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Selection and Comparative Analysis of Novel Prostate Carcinoma Dissemination 
Variants: Roles in Metastasis of Tumor-Derived pro-uPA and Neutrophil-Derived 

MMP-9  
 

by 
 

 
Erin Marie Bekes 

 
 

Doctor of Philosophy in Molecular Pathology 
University of California, San Diego, 2010 

 
Professor James Quigley, Chair 

Professor Richard Klemke, Co-Chair 
 
 

 

In order to identify molecules and processes involved in carcinoma cell 

dissemination, novel prostate carcinoma variants have been isolated from the PC-3 

parental cell line, which differ substantially in their ability to spontaneously metastasize. 

Comparative analyses of the resultant low and high disseminating variants, i.e., PC-

lo/diss and PC-hi/diss, have demonstrated that the variants differ specifically in their 

capacity to complete early metastatic events. Concomitantly, the PC-lo/diss and PC-

hi/diss cells exhibit respectively low and high angiogenic potential and differential 

abilities to escape from the primary tumor mass and invade extracellular matrix 

components in vitro and in vivo.  

Since extracellular proteolysis is required for tumor angiogenesis, invasion, and 

metastasis, levels of proteolytic enzymes were compared between the PC-lo/diss and PC-
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hi/diss variants, with an emphasis on matrix metallo- and extracellular serine proteases. 

These analyses highlighted elevated levels of the serine protease uPA and plasmin-

generating capacity of PC-hi/diss cells.  

To mechanistically analyze the role of uPA in early dissemination of tumor cells, 

we prevented pro-uPA activation with function-blocking mAb-112 or inhibited the 

activity of uPA-generated plasmin with aprotinin in a series of in vitro and in vivo 

models. Inhibition of uPA activation substantially reduced PC-hi/diss spontaneous 

metastasis in chick embryo and orthotopic murine models. Furthermore, both 

angiogenesis and invasion were sensitive to mAb-112 and aprotinin treatments, 

indicating that uPA and uPA-generated plasmin exert their effects early in the metastatic 

cascade by facilitating primary tumor escape and local invasion of PC-hi/diss cells and by 

promoting tumor angiogenesis.  

While no major differences in tumor-cell derived matrix metalloproteinases were 

observed between the PC-3 variants, PC-hi/diss cells exhibited increased capacity to 

recruit host MMP-9 delivering neutrophils to primary tumors in avian CAM and murine 

orthotopic xenograft models. Inhibition of neutrophil influx into primary CAM tumors 

was achieved by neutralizing the potent neutrophil chemoattractant, IL-8. This treatment 

coordinately decreased levels of angiogenesis and metastasis, both of which could be 

rescued by exogenous TIMP-free neutrophil MMP-9, but not by MMP-9 complexed to 

TIMP-1. These findings highlight a significant angiogenic role for TIMP-free MMP-9 

and indicate that aggressive tumor cells can efficiently recruit host MMP-9 delivering 

leukocytes to facilitate tumor progression.  

Overall, the comparative analyses of the novel PC-3 dissemination variants 
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described herein demonstrate the importance of both tumor and inflammatory derived 

proteases in tumor dissemination. Furthermore, tumor-derived uPA and neutrophil-

derived MMP-9 regulate levels of angiogenesis concomitant with levels of metastasis, 

strongly implicating angiogenic blood vessels in directly facilitating tumor cell 

intravasation and dissemination.   
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Chapter I 

 

INTRODUCTION 
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THE METASTATIC CASCADE 

Most deaths from cancer are ultimately due to the development of widespread 

systemic metastasis and not to the primary tumor itself. Furthermore, while organ-

confined primary tumors can often be surgically removed or treated, there are few 

effective treatment options once hematogenous metastases have developed. Although 

several pathways involved in primary tumor initiation and growth have been identified, 

relatively little is known about the molecules and processes that promote the multi-step 

metastatic cascade. This is in part due to the complex nature of metastasis, which requires 

tumor cells to successfully complete a series of interrelated steps (Figure 1.1). It is 

believed that metastasizing tumor cells must escape from the primary tumor, invade local 

stroma, intravasate into the blood or lymphatic vessels, survive in circulation, attach and 

arrest at a distant site and either extravasate or survive intravascularly.  Finally, these 

arrested cells can either remain dormant as micrometastases, or go on to proliferate and 

form large secondary tumors (1, 2).  

As a prerequisite to metastasis, several interactions occur within the primary 

tumor. Angiogenic blood vessels are recruited that not only provide nutrients for the 

growing tumor mass, but also may provide entry points for intravasation (3). 

Additionally, tumors are infiltrated by inflammatory leukocytes that can promote tumor 

growth, angiogenesis, and metastasis by releasing cytokines, growth factors, and 

proteases (4, 5). Cancer associated fibroblasts are also activated to promote tumor 

progression (6). In addition to the tumor cells themselves, these host cell types have all 

been implicated as critical determinants of successful tumor progression and metastasis. 
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Figure 1.1: The Metastatic Cascade. 
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             It is generally believed that for epithelial tumor cells to effectively metastasize, 

they must dissolve their tight intercellular junctions, become more migratory, and invade 

the surrounding extracellular matrix. In some carcinomas, this may involve an epithelial-

to-mesenchymal transition, or EMT, as tumor cells lose some of their epithelial 

characteristics and take on a more motile, mesenchymal phenotype (7). This involves 

changes in expression levels of key transcription factors (e.g., Twist) (8) and adhesion 

proteins, including a ‘cadherin switch’, where cells lose the epithelial marker, E-cadherin 

and gain the mesenchymal N-cadherin.  However, EMT as a general feature of 

carcinomas has not been conclusively demonstrated in cancer patients and the importance 

of EMT in carcinoma progression remains controversial (9-11).  

Local invasion and remodeling of the extracellular matrix are intimately 

associated with metastatic progression. These processes require proteolytic activity of 

various secreted and transmembrane proteases capable of degrading the diverse 

components of the extracellular matrix, from the fibrillar collagens to components of the 

basement membrane like laminin and type IV collagen. Similar to wound healing, 

abnormal deposition of ECM, such as provisional fibrin-rich matrices, is observed during 

tumor development, thus providing additional substrates for proteolysis during invasion 

(12). Cancer-associated proteolytic functions have been largely attributed to two families 

of proteases: the matrix metalloproteinases and certain serine proteases, especially the 

plasminogen activator/plasmin system, discussed below. Importantly, some of the same 

proteolytic remodeling events necessary for tumor cells to invade are also necessary for 

angiogenic blood vessels to form.  In this regard, plasmin and certain MMPs have been 

demonstrated to have essential roles in angiogenesis (13, 14). During angiogenesis, these 
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proteases are required to cleave endothelial basement membrane components, remodel 

provisional fibrin matrices, and release and process growth factors sequestered within the 

ECM (13-15). Thus, it is believed that extracellular proteases can contribute to tumor 

progression both by direct ‘path-clearing’ mechanisms, promoting tumor cell local 

invasion, as well as by promoting tumor angiogenesis.  

In order to metastasize to distant sites, tumor cells must enter into the circulation. 

In epithelial cell derived tumors, cancer cells often spread to the lymph nodes before 

being detected in other organs. This could be due to the relatively leaky nature of 

lymphatic vessels and decreased level of shear stress as compared with blood vessels, 

which might allow for more facile intravasation and increased survival of intravasated 

cells, respectively (16). Once tumor cells do enter the hematogenous circulation and 

begin colonization of distant organs, individual types of cancer cells have different 

preferences for secondary organ sites. The patterns of metastatic colonization likely 

depend both on the patterns of circulation, as well as on the microenvironment of the 

secondary organ (17). After the lymph nodes, the liver is the most common site of 

metastases for many cancer types, possibly due to the rich blood supply and vessel 

fenestration, with the lungs following as another common site of metastases. Prostate and 

breast cancer cells often colonize the bone where they form painful osteoclastic or 

osteoblastic lesions, respectively. One active area of metastasis research is determining 

the nature of these organ-specific metastases. Towards this aim, in vivo selection and 

characterization of congenic variants with preferences for specific organs has been 

employed (18-21). Thus, this approach has been successfully used to identify panels of 

genes that determine homing of breast cancer cells to the lung (22), bone (21) and brain 
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(19). Since primary tumors are thought to be highly heterogeneous, the concept of 

relatively rare metastatic cells within a primary tumor is intriguing (1). On the other hand, 

tumor cells engage in complex interactions within the tumor microenvironment that 

might complicate the search for pro-metastatic changes within the tumor cell 

transcriptome itself.     

 

CONTRIBUTIONS OF INFLAMMATORY CELLS AND ANGIOGENIC 

VESSELS TO METASTATIC DISSEMINATION 

In addition to tumor-cell autonomous changes that allow cancer cells to become 

increasingly metastatic, tumor cells recruit other cell types to the microenvironment to 

facilitate tumor growth and metastasis (23). Stromal cell types linked to tumor promotion 

include inflammatory leukocytes (4, 5), fibroblasts (6, 24) and endothelial cells and 

pericytes that form angiogenic blood vessels (3, 25, 26).  

The development of new blood vessels is a requirement for tumor growth larger 

than 1-2 mm in diameter, i.e., beyond the reaches of diffusion from existing vessels. High 

levels of angiogenic blood vessels have long been correlated with high levels of 

metastasis both in experimental models and in human cancers (26-28). However, it 

remains unclear as to whether the angiogenic vessels actually serve as conduits for tumor 

cell intravasation and subsequent metastasis, or whether both the heightened vessel 

density and metastatic phenotypes are simply manifestations of aggressive primary 

tumors. Tumor associated vessels are often leaky and have abnormal pericyte coverage as 

compared to preexisting vasculature, theoretically making them more accessible for 

intravasating tumor cells (3, 25, 29).  On the other hand, tumor vessels are often not well 
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perfused, thereby potentially impairing tumor cell entry into hematogenous circulation. In 

addition, recent studies have demonstrated that inhibition of tumor angiogenesis can 

actually increase local invasion and metastasis in mouse models (30, 31). Further 

complicating the issue is the effect of anti-angiogenic agents on primary tumor size, 

which can indirectly result in decreased metastatic progression. Thus, further studies are 

necessary to examine the direct relationship between angiogenic vessels and 

intravasation.  

Tumors have been compared to wounds that never heal and are often 

accompanied by a large inflammatory infiltrate. Inflammatory leukocytes of both the 

adaptive and innate immune systems can be recruited to the site of a primary tumor and 

have either pro- or anti- tumor effects (4, 5, 32). Inflammatory neutrophils are the first 

cell type recruited during the acute inflammatory response. These granulocytes rapidly 

enter the wound (or tumor) and release their stored granule contents, which contain 

potent growth factors, cytokines, and proteases such as MMP-9. Because neutrophils are 

very short-lived (12-48 hr), these cells are difficult to detect in tumor tissues, although 

some studies have described neutrophil infiltrates in tumors (33). Thus, neutrophils may 

play a role in tumor initiation, angiogenesis and progression. Supporting this concept, in a 

model of pancreatic islet cancer, neutrophils were demonstrated to promote the 

angiogenic switch via secretion of MMP-9 within developing tumors (34). Neutrophil 

MMP-9 was also linked to tumorigenesis in an intestinal neoplasia model (35). In a 

model of Ras-driven tumor development, inhibition of neutrophil influx with anti-IL-8 or 

anti-Gr-1 inhibited tumor growth and angiogenesis (36). Furthermore, the potent 

neutrophil chemoattractant, IL-8, is often expressed at high levels by aggressive tumor 
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cells (37, 38). Altogether, there is a clear role for neutrophils in tumor initiation and early 

progression, despite the short half-life of this cell type.    

Many studies have focused on tumor-associated monocyte/macrophages, which 

normally arrive on the scene after the neutrophils.  Once circulating monocytes enter the 

tissue, they can differentiate into tissue macrophages. Unlike neutrophils, macrophages 

are capable of continuous transcription and protein synthesis and therefore can secrete 

proteins into the microenvironment for an extended time period. Thus, macrophages are 

often detected within and around tumors at elevated levels and have been linked to 

progression. Tumor associated macrophages (TAMs) can exert either anti- or pro- tumor 

functions and are further classified into either M1 classically activated, or M2 

alternatively activated macrophages, depending on the cytokine repertoire present in the 

microenvironment (5, 39). M1 macrophages differentiate in response to IFN and 

microbial peptides and are responsible for killing pathogens and tumor cells (40). 

Alternatively activated M2 macrophages, on the other hand, differentiate in response to 

cytokines including IL-4, IL-13, and IL-10. It is believed that most TAMs have an M2 

phenotype promoted by the tumor microenvironment. In contrast to the tumor-killing 

function of M1 macrophages, M2 macrophages contribute to tumor progression by 

secreting molecules that promote angiogenesis (i.e., MMP-9 and VEGF), proteases 

involved in matrix remodeling and invasion (i.e., uPA, cathepsins, and MMPs), and 

growth factors which promote tumor cell proliferation (e.g., EGF). Importantly, intravital 

imaging studies have directly implicated macrophages in promoting intravasation of 

breast carcinoma cells (41). Macrophages have also been linked to induction of the 

angiogenic switch in models of breast (42) and cervical carcinoma (43). However, when 
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the angiogenic macrophages were ablated in a model of cervical carcinoma, neutrophils 

were able to exert a pro-angiogenic compensatory response, suggesting overlapping roles 

for some of the pro-tumor inflammatory infiltrates (44). Interestingly, neutrophils were 

recently reported to become polarized into N1 versus N2 phenotypes in a similar manner 

to monocytes, reinforcing the importance of immune polarization during tumor 

progression (45).    

In addition to macrophages, monocytes can differentiate into dendritic cells, 

which capture antigens that they present to T-cells during activation of the adaptive 

immune response. Although dendritic cells are often observed within the inflammatory 

tumor microenvironment, they are often immature (5, 39). Immature myeloid-derived 

suppressor cells (MDSC) can also be attracted at high levels to tumors in murine models 

by chemokines like CXCL5 and CXCL12. CD11b+/Gr1+ MDSCs have recently been 

demonstrated to exert pro-tumor functions, including enhanced angiogenesis (46) and 

preparation of the pre-metastatic niche (47). These cells suppress the function of the anti-

tumor adaptive immune response and can facilitate tumor progression in animal models 

(48). Furthermore, upon recruitment to xenografted tumors, bone marrow derived 

CD11b+ cells were demonstrated to be the source of MMP-9 required for tumor 

vasculogenesis (49). The nature of the immature CD11b+ cell population still needs to be 

further defined, and it remains unclear whether, as in mice, this cell type makes up a 

significant portion of the inflammatory infiltrate in human tumors.  

Components of the adaptive immune system are also commonly found within 

tumors. Effector T cells can exhibit antitumor functions. However, this type of antitumor 

immunity is often suppressed by M2 macrophages and immature dendritic cells within 
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tumors. Regulatory T cells are also recruited and promote effector cell anergy, thus 

further reducing the antitumor potency of the adaptive immune response. B cells have 

recently been demonstrated to promote tumor progression at several levels. For example, 

B cells are required for carcinoma initiation and for maintaining the inflammatory tumor-

promoting microenvironment in a model of cervical carcinoma initiation (50). In a mouse 

model of prostate cancer, B cells were shown to infiltrate tumors during androgen 

ablation and deliver lymphotoxin that promotes progression to androgen-independent 

disease (51). 

Overall, it is clear that components of both the innate and adaptive immune 

system can play a significant role in tumor initiation, growth, angiogenesis, and 

metastasis. These effects have been linked to various growth factors, cytokines, and 

proteases delivered to the tumor by multiple inflammatory cell types. The specific roles 

of individual types of inflammatory leukocytes and the proteins they deliver to the tumor 

microenvironment remain to be better understood. In particular, one aim of my thesis is 

to better define the contributions of early-infiltrating neutrophils to tumor angiogenesis 

and dissemination. The findings are presented in Chapter III of this dissertation.    

 

COMPLEX ROLES OF MATRIX METALLOPROTEINASES IN TUMOR 

GROWTH, ANGIOGENESIS, AND DISSEMINATION 

One important mechanism by which stromal cells, including cells of the innate 

immune system, promote tumor progression is by delivering matrix metalloproteinases 

(52). The matrix metalloproteinases are zinc-dependent endopeptidases, and the 

mammalian MMP family is comprised of 24 members whose complex functions in tumor 
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development, angiogenesis, and metastasis are the subject of several recent reviews and 

will not be discussed in detail in this thesis (15, 52-57). As the name suggests, the MMPs 

are involved in proteolysis of extracellular matrix proteins and have been further 

classified as collagenases, stromelysins, gelatinases, and matrilysins based on their 

specificity towards matrix proteins. It is believed that combinations of MMPs are capable 

of cleaving essentially all ECM components (54). In addition to ECM proteolysis, MMPs 

are also involved in the processing of growth factors, cleavage of receptors, and release 

of sequestered growth factors from the matrix (as reviewed in (15, 54, 57)).  

MMP overexpression and increased activity has often been linked to tumor 

progression and metastasis (15, 52, 53). However, broad-spectrum inhibitors of MMPs 

have failed in clinical trials, unfortunately illustrating the diversity of the MMP family 

and highlighting the potential for both tumor-promoting and protective roles of individual 

MMPs (55, 56). The classic example of a protective MMP is the collagenase MMP-8. 

High levels of MMP-8 are associated with reduced tumor incidence (58) and diminished 

metastasis (59, 60). For other MMPs, the situation is more complex. MMP-9 is normally 

thought of as a tumor-promoting MMP, largely due to its well-defined role in promoting 

tumor angiogenesis (43, 61-63). However, downregulation of MMP-9 in fibrosarcoma 

cells unexpectedly increased levels of intravasation, suggesting pleiotropic roles of this 

MMP (64). Interestingly, in most studies linking MMP-9 to promotion of tumor 

angiogenesis, the cellular source of MMP-9 was inflammatory neutrophils or 

macrophages, not the tumor cells themselves (15, 52). Thus, the cell type of origin very 

likely has functional consequences for tumor progression or protection. Interestingly, 

MMP-9 from neutrophils is free of its natural inhibitor TIMP-1 (tissue inhibitory of 
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metalloproteinases-1), unlike MMP-9 from most tumor cell sources, which is normally 

produced in a complex with TIMP-1 (65). Thus, neutrophil MMP-9 is more easily 

activated and subsequently more potent in inducing physiological angiogenesis. The 

contributions of TIMP-free MMP-9 delivered by inflammatory neutrophils to tumor 

angiogenesis, as well as to tumor cell dissemination, are discussed further in Chapter III. 

 

THE PA/PLASMIN AXIS AND TUMOR PROGRESSION 

The plasminogen activation axis overlaps with the matrix metalloproteinase 

family during extracellular matrix remodeling. Several components make up the 

plasminogen activator (PA)/plasmin system, including the serine protease plasmin(ogen), 

its activators urokinase and tissue plasminogen activator (uPA and tPA, respectively), the 

uPA receptor (uPAR), and SERPIN inhibitors of plasmin (i.e., a2-antiplasmin) and PA 

(PAI-1 and PAI-2). Changes in levels of several components of the uPA plasminogen 

cascade have been shown in human cancer patients. Increased levels of uPA, PAI-1 and 

uPAR have been correlated with various types of cancer including prostate (66-68), 

breast (69), and colon (70) carcinomas. Both tumor cells and stromal cells, including 

inflammatory leukocytes and fibroblasts, have been demonstrated to express uPA and 

uPAR in tumors (71).  

Plasminogen is produced primarily in the liver as an inactive zymogen and is 

present in plasma at high concentrations (around 2 M). Plasminogen can be 

proteolytically activated by cleavage at Arg
561

-Val
562

 by either of two serine proteases: 

tissue  plasminogen  activator (tPA) or  urokinase  plasminogen  activator (uPA)  (Figure 
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Figure 1.2: The Plasminogen Activation Axis. 
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1.2). Although uPA and tPA are the major physiological activators of plasminogen, in 

mice with double deficiencies in both uPA and tPA, some plasmin is generated by plasma 

kallikrein (72). Activated plasmin has a broad substrate repertoire, and although the 

canonical function of plasmin is fibrin clot lysis, plasmin can also cleave several non-

collagenous components of the ECM, such as fibronectin and laminin. Furthermore, 

plasmin is engaged in proteolytic activation of additional proteases, including the 

feedback activation of uPA (73-76) and the activation of MMP zymogens, including 

MMP-1 and MMP-3 (77-80). Although the two plasminogen activators, tPA and uPA, 

share their plasminogen activation functions, it is generally considered that tPA is mostly 

involved in thrombolysis, whereas uPA is involved in tissue remodeling and repair both 

physiologically and during cancer invasion and metastasis (71, 75, 76). 

The uPA molecule is composed of a growth factor-like domain, a kringle domain, 

a connecting peptide region, and the catalytic serine protease domain (Figure 1.3). Pro-

uPA is secreted in zymogen form, and can be activated by plasmin in a positive feedback 

cascade (73-76). Other activators of pro-uPA have also been reported, including the 

transmembrane serine protease hepsin (81), and, in plg-/- mice, mGK-6 (82). Activation 

of pro-uPA occurs by proteolytic cleavage at Lys
158

-Ile
159

, which produces the two-chain 

active enzyme, which is linked by a disulfide bond.  

Although pro-uPA is secreted, it can be tethered to the cell surface by binding to 

the GPI-anchored cell surface receptor, uPAR, through its growth-factor like domain. 

Both pro-uPA and activated uPA bind uPAR with similar affinities, and bound uPA 

exhibits an increased plasmin-generating capacity (5.7-fold increase in kcat/Km) compared 

with soluble uPA (83).  Plasmin(ogen) can also be localized to the cell surface by binding  
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Figure 1.3: uPA: Structural and Activation Features 
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to C-terminal lysine residues of membrane proteins. Numerous plasminogen receptors 

have been reported and many more likely remain to be discovered (84). The feedback 

activation between pro-uPA and plasmin(ogen) is enhanced by cell surface binding, as 

cell surface bound plasmin is protected from its circulating inhibitors (85). The 

pericellular localization of both uPA and plasmin activity is believed to facilitate cell 

invasion during wound healing and tumor progression. Notably, in addition to localizing 

uPA activity to the cell surface, uPAR has other functions that may contribute to tumor 

progression independently of uPA catalytic activity, including interactions with other cell 

surface proteins and initiation of intracellular signaling events (86-88).  

In addition to tightly regulated zymogen activation, the uPA/plasmin axis is kept 

in check by several serine protease inhibitors, known as serpins (85, 89). PAI-1 and 2 

inhibit the plasminogen activators (uPA and tPA), while alpha-2-antiplasmin is a potent 

inhibitor of plasmin. However, receptor bound plasmin is resistant to inhibition by 

serpins, thus facilitating the cell-associated matrix degrading capacity of this enzyme. 

Interestingly, levels of the uPA inhibitor, PAI-1 are often upregulated in tumors and are 

associated with poor prognosis (90-93). This apparent paradox illustrates the complexity 

of the uPA/plasmin system and requirements for tight coordination between the enzymes 

and their inhibitors. Further complicating the matter, PAI-1 has additional functions 

independent of its role in the inhibition of uPA, such as its association with vitronectin, 

which regulates the interaction between uPAR and vitronectin during migration and 

invasion (94). Additionally, PAI-1 has been demonstrated to protect endothelial cells 

from apoptosis (95-97). Thus, PAI-1 can have both anti-tumor effects through inhibition 

of uPA activity, as well as tumor-promoting effects via its effects on cell adhesion, 
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migration, and tumor vascularization. It is clear that antibody or small molecule inhibitors 

without these off-target effects are necessary in order to therapeutically target uPA. 

Antibody and small molecule inhibitors of uPA activity have been developed and 

were shown to diminish tumor growth, angiogenesis, and metastasis in some model 

systems (as reviewed in (76, 98)). Recently, antibody inhibitors that target uPA zymogen 

activation have been developed to enhance substrate specificity and target upstream 

processes in the uPA plasmin cascade (99). Inhibiting the interaction between uPA and 

uPAR is also an attractive therapeutic target. For example, a peptide inhibiting this 

interaction reduced tumor growth and lymphatic metastasis in an orthotopic prostate 

carcinoma xenograft model (100). However, the effect of both inhibition of uPA activity 

and interactions with uPAR on individual steps and processes in the metastatic cascade 

still remain to be elucidated. In addition to protease inhibitors, genetic knockdown of 

uPA in tumor cells has been achieved using RNAi. Knockdown of uPA alone in prostate 

carcinoma cells diminished invasion in vitro and tumorigenicity in vivo in an orthotopic 

mouse xenograft model (101). In the same study, coordinate RNAi knockdown of uPA 

and uPAR had an even more pronounced effect, reducing proliferation and inducing 

apoptosis in vitro, and further decreasing orthotopic tumor growth in vivo. The same 

group went on to demonstrate that siRNA targeting of the uPA promoter could decrease 

tumor growth, angiogenesis, and metastasis in an orthotopic mouse xenograft model of 

prostate cancer (102). However, because of the profound inhibitory effect on primary 

tumor growth, it is difficult to determine whether the decreased metastasis was an 

independent effect or just a consequence of decreased tumor size.  
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Some of the most compelling data implicating the plasminogen activation cascade 

in tumor progression come from xenograft and genetic tumor models in mice genetically 

deficient in various components of the PA system. Mice with genetic disruptions in the 

plasminogen gene are viable, albeit with severe thrombosis, abnormal fibrin deposition, 

retarded growth, early mortality, and impaired wound healing (103, 104). Remarkably, 

the phenotypes associated with plasminogen deficiency were rescued in mice with double 

deficiencies in plasminogen and fibrinogen (105). This fundamental study strongly 

indicates that fibrin is the most important physiological plasmin substrate during normal 

development and wound healing. The requirement for additional non-fibrinolytic 

functions of plasmin were highlighted in a model of liver repair after hepatic injury, 

where fibrin(ogen) deficiency was unable to reverse the defect in repairing the damaged 

liver observed in plg-/- mice (106). Mice deficient in uPA are also viable, but with 

abnormal fibrin deposition and impaired wound healing (107), whereas mice singularly 

deficient in uPAR or tPA do not a have severe phenotype in terms of wound healing or 

fibrin deposition (108, 109).  

