the parental vector pBLCAT2. 

Antioxidant Effects on Interleukin-ip Induced Matrilysin Expression 

IL-1P signaling is inhibited by the antioxidants n-acetyl-L-cysteine (NAC) and 

pyrollidine dithiocarbamate (PDTC) in some cell types (Schreck et al., 1991; Schreck et 

al., 1992; Matsumoto et al., 1998). These findings have contributed to the conclusion 

that the generation of reactive oxygen species (ROS) is an important component of IL-lp 

signaling. We determined the effect of these antioxidants on IL-ip induced matrilysin 

expression in prostate cancer cells in the hope that it would provide insight into the 

signaling mechanisms involved in the induction of matrilysin expression by IL-ip. 

Because PDTC and NAC can be cytotoxic we first determined the doses of these 

compounds that did not cause toxicity in LNCaP cells. Treatment of LNCaP cells with 
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Figure 27. Transcriptional enhancer elements present in the matrilysin promoter 
region are responsive to IL-ip. 

LNCaP cells (80,000 cells/cm^) were transfected with either the pBLCAT2 or 
pHMPCAT plasmids. pBLCAT2 is the parent vector of pHMPCAT, and contains a 
heterologous thymidine kinase promoter immediately upstream of a chloramphenicol 
acetyl transferase reporter gene. Following a 24 hour transfection, the cells were 
incubated for 48 hours in either serum free RPMI medium alone, or medium containing 
200 pM recombinant IL-ip. Cell lysates were analyzed for CAT enzyme activity, and 
data are reported as the percent of [''*C]-chloramphenicol butylated by lysates from cells 
treated with IL-1P over the percent butylated by untreated cell lysates. Results represent 
the means and 95% confidence intervals for at least 3 experiments run in duplicate. 
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up to I ^iM PDTC or 30 mM NAC for 20 hours did not cause significant cell toxicity as 

determined by morphological changes and loss of cell attachment (data not shown). To 

assess the effect of PDTC and NAC on IL-IP induced matrilysin protein expression in 

LNCaP cells, cultures of LNCaP cells were treated with 100 pg/ml of IL-I P alone or in 

combination with non-cytotoxic doses of PDTC or NAC (Figure 28). Treatment with 

100 pg/ml of IL-I P induced an approximately 35-fold increase in LNCaP cell matrilysin 

protein expression as determined by ELISA analysis of treatment media. Co-treatment of 

IL-ip induced LNCaP cells with PDTC or NAC significantly and substantially inhibited 

the induction of matrilysin expression by IL-ip in these cells. Even the lowest dose of 

PDTC caused an 80 per cent reduction in the mean fold-increase in matrilysin protein 

expression induced by IL-ip, and the highest dose of NAC caused a 72 per cent 

reduction. Because higher doses of PDTC were toxic to LNCaP cells, we were 

concerned that the effects of I (iM PDTC on IL-ip induced matrilysm protein expression 

could be due to non-specific effects on LNCaP cell metabolism. Therefore, we measured 

the effect of IL-ip and PDTC treatment on two parameters of cell metabolism, 

mitochondrial enzyme activity and protein synthesis. Treatment of LNCaP cells with 100 

pg/ml IL-Ip alone or with I (iM PDTC had no significant effect on mitochondrial 

enzyme activity, as determined by an MTT assay (Figure 29A), or on total protein 

synthesis, as determined by ^^S-methionine incorporation (Figure 29B). 

We also performed an antioxidant experiment with MDA-PCA-2b cells, similar to 

the one described above with LNCaP cells, to determine if the results obtained with 

LNCaP cells could be reproduced in a different prostate cell line. We had also 



115 

c 

o 

c 
'co 

'kZ 
"co 
E 
o 

c 

0 
(O 
CD 
(D 
k_ 
o 
c 
10 
o 

c 
o 
o 

B 
CO <D 

Control IL-1P 
100 pg/mL 

IL-1p 
& 

PDTC 

IL-1P 
& 

PDTC 

IL-1P 
& 

NAC 

IL-1P 
& 

NAC 
(250 nM) (1 |iM) (15 mM) (30 mM) 

Figure 28. The antioxidants PDTC and NAC inhibit IL-ip induction of matrilysin 
protein expression in LNCaP cells. 