Mice deficient in specific components of the plasmin activation system have been 

employed in various tumor xenograft and transgenic models. In an early xenograft model, 

when syngeneic Lewis lung carcinoma cells (LLC), which express uPA but not plg, were 

implanted subcutaneously in plg-/- mice, tumor size, hemorrhaging, lymphatic metastasis 

and overall survival were decreased compared to control mice (110). However, tumor 

incidence and metastasis to the lungs were not affected by the lack of plasminogen. When 

the same cells were inoculated into the foot pad of plg-/- mice, a much more profound 

reduction in tumorigenicity was observed, emphasizing the importance of anatomical site 
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in xenograft models (111). A similar reduction in tumor development and size was 

observed when T241 fibrosarcoma cells were implanted into the footpad (111), while 

reduced growth was observed when the T241 cells were implanted orthotopically into the 

dermis (112). In contrast, no substantial reduction in tumor growth was observed in the 

orthotopic model when the T241 cells were implanted in uPA or tPA deficient mice, 

suggesting that plasminogen activators from the tumor cells are capable of sufficient 

plasmin generation to promote efficient tumor growth in the absence of stromal 

plasminogen activators (112).  

To address the role of the PA system in tumor initiation, development and 

metastasis, the polyomavirus middle T antigen-induced genetic model of breast 

carcinogenesis (MMTV-PymT) has been crossed into mice genetically deficient in 

several components of the plasmin activation cascade. In plg-/- mice, spontaneous 

metastasis was significantly reduced, but primary tumor growth was not affected (113). 

Similarly, MMTV-PymT tumors in uPA-deficient mice manifested greatly reduced levels 

of metastasis to the lung without a major effect on primary tumor growth (114). Thus, 

even with tPA present as a potential activator of plasminogen in the uPA deficient mice, 

the single deficiency in uPA was sufficient to reduce metastasis, affirming that uPA is the 

critical plasminogen activator during tumor dissemination. In MMTV-PymT tumors in 

PAI-1 -/- mice, no significant effect of PAI-1 deficiency was observed on tumor 

incidence, size, vascularity, or metastasis (115), thus indicating that depletion of one of 

the uPA inhibitors is not enough to further promote tumor progression.  

Since fibrin was demonstrated in the genetic mouse model to be the critical 

plasmin substrate (105), the question arose as to whether fibrin was also a key plasmin 
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substrate mediating tumor progression. In mice with double deficiency in both 

plasminogen and fibrin(ogen), the growth of footpad tumors was accelerated to above 

control (i.e., normal mice) levels. Thus, the lack of fibrin(ogen) could fully rescue the 

diminishment of tumor growth observed in plg-/- mice (111). These data suggest that 

fibrin is also a key substrate involved in the tumor-promoting effects of plasmin. This is 

especially interesting since fibrin deposition is characteristic of provisional matrix 

observed during angiogenesis. Additionally, increased coagulation has long been 

associated with tumor development in humans (116). Fibrin clots are believed to facilitate 

late metastatic events by protecting circulating tumor cells in tumor cell emboli (117, 

118). The formation of tumor emboli can also promote adhesion to the vasculature during 

arrest and spreading after initial arrest in secondary organs (119, 120). Thus, fibrin(ogen) 

may promote some aspects of tumor progression, while abnormal levels of fibrin caused 

by a lack of plasmin may inhibit others. The fibrinolysis-mediated aspects of plasmin in 

tumor growth and metastasis remain to be better understood, especially in terms of early 

metastatic events like invasion and intravasation.  

Overall, although uPA and uPA-generated plasmin are known to be involved in 

tumor progression, the mechanistic contributions of uPA activation and plasmin activity 

to individual processes involved in tumor cell dissemination still need to be deciphered. 

Towards this aim, Chapter IV of this thesis describes the inhibitory effect of blocking 

uPA activation on individual metastatic events. The findings highlight a critical role for 

uPA in early metastatic processes, including tumor cell escape, invasion and induction of 

angiogenesis. 
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MECHANISMS AND MODELS OF INTRAVASATION 

Whereas the latter events in metastasis, including tumor cell survival in 

circulation, colonization, and secondary metastasis formation, have been more 

extensively studied, the early events in metastasis—especially those leading to 

hematogeneous intravasation—are poorly understood. While some of the individual 

processes that might lead to intravasation can be modeled in vitro, comprehensive studies 

of early metastatic events require in vivo models. One method for analyzing tumor cell 

intravasation is by intravital imaging of fluorescently labeled tumor cells in mice (121). 

Compelling data from intravital imaging studies of rare intravasating tumor cells have 

implicated macrophages as obligate partners in breast carcinoma intravasation through a 

CSF-1/EGF feedback axis (41, 122).  

As an alternative to murine intravital imaging methods, chick embryo models can 

be used to analyze early metastatic events (123).  Human tumor cells can be grafted onto 

the chorioallantoic membrane, or CAM, and aggressive tumor cells can intravasate into 

the CAM vasculature. Since the CAM serves as the gas exchange organ for the 

developing chick embryo, it is highly vascularized, similar to the adult lung, allowing for 

both efficient tumor growth and intravasation. Cells that have successfully entered into 

the CAM vasculature arrest and become entrapped at distal sites within the CAM, which 

also serves as a natural repository for newly intravasated tumor cells. These disseminated 

cells can be detected and quantified by extracting genomic DNA from tissue samples and 

using quantitative PCR to amplify primate-specific alu repeat sequences absent in the 

avian genome (124). In addition to detecting and quantifying arrested tumor cells, live 
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imaging of the CAM can be employed to visualize tumor cells escaping from primary 

tumors or interacting with blood vessels (125, E. Deryugina, unpublished observations).  

By using combinations of intravital imaging, immunohistochemistry, and PCR 

detection of disseminated tumor cells, some of the molecular determinants of early 

metastatic events leading to intravasation have been identified. A pair of high and low 

intravasating HT-1080 fibrosarcoma dissemination variants has been previously selected 

using the chick embryo model (64). Comparing the levels of individual MMPs and 

TIMPs between these variants revealed unexpected and non-overlapping roles for various 

MMPs in intravasation (126). Additionally, comparative proteomic analyses, i.e., activity 

based protein profiling (127) and cell surface proteomic profiling (128) revealed critical 

roles in intravasation for uPA activation and tissue factor expression, respectively. 

However, as most cancers arise from epithelial tissues, the isolation and comparative 

analysis of carcinoma variants in vivo selected from the PC-3 prostate carcinoma cell line 

is the subject of this thesis.  

In Chapter II, the in vivo selection procedures using the chick embryo CAM 

model as well initial comparative analyses of the resultant PC-3 dissemination variants 

are described. The in vivo selected PC-3 variants differ specifically in their abilities to 

complete early metastatic events. They differentially migrate and invade in vitro and 

induce angiogenesis in vivo. A comparison of the relative expression of extracellular 

proteases and angiogenic factors demonstrated elevated levels of the serine protease uPA 

and the angiogenic factor VEGF in the high disseminating variant.  

As described in Chapter III, the PC-3 dissemination variants also exhibit 

differential capacities to attract MMP-9 positive neutrophils, with high neutrophil influx 
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corresponding to high levels of dissemination. Specifically dampening neutrophil influx 

into high disseminating primary tumors coordinately decreased levels of angiogenesis 

and dissemination, both of which could be restored by exogenous neutrophil MMP-9, 

which is naturally free of TIMP-1, but not by TIMP-complexed MMP-9. Thus, these 

findings using the novel PC-3 dissemination variants strongly implicate leukocyte-

derived MMP-9 in early tumor angiogenesis and metastasis. 

Finally, the contributory role of uPA activity in dissemination of the PC-hi/diss 

cells was determined and the results are presented in Chapter IV. The inhibition of uPA 

activation and plasmin activity diminished tumor cell escape and invasion both in vitro 

and in vivo and substantially decreased levels of tumor angiogenesis. Furthermore, 

inhibiting uPA activation pronouncedly reduced levels of metastasis in both the chick 

embryo CAM tumor and murine orthotopic xenograft models. 
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ABSTRACT 
 
To analyze the process of tumor cell intravasation, the human tumor-chick embryo 

spontaneous metastasis model was employed to select in vivo high and low disseminating 

variants from the human PC-3 prostate carcinoma cell line. These variants, i.e. PC-hi/diss 

and PC-lo/diss, dramatically differ in their intravasation and dissemination capacities in 

both chick embryo and mouse spontaneous metastasis models. Phenotypic 

characterization of the novel cell variants demonstrated that PC-hi/diss cells were more 

migratory and invasive in vitro, suggestive of heightened ability to escape from primary 

tumors due to matrix-degrading activity. Concomitant with enhanced intravasation, PC-

hi/diss also exhibited increased angiogenic potential in avian and murine models. To 

determine some of the molecular determinants of the high metastatic phenotype of PC-

hi/diss cells, we performed comparative analyses of PC-hi/diss and PC-lo/diss to 

determine relative levels of angiogenic factor production, matrix metallo- and serine 

protease expression, and epithelial versus mesenchymal markers. These analyses 

indicated that PC-hi/diss cells manifested increased VEGF secretion, loss of E-cadherin, 

and increased expression of uPA.  
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INTRODUCTION 

 Subpopulations of congenic tumor cells differing in their metastatic potential yet 

derived from the same parental cell line have been invaluable in studying the complex 

process of metastasis (1-6). Several approaches have been used to isolate sub-populations 

of tumor cells with different metastatic potentials and compare the resultant cell lines to 

identify key molecules functionally responsible for the respective metastatic abilities of 

the cell lines.  Early studies employing renal (1), pancreatic (2), prostate (3) and colon (4) 

cancer cell lines demonstrated the possibility of generating metastatic variants from 

established tumor cell lines by in vivo selection. Modifications of these procedures have 

also been employed to isolate cell variants with specific organ preferences for 

colonization after i.v. inoculation (5, 7). The murine experimental and spontaneous 

metastasis models used for in vivo selection often involve the detection and isolation of 

tumor cells from large overt metastases in lymph nodes, lungs, and other organs. This 

methodology is useful for generating populations of cells that have completed the later 

stages of the metastatic cascade (i.e., vascular arrest, extravasation, and proliferation at 

the secondary site), but the selected cells do not necessarily differ in their capacity to 

accomplish early processes during cancer dissemination (i.e., tumor cell escape, invasion, 

and intravasation). Isolating cell variants differing distinctly in their abilities to complete 

early rate-limiting steps in metastasis allows a more detailed and in depth investigation of 

the metastatic process. Selection and characterization of congenic intravasation variants 

can yield potentially important data on the specific molecular determinants of this greatly 

understudied individual step in the metastatic cascade.   
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The chick embryo spontaneous metastasis model provides a means to study tumor 

cell intravasation since tumor cells of many histological types form primary tumors when 

inoculated onto the highly vascularized chorioallantoic membrane (CAM) (8, 9, 10). 

Within 5-7 days, the grafted cells form primary tumors and aggressive cells enter the 

vasculature and arrest in distal portions of the CAM, which serves as a repository of 

intravasated cells. Levels of tumor cell dissemination can be quantified by extracting 

genomic DNA from distal CAM tissue and using quantitative PCR (qPCR) to amplify 

primate-specific Alu repeat DNA sequences. The actual numbers of human cells within a 

background of chicken tissue in vast cellular excess can be determined using a standard 

curve generated by spiking known numbers of human cells per million avian cells (9, 10).    

Employing the chick embryo spontaneous metastasis model, we have previously 

isolated in vivo intravasation variants from the HT-1080 human fibrosarcoma cell line 

(9), differing 50-100-fold in their ability to intravasate and metastasize to internal organs 

of the chick embryo. To better understand the molecular determinants of early metastatic 

events, these variants have been subjected in our laboratory to several types of analyses, 

including activity-based-protein profiling (11), MMP profiling (12), and cell surface 

proteomics (13). These investigations have implicated matrix proteolysis in the 

intravasation processes and suggested contrasting roles for different MMPs in 

dissemination. The successful isolation of fibrosarcoma intravasation variants using the 

chick embryo model indicated that cell variants differing specifically in their capacity to 

spontaneously disseminate might also be isolated from other tumor types using a 

modification of this system.   
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Because carcinomas represent the majority of human cancers, I set out to select and 

characterize congenic carcinoma intravasation variants to elucidate mechanisms involved 

in early steps of carcinoma hematogenous metastasis. My focus was on prostate 

carcinoma since this highly prevalent cancer is largely untreatable once metastasis 

occurs. The chick embryo spontaneous metastasis model was employed for in vivo 

selection of dissemination variants from the well-characterized PC-3 prostate carcinoma 

cell line. Previously, PC-3 variants have been isolated from primary tumors and lymph 

node metastases of PC-3 tumor-bearing mice, suggesting heterogeneity in metastatic 

potential (3). We hypothesized that the chick embryo model would represent an 

alternative to the previously employed selection strategies since it is extremely well 

suited for in vivo selection of variants differing in early metastatic events, due to rapid 

recapitulation of the early stages of tumor cell dissemination, i.e., escape from the 

primary tumor, entry into the vasculature, and arrest in the capillary network (9).   

In this study, I selected PC-3 carcinoma dissemination variants using serial in vivo 

tumor-to-tumor passaging in the chick embryo model followed by isolation of 

disseminated cells. The variants were subjected them to various in vitro and in vivo 

assays to analyze specific processes and molecules contributing to early metastatic 

dissemination. In particular, I analyzed tumor-induced angiogenesis to explore a potential 

link between increased tumor vascularity and early steps of tumor cell dissemination. In 

addition, adhesion, migration, and invasion characteristics were compared between the 

PC-3 cell dissemination variants to investigate the putative mechanisms involved in 

tumor cell escape. Finally, levels of specific angiogenic factors, EMT associated proteins, 

and key proteases were compared between the selected PC-3 variants. Potential roles of 
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the angiogenic factor VEGF and the serine protease uPA were highlighted during these 

analyses. Therefore, VEGF levels and uPA activity (described in Chapter IV) were 

modulated in order to further investigate their functional contributions to intravasation 

and dissemination of prostate carcinoma cells.   
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RESULTS 

Selection of PC-3 cell dissemination variants using the chick embryo model. In 

the chick embryo spontaneous metastasis model, 2.0x106 parental PC-3 cells generated 

100-200 mg primary tumors within 7 days after grafting on the CAM.  However, PC-3 

cells lack the capacity to spontaneously intravasate into the CAM vasculature and 

disseminate to the distal CAM or internal organs. An in vivo selection strategy was 

therefore employed to isolate from the PC-3 parental line a cell variant capable of 

efficient spontaneous metastasis. Briefly, my strategy involved serial in vivo passages of 

PC-3 cells isolated from primary CAM tumors (Figure 2.1A). Primary tumor weights 

tended to increase with each round of tumor-to-tumor passaging (Figure 2.1B, top). 

After two rounds of in vivo passaging of PC-3 cells, disseminated cells were detected by 

Alu-qPCR, albeit at low levels and with low incidence among host embryos, suggesting 

that cells with intravasation potential were present at low frequency within the primary 

tumor. A total of 7 tumor-to-tumor passages were performed, yielding gradually 

increasing numbers of disseminated PC-3 cells in the distal or lower CAMs (Figure 

2.1B, bottom). Finally, intravasated tumor cells were isolated from the lower CAM (LC) 

of embryos that received “PC-Tu7” cells and were expanded in vitro and pooled, 

generating the “PC-LC” cell line. When reapplied to the CAMs of chick embryos, PC-LC 

cells formed sizable (200-300 mg) primary tumors and efficiently intravasated into the 

CAM vasculature (Figure 2.1B, “LC”). Importantly, PC-LC cells were detected in distal 

CAMs at further elevated concentrations compared to all PC-Tu variants, yielding 1,000-

5,000 intravasated cells per 106 host cells. Thus, the PC-LC subline represents a highly 

disseminating  variant of the parental PC-3 cell  line and will be referred to as  PC-hi/diss. 
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Figure 2.1. In vivo selection of PC-3 dissemination variants and their characterization in the chick 
embryo spontaneous metastasis model.  
(A) Schematic presentation of multi-round selection of dissemination variants from the prostate 
carcinoma PC-3 cell line.  Following grafting on the CAM, the developed tumors were harvested, 
expanded in vitro and re-applied to new CAMs. A total of 7 rounds of in vitro-in vivo passaging were 
performed, yielding a series of primary tumor-derived cell lines (Tu-1 to Tu-7). After the 7th round, 
intravasated cells were isolated from the distal (i.e., lower) CAM, yielding the LC cell line.  
(B) Isolated PC-3 cell lines were analyzed for their efficiency in tumor growth (top) and intravasation 
(bottom) in the chick embryo spontaneous metastasis model. Data are means ± SEM from 1 to 5 
independent experiments performed with each cell variant.  
(C) A retrospective analysis of tumor cell intravasation (bottom) in individual embryos bearing PC-lo/diss 
and PC-hi/diss primary tumors of similar size, 160-200 mg (top).  
Statistical significance of the differences was analyzed in comparison with Tu-1 cell line: #, P<0.05, one-
tailed t-test; *, **, and ***, P<0.05, <0.01, and <0.0001, respectively, in two-tailed t-test (B, top) or 
Mann-Whitney test (B, bottom; C).  
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 A subline of PC-3 cells, isolated after one round of in vivo CAM tumor growth (“PC-

Tu1”), was used in comparative studies as a PC-hi/diss counterpart since it had been 

exposed to the in vivo microenvironment, resulting in improved tumor growth, but 

retained extremely low-disseminating ability (Figure 2.1B, “Tu-1”). This low 

disseminating PC-3 cell variant will be referred to as PC-lo/diss. 

The PC-lo/diss and PC-hi/diss cells formed histologically similar primary tumors 

that differed by approximately 2-fold in weight (Figure 2.1B, top). However, the 

difference in dissemination was much more profound, with PC-hi/diss yielding on 

average 40-fold higher levels over PC-lo/diss (Figure 2.1B, bottom). Since the PC-

hi/diss cells give rise to larger primary tumors, it could be argued that the observed 

increase in intravasation/dissemination was due to the increased tumor mass. To address 

this possibility, the levels of CAM metastasis were compared retrospectively between 

embryos carrying PC-lo/diss and PC-hi/diss tumors of similar weight (ranging from 160 

to 200 mg). This analysis demonstrated that even when primary tumors reached similar 

sizes, dissemination dramatically and significantly differed by approximately 100-fold 

(Figure 2.1C). Additionally, growth rates in vitro were compared between the PC-3 cell 

variants and found to be nearly identical, ruling out any profound difference in their 

proliferation potentials (Figure 2.2A).   

To determine whether the differential in dissemination capacity was due to early 

events leading to intravasation as opposed to late events in metastasis such as 

extravasation and colonization, the PC-3 variants were compared in an experimental 

metastasis  assay.  In  this  assay, cells  were  directly injected  into  the  allantoic  vein  of  
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Figure 2.2. In vitro proliferation and in vivo colonization of PC-3 dissemination variants.  
(A) To assess the proliferation potential of PC-3 dissemination variants, detached cells were plated at 
1:2 serial dilutions in D-10 into the wells of 96-well cluster at indicated densities.  Following 
overnight incubation, cell cultures were serum starved for an additional 16 hrs to synchronize cell 
cycles, after which serum-free medium was exchanged for D-10. After incubation for further 3 days, 
the cells were fixed and stained with crystal violet.  The dye was extracted and optical density 
measured at 560 nm. The data presented as percent of maximal density and are means ± SEM from 
representative experiment performed in quadruplicate.  
(B) Colonization capacity of PC-lo/diss and PC-hi/diss in experimental metastasis. A total of 1x105 
cells were injected in the allantoic vein of day 12 embryos. Five days later, the samples of CAM 
distal from the site of injection were harvested and analyzed by Alu-qPCR to determine actual 
numbers of human cells colonized the tissue. Data are means ± SEM calculated from the data of 3 
independent experiments employing 22 and 21 embryos injected with PC-lo/diss and PC-hi/diss, 
respectively. Numbers above the bars indicate mean cell numbers per 106 host cells. 
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developing chick embryos, leading to rapid arrest of tumor cells in the CAM vasculature 

and the capillary networks of internal organs. PC-hi/diss and PC-lo/diss cells differed by 

less than 2-fold in their ability to colonize the CAM in this assay (Figure 2.2B). 

Therefore, the 40-100 fold dissemination differential between the PC-3 variants appears 

be determined primarily by their capacity to successfully complete early steps of the 

metastatic cascade, culminating in intravasation into the CAM vasculature.  

 

Clonal analysis reveals metastatic heterogeneity within in vivo selected sublines. 

To address the possibility of metastatic heterogeneity within the in vivo selected sublines, 

individual clones were isolated from the PC-Tu7 variant with intermediate metastatic 

potential (Figure 2.1B). When 11 individual clones were expanded and reapplied as 

primary CAM tumors to determine their dissemination potential, 4 clones were highly 

disseminating (36%), 2 clones were non-disseminating (18%), and the remaining 5 

exhibited low to intermediate dissemination capacity (45%) (Figure 2.3A). Thus, it 

appears that the in vivo selection for PC-hi/diss resulted in the enrichment of a highly 

disseminating subpopulation.  

To determine the frequency of PC-hi/diss cells capable of spontaneous 

intravasation and metastasis, i.e., “dissemination units”, we performed limiting dilution 

analysis (LDA). Decreasing numbers of PC-hi/diss cells were applied to CAMs and 

levels of metastasis to the distal CAM were analyzed after 7 days. While all 

concentrations of cells tested formed primary tumors, the frequency of metastasis was 

dependent on the cell number applied. To calculate the frequency of  ‘dissemination 

units’  within the  PC-hi/diss  cell line,  the  fraction of  embryos with no  metastases  was  
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Figure 2.3. Clonal analysis of PC-3 sublines. 
(A) Eleven individual clones were isolated from the PC-Tu7 subline, expanded in vitro and compared in 
the CAM spontaneous metastasis model. Relative levels of metastasis as percentage of PC-hi/diss cells 
in the same experiment were calculated. n=6-36 embryos per clone. Statistical significance of the 
differences were calculated in comparison with the PC-lo/diss cell line; #, p<0.05 in one-tailed Mann-
Whitney test; * or **, p<0.05 or <0.005 in two-tailed Mann-Whitney test, respectively.  
(B) Decreasing numbers of PC-hi/diss cells were grafted onto the CAMs and spontaneous dissemination 
to the distal CAM was analyzed after 7 days. The fraction of embryos with no metastases detected by 
Alu-qPCR (“Negative Embryos”) was plotted against the number of cells applied. Based on Poisson’s 
distribution, 1 “dissemination unit” was calculated from the resultant curve as the number of cells 
needed to yield a ratio of 0.367 “negative embryos”.  
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Figure 2.3. Clonal analysis of PC-3 sublines. 
(A) Decreasing numbers of PC-hi/diss cells were grafted onto the CAMs and spontaneous dissemination to the distal CAM 
was analyzed after 7 days. The fraction of embryos with no metastases detected by Alu-qPCR (“Negative Embryos”) was 
plotted against the number of cells applied. Based on Poisson’s distribution, 1 “dissemination unit” was calculated from the 
resultant curve as the number of cells needed to yield a ratio of 0.367 “negative embryos”.  
(B) Eleven individual clones were isolated from the PC-Tu7 subline, expanded in vitro and compared in the CAM spontaneous 
metastasis model. Relative levels of metastasis as percentage of PC-hi/diss cells in the same experiment were calculated. 
n=6-36 embryos per clone. Statistical significance of the differences were calculated in comparison with the PC-lo/diss cell 
line; #, p<0.05 in one-tailed Mann-Whitney test; *, p<0.05 or **, p<0.005 in two-tailed Mann-Whitney test 
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plotted against the number of cells applied to the CAM (Figure 2.3B). This plot 

demonstrated a linear relationship between the two parameters, and therefore confirmed a 

Poisson’s distribution of events. Accordingly, the LDA indicated that approximately 

2x106 cells constituted 1 “dissemination unit”, indicating that extremely rare cells with 

high metastatic potential may exist within the PC-hi/diss variant.  

However, the frequency of  “dissemination units” determined by LDA (1 in 

2x106) is clearly not consistent with that estimated by the clonal analysis (1 in 2.75). 

Altogether, these data indicate that the observed frequency of dissemination likely does 

not depend entirely on the presence of extremely rare intravasating cells within the 

population, but rather indicate that the coordinated contribution of several processes 

and/or cell features are required for successful intravasation and dissemination. 

 

High metastatic potential of PC-hi/diss in spontaneous metastasis models in 

mice. To confirm that the increased dissemination potential of the selected PC-hi/diss 

cells was not attributed to a specific adaptation to the avian microenvironment, 

spontaneous metastasis of the PC-3 cell variants was evaluated in two murine model 

systems, i.e., a renal capsule model, exploiting the rich vascular microenvironment of the 

kidney, and a prostate orthotopic model.  

In the renal capsule model, the PC-hi/diss and PC-lo/diss tumor cells were 

inoculated under the kidney capsule of immunodeficient mice, where they formed 

primary tumors of similar size (300-600 mg) within 20-25 days after transplantation 

(Figures 2.4A and B). However, PC-hi/diss yielded higher levels of spontaneous 

metastasis  compared with PC-lo/diss as detected by  Alu-qPCR.  There was a  substantial 
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Figure 2.4. Dissemination of PC-3 variants in the renal capsule spontaneous metastasis model.   
(A) Selected PC-lo/diss and PC-hi/diss cells were grafted under the kidney capsule of nu/nu mice. 
Large primary tumors developed on the kidneys and almost completely engulfed them within 4-5 
weeks post implantation (right panels). For comparison, contralateral kidneys are shown on the left  
(B). The net weight of individual primary PC-lo/diss and PC-hi/diss tumors was estimated by 
subtracting the weight of the contralateral kidney. Data are means ± SEM from a representative 
experiment employing 4 mice per variant.  
(C). Metastasis levels in the livers of mice bearing PC-lo/diss (open bars) and PC-hi/diss (closed 
bars), quantified by Alu-qPCR. *, P<0.05, one-tailed Mann-Whitney test. 
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13.6-fold differential in liver metastasis (Figure 2.4C) and a clear 2-fold differential in  

metastases to the lungs between the animals bearing PC-hi/diss versus PC-lo/diss tumors 

(data not shown). Thus, the increased dissemination ability of PC-hi/diss, initially 

observed in the chick system, was affirmed in this mammalian spontaneous metastasis 

model. 

To determine whether PC-hi/diss would be also differentially aggressive in an 

orthotopic spontaneous metastasis model, PC-hi/diss and PC-lo/diss cells were pre-

labeled with firefly luciferase (fluc) to allow for non-invasive live animal imaging and 

surgically implanted into the prostates of SCID mice. Both cell variants formed primary 

prostate tumors within 4-6 weeks, as first indicated by bioluminescence in the prostate 

region (Figure 2.5A). The levels of bioluminescence in animals bearing PC-hi/diss 

tumors were slightly higher than in the mice with developing PC-lo/diss tumors. 

However, only mice with PC-hi/diss tumors demonstrated high levels of bioluminescence 

in the abdomen, in the liver and in the spleen areas (Figure 2.5B). The presence of 

expanding primary tumors in the prostates was confirmed upon dissection of sacrificed 

animals, demonstrating similar gross morphology of the tumors (Figure 2.5C), although 

the PC-lo/diss cells generally gave rise to smaller tumors (Figure 2.5D). The localization 

of human tumor cells within characteristic prostate glandular tissue was indicated by 

histological analysis after H&E staining (Figure 2.5E, left panel) and confirmed by 

immunohistochemical analysis after staining of primary tumors for human CD44 (Figure 

2.5E, middle panel). Both cell lines efficiently metastasized to axillary and inguinal 

lymph  nodes,   as  indicated  by   lymph  node  enlargement   (Figure 2.5C).     However,  
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Figure 2.5. Characterization of PC-3 dissemination variants in an orthotopic spontaneous 
metastasis model.   
(A) Bioluminescence imaging of PC-lo/diss or PC-hi/diss primary tumors in SCID mice 5 weeks after 
surgical implantation of firefly luciferase-tagged cells (fluc) into anterior prostates.  
(B) High levels of bioluminescence are associated with the primary tumor, liver, spleen, and abdominal 
ascites in a PC-hi/diss tumor-bearing mice at 5 weeks. 
(C) Gross morphology of primary tumors, lymph nodes and mesenterium in sacrificed mice. Prostate 
tumors are circumscribed by dotted lines (top panels). Arrows, seminal vesicles; arrowheads, testes. 
Enlarged inguinal (subiliac) lymph nodes are indicated by circles (middle panels). The mesenterium in 
PC-hi/diss-bearing mice is inseminated with macroscopic metastatic nodules (bottom panels).  
(D) Primary tumors were excised and weighed, indicating a 1.6 fold difference in tumor size. 
(E) H&E staining of a PC-hi/diss tumor (left panel) indicates the presence of a tumor cell mass (bottom of 
section) and tumor invasion between prostate glands at (top of section). A muscular layer in the middle is 
indicated by dotted lines. Human tumor cells invading prostate glandular tissue (arrows) were highlighted 
by staining with mAb 29-7, specifically recognizing human CD44 (middle panel). A section of lung tissue 
from a PC-hi/diss tumor-bearing mouse (right panels) stained with H&E (top) and anti-human CD44 
(brown). Arrowheads indicate metastatic foci (bottom).  
(F) Levels of metastasis in mice bearing PC-lo/diss (open bars) and PC-hi/diss (closed bars) tumors were 
determined by Alu-qPCR in the lymph nodes, spleen, lung, and liver. Bars are means ± SEM from 2 
independent experiments employing 6 mice total per variant. Numbers above bars are mean numbers of 
tumor cells per 106 murine cells. *, P<0.05 in one-tailed Mann-Whitney test. 
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dissemination of cells from primary PC-hi/diss tumors to the lymph nodes appears to be 

6-fold more efficient than from their low disseminating counterpart (Figure 2.5F). In 

addition, widespread abdominal metastases developed in all (6 out of 6) PC-hi/diss 

tumor-bearing animals, manifested by ascites and numerous large tumor nodules within 

the mesenterium (Figure 2.5C, lower panels). In contrast, only 2 of 6 PC-lo/diss mice 

presented with ascites and/or tumor cell colonization of the mesenterium, although the 

PC-lo/diss bearing mice were allowed an additional week of tumor development. 

Importantly, PC-hi/diss tumors were significantly more metastatic to the liver (8-fold; 

P<0.05) and were clearly more efficient in their spread to the lung (24.5-fold; P=0.066) 

and spleen (4-fold; P=0.12) as determined by Alu-qPCR analysis in comparison to PC-

lo/diss tumors (Figure 2.5F). In PC-hi/diss bearing animals, microscopic foci of tumor 

cells were also identified within the lung parenchyma by immunohistochemical staining 

for human CD44 (Figure 2.5E, right panels). Thus, in this orthotopic model, as in the 

mouse kidney capsule and chick embryo spontaneous metastasis models, PC-hi/diss cells 

were clearly more aggressive; these in vivo selected highly disseminating cells formed 

larger and rapidly growing primary tumors and metastasized more efficiently than the 

PC-lo/diss counterparts.   

 

In vitro characterization of the PC-3 dissemination variants. Intravasation of 

tumor cells into intratumoral angiogenic vasculature or peritumoral pre-existing blood 

vessels would require implementation of escape mechanisms by aggressive tumor cells, 

including dissociation from the primary tumor, invasion of surrounding tissue and 

migration towards blood vessels. To address potential differences in escape mechanisms 
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between PC-lo/diss and PC-hi/diss, we subjected the cell variants to a series of in vitro 

assays to compare their adhesion, migration and invasion characteristics. The PC-hi/diss 

cells were less adhesive to the purified extracellular matrix proteins collagen I and 

fibronectin and to the basement membrane proteins of Matrigel (Figure 2.6A). Since 

endothelial cells and fibroblasts would be the two major cell types encountered by 

escaping tumor cells within the tumor microenvironment, we analyzed the respective 

abilities of PC-hi/diss and PC-lo/diss to migrate chemotactically towards conditioned 

media (CM) from these two cell types. PC-hi/diss cells displayed increased ability to 

chemotactically migrate towards CM from human microvascular endothelial cells 

(HMVEC) and chick embryonic fibroblasts (CEF) in Boyden-type chamber assays 

(Figure 2.6B). Additionally, PC-hi/diss cells were significantly more migratory in 

haptotactic migration induced by type I collagen in the absence of additional chemotactic 

stimuli (Figure 2.6C). When Transwells were coated with Matrigel to create an 

extracellular matrix barrier, the PC-hi/diss cells manifested increased ability to invade 

through Matrigel towards chemotactic stimuli present in fibroblast CM (Figure 2.6D).  

The enhanced migratory and invasive characteristics observed in PC-hi/diss were 

suggestive of a partial epithelial to mesenchymal transition (EMT), a process which has 

been well described in embryonic development and recently linked to carcinoma 

progression (14, 15), as carcinoma cells lose some of their epithelial characteristics and 

gain a more migratory, mesenchymal phenotype. The possibility that PC-hi/diss cells had 

undergone EMT was addressed by western blot and qPCR analysis of classical EMT 

markers. There was a substantial reduction in levels of the epithelial marker E-cadherin at 

both  the protein (11-fold) and message (22-fold) levels in PC-hi/diss compared with  PC-  
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Figure 2.6. In vitro characteristics of PC-lo/diss and PC-hi/diss cell variants.   
(A) Adhesion of PC-lo/diss and PC-hi/diss cells to type I collagen, fibronectin, or Matrigel.  Data are 
presented as fold differences versus PC-hi/diss, determined from 3 independent experiments performed 
in triplicate.  
(B) Chemotactic migration of PC-lo/diss and PC-hi/diss cells in Transwells was induced by serum-free 
CM from CEF or HMVEC placed into the outer chamber.  
(C) Haptotactic migration of PC-lo/diss and PC-hi/diss cells in Transwells was stimulated by type I 
collagen coated onto undersurface of the membrane.  
(D) Matrigel invasion of PC-lo/diss and PC-hi/diss cells induced by CM from CEF placed into the outer 
chamber. Data are presented as means ± SEM of cells recovered from individual outer chambers 
following a 48 hour migration or invasion in 3 independent experiments performed in duplicate. *, **, 
and ***, P<0.05, <0.01, and <0.001 in two-tailed Student’s t-test, respectively.  
 (E) Western blot analysis of PC-lo/diss, PC-hi/diss and HT-1080 cell lysates (20-50 µg/lane) for E-
cadherin, N-cadherin, and vimentin. Positions of molecular weight markers are indicated on the left.   
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lo/diss (Figure 2.7E and data not shown). Levels of the mesenchymal marker N-

cadherin, however, were similar between the two variants, and vimentin, a second 

mesenchymal marker, was not detected in either of the two PC-3 cell variants in contrast 

to high levels of this protein expressed in the mesenchymal tumor cell line HT-1080 used 

as a positive control for N-cadherin and vimentin expression (Figure 2.6E). Finally, 

mRNA levels of three EMT-inducing transcription factors (i.e., Slug, Snail and Twist) 

(16, 17) were similar between the two cell variants, as determined by qPCR analysis (data 

not shown). Together, these data suggest that although the PC-hi/diss cells display some 

characteristics of cells that have undergone EMT (i.e., substantial loss of E-cadherin, 

decreased adhesion and increased migration and invasion), the overall molecular changes 

normally accompanying carcinoma EMT were not observed.  

In addition to becoming more migratory, tumor cells must acquire the capacity to 

proteolytically remodel the extracellular matrix during invasion. To address potential 

differences between PC-lo/diss and PC-hi/diss in matrix proteolysis, we compared gene 

expression levels of various matrix metalloproteinases and serine proteases by qPCR. For 

selected molecules, relative protein levels were also determined by western blot analysis 

and gelatin zymography. The analysis of relative RNA levels unexpectedly demonstrated 

that gene expression levels of multiple MMPs were higher in PC-lo/diss (Figure 2.7A). 

Levels of MMP-1, MMP-10, and MMP-13 RNA were elevated in PC-lo/diss by over 10-

fold compared with PC-hi/diss. Although RNA levels of MMP-7, MMP-9, and MMP-14 

were also somewhat higher in PC-lo/diss compared with PC-hi/diss, the expression levels 

were very low in both PC-3 sublines when compared with HT-1080 fibrosarcoma cells 

known to express multiple MMPs at high levels (12). The levels of MMP inhibitors, (i.e.,  
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Figure 2.7 Comparison of MMP and serine protease expression in PC-hi/diss versus PC-lo/diss. 
(A) Relative gene expression levels of the indicated proteases were compared between PC-lo/diss and 
PC-hi/diss using qRT-pCR with SYBR green for detection. Fold changes were calculated using 2ddCT, 
with all CT values first normalized to GAPDH. 
(B) Western blot analysis of MMP-1, pro-uPA, and PAI-1 levels in conditioned media from PC-
lo/diss and PC-hi/diss cells, normalized to cell number. Molecular weights of the detected bands, 
based on the positions of MW markers, are indicated on the right. 
(C) Analysis of gelatinase levels in PC-lo/diss and PC-hi/diss CM after gelatin sepharose purification 
by gelatin zymography. CM from HT-1080 cells was included within the same gel to indicate the 
position of the major gelatinolytic enzymes, MMP-9 and MMP-2, as indicated on the right.   
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TIMPs), were also demonstrated to be somewhat higher in PC-lo/diss cell at the gene and 

protein level (Figure 2.7A and 2.9A). 

Since MMP-1 exhibited the largest differential in gene expression between the 

PC-3 variants, protein levels of MMP-1 in the conditioned medium of PC-lo/diss and PC-

hi/diss were compared by western blot analysis. Western blotting indicated a 2-3 fold 

higher level of MMP-1 protein in the CM from PC-lo/diss, consistent with the gene 

expression differential (Figure 2.7B). To determine relative levels of the two gelatinases, 

MMP-2 and MMP-9, the CM from PC-lo/diss and hi/diss were analyzed by gelatin 

zymography. This analysis confirmed very low levels of functional MMP-9 and MMP-2 

in comparison to HT-1080 cells, even after gelatin sepharose purification of gelatinases 

from PC-lo/diss and PC-hi/diss CM (Figure 2.7C). Surprisingly, the only MMP 

upregulated in PC-hi/diss was MMP-8, which is normally attributed with a tumor 

suppressive role (18).  

The analysis of serine protease expression indicated that uPA RNA levels were 

substantially higher in PC-hi/diss cells compared with PC-lo/diss cells (Figure 2.7A). 

The transmembrane serine protease hepsin was undetectable, and gene expression levels 

of matriptase and matriptase 2 were higher in PC-lo/diss, although relatively low in both 

cell variants (Figure 2.7A). A differential in protein levels of uPA in the CM of the PC-3 

variants was confirmed by western blot analysis (Figure 2.7B). While gene expression 

levels of the uPA inhibitor, PAI-1, were somewhat higher in PC-lo/diss compared with 

PC-hi/diss the actual protein levels of PAI-1 in the CM were similar between the PC-3 

variants (Figure 2.7A and 2.7B, respectively). The uPA receptor, uPAR, was detected at 
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similar gene expression levels in both PC-lo/diss and PC-hi/diss (Figure 2.7A). The 

expression of several components of the uPA system in both PC-3 variants along with the 

higher levels of uPA produced by PC-hi/diss cells, at both the gene and protein level, 

suggested that uPA may contribute to the dissemination capacity of PC-hi/diss cells. 

Thus, the functional implications of increased uPA expression in PC-hi/diss are discussed 

in detail in Chapter IV of this thesis. 

 

Contribution of tumor angiogenesis to PC-hi/diss intravasation. Tumor 

angiogenesis is often correlated with tumor progression and high-grade (i.e., metastatic) 

disease, and the possibility of a link between angiogenesis and metastasis prompted us to 

determine whether the PC-3 cell variants might differentially induce tumor angiogenesis 

and whether a difference in angiogenic potential might functionally impact their 

dissemination capabilities. To this end, levels of angiogenesis were compared between 

primary PC-hi/diss and PC-lo/diss CAM tumors. Sections of CAM tumors were stained 

with SNA lectin to highlight the endothelial cells and allow visualization of the tumor 

vasculature (Figure 2.8A). Scoring of intratumoral lumen-containing vessel density 

indicated that PC-hi/diss primary CAM tumors contained substantially more (4.6-fold, 

P<0.0001) vessels (Figure 2.8A, bar graph).   

In addition, the ability of the two cell variants to induce angiogenesis in a 

quantitative and easily manipulatable CAM angiogenesis model (19) was investigated.  In 

this model, collagen droplets impregnated with tumor cells were allowed to polymerize 

on  nylon grids prior to grafting on the  CAM of day 10 shell-less embryos developing  ex  
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Figure 2.8.  Angiogenic potential of PC-3 intravasation variants in chick embryo and mouse 
models.   
(A) PC-lo/diss and PC-hi/diss primary CAM tumors were stained with SNA lectin to highlight 
endothelial cells (left panels). Arrows point to lumen-containing blood vessels. Vessel density was 
determined as a ratio of tumor-filled grids with vessels per total grids analyzed in digital images of 
tissue sections taken at 20x original magnification. From 10 to 20 images per tumor in 3-5 individual 
tumors per variable were analyzed to calculate the means ± SEM presented in the bar graph.  
(B) PC-lo/diss and PC-hi/diss cells were incorporated into collagen onplants grafted on the CAM of 
shell-less chick embryos in the collagen onplant model. The angiogenic index was calculated at 72 
hours as the number of grids containing vessels over total number of grids scored in 4 independent 
experiments (number of onplants, n=14, no cells; n=63, HeLa; n= 45, PC-lo/diss; n=79, PC-hi/diss). 
The data are presented as fold difference compared to the HeLa cell negative controls.  
(C) In the mouse angiotubes model, silicon tubes (angiotubes) containing collagen alone (no cell 
control) or PC-hi/diss or PC-lo/diss cells were implanted under the skin of nu/nu mice (left panel). At 
3 weeks, the skin flaps with the angiotubes exposed, indicating visually more blood vessels around 
the PC-hi/diss containing tubes than either control or PC-lo/diss containing tubes (middle panels). 
Levels of angiogenesis were estimated by measuring hemoglobin concentration in the contents of 
individual angiotubes (n=8 per variable) (bar graph). Bars represent means ± SEM from a 
representative experiment. *, or ***, p<0.05 or <0.0001 in two-tailed Student t-test.  
.  
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Figure 2.8.  Angiogenic potential of PC-3 intravasation variants in chick embryo and mouse models.   
(A) Tumor angiogenesis in the CAM spontaneous metastasis model. PC-lo/diss and PC-hi/diss primary CAM tumors were 
stained with SNA lectin to highlight endothelial cells (left panels). Black arrows point to lumen-containing blood vessels. 
Vessel density was determined as a ratio of tumor-filled grids with lumen-containing vessels per total number of grids 
analyzed in digital images of tissue sections taken at 20x original magnification. From 10 to 20 images per tumor in 3-5 
individual tumors per variable were analyzed to calculate the means ± SEM presented in the bar graph.  
(B) Angiogenic potential of PC-3 variants in the CAM collagen onplant model. PC-lo/diss and PC-hi/diss cells were 
incorporated into collagen onplants grafted on the CAM of shell-less chick embryos. The onplants containing collagen alone 
or non-angiogenic HeLa cells were used as negative controls. The angiogenic index was calculated at 72 hours as the number 
of grids containing vessels over total number of grids scored in 4 independent experiments (number of onplants, n=14, no 
cells; n=63, HeLa; n= 45, PC-lo/diss; n=79, PC-hi/diss). The data are presented as fold difference compared to the angiogenic 
index of collagen onplants containing HeLa cells. ***, P<0.0001 in two-tailed Student’s t-test.  
(C) Angiogenic potential of PC-3 variants in the mouse angiotube model. Silicon tubes (angiotubes) containing collagen alone 
(no cell control) or PC-hi/diss or PC-lo/diss tumor cells were implanted under the skin of nu/nu mice (left panel). At 3 weeks, 
the mice were sacrificed, and the skin flaps with the angiotubes exposed, indicating visually more blood vessels around the 
PC-hi/diss containing tubes than either control (collagen alone) or PC-lo/diss containing tubes (middle panels). Levels of 
angiogenesis were estimated by measuring hemoglobin concentration in the contents of individual angiotubes (n=8 per 
variable) (bar graph). Bars represent means ± SEM from a representative experiment. *, P<0.05 in two-tailed Student’s t-test.  
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ovo; 72-96 hours later these ‘onplants’ were scored for new vessel development. When 

PC-hi/diss and PC-lo/diss cells were incorporated into collagen onplants, only PC-hi/diss 

efficiently induced angiogenesis over control levels observed in onplants containing 

collagen alone or impregnated with HeLa cells with low angiogenic potential (Figure 

2.8B).  

The differential in angiogenic potentials of the PC-3 variants was further 

confirmed using a murine model, where silicon tubes filled with collagen alone or a 

mixture of collagen and tumor cells (angiotubes) were implanted under the skin of 

immunodeficient mice (Figure 2.8C, left panel). Three weeks after implantation, the 

growth of blood vessels was visually compared between angiotubes containing PC-hi/diss 

vs. PC-lo/diss cells or collagen alone. As can be seen in Figure 2.8C, blood vessels 

appeared to be converging at the openings of the cell-containing angiotubes. Importantly, 

PC-hi/diss induced the formation of a more robust blood vessel network around the 

angiotubes compared with the no cell control and the PC-lo/diss variant. Hemoglobin 

content within the tubes was measured as an indicator of angiogenesis. Confirming our 

observations in the chick model systems, only the PC-hi/diss variant was highly 

angiogenic in contrast to the PC-lo/diss cells, which did not induce angiogenesis over 

control levels (Figure 2.8C, bar graph). Thus three distinct angiogenesis assays in two 

separate animal models demonstrated a significant differential in the ability of PC-hi/diss 

and PC-lo/diss to induce angiogenesis. 

In order to analyze potential differences in secretion of individual angiogenic 

factors that might underlie the differential in angiogenic phenotype of the PC-3 

intravasation   variants,   we  employed  an  antibody  array  in  which levels  of   secreted  
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Figure 2.9. Increased VEGF production contributes to enhanced angiogenesis and intravasation of 
PC-hi/diss.   
(A) Analysis of pro- and anti-angiogenic factors produced by PC-lo/diss and PC-hi/diss cells. Serum-free 
CM from PC-lo/diss and PC-hi/diss cell monolayers was assayed by a TranSignal™ Angiogenesis 
Antibody Array, indicating differential in secreted VEGF.  
(B) Levels of VEGF in the CM of PC-hi/diss and PC-lo/diss were quantified by a capture ELISA.  
(C) Contribution of VEGF to PC-hi/diss-induced angiogenesis in the CAM collagen onplant model. A 
function-blocking antibody to VEGF (R&D) was incorporated at 50 µg/ml into collagen onplants 
containing PC-hi/diss cells (3x104 cells per onplant). Angiogenic index was determined at 72 hours in 
comparison with onplants containing PC-lo/diss cells.  In the scattergram, lines represent means from 
angiogenic indices determined for each individual onplant in a representative experiment employing 5-6 
embryos per variant (23-25 onplants). *, P<0.05in two-tailed Student’s t-test. 
.  
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Figure 2.9. Increased VEGF production contributes to enhanced angiogenesis and intravasation of 
PC-hi/diss (continued)  
(D) Contribution of VEGF to PC-hi/diss-induced angiogenesis in the chick embryo spontaneous 
metastasis model. Primary PC-hi/diss CAM tumors were treated topically with the control IgG or 
function-blocking antibody to VEGF. After 4 days, 3-5 control or anti-VEGF-treated tumors were 
harvested, fixed and stained with H&E, immunostained with mAb-29-7 against human CD44 to identify 
tumor cells (brown cell membrane staining), or stained with SNA lectin to highlight the vasculature. 
Dotted lines delineate the tumor borders. Arrows point to lumen-containing vessels.   
(E)  Vessel density was calculated after scoring lumen-containing blood vessels in control and anti-
VEGF-treated PC-hi/diss tumors in a series of SNA stained tumor sections. Images and vessel density 
analysis are from a representative experiment, in which 3 tumors were analyzed per variable with 10-20 
images analyzed per tumor.  
(F) Contribution of VEGF to PC-hi/diss intravasation in the spontaneous metastasis CAM model. At day 
7, control IgG and anti-VEGF-treated PC-hi/diss tumors were harvested and weighed (left panel), and 
intravasated tumor cells in the distal CAM were quantified by Alu-qPCR (right panel). Tumor weights and 
intravasation data are pooled values from three individual metastasis experiments with total of 25 and 22 
embryos treated with control IgG and anti-VEGF, respectively. *, P<0.05; **, P<0.01; ***, P<0.0001 in 
two-tailed Student t-test. 
.  
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angiogenic factors were compared in the CM of PC-lo/diss and PC-hi/diss. This array 

highlighted a two-fold differential in VEGF production by the PC-3 dissemination 

variants (Figure 2.9A). The differential in the levels of secreted VEGF was further 

confirmed and quantified by capture ELISA (Figure 2.9B). To address whether high 

levels of PC-hi/diss-induced angiogenesis could be attributed to the increased VEGF 

secretion, we employed a function-blocking anti-VEGF antibody, which was 

incorporated into PC-hi/diss-containing collagen onplants. This antibody significantly 

decreased PC-hi/diss induced angiogenesis to the levels observed for PC-lo/diss (Figure 

2.9C), thus supporting the suggestion that the high levels of angiogenesis induced by PC-

hi/diss were dependent on the elevated VEGF levels.   