The prostate carcinoma cell line LNCaP was treated with IL-ip (100 pg/ml) and PDTC 

or NAC for 24 hrs. The media were then collected from the cells and analyzed for 
matrilysin protein by ELISA. The inhibition of matrilysin protein expression by two 
chemically unrelated antioxidants suggests a role for ROS in the induction of matrilysin 
expression by IL-1P in LNCaP cells. The results presented are means and standard 

deviations of 3 independent experiments performed in triplicate. 
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Figure 29. IL-ip and PDTC treatment for 24 hours does not significantly affect 
LNCaP cell viability or protein translation. 

LNCaP ceils were treated with IL-1|3 and PDTC as indicated for 24 hrs for each 

experiment. MTT assay: Immediately following treatment the ability of the cells to 
convert MTT to its insoluble form was determined as a measure of ceil viability. '^S-Met 
labeling: The ability of the cells to incorporate ^'S-Met during the last 3 hrs of treatment 
was quantified as a measure of overall protein synthesis. The results indicate that PDTC 
at the doses utilized is not toxic to the cells. 



117 

determined that matrilysin expression in the MDA-PCA-2b cell line was induced by IL-

1P but to a lesser extent than LNCaP cells. Matrilysin expression was also enhanced in 

MDA-PCA-2a by treatment with IL-ip, however, only about a two-fold increase was 

seen (data not shown). The lessor effect of IL-1P on MDA-PCA-2a may be explained by 

the observation that they have a much higher basal level of matrilysin expression 

indicating that signal transduction pathways regulating matrilysin expression could be 

constituitively activated. Treatment of MDA-PCA-2b cells with a 500 pg/ml dose of IL-

IP caused about a four-fold increase in matrilysin protein e.xpression in these cells 

(Figure 30). The presence of I |iM PDTC or 15 mM NAC caused a complete inhibition 

of the induction of matrilysin by IL-ip in these cells. 

Since we had shown that the induction of matrilysin protein expression in LNCaP 

cells by IL-ip correlated with an increase in steady state matrilysin mRNA levels, we 

decided to test the ability of PDTC treatment to inhibit the increase in matrilysin mRNA 

expression induced by IL-1 p. We performed northern analysis for matrilysin mRNA on 

total RNA samples collected from LNCaP cells treated with control medium (serum-free 

DMEM), 100 pg/ml IL-ip, or 100 pg/ml IL-lp and 1 jiM PDTC. As can be seen in 

Figure 31, treatment with this dose of IL-1P for 8 hours caused a substantial increase in 

steady state matrilysin levels. Co-treatment of IL-Ip treated LNCaP cells with 1 |iM of 

PDTC did substantially reduced the amount of matrilysin mRNA expression induced by 

IL-lp. 
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Figure 30. The antioxidants PDTC and NAC inhibit IL-ip induction of matrilysin 
protein expression in MDC-PCA-Zb cells. 

The prostate carcinoma cell line MDA-PCA-2b was treated with IL-ip (500 pg/ml) and 

PDTC or NAC for 24 hrs. The media were then collected from the cells and analyzed for 
matrilysin protein by ELISA. The induction of matrilysin expression by IL-ip and the 

inhibition of this effect by PDTC and NAC in this prostate cancer cell line demonstrate 
that the phenomenon is not restricted to LNCaP cells. 
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Figure 31. The antioxidant PDTC inhibits the IL-ip induced increase in LNCaP cell 
steady-state matrilysin mRNA levels. 

Northern analysis of RNA from LNCaP cells incubated for 8 hours with IL- Ip (100 
pg/ml) alone or in combination with PDTC (1 |iM). Treatment with IL-ip increased 

steady state matrilysin mRNA. while the inclusion of the antioxidant PDTC substantially 
inhibited this activity. These results indicate a potential role of ROS in the induction of 
matrilysin steady state mRNA by IL-lp. 
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Interleukin-1P Induction ofNFicB activity in LNCaP cells 

PDTC has been shown to inhibit the activation of NFkB by a number of factors 

including IL-ip (Shreck et ai., 1992; Meyer et al., 1992). This inhibition appears to be 

fairly specific, as PDTC does not inhibit activation of AP-I transcription factor 

complexes and has actually been shown to induce AP-1 activity (Meyer et aL, 1993; 