To analyze whether this VEGF-dependent increase in tumor angiogenesis was 

functionally important for PC-hi/diss dissemination, we diminished the levels of VEGF in 

PC-hi/diss tumors by treating the developing CAM tumors with the function-blocking 

antibody to human VEGF, and monitored vessel density, tumor growth, and spontaneous 

metastasis. Four days after tumor cell grafting, a subset of primary tumors were excised, 

fixed, and immunohistochemically stained for human CD44 to highlight human tumor 

cells and the tumor-CAM border, and also with SNA-lectin to highlight host endothelial 

cells (Figure 2.9D). Serial microscopic images were analyzed to determine the vessel 

density within the primary tumors. This analysis indicated a significant 30% reduction in 

vessel density in tumors treated with anti-VEGF (Figure 2.9E), suggesting efficacy of 

the strategy to reduce tumor angiogenesis.  After seven days of tumor growth on the 

CAM, primary tumors were weighed and dissemination of tumor cells to the distal CAM 

was quantified by Alu-PCR. While the anti-VEGF treatment had only a marginal effect 
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on tumor growth (Figure 2.9F, left bar graph), dissemination to the distal CAM was 

substantially decreased to 27% of control levels (Figure 2.9F, right bar graph). Taken 

together, these data suggest that targeting VEGF not only reduces tumor-induced 

angiogenesis and microvessel density within developing CAM tumors, but also 

concomitantly reduces PC-hi/diss cell intravasation and dissemination within the CAM 

vascular network. Taking into account that VEGF neutralization did not significantly 

affect primary tumor growth, these findings indicate that angiogenic vessels developed 

within primary tumors can serve as conduits for intravasating cells. 
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DISCUSSION 

Because the multi-step metastatic cascade involves complex interactions between 

tumor cells, stromal cells, tumor-associated vasculature and extracellular matrix 

components, the study of metastatic spread requires in vivo analyses. Therefore, the 

development of easily manipulatable in vivo models greatly facilitates metastasis 

investigations (20-23). Further dissection of individual rate-limiting processes by in vitro 

and in vivo modeling is also necessary to define the molecular and cellular mechanisms 

that lead to successful tumor cell dissemination. Intravasation, i.e., the entry of aggressive 

cells into the vasculature, is an early and very much understudied rate-limiting step in the 

metastatic cascade (24, 25). In order to identify specific processes and molecules that 

functionally contribute to early metastatic events leading to tumor cell intravasation, our 

laboratory has generated pairs of congenic tumor cell lines differing substantially in their 

dissemination potentials, namely the HT-1080 fibrosarcoma variants characterized 

previously (9, 11-13), and prostate carcinoma PC-3 cell variants described herein.    

The PC-3 variants, i.e., PC-lo/diss and PC-hi/diss, differ by an average of 40-fold in 

their ability to disseminate in the chick embryo spontaneous metastasis model, while 

exhibiting similar capacity to colonize the CAM after i.v. inoculation, indicating that the 

two PC-3 variants specifically differ during early metastatic events leading to 

intravasation. This difference does not appear to be dependent on tumor weight, as a 

retrospective analysis of embryos bearing tumors of the same size still revealed a 

consistent differential (up to 100-fold) in spontaneous dissemination. Therefore, a 
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comparative analysis of the PC-hi/diss and PC-lo/diss cell variants provides a valuable 

means to investigate critical determinants of early metastatic events.    

It is important that in addition to the differences manifested in the chick embryo 

model, the PC-3 cell dissemination variants also exhibit differential abilities to 

metastasize in two murine model systems, a renal capsule model and an orthotopic 

model. The kidney cortex provides a rich vascular microenvironment amenable to rapid 

growth and hematogenous dissemination of implanted tumor cells (26-28). In this model, 

PC-hi/diss and PC-lo/diss cells formed sizable primary tumors within 3-4 weeks upon 

grafting under the renal capsule, but PC-hi/diss bearing animals presented more extensive 

metastases to the liver and lung.  

Xenotransplantation of tumor cells into the appropriate anatomical location has 

been shown to affect gene expression and increase tumor growth rate and metastasis as 

compared with non-orthotopic sites, especially subcutaneous implants (29, 30). While 

both PC-3 cell variants gave rise to large primary tumors in the orthotopic site within 4-6 

weeks, PC-hi/diss cells more efficiently metastasized to lymph nodes, liver, lungs and 

spleen of recipient mice. Lymph nodes were visibly enlarged and contained more human 

tumor cells per million host cells than any other organ examined, consistent with the 

usual pattern of carcinoma lymphatic dissemination prior to widespread hematogenous 

dissemination (31, 32). Additionally, mice bearing PC-hi/diss tumors developed large 

volumes of tumor cell ascites in the peritoneal cavity and multiple macroscopic foci of 

tumor cells on the mesenterium. It could be argued that the peritoneal ascites, and not 

vascular or lymphatic dissemination, might be a source of secondary metastases, 

especially those in the liver. However, colonies of PC-hi/diss tumor cells were repeatedly 
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found within the lung parenchyma by histological analyses, indicating that these tumor 

cells metastasized via a hematogenous route in order to reach and colonize the lungs, 

which are not directly accessible to tumor cells from the peritoneal cavity ascites. 

 The large differential in spontaneous dissemination demonstrated by PC-hi/diss 

and PC-lo/diss congenic cell variants both in the chick embryo and mouse models, 

facilitated an identification of key processes and molecules underlying the early events in 

metastasis. Tumor angiogenesis has long been correlated with aggressive prostate cancer 

and metastasis (33), although it remains to be determined conclusively whether the 

angiogenic vessels serve as the actual primary conduits for direct tumor cell intravasation 

instead of the more stable pre-existing vasculature. Correlating closely with an increased 

dissemination potential, the PC-hi/diss cell variant displayed an enhanced ability to 

induce angiogenesis in avian and murine hosts. PC-hi/diss also manifested a substantial 

increase in VEGF production both in vitro and in primary CAM tumors. A function-

blocking antibody to VEGF significantly inhibited PC-hi/diss tumor angiogenesis in the 

avian angiogenesis model, suggesting that the increase in VEGF secretion functionally 

contributes to PC-hi/diss-induced angiogenesis. When the anti-VEGF antibody was 

applied to developing PC-hi/diss primary CAM tumors, the treatment concomitantly 

reduced vessel density within the tumors and substantially decreased intravasation. 

Importantly, the anti-VEGF treatment did not significantly affect tumor growth in the 

chick embryo. In murine models, anti-angiogenic treatments primarily affect tumor 

growth and secondarily metastatic dissemination. Moreover, reduced primary tumor size 

makes it difficult to determine direct effects of anti-angiogenic treatment on tumor 

metastasis (34, 35). In the CAM model, on the other hand, it appears that the pre-existing 



 

 

66 

CAM blood vessels underlying the developing tumor, along with the intratumoral 

angiogenic vessels remaining after anti-VEGF treatment are able to sustain normal tumor 

growth without onset of hypoxia or significant reduction in tumor size. This highlights a 

unique aspect of the chick embryo metastasis model, in which the confounding factor of 

reduced tumor size indirectly contributing to reduction of metastasis can be reduced or 

eliminated. Furthermore, our findings indicate that decreasing the number of intratumoral 

angiogenic vessels directly limits the number of vascular points of entry available to the 

escaping tumor cells, thereby directly linking levels of tumor angiogenesis with levels of 

intravasation and dissemination. 

Before reaching blood vessels, tumor cells are believed to actively escape from the 

primary tumor and invade surrounding stromal tissues. In epithelial-derived tumors, 

“epithelial to mesenchymal transition” (EMT) may be involved in facilitating tumor cell 

escape (36, 37). EMT, originally described and characterized in development, has been 

recently implicated in cancer progression as several morphologic characteristics and gene 

expression changes are seen in both developmental EMT and cancer metastasis (14, 15). 

EMT in development and possibly in cancer progression can be mediated by a group of 

transcription factors (i.e., Snail, Slug, and Twist), which, when activated, induce 

phenotypic changes in cell behavior (16, 17, 38, 39). These changes involve a loss of 

polarity and loosening of tight cell-cell junctions, coinciding with decreased levels of 

functional epithelial markers, especially E-cadherin. A gain of mesenchymal 

characteristics is also observed, including increased motility and expression of 

mesenchymal markers (N-cadherin, vimentin, fibronectin). Full or partial EMT is 

believed to enable aggressive cells to escape from the primary site and this process has 
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been associated with enhanced metastatic potential. EMT in cancer is not as well 

understood as the parallel process during embryonic development and the occurrence of 

EMT in cancer progression remains controversial and requires further definition (40-42).   

In the current study, we observed a substantial loss of E-cadherin expression in PC-

hi/diss, however N-cadherin was expressed by both PC-lo/diss and PC-hi/diss and there 

was no detectable expression of vimentin in either variant. The transcription factors Snail, 

Slug, and Twist were also detected at similar levels between the two variants. This is in 

contrast to studies on breast carcinoma showing that these transcription factors repress E-

cadherin expression, or conversely, that E-cadherin repression leads to up-regulation of 

Snail, Slug and Twist (43). Thus, our data suggests that these factors may play different 

roles in different carcinoma cell types. Additionally, due to dysfunctional components of 

the catenin pathway in the parental PC-3 cell line (44, 45), it is unclear whether the loss 

of E-cadherin would be a prerequisite for efficient intravasation of the selected PC-hi/diss 

variant. Altogether, despite the clear loss of E-cadherin expression, the intravasating 

phenotype of PC-hi/diss does not appear to be adequately explained by a full or partial 

EMT. 

The observed enhancement in the ability of PC-hi/diss cells to disseminate in vivo 

and invade Matrigel in vitro led us to analyze potential differences in protease expression 

between the PC-3 variants. This analysis revealed that the PC-hi/diss cells not only 

exhibit higher levels of uPA gene expression, but also secrete more uPA protein 

compared to PC-lo/diss cells. In contrast, the gene expression levels of most of the panel 

of individual MMPs analyzed were not elevated in PC-hi/diss, and many were 

unexpectedly present at higher levels in PC-lo/diss. The only exception was MMP-8. 
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However, MMP-8 is generally believed to be a tumor suppressor gene (18, 46). The lack 

of pronounced increases in MMP expression by the PC-hi/diss cells does not necessarily 

exclude the MMPs from having functional importance to PC-hi/diss dissemination, as 

many studies have implicated MMPs derived from stromal cells, as opposed to tumor 

cells, in promoting angiogenesis and metastasis (47, 48). The involvement of host 

inflammatory MMP-9 is discussed in Chapter III of this thesis.   

In conclusion, a novel pair of prostate carcinoma PC-3 dissemination variants has 

been generated that differ substantially in their capacity to complete early steps of the 

metastatic cascade that culminate in intravasation. A comparative analysis of these 

congenic variants has indicated important differences in abilities to adhere to ECM 

proteins, migrate and invade in vitro, and to induce tumor angiogenesis. Although 

targeting VEGF with neutralizing antibody treatment significantly diminished 

angiogenesis and metastasis, the inhibition was partial, indicating that additional factors 

and cell types likely play a role in promoting angiogenesis, and that VEGF may be 

downstream of other pathways. 
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METHODS 

Chick Embryo Intravasation Assay:  The PC-3 parental cell line was purchased 

from ATCC (Manassas, VA). PC-3 cells and subsequent isolated sublines were 

maintained in DMEM supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) 

and 10 µg/ml gentamicin (D-10) in a humidified incubator at 37°C in the presence of 5% 

CO2. For intravasation experiments, cells were passaged 48 hours prior to experiments, 

detached with trypsin/EDTA, washed in D-10, and resuspended in serum free DMEM 

(SF-DMEM) at a concentration of 8x107 cells per ml. SPAFAS White Leghorn embryos 

(Charles River, North Franklin, CT) were allowed to develop at 37°C in a humidified 

rotary incubator. On day 10 of incubation, a portion of the CAM was dropped by 

applying suction through a small hole in the air sac, essentially as described (9, 10), and 

2x106 PC-3 cells in 25 µl were applied to the dropped CAMs. Embryos with tumor cell 

grafts were incubated further in a stationary 37°C humidified incubator. Where indicated, 

the developing tumors were treated topically on day 1 after tumor cell grafting with 25 µg 

of control goat IgG or goat anti-VEGF antibody (R&D Systems, Minneapolis, MN; AB-

108-C and AB-293-NA, respectively) in 100 µl PBS/5% DMSO. On day 7, primary 

tumors were excised and weighed, and either fixed in 10% Zn-formalin or dissociated for 

in vitro propagation (see below). Portions of the CAM, distal to the primary tumor site 

(so-called “lower CAM”) were harvested and frozen on dry ice for quantitative Alu-PCR 

analysis to determine actual numbers of intravasated tumor cells and, where indicated, 

dissociated for in vitro selection.   
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In vivo Selection of PC-3 Cell Dissemination Variants:  Primary tumors were 

excised from the CAM under sterile conditions, washed in SF-DMEM, minced and 

incubated for 3 hours in the presence of 2 mg/ml dispase in SF-DMEM. The dissociated 

tissue was then passed through 70 µm cell strainers, washed in D-10, and the resultant 

cell suspensions from individual tumors were pooled and seeded for propagation in vitro 

in D-10.  After 2-3 weeks, the expanded tumor cells were grafted onto new CAMs for 

another round of tumor growth and cell isolation. This process of tumor cell grafting 

followed by tumor cell isolation was repeated 7 times, yielding a series of “Tu-1” to “Tu-

7” cell lines. The Tu-7 subline was then grafted on the CAM of day 10 chick embryos for 

tumor development. After 7 days, portions of CAM, distal from the primary tumor site, 

were harvested under sterile conditions and dissociated by mechanical mincing and 

dispase treatment. The dissociated cells were plated for in vitro propagation, and within 

2-3 weeks, visible outgrowths of tumor cells were recognizable by their cobblestone-like 

appearance within a layer of chick embryonic fibroblasts. These colonies of tumor cells 

were isolated and pooled, generating a high-disseminating subline of PC-3 (PC-hi/diss).   

 

Chick Embryo Experimental Metastasis Assay:  Cell suspensions were prepared 

at a concentration of 1x106 cells per ml SF-DMEM and 100 µl of the cell suspensions 

were injected i.v. into the allantoic vein of embryos incubated for 12 days in a humidified 

37°C rotary incubator. After cell injections, the embryos were incubated for an additional 

5 days in a stationary incubator, at which time portions of the CAM were harvested for 

Alu-qPCR analysis. 
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Murine Spontaneous Metastasis Models:  Six to 8 week old male 

immunodeficient nu/nu and SCID mice were purchased from the TSRI breeding colony 

and maintained under the guidelines of the TSRI Institutional Animal Care and Use 

Committee. For implantation under the renal capsule, nu/nu mice were anesthetized with 

a mixture of xylazine and ketamine (12.5 and 100 mg/kg, respectively). An incision was 

made on the left dorsal region to expose the kidney. 1x106 PC-lo/diss cells in a volume of 

7 µl or 5x105 PC-hi/diss cells in a volume of 4 µl were grafted under the kidney capsule. 

The kidney was returned to its normal location and incisions were closed with sutures. 

After 25 days, mice were sacrificed. Tumor weights were determined by subtracting the 

weight of the contralateral kidney. Liver and lung samples were harvested and frozen for 

Alu-PCR analysis. 

For orthotopic implantation into the prostate, SCID mice were anesthetized as 

described above. An incision was made in the lower abdomen to expose the anterior 

prostate. A total of 2.5x106 firefly luciferase labeled PC-hi/diss or PC-lo/diss cells were 

injected into the prostate in a volume of 25 µl SF-DMEM, and the abdominal incisions 

were closed with sutures. Live animal imaging was performed after 4-5 weeks of tumor 

growth using the IVIS system (Xenogen Corp, Alameda, CA). Mice were injected i.p. 

with 3 mg luciferin (Caliper Life Sciences, Hopkinton, MA) in 100 µl PBS and imaged in 

IVIS to monitor primary tumor growth and development of metastases. PC-hi/diss 

bearing mice were sacrificed between 5-6 weeks after tumor cell inoculation when mice 

became moribund and/or developed ascites. PC-lo/diss bearing mice were sacrificed later, 

at up to 7 weeks to allow tumors to reach similar size to PC-hi/diss tumors. Images of 

primary tumors, lymph nodes, and mesenterium were taken with a digital camera. The 
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excised tumors were weighed and fixed in Zn-formalin. Liver, lung, spleen, and lymph 

node samples were harvested and frozen for Alu-PCR analysis or fixed in Zn-formalin for 

histological analysis. 

 

Quantitative Alu-PCR Analysis:  Quantification of disseminated human tumor 

cells in chick or murine organs was performed essentially as described (9, 10).  Briefly, 

genomic DNA was extracted from the tissue of interest using the Puregene DNA 

purification system (Genta Systems, Qiagen, Minneapolis MN). Real time PCR was 

performed to amplify primate-specific Alu repeat sequences using 10 ng extracted 

genomic DNA as a template in a Bio-Rad myIQ light cycler. The dsDNA binding dye 

SYBR green (Molecular Probes, Invitrogen, Carlsbad, CA) was used for quantification. 

The cycle threshold (Ct) values were converted into numbers of human cells using a 

standard curve generated by spiking constant numbers of chicken (or murine) cells with 

serial dilutions of human tumor cells.    

 

In vitro Adhesion, Migration, and Invasion:  For haptotactic adhesion 

experiments, wells of 96 well clusters were pre-coated overnight at 4°C with 5 µg/ml 

type I collagen, 10 µg/ml fibronectin or 10 µg/ml growth factor reduced Matrigel (BD 

Biosciences, Franklin Lakes, NJ). PC-lo/diss and PC-hi/diss cells in SF-DMEM were 

plated on the layers of matrix proteins and allowed to adhere for 45 minutes. Non-

adherent cells were washed out and adherent cells were fixed and stained in 0.2% crystal 

violet solution in 10% ethanol. After washing with PBS, the incorporated dye was 
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extracted with 100 mM sodium phosphate in 50% ethanol (pH 4.5) and optical density 

measured at 560 nm.   

In migration and invasion experiments, 1x105 PC-hi/diss or PC-lo/diss cells were 

plated in 100 µl of SF-DMEM in the upper chamber of 8 µm pore Transwells in 24 well 

clusters (Corning, Corning, NY). For invasion experiments, the upper side of Transwell 

membranes was pre-coated with 2 µg Matrigel to create a matrix barrier. Chemotactic 

migration and invasion were induced by conditioned medium (CM) from human 

microvascular endothelial cells (HMVEC) or chick embryonic fibroblasts (CEF) 

incubated in serum-free conditions. CM was diluted 1:1 with SF-DMEM and 500 µl were 

placed in the outer chamber. Haptotactic migration, performed in SF-DMEM, was 

induced by type I collagen pre-coated at 2 µg/well on the underside of the Transwell 

membrane. All migration/invasion experiments were carried out for 48 hours at 37°C, 

after which time non-adherent cells were collected from the outer chamber, combined 

with adherent cells detached from the underside of the Transwell membrane with 

trypsin/EDTA, and counted. 

 

Avian and Murine Angiogenesis Models:  The CAM angiogenesis assay was 

performed essentially as described (19, 49). Briefly, type I rat-tail collagen (BD 

Biosciences) was neutralized and prepared at a final concentration of 2 mg/ml. Cells were 

incorporated into the collagen mixture at a final concentration of 1x106 per ml collagen 

solution. Where indicated, function-blocking antibodies (50 µg/ml) or aprotinin (0.5 

TIU/ml) were incorporated into the collagen mixture. A total of 30 µl of the final 

collagen mixture were polymerized between two nylon gridded meshes to form an 
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“onplant”. Five to 6 onplants were placed onto the CAMs of shell-less day 10 embryos 

developing ex ovo (4-6 embryos per variable). Angiogenic vessels were scored above the 

upper mesh after 72-96 hours and an angiogenic index (number of grids with newly-

formed blood vessels over the total number of grids scored) was calculated for each 

onplant. All experiments were performed at least twice. 

Angiogenesis assays in mice were performed as described (19). Briefly, PC-

hi/diss or PC-lo/diss tumor cells were incorporated into 2.5 mg/ml type I collagen from 

rat tail (BD Biosciences) at a final concentration of 1x106 cells per ml. Approximately 50 

µl of cell-containing or cell-free collagen mixtures were polymerized at 37°C within 

hollow silicon tubes (approximately 1.0 cm in length), making an “angiotube”. 

Angiotubes were then inserted into air pockets created by skin incisions on both dorsal 

sides of anesthetized nu/nu mice. Each mouse received a total of 4 angiotubes (2 per 

flank), and incisions were closed with surgical clamps. Three weeks later, the mice were 

sacrificed and the skin flap with angiotubes was exposed and photographed. After careful 

excision, the contents of angiotubes were flushed out and lysed in mRIPA buffer. 

Hemoglobin concentration in the lysates was determined using the QuantiChrom™ 

Hemoglobin Assay Kit (BioAssay Systems, Hayward, CA), according to the 

manufacturer’s instructions.  

 

Antibody Array and ELISA Analysis:  Serum-free conditioned media were 

collected from PC-hi/diss or PC-lo/diss cell monolayers after 48 hours of incubation. 

Loading was normalized to cell number per culture at the time of CM collection. 

TranSignal™ Angiogenesis Antibody Arrays (Panomics, Fremont, CA) were performed 
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according to the manufacturer’s instructions. Densitometry of the positive spots was 

quantified using an Alpha Imager (Alpha Inotech, San Leandro, CA). All values were 

normalized to the intensity of positive control spots on each membrane. The levels of 

VEGF in PC-hi/diss and PC-lo/diss CM were analyzed by capture ELISA (Peprotech, 

Rocky Hill, NJ) using the human VEGF ELISA development kit, according to the 

manufacturer’s instructions. VEGF concentrations were quantified using a standard curve 

of recombinant VEGF protein within the ELISA plate.  

 

Immunohistochemistry:  Primary tumors and murine lungs were excised and 

fixed in zinc-formalin and paraffin-embedded. Deparaffinized tissue sections were treated 

with 0.3% hydrogen peroxide and blocked with PBS supplemented with 2% bovine 

serum albumin and 5% normal goat serum. For detection of human cells, tissue sections 

were treated with antigen unmasking solution (Vector Laboratories, Burlingame, CA) and 

stained with 1 µg/ml mAb 29-7, which specifically recognizes human, but not chicken or 

murine, CD44. After washing, the slides were incubated for 1 hour with secondary 

biotinylated goat anti-mouse IgG (1:1,000). For vascular staining, CAM tumor sections 

were treated with Pepsin DAKO for 10 min at 37°C, followed by staining for 1 hour with 

1 µg/ml Biotinylated Elderberry Bark Lectin (Sambucus nigra agglutinin, SNA), 

purchased from Vector Labs. The 29-7 or SNA stained sections were then incubated with 

Avidin-D horseradish peroxidase (HRP) conjugate (Vector Laboratories) for 30 minutes 

and developed with a diaminoenzidine chromogenic substrate. Sections were 

counterstained with Mayer’s hematoxylin. Images were captured using an Olympus 

BX60 microscope equipped with a digital DVC video camera and processed with Adobe 
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Photoshop 6.0 software. For vessel quantification, serial images were taken at 20x 

original magnification and the number of lumen-containing vessels per arbitrary grid of 

tumor-filled tissue was determined in 10-20 individual images per tumor section with a 

total of 3-5 different tumors analyzed per variable. 

 

Gene Expression analysis: RNA was isolated from PC-lo/diss, PC-hi/diss or HT-

1080 hi/diss cells using the Ambion RNAqueous 4PCR kit (Ambion), according to the 

manufacturer’s instructions. cDNA was synthesized from 0.5µg RNA using the iSCRIPT 

kit (BioRad). Primer sequences have been previously described (12). Real time PCR was 

performed in a BioRad myIQ light cycler, using SYBR green dsDNA binding dye. Gene 

expression levels were normalized to GAPDH. Relative expression levels were calculated 

using the formula 2ddCt, as previously described (12). 

 

Western Blot Analysis:  PC-hi/diss and PC-lo/diss cells were lysed in mRIPA 

buffer containing protease inhibitors (aprotinin, leupeptin, and pepstatin, each at 10 

µg/ml, and phenylmethylsulfonyl fluoride at 1 mM) for 30 min at 4°C. Cell lysates were 

clarified by centrifugation and protein concentration was determined by BCA assay 

(Pierce). For secreted proteins, 90% confluent cell monolayers were incubated in SF-

DMEM. After 48 hours, CM was collected, and adherent cells detached with 

trypsin/EDTA and counted to normalize loading of CM. To verify that loaded samples of 

PC-hi/diss and PC-lo/diss CM contained similar protein levels, CM was concentrated 10-

fold and resolved by 4-20% SDS-PAGE. Similar intensity of the major protein bands was 

confirmed following staining of the gel with Coomassie blue (data not shown). Equal 



 

 

77 

amounts of proteins from cell lysates or normalized volumes of CM were resolved on 4-

20% SDS-PAGE and transferred to Immobilon-P PVDF membranes (Millipore, Billerca, 

MA). After transfer, the membranes were blocked with 5% nonfat milk in PBS plus 

0.05% Tween 20 (PBS-T). Membranes were probed overnight at 4°C with the following 

primary antibodies: murine anti-E-Cadherin (BD), murine anti-N-Cadherin (BD 

Biosciences), murine anti-Vimentin (Neomarkers, Fremont, CA), goat anti-uPA 

recognizing single-chain zymogen and B chain (American Diagnostica, Stamford, CT, 

#398) or mouse anti-MMP-1 (R&D MAB 901). Membranes were washed in PBS-T and 

probed with horseradish peroxidase conjugated secondary antibodies (anti-mouse HRP 

from Bio-Rad, Hercules, CA; or anti-rabbit HRP from GE Healthcare, Piscataway, NJ). 

After washes in PBS-T, immunoreactive bands were visualized using SuperSignal West 

Pico Chemiluminescent Substrate (Pierce, Rockford, IL) and quantified with a Molecular 

Imager Gel Doc XR System (Bio-Rad). 

 

Data Analysis and Statistics:  Data processing and statistical analysis were 

performed using GraphPad Prizm Software (GraphPad Software, Inc., San Diego, CA). 

Numbers of samples analyzed and experiments performed are indicated in the Figure 

Legends. Data are presented as means ± SEM from a representative experiment or several 

normalized experiments, where percent changes were calculated from the pooled fold 

differences determined by taking ratios of numerical values for individual embryos over 

the mean of the control group. Mann-Whitney test or Student’s t-test were used to 

determine significance (P<0.05) of differences between data sets. 
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Chapter III 

 

PC-HI/DISS CELLS INDUCE INFLUX OF MMP-9 DELIVERING 

INFLAMMATORY NEUTROPHILS WHICH COORDINATELY 

REGULATE LEVELS OF ANGIOGENESIS AND METASTASIS 
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ABSTRACT 
 

Bone marrow derived cells have been implicated in initiation of the angiogenic switch by 

delivering MMP-9 to developing tumors and have been linked to enhanced metastatic 

progression. Most studies have focused on inflammatory monocyte/macrophages as the 

leukocyte population involved in promoting both tumor angiogenesis and metastasis. 