Munoz et al., 1996; Yokoo and Kitamura, 1996b). My finding that PDTC blocks IL-ip 

induced matrilysin expression in LNCaP cells implicates a necessary role of NFkB 

activation in this induction. Although IL-ip has been shown to induce NFicB activation 

in a variety of cell types (O'Neill, 1995), IL-ip activation of NFkB has not been reported 

for LNCaP cells. To determine the ability of IL-ip to induce NFkB activity in LNCaP 

cells, we conducted transient transfection experiments with an NFicB-luciferase reporter 

construct (pNFicB-Luc), which contains a 160 bp portion of the HIV promoter including 

two NFicB DNA binding consensus elements (Dong et al., 1997). Cultures of LNCaP 

cells were transfected using lipofectin with either pNFicB-LUC or the parent vector 

pGL2. Treatment of pNFicB-LUC transfected cells with 50 pM lL-1 P for 24 hours 

increased luciferase activity almost 6 fold over untreated cells, while no effect of IL-l P 

on luciferase expression in cells transfected with pGL2 was observed (Figure 32). These 

results clearly indicate that IL-ip induces NFkB activity in LNCaP cells. 

Discussion 

A role for macrophage secreted factors, particularly IL-ip, in the regulation of 

matrilysin expression by prostate epithelial cells has been established by the results 
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presented in this chapter. Activated macrophages, which differentiate from monocytes, 

secrete inflammatory cytokines including TNFa, IL-1, and IL-6. In tissue culture the 

monocyte cell line THP-1 can be induced to secrete these factors by treatment with LPS 

(Boutten et al., 1992). We have determined that conditioned media from LPS stimulated 

THP-1 cells strongly induces matrilysin expression in the prostate carcinoma cell line 

LNCaP, as does recombinant IL-l. Recombinant TNFa and IL-6 had no effect on 

matrilysin expression in LNCaP cells even though LNCaP cells have been reported to 

express receptors for these cytokines (Hsieh and Chiao, 1995; Siegsmund et al., 1994), 

and TNFa has been shown to be an important regulator of matrix metalloprotease 

expression in non-epithelial cells (Jasser et al., 1994; MacNaul et al., 1992; Mitchell and 

Cheung, 1993). The complete inhibition of THP-1 CM matrilysin inducing activity by 

pretreatment with a neutralizing antibody against IL-l(3, clearly established that 1L-1|3 

was entirely responsible for the induction of matrilysin expression in LNCaP cells by 

THP-1 CM. It is interesting that although both IL-l a and IL-ip induced matrilysin 

expression in LNCaP cells, pretreatment of THP-1 CM with the anti-lL-la neutralizing 

antibody did not affect matrilysin induction by THP-1 CM. This result is in agreement 

with published observations that almost all of the IL-l secreted by these 

monocyte/macrophage cells is of the IL-ip isoform (Turner et al., 1988) and that IL-l a 

exists primarily as an intracellular and membrane bound protein and is not normally 
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Figure 32. Interleukin-lp induces NFkB transcriptional activity in LNCaP cells 

LNCaP cells (80,000 ceils/cm") were transiently transfected with either the pGEL2 or 
PNFKB-LUC plasmids using lipofectin (Gibco). pGL2 is the parent vector of pNFicB-Luc. 
Following a 24-hour transfection, the cells were incubated for 24 hours in either serum 
free RPMI medium alone, or medium containing 50 pM recombinant IL-ip. Cell lysates 
were analyzed for luciferase enzyme activity, and data are reported as the fold increase in 
luciferase activity of IL-ip treated cells over that of untreated cells. Results represent 
means and standard deviations for two experiments run in duplicate. 
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secreted (Dinarelio, 1996). Conditioned media from primary cultures of peripheral blood 

monocytes also induced matrilysin expression in LNCaP cells and the matrilysin 

inducing activity secreted by these cells was similarly identified as IL-ip. Evidence for a 

more generalizable effect of IL-ip on matrilysin expression by prostate epithelial cells 

was provided by the results of experiments with the MDA-PCA-2a and MDA-PCA-2b 

cell lines and with PrEC normal human prostate epithelial cells. Matrilysin protein 

expression was also induced in these cells by treatment with THP-I CM or IL-ip, 

although the amount of the induction was much less. The finding that IL-I p induces the 

expression of matrilysin in prostate epithelial cells and cell lines offers a potential 

explanation for the matrilysin overexpression observed in inflamed dilated ducts and 

atrophic glands of the normal prostate. Of course, the possibility that other factors could 

be involved in macrophage induced matrilysin expression in prostate epithelial cells in 

vivo can not be ruled out. In fact matrilysin expression in the MDA-PCA-2a and MDA-

PCA-2b cell lines is induced by TNFa (data not shown), implying that this cytokine 

could also be involved in the induction of matrilysin by macrophages in the prostate. 