However, neutrophils also infiltrate primary tumors where they rapidly release their 

secretory granules containing high concentrations of proMMP-9. Importantly, neutrophil 

MMP-9 is not complexed to its natural inhibitor, TIMP-1, in contrast to MMP-9 from 

other cellular sources, making it especially potent as a catalytic angiogenic agent. In the 

current study, we analyzed the contributions of infiltrating neutrophils to tumor 

angiogenesis and metastatic spread of aggressive tumor cells. To this end, we compared 

the degree of neutrophil influx into tumors formed by high and low disseminating 

prostate carcinoma cell variants (i.e., PC-hi/diss and PC-lo/diss). This comparison 

demonstrated that high levels of tumor infiltrating neutrophils correlated with high levels 

of angiogenesis and intravasation. Supplementation of PC-lo/diss cells specifically with 

neutrophil MMP-9 enhanced levels of angiogenesis to levels induced by PC-hi/diss cells. 

Conversely, PC-hi/diss angiogenesis was diminished by treatment with general anti-

inflammatory agents and could be restored by neutrophil MMP-9. Furthermore, anti-IL-8 

treatment of primary CAM tumors was employed to specifically inhibit neutrophil influx 

into PC-hi/diss tumors. This treatment diminished not only neutrophil influx, but also 

levels of tumor angiogenesis, and importantly, spontaneous dissemination. Similar results 

were obtained with a second congenic pair of tumor cell dissemination variants from the 

HT-1080 cell line, i.e., HT-lo/diss and HT-hi/diss, which also exhibited correspondingly 
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low and high levels of neutrophil influx into primary tumors. Importantly, in HT-hi/diss 

cells, diminished tumor angiogenesis and dissemination upon IL-8 neutralization could 

be rescued by exogenous delivery of purified neutrophil MMP-9, but not by neutrophil 

MMP-9 pre-complexed to TIMP-1. Thus, our findings directly implicate neutrophils, 

supplying TIMP-free MMP-9, in the ability of aggressive tumor cells to initiate the 

development of tumor-associated vessels, which in turn, serve as conduits for 

dissemination.   
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INTRODUCTION 

In addition to tumor cell-autonomous changes, cancer cells recruit stromal cells 

that can facilitate tumor growth, angiogenesis, and metastasis. Therefore, we extended 

our analysis of the isolated PC-lo/diss and PC-hi/diss tumor cell variants to analyze the 

contributions of inflammatory leukocytes to the differential angiogenic and metastatic 

phenotypes. The link between cancer and inflammation has been well established, and 

cells of both the innate and adaptive immune systems can have roles in promoting various 

aspects of tumor progression (1-6). In particular, inflammatory macrophages and 

neutrophils have been attributed with pro-angiogenic roles within the tumor 

microenvironment (7-10). Myeloid cells, predominantly macrophages, can also facilitate 

metastasis by promoting tumor cell invasion and intravasation (6, 11, 12). In addition, 

immature myeloid cells are involved in preparing the sites that will become locations for 

future metastases (i.e., the metastatic niche) (13, 14).  

Although inflammatory cells produce multiple factors that may contribute to 

tumor development and progression, one mechanism of interest is by delivery of MMP-9 

to tumors. MMP-9 produced by bone marrow derived cells (BMDCs) was shown to be 

responsible for initiating angiogenesis during the “angiogenic switch” in several tumor 

models (15-19). Since macrophages are the predominant inflammatory cell type in late-

stage tumors and are often detected in patient samples (20), the potential source of 

stromal cell derived MMP-9 has often been attributed to macrophages. However, some 

studies have implicated neutrophils in initiation of the angiogenic switch (21) and 

neutrophils can compensate for a lack of tumor associated monocytes as a source of 

MMP-9, suggesting a degree of functional overlap between the two inflammatory cell 
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types (22). In contrast to macrophages, which persist in the tissue and are capable of 

continual protein synthesis, neutrophils rapidly infiltrate a tissue, release the contents of 

their secretory granules, and disintegrate. This short half-life and rapid release of pre-

stored cytokines, growth factors, and proteases make neutrophils efficient as the first 

responders during inflammation. However these properties also make neutrophils 

somewhat difficult to detect in tumor tissues, which are often analyzed at late stages, i.e., 

most likely after neutrophil degranulation and disintegration. Despite this, increased 

levels of neutrophils have been demonstrated by immunohistological analyses in patient 

tumors (7, 23, 24). Thus, it is likely that by delivering MMP-9 to tumors, neutrophils, in 

addition to macrophages, may play a role in tumor development and angiogenesis. 

During the angiogenic switch, inflammatory cell-derived MMP-9 catalyses 

release of bound angiogenic growth factors, namely VEGF and bFGF, from the 

extracellular matrix, making them available to act on the endothelial cells and induce 

angiogenesis (15, 25-27). Since proMMP-9 is secreted as a catalytically inactive 

zymogen, it must be activated to exert its proteolytic functions. Secreted proMMP-9 is 

often complexed to its natural inhibitor, TIMP-1, which slows zymogen activation and 

inhibits activity once activation has occurred (28, 29). In contrast to proMMP-9 from 

most cellular sources, including monocytes, neutrophil proMMP-9 is free of its natural 

inhibitor, TIMP-1, rendering it highly activatable (29, 30). The TIMP-free status of 

neutrophil proMMP-9 allows the potent induction of angiogenesis by neutrophil 

proMMP-9 — or recombinant MMP-9 not complexed to TIMP-1 — in comparison to 

naturally TIMP-complexed MMP-9 from other sources (30).  
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Altogether, the link between BMDC MMP-9 and tumor angiogenesis, coupled 

with the observation that neutrophils secrete a more potent form of proMMP-9 compared 

to monocytes, warrants further investigation into the role of neutrophils in the induction 

of tumor angiogenesis. Furthermore, the potential for neutrophils to coordinately regulate 

both tumor angiogenesis and levels of metastasis has not been investigated thus far. To 

address this possibility, we first compared neutrophil infiltration into PC-lo/diss and PC-

hi/diss tumors and determined that neutrophil influx correlated with metastatic potential 

and levels of angiogenesis. We then used general anti-inflammatory drugs and specific 

antibody treatments to inhibit neutrophil influx into primary tumors and analyzed the 

coordinate effects of such inhibition on tumor development, angiogenesis, and metastasis. 

In conjunction with similar approaches applied to the HT-1080 tumor variants, our 

findings have demonstrated an important role for inflammatory neutrophils and their 

MMP-9 in regulating tumor angiogenesis and levels of dissemination.  
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RESULTS 

 

Increased recruitment of MMP-9-positive neutrophils into highly disseminating 

primary tumors.  The ability of in vivo selected PC-3 dissemination variants to recruit 

inflammatory cells into primary CAM tumors was analyzed by immunohistochemistry. 

Avian heterophils (homologous to mammalian neutrophils), have been demonstrated to 

contain high levels of MMP-9 in the chick embryo, and therefore immunostaining for 

chicken MMP-9 can be used to indicate avian neutrophils, as previously described (31). 

Specific staining of PC-hi/diss and PC-lo/-diss CAM tumors for chMMP-9 confirmed 

that chMMP-9 was localized to myeloid cells with multi-lobulated nuclei, characteristic 

of neutrophils (Figure 3.1A, inset). Furthermore, chMMP-9 staining indicated a dramatic 

differential in neutrophil density between PC-lo/diss and PC-hi/diss tumors, especially 

near the tumor-CAM border (Figure 3.1A). Neutrophil density within primary tumors 

was quantified on days 5 and 6 of tumor development, revealing significantly higher 

levels of neutrophil influx into PC-hi/diss versus PC-lo/diss tumors (Figure 3.1A, bar 

graph). Since the PC-hi/diss variant exhibits increased angiogenic potential in avian and 

murine models (Figure 2.8 and Ref. (32)), we analyzed levels of angiogenesis in actual 

primary CAM tumors. When PC-hi/diss or PC-lo/diss tumor-bearing embryos were 

injected with rhodamine-conjugated LCA to fluorescently label the endothelium, a 

substantial enhancement in vascularity in PC-hi/diss tumors was observed (Figure 3.1B). 

A quantitative analysis of SNA stained vessel density in histological sections of PC-

hi/diss and lo/diss tumors indicated a significant 5 to 6-fold differential in vessel density 

concomitant with enhanced neutrophil influx (Figure 3.1B, scatter plot). Notably, the 

high disseminating HT-1080 variant (HT-hi/diss) (33) exhibited the same pattern of high 
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Figure 3.1 Influx of MMP-9 positive neutrophils correlates with levels of tumor angiogenesis.  
(A) Influx of MMP-9-positive neutrophils in primary tumors developed from the PC-3 variants was 
analyzed by immunostaining tissue sections with a chMMP-9 specific antibody (brown) and 
quantified as density of MMP-9-positive neutrophils in tumors harvested after 5 or 6 days (right). 
MMP-9 staining was confined to cells with neutrophil morphology, i.e., characteristic multi-lobulated 
nuclei (inset). Scale bars, 25 µm. Arrows point to examples of stained neutrophils.  
(B) Tumor angiogenesis was analyzed in primary PC-lo/diss and PC-hi/diss tumors injected with 
endothelial cell specific red fluorescent-tagged LCA lectin. Scale bar, 100 µm. Quantification of 
tumor angiogenesis was determined as the density of lumen-containing blood vessels in SNA-stained 
tumor sections.  **, and ***, p<0.05 and <0.001 in two-tailed Student t-test, respectively. 
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dissemination corresponding to high levels of neutrophil influx and increased tumor 

angiogenesis, in contrast to its low disseminating counterpart (HT-lo/diss) (34).  

To determine whether the differential in neutrophil influx and angiogenesis would 

also be manifested in a mammalian system, the PC-lo/diss and PC-hi/diss cells were 

orthotopically implanted in the prostates of SCID mice (See Chapter 2 or Ref. (32)). In 

comparison to PC-lo/diss xenografts, tumors developed from PC-hi/diss tumors yielded 

both higher levels of inflammatory neutrophils, as judged by the density of cells highly 

positive for Gr1/Ly6G antigen, and higher levels of tumor angiogenesis, as determined by 

the density of CD31-positive blood vessels (Figure 3.2A). Although 85-95% of myeloid 

cells expressing high levels of Gr1/Ly6G can be classified as neutrophils, this antigen is 

not entirely specific to neutrophil granulocytes and can be expressed at variable levels by 

immature myeloid cells originating from the bone marrow (35) and infiltrating 

developing tumors (36). However, detailed analysis of the PC-3 xenografts indicated that 

essentially all cells expressing high levels of Gr1/Ly6G contained multi-lobulated nuclei 

characteristic of neutrophils (Figure 3.2B). Moreover, double staining of PC-hi/diss 

xenografts for Gr1/Ly6G and murine MMP-9 unambiguously confirmed that all double 

positive cells were morphologically neutrophils (Figure 3.2C), thereby indicating that 

this inflammatory cell type could be a major cellular source of MMP-9 released into 

primary tumors. 

 The fact that high MMP-9 immunostaining was confined predominantly to 

neutrophils in the PC-3 xenografts does not preclude an important role for 

monocyte/macrophages in tumor angiogenesis and dissemination. However, production 

of  MMP-9 in these cells requires de novo synthesis and therefore,  intracellular levels  of  
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Figure 3.2. Levels of neutrophil infiltration and angiogenesis in prostate carcinoma orthotopic 
xenografts correlate with dissemination capacity of lo/diss and hi/diss tumor variants.  
(A) Tissue sections from primary prostate xenograft tumors from PC-lo/diss or PC-hi/diss cells were 
stained with H&E, human specific CD44 antibody to discriminate human tumor cells from murine 
stromal cells, Gr-1 antibody against Ly6G antigen to detect murine neutrophils and CD31 antibody to 
highlight blood vessels. Arrows point to examples of Gr-1-positive neutrophils and arrowheads indicate 
CD31-positive blood vessels. Far right panels depict higher magnifications of CD31 positive areas, 
showing vessel morphology. Scale bars, 200 µm in H&E and CD44 stainings and 100 µm in Gr-1 
staining. CD31 images were captured at 20x (left) and 40x (right) original magnification.  
(B) Frozen sections from PC-hi/diss xenografts were stained with Gr-1/Ly6G (green) and nuclei were 
highlighted with DAPI (blue) to determine nuclear morphology of Gr-1 positive cells. 
Immunofluorescence microscopy indicated that all Gr-1 positive cells have characteristic multi-lobulated 
nuclei, consistent with the neutrophil lineage of differentiation (right). Images were captured at 20x (left) 
and 63x original magnification (right). 
(C) PC-hi/diss sections were double-stained for Ly6G (green) and murine MMP-9 (red). Nuclei were 
stained with DAPI (blue). The Gr-1 positive cells are highly positive for MMP-9. Images were captured 
at 40x original magnification.  
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Figure 3.2. Levels of neutrophil infiltration and angiogenesis in prostate carcinoma orthotopic 

xenografts correlate with dissemination capacity of lo/diss and hi/diss tumor variants.  

(A) Tissue sections from primary prostate xenograft tumors from PC-lo/diss or PC-hi/diss cells were stained 

with H&E, human specific CD44 antibody to discriminate human tumor cells from murine stroma cells, Gr-1 

antibody against Ly6G antigen to detect murine neutrophils and CD31 antibody to highlight blood vessels. 

Arrows point to examples of Gr-1-positive neutrophils and arrowheads indicate CD31-positive blood vessels. 

The inset depicts a higher magnification of a CD31 positive area, showing vessel morphology. Scale bars, 200 

!m in H&E and CD44 stainings and 100 !m in Gr-1 staining. CD31 images were captured at 20x (left) and 40x 

(right) original magnification.  

(B) Frozen sections from PC-hi/diss xenograft  were stained with Gr-1/Ly6G (green) and nuclei were 

highlighted with DAPI (blue) to determine nuclear morphology of Gr-1 positive cells. Immunofluorescence 

microscopy indicated that all Gr-1 positive cells have characteristic multi-lobulated nuclei, consistent with the 

neutrophil lineage of differentiation (right). Images were captured at 20x (left) and 63x original magnification 

(right). 

(C) PC-hi/diss sections were double-stained for Ly6G (green) and murine MMP-9 (red). Nuclei were stained 

with DAPI (blue). The Gr-1 positive cells are highly positive for MMP-9. Images were captured at 40x original 

magnification.  
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MMP-9 may be too low for immunohistochemical detection. In agreement, the 

morphology of the great majority of MMP-9 positive cells was consistent with the 

neutrophil lineage (Figure 3.2C).  

To determine the relative levels of macrophages between PC-hi/diss and PC-

lo/diss orthotopic xenografts, tumors were additionally stained for Mac-2, which is 

expressed at high levels by monocytes/macrophages (Figure 3.3A). This staining 

confirmed that monocytes/macrophages appeared to be present at somewhat higher 

density within PC-hi/diss tumors as compared with their lo/diss counterparts (Figure 

3.3A), consistent with multiple studies documenting extensive macrophage influx into 

late-stage tumors (as reviewed in (3, 12, 20).  Levels of monocytes were also compared 

within PC-hi/diss and PC-lo/diss CAM tumors. However, no major difference in influx of 

monocytes was observed in the CAM tumor model (Figure 3.3B), as judged by chMMP-

13 staining which has previously been used to specifically highlight avian 

monocyte/macrophages in chick embryos (37, 31).  

Altogether, these data suggest that neutrophil influx into CAM tumors and murine 

xenograft tumors of the selected PC-3 dissemination variants correlates with metastatic 

and angiogenic potential, while differentials in macrophage density may manifest in late-

stage tumors in the mammalian setting. Therefore, the early and sustained increase in 

neutrophil influx into high disseminating tumors suggests a potential contributory role for 

this granulocyte type and its MMP-9 throughout tumor development. 

 

Functional role of neutrophil proMMP-9 in tumor angiogenesis.  Since the 

ability  of  highly  disseminating cells to induce angiogenesis  correlated  well  with  their 



 94 

 

 
 
 

 

 

 

 

Figure 3.3. Influx of monocytes/macrophages into PC-3 murine orthotopic xenografts and 
primary CAM tumors. 
(A) Tissue sections from PC-hi/diss (left) and PC-lo/diss (right) murine prostate xenograft tumors were 
immunostained with anti-mouse Mac-2 mAb to highlight monocyte/macrophages, indicated by yellow 
arrowheads in images captured at 20x original magnification. Insets are magnified images of boxed 
monocytes/macrophages (40x original magnification). Quantification of Mac-2 positive macrophages 
was performed using images captured at 20x original magnification in 16-21 images from 2 separate 
tumors per variable. Bars represent means ±SEM; *, p<0.05 in 1-tailed Mann-Whitney test. 
(B) In order to visualize avian monocytes/macrophages in primary PC-lo/diss and PC-hi/diss CAM 
tumors, tissue sections were immunostained for chMMP-13. MMP-13 positive leukocytes are 
demarcated by yellow arrowheads in images captured at 20x original magnification. Insets are higher 
magnifications of individual MMP-13 positive monocytes (40x original magnification). Quantification 
of chMMP-13 positive monocytes was performed 5-6 days after tumor cell grafting in 7-10 tumors per 
variable and is presented as means ±SEM. 
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Figure 3.3. Influx of monocytes/macrophages into PC-3 murine orthotopic xenografts and primary CAM 
tumors. 
(A) Tissue sections from PC-hi/diss (left) and PC-lo/diss cells (right) murine prostate xenograft tumors were 
immunostained with anti-mouse Mac2 mAb to highlight monocyte/macrophages. The stainings indicated a 
higher density of Mac2+ cells in PC-hi/diss tumors. Images were captured at 20x original magnification. Insets 
are boxed Mac-2 positive cells captured at 40x original magnification. Mac-2 positive cells are indicated by 
yellow arrowheads. Quantification of Mac-2 positive macrophages was performed using images captured at 
20x original magnification, 16-21 images per variable from 2 separate tumors. 
(B) In order to visualize avian monocytes/macrophages in primary PC-lo/diss and PC-hi/diss CAM tumors, 
tissue sections were immunostained for chMMP-13. MMP-13 positive leukocytes are demarcated by yellow 
arrowheads in images captured at 20x original magnification. Insets are higher magnifications of individual 
MMP-13 positive monocytes (40x original magnification). Quantification of chMMP-13 positive monocytes 
was performed 5-6 days after tumor cell grafting in 7-10 tumors per variable. 
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ability to recruit neutrophils carrying TIMP-free MMP-9, we hypothesized that 

supplementing PC-lo/diss cells with neutrophil-derived MMP-9 might „rescue‟ the cells 

from the lack of significant neutrophil influx, and would thus increase levels of 

angiogenesis. To this end, we employed the CAM angiogenesis assay, in which newly-

formed angiogenic vessels can be quantified in tumor-cell containing 3D collagen rafts, 

or onplants (38). PC-hi/diss cells or PC-lo/diss cells in the presence or absence of 

neutrophil-derived proMMP-9 were incorporated into collagen onplants. Quantification 

of angiogenic levels demonstrated that the addition of neutrophil proMMP-9 alone 

enhanced the levels of PC-lo/diss angiogenesis to PC-hi/diss levels (Figure 3.4A). A 

similar enhancement of angiogenesis by purified neutrophil MMP-9 was observed in 

onplants containing the low disseminating HT-1080 fibrosarcoma cell variant (HT-

lo/diss, data not shown), suggesting similar mechanisms in different cell types.  

Since MMP-9 is a potent pro-angiogenic factor, enhancement of angiogenesis in 

lo/diss cells by exogenous neutrophil proMMP-9 could be attributed to general effect of 

any pro-angiogenic factor added to the system. In order to directly implicate 

inflammatory neutrophils and neutrophil-derived proMMP-9 in tumor angiogenesis, 

levels of inflammation in PC-hi/diss cell-containing collagen onplants were diminished 

by treatment of the embryos with the potent anti-inflammatory drug, Ibuprofen. The 

Ibuprofen treatment reduced angiogenesis in PC-hi/diss onplants by 70%  (Figure 3.4B). 

However, angiogenesis in Ibuprofen-treated embryos was restored by addition of 

neutrophil-derived proMMP-9 to PC-hi/diss containing onplants. Similarly, Ibuprofen 

also diminished angiogenesis in onplants containing the HT-1080 variant (HT-hi/diss) by 

40% and the inhibitory effects were overcome by supplementing onplants with neutrophil 
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Figure 3.4. Angiogenic potential of PC-lo/diss and PC-hi/diss cells is regulated by neutrophil 

MMP-9. 

(A) Angiogenesis levels induced by high and low disseminating variants of PC-3 prostate carcinoma 

cells were determined in the collagen onplant model. Low levels of angiogenesis induced by PC-lo/diss 

cells were restored by exogenous addition of 2 ng purified neutrophil proMMP-9. **, p<0.005 in two-

tailed Student t-test.  

(B) Levels of angiogenesis diminished in PC-hi/diss cells by the anti-inflammatory drug Ibuprofen were 

rescued by exogenously added neutrophil proMMP-9. ***, p<0.001 in two-tailed Student t-test.  
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 proMMP-9 or with the total released granule contents from neutrophils (i.e., releasate). 

Furthermore, in HT-hi/diss cells, angiogenesis was not rescued by neutrophil releasate 

depleted specifically of neutrophil MMP-9, highlighting proMMP-9 as the key neutrophil 

factor functionally contributing to tumor angiogenesis in our in vivo model systems (34). 

 

Depletion of neutrophil influx by IL-8 neutralizing antibody. Although 

Ibuprofen treatment is useful to broadly inhibit inflammatory cell influx, in order to 

specifically address the role of neutrophils and neutrophil-derived proMMP-9 in 

angiogenesis and dissemination, we targeted tumor-cell produced IL-8, a potent 

neutrophil chemoattractant, with a neutralizing antibody. Relative levels of multiple 

cytokines in the conditioned media (CM) of PC-hi/diss and lo/diss cells were analyzed by 

performing cytokine antibody arrays (Figure 3.5A). Although there were no major 

differences in amounts of individual cytokines secreted by PC-lo/diss and PC-hi/diss, 

high levels of the potent neutrophil chemoattractant IL-8 were detected in the CM of both 

variants. The high concentration of IL-8 in both the conditioned media and primary CAM 

tumor lysates were confirmed by capture ELISA (Figure 3.5B) and immunostaining of 

CAM tumors with anti-IL-8 (data not shown). To determine whether the IL-8 contained 

in PC-hi/diss CM could induce neutrophil influx, neutrophil chemotaxis assays were 

performed using conditioned media from PC-hi/diss cells as the chemoattractant. PC-

hi/diss CM potently induced neutrophil migration in Transwell migration assays, and this 

migration could be inhibited by the addition of an anti-IL-8 neutralizing antibody (Figure 

3.6A). Furthermore, anti-IL-8 treatment reduced the angiogenic potential of PC-hi/diss 

cells in the CAM model;  the degree of inhibition was similar to the levels achieved using 
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Figure 3.5. Comparison of cytokine levels expressed in the PC-3 variants. 

(A) Relative cytokine levels in the CM of PC-lo/diss (green) and PC-hi/diss (red) cells were analyzed 

by cytokine array (RayBio). Levels of cytokine expression were quantified by spot densitometry and 

expressed as integrated densitometric values (IDV) after subtraction of background. 

(B) The concentrations of IL-8 in media conditioned for 48 hr by PC-lo/diss and PC-hi/diss cells and in 

lysates from CAM tumors were determined by capture ELISA. Loading of CM was normalized to equal 

cell numbers and tumor loading was normalized to equal amounts of protein in the lysates. 
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a known anti-angiogenic agent, i.e., anti-VEGF (Figure 3.6B). These preliminary 

experiments indicated that anti IL-8 treatment could be successfully employed in the 

human tumor chick embryo model. Moreover, previous studies have conclusively 

demonstrated that avian neutrophils express an IL-8 receptor, CXCR-1, and respond to 

human IL-8 (39-41).  Therefore, primary PC-hi/diss CAM tumors were treated with anti-

IL-8 and assessed for the influx of MMP-9 positive neutrophils versus MMP-13 positive 

monocytes. This analysis confirmed that anti-IL-8 treatment specifically diminished 

neutrophil influx without significantly affecting the levels of tumor infiltrating monocytes 

(Figure 3.6C). Thus, although PC-lo/diss and hi/diss cells produce similar levels of IL-8, 

the IL-8 neutralizing antibody can be employed to specifically diminish neutrophil influx 

into PC-hi/diss tumors to study the role of neutrophil MMP-9 in tumor angiogenesis and 

dissemination. 

 

Neutrophils deliver MMP-9 to coordinately regulate tumor angiogenesis and 

dissemination.  In order to analyze the functional contributions of neutrophil influx to 

multiple tumor processes, developing PC-hi/diss CAM tumors were treated with anti-IL-

8 and neutrophil influx, tumor growth, levels of angiogenesis, and dissemination 

efficiency were assessed. Anti-IL-8 treatment substantially reduced the density of 

neutrophils in PC-hi/diss CAM tumors (Figure 3.7). However, the treatment did not 

significantly affect overall tumor development, growth or morphology, as judged by 

similar primary tumor weights and comparable appearance of primary tumor sections 

stained with human-specific anti-CD44 antibody (Figure 3.7). Levels of angiogenesis, on 

the   other  hand,   were   significantly   reduced   by   anti-IL-8    treatment   (Figure 3.7). 
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Figure 3.6. Inhibition of neutrophil migration, influx and angiogenesis by IL-8 neutralization. 