Nevertheless, IL-1(3 was the cytokine that most consistently induced matrilysin protein 

expression in prostate epithelial cells. The presence of macrophage infiltration near areas 

of epithelial matrilysin expression is not limited to the prostate. For example, the number 

of macrophages present in endometrial tissue increases substantially in the late 

secretory/premenstrual endometrium (Kamat and Isaacson, 1987), correlating with a 

reported increase in matrilysin expression in late secretory and menstrual endometrial 

epithelium (Rodgers et al., 1993). During inflammation macrophages secrete a number 
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of matrix degrading enzymes and are capable of inducing stromal fibroblasts to express 

matrix metalloproteases. IL-1P induction of matrilysin expression by epithelial cells may 

be another important component of inflammation associated tissue remodeling in the 

prostate, as well as in other glandular epithelial tissues. 

We were initially interested in determining the ability of inflammatory cytokines to 

regulate matrilysin expression in prostate epithelial cells because we hoped to gain new 

insight into potential regulatory mechanisms that might be involved in the overexpression 

of matrilysin by prostate cancer cells. Having established that IL-ip strongly induced 

matrilysin protein expression in the prostate carcinoma cell line LNCaP, we decided to 

further study the molecular mechanisms involved in the regulation of matrilysin 

expression by IL-ip in these cells. The increase of steady state matrilysin mRNA in 

LNCaP cells induced by THP-1 cell secreted IL-1P was comparable to that observed for 

matrilysin protein induction, suggesting that regulation of matrilysin mRNA level is the 

major mechanism by which IL-ip treatment increased matrilysin protein expression by 

LNCaP cells. This result is in agreement with the observation that matrilysin mRNA 

expression correlated with matrilysin protein expression in atrophic glands and dilated 

ducts (Knox et al., 1996). Steady state mRNA levels can be elevated by increases in 

transcription or in mRNA stability. We were interested in studying transcriptional 

regulation of the matrilysin gene by IL-Ip induced signal transduction. It seems likely 

that IL-ip effects matrilysin gene transcription since IL-Ip has been reported to regulate 

transcription of other matrix metalloprotease genes including stromelysin-1 (McCachren 

et al., 1989; Quinones etal., 1989; Quinones et al., 1994). In addition, steady-state 
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matrilysin mRNA levels are increased by eight hours after IL-ip treatment, whereas the 

half-life of matrilysin mRNA has been reported to be approximately six to eight hours 

(Wallon et al., 1994). Therefore, it is doubtfiil that alterations in matrilysin mRNA 

stability could fully account for the relatively rapid increase in matrilysin mRNA levels 

observed following IL-ip treatment. 

Sequence analysis of nearly 1200 base pairs of the 5' promoter/enhancer region of 

the human matrilysin gene revealed the presence of a consensus TATA box, an AP-I 

binding consensus element, and two PEA-3, or c-ets, consensus binding elements (Gaire 

et al., 1994). These sequences are found in the promoter regions of other matrix 

metalloprotease genes and are thought to be important in the regulation of transcription of 

these genes. In addition a number of NF-IL6 consensus binding sequences 

(TT/GNNGNAAT/G) have been observed in the matrilysin enhancer region (Wilson and 

Matrisian, 1996). Gaire and coworkers (1994) reported that transcriptional activation of 

CAT reporter plasmids containing either 933 or 295 base pairs of the 3' end of the 

matrilysin promoter, which included the AP-1 and PEA-3 binding sites, were induced 

about two-fold by EGF and TPA in HeLa cells. A CAT reporter construct containing a 

shorter segment of the matrilysin promoter containing the AP-I site, but not the PEA-3 

site, was not inducible. A closer examination of the data from these experiments reveals 

that not only were the mean inductions very weak in these experiments, but the variation 

reported for these means appears to rule out the possibility of statistically significant 

differences between plasmids in the amount of induction measured. The authors 

themselves conclude that there are most likely upstream elements not included in their 
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analyses of the matrilysin promoter that are responsible for the fiill degree of 

transcriptional activation observed in cells treated with EGF and TPA. 