(A) Migration of neutrophils induced by PC-hi/diss conditioned medium (CM) is inhibited by IL-8 

neutralizing antibody. Isolated neutrophils were placed in the upper chamber of Transwells and allowed to 

migrate into lower chamber filled with IL-8 containing PC-hi/diss-conditioned medium supplemented 

with control IgG or anti IL-8 antibody, at 20-25 g/ml. *, p<0.05 in 2-tailed t-test. 

(B) Inhibition of tumor-induced angiogenesis by anti IL-8 treatment in the CAM collagen onplant model. 

PC-hi/diss cells were incorporated into collagen onplants along with control IgG, anti-VEGF antibody (50 

g/ml) or IL-8-neutralizing antibody (20 g/ml). Levels of angiogenesis were determined 3 day following 

onplant grafting and expressed as percent control. *, p<0.05 in one-tailed t-test. 

(C) Specific inhibition of neutrophil influx into PC-hi/diss tumors by IL-8-neutralizing antibody. PC-

hi/diss primary CAM tumors were treated topically with control IgG or anti IL-8 antibody (20 

g/embryo). Influx of MMP-13-positive monocytes and MMP-9-positive neutrophils was analyzed 6 days 

after cell grafting and expressed as the density of each cell type in the tumor. **, p<0.05 in 2-tailed t-test. 
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Figure 3.7. Specific inhibition of neutrophil influx into PC-hi/diss primary tumors coordinately 

diminishes levels of angiogenesis and dissemination  

(A) Microphotographs depict PC-hi/diss primary tumors topically treated with control IgG or CXCL8 

neutralizing antibody (anti IL-8, 20 g/embryo) and stained with anti human CD44 to discriminate 

human tumor cells (brown), anti chicken MMP-9 antibody to visualize chMMP-9-positive neutrophils 

(brown), and SNA to highlight blood vessels (brown). Scale bar, 50 µm.  

(B) Tumor growth, neutrophil influx, tumor angiogenesis and intravasation were quantified as described 

in Materials and Methods. Data are expressed as a percentage of IgG control. ***, p<0.001 in two-

tailed Student‟s t-test; *, <0.05 in one-tailed Mann-Whitney test. 
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 Importantly, the levels of dissemination to the distal CAM were also substantially 

diminished to about 50% control levels by anti-IL-8 treatment (Figure 3.7B, far right 

bar graph).  

Consistent with the results obtained in the PC-hi/diss tumors, IL-8 neutralization 

coordinately reduced neutrophil influx, levels of angiogenesis, and dissemination from 

HT-hi/diss primary tumors without affecting primary tumor growth (Figure 3.8). To 

specifically address the role of neutrophil-derived proMMP-9 in the coordinated 

regulation of tumor angiogenesis and dissemination, we employed the HT-hi/diss tumors 

since they exhibit higher levels of spontaneous dissemination as compared to PC-hi/diss 

cells. To this end, HT-hi/diss tumors treated with the IL-8 neutralizing antibody were 

additionally supplemented with purified neutrophil proMMP-9, naturally free of TIMP-1, 

at 35 ng/embryo. Levels of tumor angiogenesis and dissemination, inhibited by IL-8 

neutralization, were restored to control levels with the addition of proMMP-9 (Figure 

3.8). However, neutrophil influx was not affected by the addition of neutrophil MMP-9, 

suggesting that MMP-9 functions downstream of neutrophil recruitment (data not 

shown). Importantly, when neutrophil MMP-9 was complexed to TIMP-1 before 

application to anti IL-8 treated HT-hi/diss tumors, no rescue of angiogenesis or 

dissemination was observed (Figure 3.8), pointing to the TIMP-free status of neutrophil 

MMP-9 as a critical factor underlying its ability to promote tumor angiogenesis and 

metastasis.  Thus, inflammatory neutrophils, delivering TIMP-free proMMP-9 to primary 

tumors, coordinately regulate tumor angiogenesis and efficiency of dissemination in both 

the PC-3 and HT-1080 tumor models. 
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Figure 3.8. Rescue of diminished tumor angiogenesis and tumor cell intravasation by exogenous 

neutrophil MMP-9 

Neutrophil influx into primary HT-hi/diss tumors was diminished by topical treatments with 25 

g/embryo IL-8 neutralizing antibody. One group of anti IL-8-treated embryos was supplemented with 

purified neutrophil proMMP-9 (35 ng/embryo), which rescued the inhibitory effects of anti IL-8 

antibody. Alternatively, another group of anti IL-8 treated embryos was treated with MMP-9 which had 

been pre-complexed with TIMP-1 (35 ng/embryo) and failed to rescue the inhibitory effects. Tumor 

growth, levels of angiogenesis and intravasation were quantified as described in Materials and Methods. 

Data are expressed as a percentage of IgG control. *, ** and ***, p<0.05, <0.005, and <0.001 in two-

tailed Student t-test, respectively. 
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DISCUSSION 

While neutrophil infiltration has previously been linked to primary tumor 

angiogenesis and growth (7, 21, 22, 42), the hypothesis that neutrophils could 

coordinately regulate tumor angiogenesis and levels of metastasis remained to be tested. 

In addition, neutrophils have been demonstrated to be a unique source of proMMP-9 

naturally free of TIMP-1 and therefore extremely potent in induction of physiological 

angiogenesis as a major VEGF/bFGF releasing enzyme (25, 30). However, the link 

between TIMP-free neutrophil MMP-9 and tumor angiogenesis has not been formally 

established. In the current study, we have determined that levels of MMP-9 positive 

tumor-infiltrating neutrophils correlate strongly with levels of angiogenesis and 

dissemination potential in PC-3 cells. Addition of neutrophil MMP-9 alone to PC-lo/diss 

could rescue angiogenic potential. Furthermore, levels of angiogenesis in PC-hi/diss cells 

inhibited by the anti-inflammatory drug, Ibuprofen, were restored selectively by 

neutrophil proMMP-9, thus indicating that MMP-9 was the key neutrophil-derived 

product involved in tumor neovascularization.  

In addition to inhibiting angiogenic potential in the collagen onplant model, 

diminishment of neutrophil influx into PC-hi/diss primary tumors with anti IL-8 

neutralizing antibody treatment coordinately decreased both the levels of angiogenesis 

and spontaneous dissemination in the CAM tumor model. Importantly, primary tumor 

weight was not affected by the anti IL-8 treatment in this model, thus eliminating the 

confounding variable of smaller tumor size contributing indirectly to reduced metastatic 

dissemination. However, IL-8 can directly act on endothelial cells in addition to inducing 

neutrophil chemotaxis. Thus, while the correlation between reduced neutrophil influx and 
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decreased levels of angiogenesis and dissemination suggested a role for neutrophils in 

regulating these processes, this concept should be formally proven. Since MMP-9 is the 

critical neutrophil product involved in determining levels of tumor angiogenesis, it is 

plausible that the angiogenic vessels may serve as the conduits for tumor cell 

intravasation and therefore, neutrophil MMP-9 would also be the critical factor involved 

in tumor dissemination. To address this possibility, HT-hi/diss tumors were treated with 

anti IL-8 neutralizing antibody in the presence or absence of additional neutrophil 

proMMP-9. While spontaneous metastasis and angiogenesis of HT-hi/diss tumors were 

inhibited by the anti-IL-8 treatment alone, both parameters were restored to control levels 

by exogenous delivery of purified neutrophil proMMP-9. However, levels of 

angiogenesis and metastasis were not rescued when proMMP-9 was pre-complexed with 

TIMP-1, emphasizing the importance of the unique TIMP-free status of neutrophil MMP-

9 in promoting angiogenesis and metastasis.  

The rescue of angiogenesis and metastasis by a neutrophil product, i.e., neutrophil 

proMMP-9, strongly indicates that neutrophils are the major cell type delivering pro-

angiogenic MMP-9 into developing primary tumors. Moreover, although IL-8 can 

activate multiple cell types, including endothelial cells, the rescue of tumor angiogenesis 

by neutrophil MMP-9 suggests that, in this model, the levels of angiogenesis are not 

directly determined by IL-8, but by the downstream neutrophil product, MMP-9. 

Despite the fact that some studies have demonstrated that levels of IL-8 correlate 

with tumor aggressiveness in PC-3 cells (43), the PC-hi/diss and PC-lo/diss variants did 

not exhibit differential expression of IL-8 in vitro or in primary CAM tumors. Since 

neutrophils can be recruited by several factors in addition to IL-8, it could be that a 



 106 

combination of cytokines and inhibitors are involved in neutrophil recruitment in this 

model. In addition, IL-8 itself can be cleaved by proteases, including MMP-9, rendering 

it up to 27-fold more active (29, 44). Thus, although the PC-lo/diss and hi/diss cells 

produce similar levels of IL-8, the extent IL-8 processing could differ. Despite the 

unknown nature of the factor(s) responsible for enhanced neutrophil infiltration into PC-

hi/diss tumors, neutrophil influx could be decreased specifically and substantially with 

anti IL-8 treatment, allowing use of the anti IL-8 neutralizing antibody as a tool to 

analyze neutrophil contributions to angiogenesis and metastasis.  

Although the findings presented herein indicate that neutrophils may be the key 

leukocyte cell type delivering MMP-9 to promote tumor angiogenesis and facilitate 

metastasis in this model, the contributions of monocyte/macrophages should not be 

discounted given the accumulation of evidence linking them to angiogenesis and 

metastasis (10, 12, 20, 45). Indeed, it appears that some functional overlap between the 

two cell types exists during angiogenic switching, as neutrophils can compensate for a 

lack of macrophages in inducing MMP-9 mediated angiogenesis (22). However, it should 

be emphasized that in most of our model systems, early tumor angiogenesis and early 

metastatic events are analyzed and it is precisely in these processes that the early-

infiltrating neutrophils may play a critical functional role.  

In summary, our model of neutrophil-mediated angiogenesis and intravasation is 

depicted in Figure 3.9. Neutrophils are the first leukocytes recruited to sites of primary 

tumor development, where they rapidly release their pre-stored granule contents, 

including potent TIMP-free proMMP-9. Proteolytically activated MMP-9 releases 

angiogenic factors, including VEGF and bFGF, from the extracellular matrix, which in 
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turn activate endothelial cells and promote angiogenesis. Finally, aggressive tumor cells 

enter into these new angiogenic vessels, possibly assisted by neutrophils, and disseminate 

to distal sites. 
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Figure 3.9. The central role of neutrophils and their unique TIMP-free MMP-9 in tumor 

angiogenesis and tumor cell intravasation. 

The schematic depicts the response of circulating neutrophil to endothelial cells activated by 

inflammatory stimuli produced by tumor and/or stromal cells (A), followed by extravasation of the 

neutrophil into tumor stroma (B), release of secretory granules containing pre-stored TIMP-free MMP-9 

from induced neutrophils (C), neutrophil MMP-9-mediated release and activation of angiogenic factors 

such as VEGF and FGF-2 sequestered in the ECM (D), sprouting of endothelial cells in response to 

bioavailable angiogenic factors and formation of a new blood capillary (E), intravasation of tumor cells, 

likely at specific entry points where ECM and endothelial basement membrane have been 

proteolytically modified by neutrophil MMP-9 enzyme (F), and  dissemination of intravasated tumor 

cells via circulation (G).  
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MATERIALS AND METHODS 

Human Tumor Cell Lines: The HT-1080 fibrosarcoma and PC-3 prostate 

carcinoma parental cell lines were purchased from ATCC.  High and low disseminating 

variants were isolated after serial in vivo passaging of primary tumors (PC-3) or from 

lung colonies (HT-1080) of tumor-bearing chick embryos, as previously described (32, 

33). Cell lines were maintained in DMEM (Mediatech) supplemented with 10% FBS 

(Omega Scientific, Inc.) and10 g/ml gentamicin (D-10) in a humidified incubator at 

37C in the presence of 5% CO2.  For in vivo assays, cells were detached with 

trypsin/EDTA, washed with D-10 and serum-free DMEM (SF-DMEM), and resuspended 

in SF-DMEM. 

 

CAM Spontaneous Metastasis Assay: This model has been described in Chapter 

II and in (46, 47) and was performed with the following modifications. 2x10
6
 PC-hi/diss 

or PC-lo/diss or 2.5x10
5
 HT-hi/diss cells in 25 µl SF-DMEM were applied to the dropped 

CAMs. Where indicated, the developing tumors were treated topically with 20 or 25 µg 

of monoclonal anti-human IL-8 function-blocking antibody (R&D Systems, Minneapolis, 

MN; MAB-208) or normal mouse IgG (Jackson ImmunoResearch Laboratories, West 

Grove, PA) in 100 µl PBS/5% DMSO on days 2, 4 and 6.  One group of anti-IL-8 treated 

HT-hi/diss tumors also received 35 ng/embryo of proMMP-9 isolated from neutrophils, 

either naturally TIMP-free or pre-complexed with recombinant TIMP-1. On day 5 or 6, 

primary tumors were excised, weighed, and fixed in 10% Zn-Formalin or frozen in OCT 

for immunohistochemical analysis. Numbers of intravasated cells in lower CAMs‟ were 

determined by Alu qPCR analysis, performed as described in Chapter II and Ref (32).  
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Immunohistochemistry and Blood Vessel Staining: Primary CAM tumors and 

murine xenografts were excised and frozen in OCT or fixed in zinc-formalin and then 

paraffin-embedded. Deparaffinized tissue sections or cryosections fixed in cold methanol 

were treated with 0.3% hydrogen peroxide and blocked with PBS supplemented with 1% 

BSA and 1% normal goat serum. Human tumor cells were stained with 1 µg/ml anti-

human CD44 mAb 29-7 generated in our laboratory. Chicken neutrophils were stained in 

frozen sections of CAM tumors with 2 g/ml rabbit anti-chicken MMP-9 generated in 

our laboratory, while monocytes were highlighted with rabbit anti MMP-13 polyclonal 

antibody (Abcam). In the orthotopically developed PC-3 xenografts (performed exactly 

as described in (32)), murine neutrophils were stained with 4 µg/ml rat anti-mouse 

LyG6/Gr-1 mAb (eBioscience) and blood vessels were visualized by staining of 

endothelial cells with 5 µg/ml rabbit polyclonal anti CD31 antibody (Abcam). Following 

incubations with primary antibodies, the sections were incubated with a 1:1,000 dilution 

of corresponding biotinylated secondary antibodies (Vector Labs). The chicken 

vasculature was highlighted with Sambucus nigra agglutinin (SNA) (48). Following pre-

treatment with Pepsin DAKO for 10 min at 37C, the sections of CAM tumors were 

stained for 1 hr with 1 µg/ml biotinylated SNA (Vector Labs). All stained tissue sections 

were finally incubated with Avidin-D horseradish peroxidase (HRP) conjugate (Vector 

Labs) for 30 minutes, developed with a diaminobenzidine chromogenic substrate and 

counterstained with Mayer‟s hematoxylin. Images were captured using an Olympus 

BX60 microscope equipped with a digital DVC video camera and processed with Adobe 

Photoshop 6.0 software. To quantify the density of heterophils and monocytes and levels 
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of neovascularization, serial images were taken at 20x original magnification and the 

number of MMP-9-positive heterophils, MMP-13-positive monocytes, Mac-2 positive 

monocyte/macrophages or lumen-containing vessels were determined per arbitrary square 

grid of tumor-filled tissue in 10 to 20 individual images per tumor with a total of 3 to 5 

individual tumors analyzed per variable unless otherwise indicated in figure legends.    

 

CAM Angiogenesis Model: The CAM angiogenesis model has been previously 

described in detail (38).  Briefly, type I rat-tail collagen (BD Biosciences) was 

neutralized and prepared at a final concentration of 2 mg/ml. Cells were incorporated into 

the collagen mixture at a final concentration of 1x10
6
 per ml collagen solution. Where 

indicated, gelatin-sepharose purified neutrophil proMMP-9, or function-blocking 

antibodies to human IL-8 (Peprotech, 20 g/ml) or VEGF (R&D Systems, 50 g/ml) 

were incorporated into the collagen mixture. A total of 30 µl of the final collagen mixture 

were polymerized between two nylon gridded meshes to form an “onplant”. Five to 6 

onplants were placed onto the CAMs of shell-less day 10 embryos developing ex ovo (4-

6 embryos per variable). Embryos treated with Ibuprofen were pre-injected under the 

CAM with 1 mg Ibuprofen suspended in 200 l methyl cellulose, a second treatment was 

performed after 2 days. Angiogenic vessels were scored above the upper mesh after 72-

96 hours and an angiogenic index (number of grids with newly-formed blood vessels 

over the total number of grids scored) was calculated for each onplant.  

 

Cytokine Arrays and ELISA: Serum-free conditioned media were collected from 

PC-hi/diss or HT-hi/diss cell monolayers after 48 hours of incubation. Loading was 
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normalized to cell number per culture at the time of CM collection. The RayBio Human 

Cytokine Antibody Array III (RayBiotech, Inc.) was performed according to the 

manufacturer‟s instructions. Densitometry of the positive spots was quantified using an 

Alpha Imager (Alpha Inotech, San Leandro, CA). All values were normalized to the 

intensity of control spots on each membrane. Analysis of IL-8 levels in 48 hr CM or in 

tumor lysates was performed by capture ELISA (Peprotech) according to the 

manufacturer‟s instructions. Loading of CM was normalized to cell number (i.e., that 

produced by 1x10
5
 cells per well) and tumor lysates were normalized to 100 g protein 

per well. Human IL-8 standards were included to calculate concentration.  

 

Isolation of Human Peripheral Blood Neutrophils: Briefly, heparinized blood 

collected form healthy donors was diluted 1:3 with 0.9% NaCl and centrifuged at 200 x g 

to wash out platelets. Mononuclear cells were separated from granulocytes on a 

Histopaque Ficoll 1.077 gradient by centrifugation at 400 x g for 45 min at ambient 

temperature. The bottom fraction containing granulocytes and erythrocytes was diluted 

with 0.9% NaCl, mixed with 6% dextran/saline solution, and erythrocytes were allowed 

to sediment to the bottom of the tube. The remaining red blood cells in the supernatant 

were either lysed chemically with buffer containing 0.15 M NH4Cl/12 mM NaHCO3/100 

M Na2EDTA (all from Sigma-Aldrich), or hypotonically with 0.2% NaCl for 30 seconds, 

followed by an addition of equal volume of 1.6% NaCl to restore isotonicity. After last 

centrifugation, the pellet containing neutrophils was resuspended in PBS at 1 x 10
7
 

cells/ml. Release of neutrophil granules and purification of MMP-9 by gelatin Sepharose 

were performed as described (25, 30). 
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Neutrophil Chemotaxis Assay: Neutrophil migration in vitro was analyzed using 

Transwell inserts with 3 µm membrane pore size (Corning Life Sciences). A total of 

2x10
5
 neutrophils in 100 µl serum-free DMEM were placed per insert and allowed to 

migrate for 2-4 hr to the bottom chamber filled with 600 µl tumor-cell conditioned 

medium containing 10-20 µg/ml control mouse IgG or anti-human IL-8 neutralizing 

antibody (MAB-208; R&D Systems). The number of migrated neutrophils was 

determined either by counting the cells that had migrated to the bottom chamber with a 

hemocytometer or by quantifying the cells located at the bottom of the well in 6 

randomly imaged fields.   

 

Data Analysis and Statistics:  Data processing and statistical analysis were 

performed using GraphPad Prizm Software (GraphPad Software, Inc., San Diego, CA), 

as described in Chapter II. 
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Chapter IV 

 

SECRETION AND ACTIVATION OF PRO-UPA BY HIGHLY 

METASTATIC PROSTATE CARCINOMA CELLS IS CRITICAL FOR 

PRIMARY TUMOR ESCAPE, ANGIOGENESIS, AND 

HEMATOGENOUS DISSEMINATION 
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ABSTRACT 

 

High and low disseminating cell variants isolated from the PC-3 prostate 

carcinoma cell line, i.e., PC-hi/diss and PC-lo/diss, differ specifically in their capacity to 

complete early metastatic events and their ability to induce angiogenesis. In addition, PC-

hi/diss cells are more migratory and invasive in vitro, suggesting enhanced protease-

mediated escape from the primary tumor and invasion of local stroma in vivo. Analyses 

of levels and activation of specific matrix proteases have demonstrated that the PC-hi/diss 

variant generates substantially higher levels of uPA zymogen and active enzyme as 

compared to the PC-lo/diss counterpart.  

To analyze the relevance of high uPA activity to PC-hi/diss intravasation, pro-

uPA activation was prevented with anti-uPA mAb-112. Treatment with mAb-112 

effectively reduced PC-hi/diss spontaneous dissemination in the chick embryo CAM 

model and orthotopic xenograft model in mice. Interfering with uPA activation also 

reduced PC-hi/diss invasion and escape both in vitro and in vivo and diminished levels of 

PC-hi/diss tumor angiogenesis. PC-hi/diss invasion, angiogenesis, and spontaneous 

metastasis in the CAM model were similarly sensitive to the potent serine protease 

inhibitor aprotinin, which does not directly inhibit uPA activity but effectively inhibits its 

key activator and generated product, plasmin.  These results point to a critical role for the 

uPA-plasmin system in promoting PC-hi/diss dissemination likely by facilitating multiple 

processes, namely (A) escape from primary tumors and invasion through extracellular 

matrix components and (B) tumor angiogenesis, resulting in tumor cell entry into 

angiogenic vessels that serve as conduits for intravasated cells.   



 120 

INTRODUCTION 

Increases in levels and activity of proteolytic enzymes have been linked to 

enhanced motility and invasion in tumor cells (1-3), and specifically the serine protease 

uPA is often elevated in aggressive carcinomas (4-9). Using a chemical proteomic 

approach, our lab has previously identified uPA activation as a key step in HT-hi/diss 

fibrosarcoma cell intravasation (10, 11). Consistent with this finding, comparative 

analyses at the gene and protein levels of a panel of serine and matrix metalloproteinases 

in the PC-3 dissemination variants highlighted a differential in uPA gene expression and 

protein secretion between the PC-lo/diss and PC-hi/diss cells (See Chapter II). In order to 

determine the functional significance of this differential, we modulated uPA proteolytic 

capacity in PC-hi/diss cells in vitro and in vivo.  

One relatively under-explored mechanism for interfering with protease function is 

preventing zymogen activation, which may be an effective means for achieving high 

specificity of inhibition compared with active site inhibitors that often cross-react with 

similar structures within the active sites of different proteases (11). Furthermore, 

inhibiting uPA zymogen activation targets the PA/plasmin cascade at a very upstream 

point. Function-blocking mAb-112, which prevents activation of pro-uPA, has previously 

been demonstrated to inhibit tumor cell intravasation in a fibrosarcoma model (11). To 

determine whether inhibition of uPA activation and activity would be effective in 

preventing tumor dissemination in the prostate carcinoma model, we employed mAb-112 

to inhibit uPA activation, mAb-2, to block uPA activity, and aprotinin, a potent inhibitor 

of uPA-generated plasmin. Treatment of primary CAM tumors in the chick embryo 

spontaneous metastasis model with mAb-112, mAb-2 or aprotinin substantially decreased 
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levels of dissemination. Moreover, treatment of orthotopic PC-hi/diss xenograft tumors in 

mice with mAb-112 decreased levels of metastasis.  

While uPA has been previously implicated in overall tumor progression and 

metastasis, the individual events and processes that involve uPA activation during 

metastatic progression remain to be precisely defined. To analyze the contributory roles 

of uPA in specific processes involved in metastasis, we employed mAb-112 in models of 

invasion and escape, tumor angiogenesis, and experimental metastasis. These analyses 

demonstrated a critical role for uPA activation and plasmin activity in early metastatic 

events, including invasion and escape from primary tumors. Furthermore, the inhibition 

of uPA activation or plasmin activity diminished PC-hi/diss tumor angiogenesis. Overall, 

it appears that uPA-generated plasmin coordinately contributes to several aspects of early 

spontaneous metastasis of PC-hi/diss cells including tumor invasion and escape, 

angiogenesis, and ultimately intravasation and dissemination. 
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RESULTS 

High levels of uPA expression and plasmin generating activity in PC-hi/diss 

cells. Preliminary experiments demonstrated that among the matrix metallo- and serine 

proteases analyzed, uPA levels were higher in PC-hi/diss cells compared with PC-lo/diss 

cells at both the gene and protein zymogen levels (Chapter II, Figure 2.7A and B). The 

uPA zymogen is secreted as a single chain and must be proteolytically activated by 

cleavage to form the two-chain active enzyme. In the active enzyme, the two chains are 

linked by a disulfide bond and can be detected separately by western blotting under 

reducing conditions. To analyze the activation status of uPA generated by the PC-3 

variants, we compared levels of single chain pro-uPA and two-chain active enzyme in 

samples of serum-free medium conditioned by equal numbers of adherent PC-hi/diss or 

PC-lo/diss cells. Levels of the 50 kDa species of pro-uPA in the CM of PC-hi/diss were 

substantially higher than in PC-lo/diss CM, as judged by western blotting under reducing 

conditions (Figure 4.1A). A differential in active uPA was also indicated by presence of 

the 33 kDa B-chain and 19 kDa A-chain in the CM of PC-hi/diss (Figure 4.1A). Since 

uPA can be localized to the cell surface by binding to its GPI-anchored receptor, uPAR, 

we also analyzed levels of cell-associated uPA using whole-cell ELISA. This analysis 

demonstrated that 2.4-fold more uPA was present on the cell surface of PC-hi/diss cells 

compared with PC-lo/diss cells (Figure 4.1B).  

To determine the functional plasmin-generating capacity of PC-hi/diss versus PC-

lo/diss cells, a plasmin activity assay was employed in which plasminogen must be 

activated in order to cleave a plasmin-specific chromogenic substrate (S-2251). CM from 

PC-hi/diss  or  PC-lo/diss  cells  collected  after  5 or 18 hours  was  used  as  a  source  of  
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Figure 4.1. Increased secreted and cell surface bound uPA in PC-hi/diss cells. 