Dr. Bowden's laboratory obtained the plasmids used in these experiments, p-

95HPCAT, P-295HPCAT and p-933HPCAT, from Dr. Matrisian and attempted to 

measure the induction of CAT activity by EGF and/or TPA in a number of cell lines, 

including LNCaP cells. No increase in CAT activity was ever observed in cells 

transfected with these plasmids and treated with EGF or TPA (unpublished results -

personnel communication, Drs. Alexander Borchers and Padma Sundereshan) even 

though matrilysin mRNA expression is strongly induced in LNCaP cells by these 

treatments (data not shown). IL-1 p is a substantially more potent inducer of matrilysin 

mRNA expression in LNCaP cells than the either EGF or TPA, therefore we thought that 

IL-ip treatment might cause induction of CAT activity in LNCaP cells transfected with 

P-295HPCAT or p-933HPCAT. However, neither these plasmids, nor another plasmid p-

4.2HPCAT containing 4.2 kb of the 5' matrilysm promoter region, were induced by IL-

ip treatment in LNCaP cells. We concluded from these experiments that either important 

regulatory elements from the matrilysin gene were not present in the matrilysin promoter 

region included in these plasmids, or there was an unknown technical problem with these 

plasmids that rendered them incapable of transcriptional induction. In an attempt to 

determine if any of the cis-elements in the 5' matrilysin promoter region could mediate 

transcriptional activation in the matrilysin expressing cell lines in Dr. Bowden's 

laboratory, Drs. Borchers and Sundereshan created a new plasmid, pHMPCAT. In this 

plasmid, 1170 bp of the 5' enhancer region of the matrilysin gene upstream of the TATA 
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box were placed upstream of a minimal thymidine kinase (TK) promoter, which drives 

transcription of a CAT reporter gene in the plasmid pBLCAT2. The rationale behind 

developing this plasmid was that perhaps the minimal matrilysin promoter was too weak 

to drive transcription of a reporter gene in a transiently transfected plasmid. By placing 

the matrilysin enhancer region upstream of a strong promoter we hoped to be able to 

determine the ability of cis-elements in this region of the matrilysin gene to regulate 

transcription in response to extracellular stimuli. 

IL-ip treatment of LNCaP cells transiently transfected with pHMPCAT did cause a 

significant increase in CAT gene transcription compared to untreated controls, indicating 

that cis-elements in the 5' matrilysin enhancer region are responsive to signals induced 

by IL-ip in association with the TK promoter. However, the magnitude of the increase 

in CAT activity induced by IL-ip still does not account for the total increase in steady 

state matrilysin mRNA that was observed in 1L-1|3 treated LNCaP cells. This could be 

due to problems inherent to transient transfection analysis, or the matrilysin gene may 

contain additional IL-ip responsive cis-elements not present in pHMPCAT. 

Since it appeared that there might be cis-elements involved in transcriptional 

regulation of the matrilysin gene other than those present in the 5' promoter/enhancer 

region, we decided to try a different approach to elucidate some of the transcription 

factors involved in the regulation of matrilysin expression by IL-ip. Signal transduction 

elicited by IL-ip induces the activation of transcription factors including AP-l, c-ets, and 

NFkB in variety of cell types (O'Neill, 1995, Gilles et al., 1996). The transcriptional 

activation of most matrix metalloprotease genes, except for gelatinase A and stromelysin-



128 

3, is thought to be primarily controlled through transcription factor binding to the AP-1 

and c-ets consensus binding elements located in the 5' promoter of these genes (Gutman 

and Wasylyk, 1991). However, signaling through an NFkB consensus binding sequence 

in the 5' enhancer region of the gelatinase B gene has been shown to be necessary for 

maximal induction of gelatinase B expression by TP A, TNFa and IL-1P treatment (Sato 

and Seiki, 1993; Yokoo et al. 1996). Also, an NFkB binding cis-element located 3 kbp 

upstream of transcriptional start in the coIlagenase-1 gene has been reported to be 

necessary of IL-1 induced transcription of this gene in synovial fibroblasts (Vincenti et 

al., 1998). Based on these reports we became interested in determining if NFkB 

activation might be involved in transcriptional activation of the matrilysin gene. 

Activation of NFkB by IL-1 (3 stimulation has been shown to be dependent on the 

generation of reactive oxygen species (ROS) in some cell types, and various antioxidant 

treatments have been reported to inhibit activation of NFkB by IL-ip. In particular the 

antioxidants PDTC and NAC have been used extensively to study the role of NFkB 

activation in IL-1 P induced signal transduction. Results of experiments presented in this 

chapter demonstrate that both PDTC and NAC were effective at blocking the induction of 

matrilysin protein e.xpression in LNCaP and MDA-PCA-2b cells by IL-I p. Interestingly, 

PDTC was effective at much lower doses than have been reported in the literature 

(Shreck et al., 1992). Submicromolar doses of PDTC were capable of inhibiting most of 

the effect of IL-1 P on matrilysin expression in LNCaP cells, and doses higher than I |iM 

were cytotoxic. Most experiments that have been reported in the literature that studied 

the inhibition of IL-I induced signaling by PDTC used doses in the micromolar to 
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millimolar range. A potential explanation for this discrepancy could be differences in 

conditions used to limit exposure of this compound to light, since PDTC is extremely 

light sensitive. 

An increase in intracellular oxidant levels of has been shown to be sufficient to 

activate AP-1 and NFKB in some cell types (Jomot et al., 1997; Piette et al., 1997; 

Rokutan et al., 1997), and to induce collagenase-1 expression in chrondocytes 

(Brenneisen et al., 1997). Since antioxidant treatment inhibited matrilysin induction by 

IL-ip, we tested the effect of increasing cellular oxidant status, by treatment with H2O2 

or the sulphydryl oxidizing reagent diamide, on the expression of matrilysin in LNCaP 

cells. Neither of these treatments had any effect on LNCaP cell matrilysin expression 

(data not shown), indicating that the generation of a pro-oxidant state in LNCaP cells is 

not sufficient to induce matrilysin expression in these cells. There is evidence that the 

inhibitory activity of PDTC towards NFKB activation may not even be due to its 

antioxidant properties. Direct oxidation of critical thiol residues on the IL-1 receptor or 

on the p50 subunit of NFKB, have also been proposed as mechanisms for PDTC 

inhibition of NFICB activity (Brennan and O'Neill, 1996; Tewes et al., 1997). 

The reported specificity of PDTC for inhibiting NFicB activity made us particularly 

interested in the ability of this compound to inhibit matrilysin expression in LNCaP cells. 

We determined that PDTC inhibited the induction of steady-state matrilysin mRNA 

levels by IL-1 P, and that the doses of PDTC used did not effect cell viability or 

metabolism under the experimental conditions employed. The results of my experiments 

with PDTC have led us to conclude that NFKB activation probably plays an important 
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role in the increased expression of matrilysin induced by IL-1P in LNCaP cells. Further 

support for this conclusion was provided by results from my experiments with the NFKB 

luciferase reporter construct (pNFjcB-Luc) demonstrating that treatment of LNCaP cells 

with IL-IP causes activation of NFKB dependent transcription in these cells. In a follow-

up to my studies, Suzanne Jongewaard in Dr. Bowden's laboratory has conducted 

experiments demonstrating that PDTC is able to block transcriptional activation of 

pNFicB-luc by IL-ip in LNCaP cells. 

The evidence provided by the experiments presented in this chapter strongly 

implicates a necessary role for NFicB activity in the regulation of matrilysin expression 

by IL-ip in LNCaP cells. However, it can not be ruled out that undocumented effects of 

PDTC, unrelated to the inhibition of NFicB activity, could be responsible for the 

inhibition of IL-lp induced matrilysin expression by this compound. Therefore, 

experiments are planned in which a dominant-negative mutant form of IKB will be 

overexpressed in LNCaP cells to more specifically determine the role of NFKB activation 

in IL-ip induced matrilysin expression. The p65 and p50 subunits of NFKB are normally 

sequestered in the cytoplasm by interaction with IKB proteins (Verma et al., 1995). Cell 

signaling events that cause the translocation of NFKB to the nucleus do so by causing 

phosphorylation of IKB, which targets the protein for ubiquination and degradation, 

thereby allowing NFKB to enter the nucleus (Tashiro et al., 1997). The mutant licB, that 

we plan to use lacks critical phosphorylation and ubiquination sites and therefore carmot 

be degraded in response to IL-ip stimulation (Kanegae et al., 1998). Specific inhibition 

of NFKB activation by expression of this mutant IKB protein in LNCaP cells will allow 
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definitive determination of the necessity for NFkB activity in IL-ip induced matrilysin 

expression. 