(A) Western blot analysis of uPA in the conditioned media of PC-lo/diss and PC-hi/diss cells collected 

after 48 hours, normalized to cell numbers. Positions of the 50 kDa proenzyme, 33 kDa B-chain and 19 

kDa A-chain are indicated by arrows. *, nonspecific band. 

(B) Cell surface levels of uPA bound to PC-lo/diss (black bars) and PC-hi/diss (red bars) cell 

monolayers were determined using whole cell ELISA performed with equal numbers of cells. Fold 

differences were calculated in comparison to PC-lo/diss. In parallel, cell monolayers were probed with 

29-7, recognizing human CD44, as a control known to be expressed at similar levels by PC-lo/diss and 

PC-hi/diss cells. Data are presented as means ±SEM from triplicate wells. ***, p<0.001 in two-tailed 

Student t-test.    
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plasminogen activators in the presence of exogenous plasminogen. Activity of the 

plasmin generated was detected by cleavage of the chromogenic plasmin substrate, S-

2251. The rate of S-2251 cleavage is dependent on the activation of plasminogen by 

activators in the CM. This analysis indicated increased plasmin generation in the 

presence of PC-hi/diss CM as compared with PC-lo/diss CM (Figure 4.2A), consistent 

with the higher levels of uPA in the PC-hi/diss CM.  

While tPA can activate soluble plasminogen, cell surface plasmin generation is 

normally attributed to uPA activity. To determine the ability of PC-hi/diss and PC-lo/diss 

cells to generate plasmin at the cell surface, two methods were employed. First, 

plasminogen was incubated directly with cell monolayers of increasing density of PC-

lo/diss or PC-hi/diss cells and the degree of plasmin generation was determined using the 

S-2251 plasmin substrate (Figure 4.2B). Alternatively, cell surface bound uPA was 

stripped from PC-lo/diss and PC-hi/diss cell monolayers by washing the cells with 

isotonic pH 3 glycine-HCl. After neutralization, the ability of the stripped material to 

activate plasminogen was assessed using the chromogenic assay (Figure 4.2C). Both 

methods indicated dramatically greater plasmin-generating capacity at the cell surface of 

PC-hi/diss cells compared with PC-lo/diss cells. Therefore, the two PC-3 variants not 

only manifest differential secretion and surface levels of pro and active uPA, they 

importantly also exhibit a differential in functional plasmin-generating capacities both 

pericellularly and in solution.  

The detection of active uPA in the CM of PC-hi/diss cells suggested the presence 

of an activator of uPA in the culture system; either produced by the cells themselves or 

supplied  in  the  growth media.  Although the transmembrane serine proteases matriptase  
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Figure 4.2. PC-hi/diss cells more efficiently generate plasmin in solution and at the cell surface 

compared with PC-lo/diss. 

(A) Plasmin generating activity of PC-hi/diss and PC-lo/diss CM collected after 5 (left) and 18 (right) 

hours. Plasminogen was added to the CM at 10 μg/ml and incubated at 37°C in the presence of the 

chromogenic plasmin substrate, S-2251. Optical density was determined at 405nm at indicated time 

points, corresponding to the rate of plasmin generation and activity. 

(B) Cell monolayers were seeded at increasing densities and incubated directly with Plasminogen (8 

μg/ml) for 15 min, then plasmin activity against the chromogenic substrate was determined. 

(C) Receptor-bound uPA was stripped from the surfaces of PC-lo/diss (green) or PC-hi/diss (red) cell 

monolayers with a 10 minute isotonic acid wash. The neutralized stripped solution, containing uPA 

displaced from its receptor was assessed for plasmin-generating capacity as described in (A).  
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and hepsin have been demonstrated to activate uPA (12-14), the gene expression levels of 

both these proteases were extremely low or undetectable in the PC-hi/diss cells, 

suggesting that neither plays a major role in uPA activation in the PC-hi/diss cells. 

However, plasmin is a major feedback activator of uPA (see Figure 1.2). While serum is 

a major source of plasminogen, plasminogen from serum can bind to cell surface lysines 

and remain tethered to the cells even in serum-free CM conditions, where it can be 

activated to plasmin by cell-associated uPA. The possibility that traces of 

plasminogen/plasmin from serum remained bound to the surface of PC-hi/diss cells to 

activate uPA in serum-free conditions was analyzed by varying stringency of washing 

conditions of PC-hi/diss monolayers before serum-free treatment. When cells were 

extensively (1-2 hours) washed to displace cell-associated plasminogen, there was a 

reduction in the appearance of two-chain active uPA as compared to a short 5-minute 

wash (Figure 4.3A), suggesting that a residual serum-derived factor (i.e., plasmin) was 

the activator of PC-hi/diss pro-uPA. Additionally, when the cells were incubated with 

0.1% chicken serum as a source of plasminogen/plasmin, nearly all secreted uPA was 

activated, further indicating that serum-derived plasmin could be the major uPA activator 

(Figure 4.3B, lane 1). To test this possibility, the potent plasmin inhibitor, alpha-2-

antiplasmin, was added to PC-hi/diss cell monolayers incubated with 0.1% chicken serum 

as a source of plasminogen. The alpha-2-antiplasmin treatment completely prevented 

accumulation of the two-chain active uPA, demonstrating that, indeed, plasmin is a major 

activator of uPA in this system (Figure 4.3B, right lane).  

 To modulate the activation status of uPA produced by PC-hi/diss cells, we 

employed  function-blocking  mAb-112,  which  specifically  prevents   the  proteolytic  
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Figure 4.3. Plasmin-mediated uPA-activation in PC-hi/diss.  
(A) PC-hi/diss cells were washed for 60 or 5 minutes with SF-DMEM then overlaid with SF media 
for conditioning. After 48 hrs, CM was collected and subjected to western blot analysis to determine 
levels of the uPA proenzyme versus two chain active enzyme. Positions of the molecular weight 
markers are indicated on the right. 
(B) PC-hi/diss cells were incubated with the indicated inhibitors or control IgG in the presence of 
0.1% chicken serum (CS) as a source of plasminogen. As demonstrated by the presence of mostly 
two-chain enzyme in the IgG control lane, most uPA was active in the presence of 0.1% CS (far left). 
Aprotinin and alpha-2-antiplasmin (A2-AP) preserved the single chain zymogen. mAb-112 also 
substantially reduced levels of the two chain enzyme and preserved the proenzyme. Positions of the 
molecular weight markers are indicated on the right.  
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activation of single-chain pro-uPA and blocks the conformational change in two-chain 

uPA required for activity (11). Aprotinin, a potent serine protease inhibitor, was also 

employed to inhibit the feedback activation of uPA by plasmin. When PC-hi/diss cell 

monolayers were incubated with either mAb-112 or aprotinin, little or no accumulation of 

two-chain active uPA in the condition media was observed, confirming that both reagents 

effectively prevented uPA activation in vitro (Figure 4.3B). Moreover, when mAb-112 

was incorporated with the PC-hi/diss CM into the soluble plasmin-generation assay, the 

rate of S-2251 cleavage was reduced (Figure 4.3C). Therefore, these findings suggest 

that mAb-112 and aprotinin could be effective in functional in vivo assays to analyze the 

contributory roles of uPA activation and plasmin activity in tumor dissemination.  

 

Inhibition of uPA activation with mAb-112 reduces spontaneous metastasis of 

PC-hi/diss cells from orthotopic xenograft tumors in mice. To determine the functional 

contributions of uPA activation to PC-hi/diss metastasis, we employed an orthotopic 

xenograft model in which PC-hi/diss tumor-bearing mice were treated with mAb-112 and 

tumor growth was monitored by noninvasive imaging. PC-hi/diss cells were labeled with 

firefly luciferase and orthotopically implanted into the prostates of NOD/SCID mice. 

After 7-8 days of primary tumor development, the mice were imaged by IVIS to confirm 

the appearance of prostate tumors and were separated into treatment groups (Figure 

4.4A). The mice were injected I.P. with 150 or 200 g of mAb-112 or control IgG every 

4 or 5 days. On day 28 of tumor development, mice were imaged by IVIS again, which 

indicated the presence of large primary tumors developed within the prostate region in 

both groups of mice  (Figure 4.4B).  While one mouse in the control IgG treatment group  
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Figure 4.4. Inhibition of spontaneous metastasis of PC-hi/diss cells in a murine orthotopic model 

by treatment with mAb-112. 

(A) PC-hi/diss-fluc cells were implanted into the prostates of NOD-SCID mice. After 8 days, mice were 

injected with luciferin and imaged by IVIS before being allocated into treatment groups. Levels of 

bioluminescence in the prostate region were similar at this time, indicating similar tumor sizes. 

(B) After 28 days of tumor development and treatments every 4-5 days with mAb-112 or control IgG, 

tumor-bearing mice were imaged again on day 28. Tumor cell ascites were visible by high levels of 

bioluminescence in one control-treated mouse (far left), although levels of bioluminescence were 

similar among the remaining mice from both groups. The red asterisk indicates that levels of 

bioluminescence were oversaturated. 

(C) Gross morphology of primary prostate tumors (T, outlined with dotted line), enlarged lymph nodes 

(dotted line), and macroscopic tumor colonies in the mesenterium (yellow arrows).   
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Figure 4.4. Inhibition of spontaneous metastasis of PC-hi/diss cells in a murine orthotopic murine 

model by treatment with mAb-112. (continued) 

(D) Primary tumors were excised and weighed, indicating no difference in primary tumor size. Levels 

of metastasis to the liver, lungs, brain, and lymph nodes (inguinal/subiliac and axillary) were analyzed 

by Alu-qPCR. Percent inhibition was calculated in comparison to the IgG control for two individual 

experiments and pooled. Bars represent means ±SEM *, p<0.01 in two-tailed Student t-test. 
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had tumor cell-containing peritoneal ascites detectable by IVIS (Figure 4.4B, far left), 

only primary prostate tumors were observed by IVIS in the mice treated with mAb-112 

(Figure 4.4B). When mice were sacrificed, the presence of large primary tumors within 

the prostate region in both control and mAb-112 treated subjects was visually confirmed 

(Figure 4.4C, left panels). Primary PC-hi/diss prostate tumors were excised and weighed, 

indicating no significant differential in tumor growth between the control IgG and mAb-

112 treated mice (Figure 4.4D). 

Both control IgG and mAb-112 treated mice exhibited enlargement of the axial 

and subiliac lymph nodes, although this was somewhat more pronounced in the control 

mice (Figure 4.4C, middle panels). A similar trend was noted in the appearance and 

levels of tumor cell colonization of the mesenterium, which was observed in 45% of 

control mice versus 25% of mAb-112 treated animals, however, levels of colonization 

were significantly more extensive in the control animals (Figure 4.4C, right panels).  

Levels of metastasis were quantified by extracting genomic DNA from internal 

organs and lymph nodes and performing Alu-qPCR to determine the actual numbers of 

human cells per million murine cells. This analysis indicated that the mAb-112 treatment 

substantially reduced PC-hi/diss metastasis to the lungs (by 32.4%, p=0.0743), liver (by 

53.5%, p=0.0992), brain (by 82.8%, **p=0.0069), and lymph nodes (by 56.2% to the 

axillary LN, p=0.0866; and by 54.2% to the inguinal LN, p=0.1386) as compared with 

control IgG treated tumors (Figure 4.4D). While these trends approached statistical 

significance in several organs examined (e.g., lungs, liver and axillary LN), a major and 

statistically significant reduction in metastasis was observed in the brains of mAb-112 

treated animals, where levels of metastasis were reduced to 17% of control. Moreover, 
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only 2 of 8 mAb-112-treated animals had any detectable brain metastases (i.e., greater 

than 10 human tumor cells per million host cells) as compared to the majority (8 of 11) of 

control-treated mice. 

In parallel to the mAb-112 treatment, a third group of PC-hi/diss tumor-bearing 

mice was treated with aprotinin, a potent inhibitor of plasmin. Aprotinin treatment, 

similar to mAb-112 treatment, did not affect primary tumor growth. However, in contrast 

to the diminished levels of metastasis observed in mAb-112 treated animals, the aprotinin 

treatment had no effect on PC-hi/diss metastasis to the lungs, liver, or lymph nodes (data 

not shown). This could be due to the pleiotropic effects of aprotinin or because aprotinin 

has a relatively short half-life in plasma and may have been rapidly cleared from the 

system. However, the pronounced inhibitory effect of mAb-112 on spontaneous 

metastasis of PC-hi/diss cells strongly suggests a role for uPA activation in promoting 

PC-hi/diss metastasis in the mouse orthotopic xenograft model. 

  

Inhibition of uPA activation or plasmin activity reduces dissemination of PC-

hi/diss cells in the CAM tumor model. In order to mechanistically address the functional 

contributions of uPA activation to very early dissemination, we employed the chick 

embryo spontaneous metastasis model. The chick embryo CAM model allows for rapid 

tumor intravasation into the CAM vessels and arrest at distant sites within the CAM, 

which serves as a repository for newly intravasated cells and therefore is useful in 

modeling early metastatic events. Primary PC-hi/diss CAM tumors were treated with 

mAb-112 to prevent pro-uPA activation or mAb-2 to block proteolytic activity of uPA 

(11). Aprotinin, which has previously been used effectively to inhibit serine protease-
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mediated dissemination of fibrosarcoma cells in the CAM model (10), was also included 

to inhibit plasmin. PC-hi/diss primary CAM tumor growth and levels of dissemination to 

the distal CAM were analyzed after 7 days. Each of the antibody treatments slightly 

decreased primary tumor growth, while aprotinin did not have any effect on tumor 

development (Figure 4.5A). However, the function-blocking antibodies, mAb-112 and 

mAb-2, both significantly decreased intravasation to the distal CAM by 57% and 53% of 

control levels, respectively, while aprotinin treatment substantially inhibited intravasation 

by 90% (Figure 4.5B). These results strongly implicate uPA activation and activity in 

PC-hi/diss dissemination.  

Since both anti-uPA mAb’s had similar efficacy in reducing dissemination, 

further analyses were performed using only mAb-112 in order to prevent pro-uPA 

zymogen activation as a novel mechanism for achieving highly specific inhibition of the 

uPA/plasmin axis at the highest upstream point in the proteolytic cascade. The inhibitory 

effect of preventing uPA activation on PC-hi/diss dissemination could be due to either 

early metastatic events (i.e., those leading to intravasation) or later events (survival in 

circulation, arrest, and colonization). Therefore, we determined the efficacy of mAb-112 

and aprotinin treatments to affect colonization of PC-hi/diss cells that were directly 

injected into the CAM vasculature, thereby bypassing the intravasation step (Figure 

4.6A). To address potential differences in cell viability or morphology between aprotinin-

treated and control PC-hi/diss cells following i.v. inoculation, cells were labeled with 

CellTracker dye prior to injection into the allantoic vein in the presence or absence of 

aprotinin. At the indicated time points, embryos were injected with rhodamine-

conjugated  LCA  and  portions  of  the  CAM  were  imaged  by  florescence microscopy  
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Figure 4.5. Inhibition of uPA activation or activity reduces spontaneous metastasis in the chick 

embryo CAM model. 

PC-hi/diss primary CAM tumors were treated on day 2 and day 4 with mAb-112 to prevent uPA 

activation, mAb-2 to block uPA activity, or aprotinin as a positive control for plasmin inhibition. On 

day 7, tumors were excised and weighed (A) and dissemination to the distal CAM was quantified by 

Alu-qPCR (B). Presented are means ±SEM from pooled data from three independent experiments 

employing a total of 22-53 embryos per variable. Levels of dissemination are presented as percentages 

of IgG control. #, p<0.05 in one-tailed Student t-test; *, and ***, p<0.05 or <0.001, respectively in two 

tailed Student t-test. 
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Figure 4.6 Partial inhibition of experimental metastasis of PC-hi/diss cells by mAb-112 and 
aprotinin treatment. (continued) 
(A) PC-hi/diss cells were labeled with CellTracker green and cell suspensions were mixed with mAb-
112, aprotinin, or control IgG. Cell suspensions with inhibitors (1x105 cells per embryo) were directly 
injected into the allantoic vein.  
(B) Live imaging analysis of tumor cells following i.v. injections of PC-hi/diss cells +/- aprotinin was 
performed after ten minutes (top), 2 hrs (middle), and 48 hrs (bottom). Embryos were injected with 
rhodamine-conjugated LCA and portions of the CAM were imaged by Immunofluorescence 
microscopy to visualize green CellTracker labeled tumor cells circulating within the CAM vasculature 
(top), extravasating and migrating within the CAM capillary plexus (middle) and associating with blood 
vessels after 48 hours (bottom). No major differences were observed between the aprotinin and control 
treated PC-hi/diss cells.  
(C) Levels of CAM colonization 5 days after i.v. inoculation were determined by Alu-qPCR. Bars 
represent means ±SEM from 3 (mAb-112) or 6 (aprotinin) individual experiments, employing a total of 
28-89 embryos per variant. ***, p<0.001 in two-tailed Student t-test; #, p<0.05 in one-tailed Mann-
Whitney test.  
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(Figure 4.6B). This analysis demonstrated no differences in tumor cell survival, arrest or 

initial interactions with blood vessels at any of the time points examined (10 minutes to 

48 hours) suggesting that in our model, the initial steps of colonization can proceed in the 

absence of uPA activation and plasmin activity.  

Levels of tumor cell colonization by aprotinin, mAb-112, or control-treated PC-

hi/diss cells were quantified 5 days after injection by Alu-qPCR. In contrast to the 

respective 57% and 90% inhibition of PC-hi/diss spontaneous CAM tumor dissemination 

by mAb-112 and aprotinin, the levels of PC-hi/diss colonization were reduced by only 

28% with mAb-112 treatment, while aprotinin inhibited colonization by 46% when tumor 

cells were injected i.v. in the experimental metastasis model (Figure 4.6C). This result, 

along with the lack of gross morphological differences between control and aprotinin 

treated i.v. injected cells, indicates that activated uPA is required primarily for facilitating 

early events that lead to PC-hi/diss cell intravasation and subsequent dissemination, such 

as primary tumor escape and invasive entry into the vasculature. 

 

uPA activation promotes invasion in vitro. One process leading to primary tumor 

escape and intravasation is extracellular matrix remodeling and tumor cell invasion. To 

explore potential mechanisms by which uPA contributes to PC-hi/diss dissemination, we 

analyzed the role of uPA activation in PC-hi/diss invasion in vitro. To this end, mAb-112 

or aprotinin were incorporated into in vitro Transwell Matrigel invasion assays performed 

with PC-hi/diss cells. Both treatments effectively reduced PC-hi/diss invasion by 40% 

and 67%, respectively (Figure 4.7). Thus, active uPA seems to be required for PC-hi/diss  
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Figure 4.7. Contribution of uPA to Matrigel invasion of the PC-3 variants 

PC-lo/diss or PC-hi/diss cells were stimulated to invade Matrigel towards media conditioned by chick 

embryonic fibroblasts. Where indicated, mAb-112 or aprotinin were added to both the inner and outer 

chambers of the Transwells. Presented are means ±SEM from pooled data from three independent 

experiments, each performed in duplicate. Data are calculated as percentage of invasion observed in the 

control IgG-treated PC-hi/diss variant. *, **, and ***, p<0.05, <0.005, and <0.001, respectively, in 

Student two-tailed t-test. 
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cells to proteolytically degrade the basement membrane proteins of Matrigel and invade 

through a matrix barrier.  

To better understand the role of uPA in facilitating PC-hi/diss invasion and escape 

from primary tumors in a more complex system, we employed an in vitro 3-dimensional 

model of tumor cell escape from spheroids into semi-solid tissue-like gels containing 

specific ECM components. Briefly, PC-hi/diss cells were incorporated into collagen I 

droplets, and the polymerized tumor cell-containing gels were embedded within a 

surrounding matrix in the presence of 0.1% chicken serum as a source of plasminogen. 

Since fibrin is a major substrate of uPA-generated plasmin, preliminary experiments were 

performed using pure fibrin gels as the surrounding matrix. However, the PC-hi/diss cells 

completely degraded the fibrin gels within 8 hours, even in serum-free conditions and 

after extensive washing of the cells to remove traces of bound plasminogen. Interestingly, 

fibrin gel degradation was prevented by aprotinin, and was slowed by mAb-112, although 

full degradation still occurred after 24 hours (data not shown).  

Although type I collagen is not a substrate for plasmin, it is a major component of 

the extracellular matrix surrounding most tumors, and was thus employed as a matrix 

scaffold for further 3-dimensional analyses. When PC-hi/diss cell-containing spheroids 

were embedded within a type I collagen matrix, escaping tumor cells were observed 

within 5-10 days, with the extent of invasion maximal around day 10 (Figure 4.8A, 

“control”). When the collagen-embedded spheroids were treated with mAb-112 or 

aprotinin, there was only a partial inhibition of invasion (Figure 4.8A and C). In 

contrast, the broad-spectrum MMP inhibitor, GM6001, substantially decreased invasion 

into  the  surrounding collagen  (Figure 4.8A and C).  This  is  consistent with  collagen  
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Figure 4.8. uPA activation promotes invasion of 3-dimensional matrices containing fibrin. 

(A) PC-hi/diss spheroids were incorporated into collagen gels supplemented with 20 ng/ml EGF. Gels 

were overlayed with AIM V media supplemented with aprotinin, mAb-112, or GM6001. Medium was 

replaced every 3-4 days. After 10 days of incubation, digital images of tumor cell spheroids were 

captured at 10x original magnification. 

(B) PC-hi/diss spheroids were incorporated into matrices composed of a mixture of collagen and 

thrombin-clotted fibrin, and treated exactly as in (A). 

(C) An invasive index was calculated by multiplying the individual lengths of invasion by the number 

of invaded cells. At least 6 images at 10x original magnification were analyzed per variable. Data 

represent means ±SEM in a single representative experiment (collagen gels) or pooled from 3 individual 

experiments (collagen +fibrin). **, p<0.005 in two-tailed Student t-test.  
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being a substrate for GM-sensitive MMPs but not for aprotinin-sensitive serine proteases 

like plasmin. 

When fibrin, a plasmin substrate, was incorporated along with collagen into the 3-

dimensional matrix, invasion of PC-hi/diss cells was enhanced compared with collagen 

alone. Furthermore, treatment with mAb-112 and aprotinin significantly inhibited 

invasion of PC-hi/diss cells into fibrin/collagen I mixed gels (Figure 4.8B and C). 

Interestingly, the MMP inhibitor GM6001 did not have a profound effect on invasion of 

PC-hi/diss cells into fibrin/collagen mixed gels as compared to pure collagen gels 

(Figure 4.8B and C). In an additional experiment, when another plasmin substrate, 

fibronectin, was incorporated instead of fibrin into the collagen gels, a similar inhibition 

of PC-hi/diss invasion by mAb-112 was observed (data not shown), suggesting that in the 

presence of a plasmin substrate (i.e., fibrin or fibronectin), the proteolytic activity of 

tumor cell-derived uPA is critical for invasion to occur in mixed collagen gels.  

 

Immunohistochemical analysis of extracellular matrix deposition in PC-hi/diss 

tumors. The above-presented findings indicate that the composition of the matrix 

surrounding PC-hi/diss primary tumors may be involved in determining the efficiency of 

tumor cell escape in vivo. In order to better understand the matrix composition of PC-

hi/diss tumors and to determine whether plasmin substrates might be deposited 

surrounding the tumors, primary PC-hi/diss CAM tumors were immunohistochemically 

probed to determine the distribution of collagen, fibronectin, laminin, and fibrin (Figure 

4.9). As expected, collagen was a major ECM component, as judged by Masson’s 

Trichrome  staining  (Figure  4.9,   far right panel).   Extensive collagen  deposits  were  
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Figure 4.9. Immunohistochemical analysis of ECM components of PC-hi/diss primary CAM 
tumors  
Frozen consecutive tissue sections from day 5 PC-hi/diss tumors or normal CAM were 
immunostained with mAb-29-7 specifically recognizing human cells expressing CD44, mAb-B3/D6, 
recognizing avian fibronectin, or mAb-31 or 31-2, recognizing avian laminin. Formalin fixed 
paraffin-embedded sections were stained with Masson’s Trichrome to highlight collagen fibrils (blue) 
or anti-fibrin(ogen) to visualize fibrin clots (dark brown). Images were captured at 10 or 20x original 
magnification, as indicated. 
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observed near the tumor-CAM border in comparison to normal CAM (Figure 4.9). The 

distribution of fibronectin, laminin, and fibrin(ogen) were also analyzed, as each of these 

ECM components are commonly observed within tumors and all are plasmin substrates. 

Fibronectin was found at high levels both at the tumor-CAM border and within primary 

PC-hi/diss tumors (Figure 4.9). Laminin, on the other hand, was localized mostly to 

medium-to-large blood vessels in both normal CAM and in the PC-hi/diss tumors 

(Figure 4.9). Rare fibrin(ogen) deposits were immunohistochemically detected within the 

PC-hi/diss tumors, but most of the deposits were found intravascularly (Figure 4.9).  

Altogether, our analyses indicated that PC-hi/diss tumors exhibit an accumulation 

of not only collagen, but also of the plasmin substrate fibronectin along with sparse 

ifibrin deposits. Thus, the increase in uPA expression, and in particular the increased cell 

surface levels of uPA in PC-hi/diss cells may facilitate plasmin-mediated proteolysis of 

some of these substrates, which may in turn allow for subsequent collagen degradation, 

during local invasion leading to intravasation and dissemination.    