Conclusions 

Interleukin -1 p, which is secreted from activated monocytic cells, is a potent inducer 

of matrilysin in prostate epithelial cells. This finding provides a potential explanation for 

the overexpression of matrilysin observed in inflamed dilated ducts and atrophic glands 

of the prostate. Since IL-l P is secreted from other cell types, including fibroblasts 

(Kumar et al., 1993), it also provides evidence for another potential interaction between 

prostate cancer cells and tumor stroma that could regulate matrilysin expression in 

prostate cancers. The mechanism by which IL-ip induces matrilysin expression in 

LNCaP cells involves increasing steady-state mRNA levels for matrilysin. The relatively 

rapid increase in matrilysin mRNA levels following IL-ip treatment, compared to the 

relatively long half-life of this message indicates that the increase in matrilysin mRNA is 

probably due to transcriptional activation of the matrilysin gene. The effects of IL-1 p on 

the stability of matrilysin mRNA still must be determined however. Enhancer elements 

within the 5' region of the matrilysin gene are responsive to IL-ip induced signal 

transduction when placed in front of the heterologous thymidine kinase minimal 

promoter. No transcriptional activation by IL-ip is observed through these elements in 

the context of the native matrilysin promoter however, and the reasons for this 

discrepancy remain to be resolved. It is possible that other cis-enhancer elements, 

located elsewhere in the matrilysin gene, are necessary for full induction of matrilysin 
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transcription by IL-1 p. We have provided evidence that IL- ip induced expression of 

matrilysin involves NFicB activation. No consensus sequences for NFicB binding are 

present in the sequenced portion of the 5" matrilysin promoter/enhancer region. 

Therefore, if NFKB proteins are directly involved in transcriptional activation of the 

matrilysin gene through the 5' enhancer region, they must do so by interacting with 

proteins from other transcription factor families such as c-Jun (Stein et al., 1993) or NF-

IL6 (LeClair et al., 1992) and binding to AP-1 or NF-IL6 consensus elements 

respectively. Alternatively, a consensus binding site for NFKB located in an intron or 3' 

region of the matrilysin gene may represent a necessary cis-element for IL-ip induced 

expression that is missing from the matrilysin promoter-reporter plasmids used in these 

studies. 
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V. CONCLUDING STATEMENTS 

Matrilysin has been reported to be overexpressed in prostate cancer cells and its 

expression has been demonstrated to increase the invasive capacity of a prostate cancer 

cell line. Factors that increase matrilysin expression in prostate cancer cells could 

therefore play an important role in determining the invasive potential of prostate cancer. 

From the experimental results presented in this dissertation we have concluded that 

members of the FGF family of growth factors and IL-ip are potentially important 

regulators of matrilysin expression in prostate cancer cells. We have also concluded that 

the induction of matrilysin by FGF proteins is an acquired phenotype of prostate cancer 

cells, and may be due to alterations in FGF signaling pathways including the aberrant 

expression of the FGFR-1 receptor. With regard to IL-ip signal events related to the 

induction of matrilysin expression, we have potentially discovered a novel mechanism for 

regulation of matrilysin gene transcription. Although further research needs to be done, it 

appears that NFKB activation may play a necessary role in transcriptional regulation of 

the matrilysin gene by IL-ip. If future experiments bear out this conclusion, then it will 

be important to determine the cis-regulatory elements in the matrilysin gene that are 

responsible for transcriptional activation by NFKB. 

It is evident that we have not accounted for all of the factors responsible for 

regulating matrilysin expression in prostate cancers cells, as we were unable to determine 

the factors involved in the in vivo expression of matrilysin by the Du-I45 cell line. In 

addition, not all of the matrilysin inducing activity secreted by cultured prostate 

fibroblasts was blocked by inhibiting FGF receptor activation, indicating the other 
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matrilysin inducing factors secreted from prostate fibroblast remain to be identified. 

Nevertheless, the finding that an inhibitor of FGFR activation can substantially attenuate 

matrilysin expression induced in prostate carcinoma cells by factors secreted from 

prostate stromal cells has potentially important clinical ramifications. The use of such 

inhibitors for blocking angiogenesis is already being attempted. If these inhibitors have 

the added benefit of blocking the expression of a matrix metalloprotease important for 

growth and invasion of prostate cancer cells, then they may be even more effective than 

previously expected. 
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