 

uPA activation facilitates escape from primary tumors and tumor cell invasion 

in vivo. The observation that prevention of uPA activation inhibits PC-hi/diss invasion in 

vitro along with the deposition of plasmin substrates such as fibronectin within the tumor 

matrix prompted us to determine whether inhibitors of the uPA/plasmin cascade might 

also effect invasion from primary CAM tumors in vivo. To address this possibility, PC-

hi/diss cells were labeled with CellTracker dye, grafted onto the CAM of day 10 

embryos. After 5 days, embryos were injected with rhodamine-conjugated LCA to 

highlight   the  CAM  vasculature.   Portions  of  CAM  containing  primary  tumors  were  



 144 

 

 

 

  

Figure 4.10. uPA activation and plasmin activity promote primary tumor invasiveness in vivo. 

PC-lo/diss (A) or PC-hi/diss (B-D) cells were labeled with CellTracker green and grafted onto the 

CAM. Tumors were treated with mAb-112 (C) or aprotinin (D) on day 2. After 5 days, embryos were 

injected with rhodamine conjugated lectin and tumors were excised, stretched on glass slides, and 

immediately imaged. Tumor-CAM borders are indicated with white dotted lines, illustrating extensive 

CAM invasion only in the PC-hi/diss control tumors (B). Bars, 100μm.  

 



 145 

excised and immediately imaged by fluorescence microscopy to determine the degree of 

invasion occurring at the tumor-CAM interface. A group of embryos carrying PC-lo/diss 

tumors were also included as a non-disseminating tumor control.  

In contrast to PC-lo/diss tumors which did not invade the surrounding CAM 

stroma (Figure 4.10B). However, when developing PC-hi/diss tumors were treated with 

mAb-112 or aprotinin, the extent of invasion was dramatically reduced (Figure 4.10C 

and D).  

Although providing descriptive information on the effect of aprotinin and mAb-

112 treatment on PC-hi/diss tumors, the size, thickness, and heterogeneity of primary 

CAM tumors were not conducive to performing quantitative measurements of tumor cell 

invasion. In order to quantify the extent of tumor invasion and tumor cell escape in vivo, 

a model of intramesodermal microtumors was employed. Small boluses of CellTracker 

labeled PC-hi/diss or PC-lo/diss were injected intramesodermally into the CAM of day 9 

embryos developing ex ovo (Figure 4.11). After 6 additional days, the embryos were 

injected with Rhodamine-conjugated LCA lectin, and portions of the CAM containing the 

microtumors were excised and imaged. In this model, PC-hi/diss cells were observed 

escaping from the microtumors to a greater extent than PC-lo/diss cells (Figure 4.12A 

and F), thus indicating that the microtumor model recapitulates the key difference in the 

invasion patterns of the PC-3 dissemination variants in primary tumors. The distances 

invaded by escaped tumor cells were measured, indicating an approximately 2-fold 

differential in invasion capacity in vivo between PC-lo/diss and PC-hi/diss (Figure 

4.12F).   
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Figure 4.11. Methodology for intramesodermal microtumor injections. 

The histological composition of the CAM is depicted in an H&E stained section, highlighting the large 

vessels of the mesoderm and the ectoderm capillary plexus (top left panel). Small boluses of tumor cell 

suspensions are injected into the mesoderm of shell-less embryos at day 9 of development (top right and 

bottom left panels). Tumor cells inoculated into the mesoderm develop into microtumors by day 14-16 

(bottom right panel).  
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Figure 4.12. Activation of uPA facilitates early escape and invasion of PC-hi/diss tumor cells in 
vivo. (continued) 
CellTracker labeled PC-hi/diss cells were intramesodermally injected into day 9 embryos. Embryos 
were treated on day 2 (A, B, C, and E) or day 4 (D) with control IgG (A), mAb-112 (B), aprotinin (C 
and D), or GM6001 (E). After 6 days of microtumor development, embryos were injected with 
rhodamine conjugated lectin and portions of the CAM containing microtumors were excised and 
immediately imaged. Panels A-E depict representative microtumors on day 6, with microtumor borders 
and invasive distances outlined by white dashed lines. Bars, 100µm.  
(F) Quantification of microtumor invasion was performed in images digitally captured at 10x original 
magnification by averaging the five longest distances of invasion for each microtumor. Data are 
presented as percent PC-hi/diss control invasion for 10-16 individual microtumors per variable.** and 
***, p<0.05 and <0.0001, respectively.     
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When PC-hi/diss microtumors were treated with mAb-112 or aprotinin on day 2 

after cell injection, a significant and substantial reduction in invasion was observed 

(Figure 4.12B, C, and F). However, a broad-spectrum MMP inhibitor, GM6001 did not 

have a significant effect on PC-hi/diss invasion (Figure 4.12E and F), implicating 

specifically the uPA/plasmin system in early tumor cell escape in vivo. Furthermore, 

when PC-hi/diss microtumors were treated with aprotinin at a late time point (day 4 

instead of day 2), no inhibition of invasion was observed (Figure 4.12 D and F), strongly 

suggesting that uPA-generated plasmin is functionally important very early during initial 

tumor cell escape and invasion.  

Altogether, the inhibition in vivo of PC-hi/diss invasion from primary CAM 

tumors and escape from intramesodermal microtumors by mAb-112 and aprotinin 

highlights an important function of uPA and uPA-generated plasmin in facilitating these 

processes. It follows that this increased invasiveness is one mechanism by which elevated 

levels of uPA in PC-hi/diss tumors contribute to PC-hi/diss dissemination and metastasis. 

      

Inhibition of uPA activation or plasmin activity decreases PC-hi/diss tumor 

angiogenesis. In addition to facilitating invasion, serine proteases have been implicated 

in tumor angiogenesis (15, 16). Since we have previously demonstrated that increased 

tumor angiogenesis correlates with the increased dissemination capability of PC-hi/diss 

(discussed in Chapters II and III), we examined the functional importance of uPA 

activation and plasmin activity for PC-hi/diss angiogenesis. To this end, levels of 

angiogenesis were analyzed by fluorescent microscopy in CellTracker-labeled PC-hi/diss 

CAM tumors  treated with  mAb-112,  aprotinin,  or control IgG.  Levels of LCA stained  
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Figure 4.13. uPA activation and plasmin activity are critical for tumor angiogenesis. 

(A) Panels depict levels of rhodamine conjugated lectin stained vessels in PC-lo/diss CAM tumors or 

PC-hi/diss tumors treated with aprotinin, mAb-112, or control IgG after 5 days of tumor development. 

(B) Tissue sections from prostate xenograft tumors from mAb-112 or conrol IgG treated mice were 

immunostained with anti-CD31 to highlight blood vessels (brown). Images were captured at 20x 

original magnification. Yellow arrows point to examples of CD31 stained vessels. Higher magnification 

(40x original magnification) of the boxed portions are presented as insets to illustrate the morphology of 

stained vessels.  

(C) Contributions of uPA activation to angiogenic potential of PC-hi/diss cells was determined using 

the ex ovo CAM angiogenesis onplant model. Collagen onplants containing PC-lo/diss cells mixed with 

control IgG or PC-hi/diss cells mixed with IgG, mAb-112, aprotinin, or anti-VEGF were placed onto 

the CAMs of shell-less chick embryos. The scattergram depicts angiogenic indices in in individual 

collagen onplants from a representative experiment scored at 72 hours; lines are means. *, **, and ***, 

p<0.05, <0.005, and <0.001 in two-tailed Student t-test, compared with PC-hi/diss MoIgG.  

(D) VEGF levels in CAM tumor lysates and normal CAM were determined by capture ELISA. #, 

p<0.05 in one-tailed Student t-test, compared with PBS control. 
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blood vessels within PC-hi/diss tumors were substantially diminished after aprotinin or 

mAb-112 treatments, indicating a role for the uPA/plasmin system in tumor angiogenesis 

(Figure 4.13A). Levels of CD31-positive vessels were also substantially reduced in 

prostate orthotopic xenograft tumors in mAb-112 treated mice (Figure 4.13B). 

Therefore, we aimed to quantitatively analyze the contributions of uPA to PC-hi/diss 

angiogenesis by employing the CAM collagen onplant model. Incorporation of function-

blocking mAb-112 or aprotinin into collagen grafts containing PC-hi/diss cells 

significantly decreased tumor-induced angiogenesis by approximately 50% (Figure 

4.13C). The inhibitory effects were similar to the degree inhibition of PC-hi/diss 

angiogenic potential in the presence of the known anti-angiogenic agent, anti-VEGF. 

Furthermore, levels of VEGF in primary PC-hi/diss CAM tumors were diminished upon 

aprotinin treatment (Figure 4.13D), consistent with the well-documented function of 

plasmin in releasing growth factors from the ECM (17, 18).  

Overall, uPA and uPA-generated plasmin appear to significantly contribute to PC-

hi/diss intravasation and metastasis via multiple mechanisms, namely by facilitating 

escape from primary tumors, tumor cell invasion of the local stroma, and tumor 

angiogenesis. 
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DISCUSSION 

In the current study, we have confirmed the efficacy of preventing uPA activation 

as a strategy to inhibit intravasation and dissemination of human tumor cells in both avian 

and murine models. In the CAM spontaneous metastasis model, blocking uPA activity 

with function-blocking mAb-2 substantially reduced metastasis. Furthermore, specifically 

targeting the activation of pro-uPA using mAb-112, a novel function blocking mAb, was 

similarly effective in reducing PC-hi/diss metastasis. The broad-spectrum serine protease 

inhibitor, aprotinin, also substantially inhibited intravasation and dissemination. Although 

aprotinin does not directly target uPA, it is a potent inhibitor of plasmin, a major 

feedback activator of pro-uPA as well as the key product generated by uPA-mediated 

activation of plasminogen. Therefore, inhibition of PC-hi/diss spontaneous dissemination 

in the CAM model by aprotinin strongly implicates the full uPA/plasmin system in the 

processes of metastatic spread. The fact that the inhibitory effects of mAb-112 and 

aprotinin on experimental metastasis were much less pronounced than their respective 

effects on spontaneous metastasis suggests that uPA and uPA-generated plasmin may be 

most functionally important for completion of early metastatic events. 

In the orthotopic implantation model, mAb-112 substantially reduced levels of 

metastasis to multiple organs. Aprotinin, on the other hand, did not effectively reduce 

metastasis from xenografts. This could be due to the short plasma half-life of Kunitz 

domain inhibitors including aprotinin (i.e., 150 minutes in plasma, (19, 20)) as compared 

to antibody inhibitors, which can persist for days (21). Furthermore, in a recently 

published study, aprotinin treatment was demonstrated to actually increase levels of 

experimental metastasis of melanoma cells (22). Thus, the role of plasmin in the multi-
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step metastatic cascade appears to be quite complex. While inhibition of plasmin activity 

may delay some metastatic events, such as early primary tumor escape, local invasion, 

and intravasation, it may also facilitate other steps in the metastatic cascade by promoting 

coagulation and sustaining tumor-cell thrombi, potentially allowing for enhanced tumor 

cell survival in circulation and arrest at secondary sites. The relative contributions of the 

plasminogen activators — uPA and tPA — to these processes remain to be determined. 

Nevertheless, the pronounced inhibitory effect of anti-uPA mAb-112 in reducing levels 

of spontaneous metastasis in both the murine and avian models suggests that specifically 

targeting pro-uPA activation at early stages of tumor progression can provide an overall 

anti-metastatic outcome.      

Despite the fact that uPA can have plasmin-independent functions via interactions 

with uPAR and other cell surface molecules (16, 23-25), the near-complete blockade of 

intravasation by aprotinin suggests that uPA likely functions via the plasmin activation 

cascade in the PC-hi/diss system. In this regard, an RNA aptamer directed specifically 

against the uPA-uPAR interaction does not significantly affect dissemination of PC-

hi/diss cells in the CAM model, whereas a second aptamer preventing uPA activation, 

similar to mAb-112, effectively reduced PC-hi/diss intravasation (K. Botkjaer et al, 

unpublished observations).    

To investigate the mechanisms by which uPA activation promotes early metastatic 

events, we analyzed the effect of inhibiting uPA activation on invasion and escape of PC-

hi/diss cells in vitro and in vivo. In vitro, mAb-112 and aprotinin significantly decreased 

PC-hi/diss Matrigel invasion in Transwells. Moreover, both mAb-112 and aprotinin 

reduced PC-hi/diss escape from spheroids and invasion into fibrin-containing matrices in 
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a 3-dimensional system, suggesting that enhanced invasion might be a possible 

mechanism by which active uPA could contribute to PC-hi/diss intravasation and 

dissemination. This conclusion was further supported by the accumulation of plasmin 

substrates, namely fibronectin, within and around CAM tumors. Although extensive 

fibrin deposition was not observed in the PC-hi/diss tumors and was not enhanced in 

aprotinin treated PC-hi/diss tumors (data not shown), previous studies using transgenic 

mice have also demonstrated the lack of immunohistochemically detectable changes in 

fibrin deposition within tumors of plasminogen-/- versus control mice (26). However, 

fibrin(ogen) was the critical substrate promoting plasmin-dependent tumor growth and 

progression (26). In agreement with this mechanism, the enhancement of PC-hi/diss 

escape from spheroids within fibrin/collagen mixed gels as compared to pure collagen 

gels and the inhibition of escape by mAb-112 and aprotinin suggests that fibrin-degrading 

ability, possibly targeting fibrin deposits in micro thrombi which are not readily 

detectable in our model by immunohistochemistry, may be important for invasion of PC-

hi/diss cells.  

The importance of uPA and uPA-generated plasmin for invasion and escape in vivo 

was confirmed both in the primary CAM tumor and the quantitative intramesodermal 

microtumor model systems. A dramatic reduction in the invasive front was observed in 

PC-hi/diss primary tumors treated with mAb-112 or aprotinin. Furthermore, we have 

developed a method for forming microtumors in vivo, and in this model tumor cell 

escape from microtumors was significantly inhibited by mAb-112 or aprotinin to about 

30% and 50% of control levels, respectively, when treatments were performed at early 

time points. Interestingly, a late treatment with aprotinin did not inhibit invasion of 
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escaped PC-hi/diss cells in the microtumor model, strongly indicating that uPA-generated 

plasmin is functionally important very early during tumor cell escape, possibly at the time 

when tumor cells break away from the bulk tumor mass. In contrast to serine protease 

inhibitors, the MMP inhibitor GM6001 did not inhibit escape from microtumors, 

suggesting that uPA/plasmin mediated invasion of PC-hi/diss cells may not be dependent 

on activation of MMPs by plasmin. 

In addition to the classical role in ECM remodeling and invasion (4, 15, 16, 27), 

uPA and plasmin have been linked to tumor angiogenesis by directly facilitating 

endothelial cell migration and invasion (25) and by releasing angiogenic growth factors, 

including VEGF, from the extracellular matrix (15, 28) (17, 18). In agreement with this, 

lower levels of VEGF were detected within aprotinin-treated PC-hi/diss CAM tumors. 

Since we have shown that dampening angiogenesis in the CAM spontaneous metastasis 

model can decrease tumor dissemination, we asked whether active uPA might also 

contribute to intravasation by a pro-angiogenic mechanism. Accordingly, reduced levels 

of angiogenic blood vessels were observed in PC-hi/diss CAM tumors treated with 

aprotinin and mAb-112 and prostate xenograft tumors from mice treated with mAb-112. 

Furthermore, when mAb-112 or aprotinin were incorporated into PC-hi/diss containing 

collagen onplants and angiogenesis was scored, both approaches, i.e., inhibiting uPA 

activation and blocking serine protease (plasmin) activity, substantially decreased the 

angiogenic potential of PC-hi/diss cells.  

In addition to directly promoting angiogenesis by releasing growth factors from the 

ECM and facilitating endothelial cell invasion, plasmin may also be involved in tumor-

associated inflammation. Aprotinin has been demonstrated in some cases to have anti-
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inflammatory functions by inhibiting leukocyte extravasation and release or processing of 

cytokines (29-31). Additionally, reduced influx of inflammatory neutrophils and 

monocytes in response to biomaterials has been demonstrated in plasminogen deficient 

(plg-/-) mice (32). However, the contributions of uPA-generated plasmin to tumor 

inflammation have not been well defined. In the PC-hi/diss CAM tumor model, treatment 

with aprotinin reduced the influx of MMP-9-delivering inflammatory neutrophils (data 

not shown). Since tumor-infiltrating neutrophils can coordinately regulate levels of 

angiogenesis and metastasis of high disseminating cell types by delivering TIMP-free 

MMP-9 to developing tumors (Chapter III), the reduction of neutrophil influx by 

aprotinin may indicate a mechanism by which inhibitors of serine protease activity reduce 

cell dissemination. This suggestion should be explored using specific inhibitors of the 

uPA/plasmin cascade, namely mAb-112, to determine the effect on neutrophil 

infiltration.  

In summary, our findings indicate that interfering with uPA activation and activity 

inhibits intravasation/metastasis by at least two separate mechanisms: A) blocking ECM 

invasion and tumor cell escape and B) decreasing tumor angiogenesis. Intriguingly, 

recent studies have reported that disrupting the tumor vasculature alone via targeting 

VEGF and its receptor can actually increase the invasive behavior of tumor cells (33-36) 

due to possible hypoxia-response programs (37). Thus, the possibility of simultaneously 

dampening invasion and angiogenesis via targeting a common protease pathway could be 

a potential way to overcome increased tumor invasiveness due to specifically targeted 

anti-angiogenic treatment. 
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MATERIALS AND METHODS 

Tissue culture. PC-hi/diss and PC-lo/diss cells were maintained in DMEM with 

10% FBS (Omega Scientific) and gentamicin (D10), exactly as described (see Chapter II 

or Ref.(38)).  

 

uPA activation and whole cell ELISA. Equal numbers of PC-hi/diss or PC-

lo/diss cells were seeded 24 hours before serum-free treatment. Cells were washed with 

serum-free DMEM (SF-DMEM) for 5 minutes or 1 hour, as indicated in the figure 

legends, to preserve traces of plasminogen from serum or to achieve low plasminogen 

levels, respectively. Finally, cells were overlaid with a minimal volume of SF-DMEM. 

Where indicated, 0.1% chicken serum was added as a source of plasminogen. For 

inhibitor studies, cells were SF-DMEM treated in the presence of 0.1 TIU/ml of aprotinin 

(Sigma) or 25 µg/ml of mAb-112 or control IgG (Jackson ImmunoResearch). CM was 

collected after 48 hours, unless otherwise indicated in the figure legend, and centrifuged 

to remove floating cells and debris.  

Western blots were performed exactly as previously described in Chapter II and 

Ref (38). CM loading was normalized to equal cell numbers at the time of CM collection. 

A rabbit polyclonal antibody against uPA (generated in P. Andreasen’s laboratory) was 

used to detect uPA in the CM under reducing conditions (i.e., in the presence of 100 mM 

DTT). 

Whole cell ELISA analyses were performed as follows. Cells were seeded at 

equal density in 96 well plates and, after washing, fixed in 2% paraformaldehyde and 

blocked in 1% BSA/0.05% Tween-20. Murine primary antibodies, either anti-uPA mAb-
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2, anti-human CD44, known to be expressed at equal levels on PC-lo/diss and PC-hi/diss 

cells, or control IgG, were added at 1 g/ml in blocking solution, followed by anti-mouse 

HRP (BioRad) at 0.5 g/ml. After washing, ABTS substrate was added and the optical 

density at 405 nm was determined. The background readings from control IgG wells were 

subtracted. 

 

Plasmin generation assays. For the plasmin generation assays, CM was incubated 

at 37C with 10 g/ml human plasminogen and 0.5 mM of the S-2251 chromogenic 

plasmin substrate (H-D-Val-Leu-Lys-pNA; Chromogenix). Where indicated, the CM was 

pre-mixed with 25 g/ml of mAb-112 or mAb-2 for 25 minutes at RT before addition of 

plg and S-2251. The OD-405 was read every 1 or 2 min using a spectrophotometer. 

Background readings in the absence of plg were subtracted.  

For cell-associated plasmin generation assays, cell monolayers seeded at different 

densities were washed for 45 min in SF-DMEM, then incubated for 15 min with 8 g/ml 

of plg. The supernatants were collected, spun down, and added to wells containing 0.5 

mM of S-2251 substrate to determine plasmin activity. Alternatively, following a 2 hour 

wash with SF-DMEM, cell monolayers were treated with pH 3 glycine-HCl containing 

isotonic NaCl for 10 min at RT to strip cell surface bound uPA. The solution was 

neutralized with 50 mM HEPES and plasmin-generating capacity was analyzed as 

described above using S-2251 and human plg.    

        

Orthotopic prostate tumor model. Orthotopic implantations into the prostates of 

NOD-SCID mice were performed as described in Chapter II (38). Briefly, 8-9 week old 
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NOD-SCID mice were purchased from the TSRI breeding colony and maintained under 

the guidelines of the TSRI Institutional
 
Animal Care and Use Committee. Two separate 

experiments involving a total of 11 (MoIgG) and 8 (mAb-112) mice per variable were 

performed. Mice were anesthetized with Ketamine/Xyalzine and approximately 30 l of 

a 2x10
6
 cells per ml suspension of firefly luciferase-labeled PC-hi/diss cells were 

implanted into the prostate through an incision in the lower abdomen. After 7 days, mice 

were imaged by IVIS and separated into treatment groups. Mice received I.P. injections 

with 150 or 200 g of mAb-112 or control IgG in 150 l volume every 5 or 4 days. Mice 

were imaged again on day 27 or 28 and sacrificed at day 28. Primary tumors were 

photographed, excised, and weighed and internal organs were harvested and frozen for 

Alu-qPCR analysis. The dosage and frequency (i.e., 150 g every 5 days versus 200 g 

every 4 days) of antibody treatment did not seem to affect the levels of metastasis, so fold 

changes in levels of metastasis from the IgG control group were calculated for each 

experiment and the results were combined.  

 

Chick embryo spontaneous and experimental metastasis models. The chick 

embryo spontaneous metastasis model was performed exactly as described (38). 

Developing PC-hi/diss tumors were treated on days 2 and 4 with 25 g/embryo of mAb-

112 or control IgG or 0.5 TIU of aprotinin in 100 l solution containing 5% DMSO.  

Experimental metastasis was performed by injecting 100 l suspensions of 1x10
6
 

PC-hi/diss cells/ml in SF-DMEM directly into the allantoic vein of day 12 embryos. 
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Where indicated, cells were mixed with 1 TIU/ml aprotinin or 250 g/ml mAb-112 or 

control IgG prior to injection.  

For imaging experiments, cell monolayers were first labeled with 5 M 

CellTracker Green CMFDA (Molecular Probes, Invitrogen) according to the 

manufacturer’s instructions. At the indicated time points, embryos were injected with 

Rhodamin-conjugated LCA (Vector Labs) and tumors or portions of the CAM were 

excised, stretched on glass slides, and imaged immediately using a Carl Zeiss Axio 

Imager M1m microscope. Images were captured using AxioVision Re. 4.6 software and 

processed using Adobe Photoshop.   

 

Intramesodermal microtumor model. Cells were seeded 48 hours prior to 

experiments in normal growth media. Monolayers were labeled with 5 M CellTracker 

Green CMFDA (Molecular Probes, Invitrogen), harvested using trypsin-EDTA, washed 

once in D10 and once in SF-DMEM, counted and resuspended at 2x10
6
/ml. Small 

boluses of tumor cells were injected into the mesoderm of chick embryos developing ex 

ovo on day 9 of development. Each embryo received 3-6 individual microtumors. The 

microtumors were treated with 25 l of 1 mg/ml mAb-112 or control IgG (Jackson 

ImmunoResearch), 5 TIU/ml Aprotinin (Sigma), or 1mM GM6001 (Calbiochem) in PBS 

with 5% DMSO on day 2 or day 4 (Aprotinin “late treatment” only). After 6 days of 

microtumor development, embryos were injected with Rodamine-LCA and portions of 

the CAM containing microtumors were excised, stretched on glass slides, and 

immediately imaged using a Carl Zeis AxioImager microscope. Quantification of 

escaping tumor cells was performed using ImageJ software. The lengths of cell invasion 
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from the microtumor-CAM border were measured in images captured at 10x original 

magnification. The average of the 5 longest invasive distances were determined for each 

microtumor. For each variable, at least 10 individual microtumors were analyzed.  

 

In vitro invasion assays. Transwells with 8 m pores (Corning) were coated 

overnight with Growth Factor-reduced Matrigel (BD) at approximately 2 g/ml. After 

washing, 1x10
5
 cells in 100 l SF-DMEM were added to the top of the well and 0.5 ml of 

48 hr CM from fibroblasts diluted 1:1 with SF-DMEM was added to the bottom of the 

well to stimulate invasion. Anti-uPA mAb-112 or control IgG (25 g/ml) or Aprotinin 

(0.5 TIU/ml) were added to both the top and bottom chambers. After 48 hr, cells were 

removed from the top chamber and the total contents of the bottom chamber were 

collected and counted using a hemocytometer. Experiments were performed in triplicate, 

with two wells per variable in each experiment. 

For 3-dimensional invasion, PC-hi/diss cells were trypsinized, washed in D10 

folowed by SF-DMEM and incorporated at a density of 1x10
6
 cells per ml into 

neutralized type I collagen from rat tail at 2.2 mg/ml (BD Biosciences). Tumor cell 

containing collagen spheroid droplets (25 l each) were polymerized at 37C for at least 

30 min without CO2. Meanwhile, mixtures of neutralized type I collagen (1.5 mg/ml) 

with EGF (20 ng/ml) were polymerized in 24 well plates (300 l). After polymerization, 

tumor cell spheroids were placed into wells containing the polymerized collagen/EGF 

and an additional 600 l of the collagen/EGF was overlaid and polymerized to provide a 

3-dimensional matrix.  
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For fibrin-containing 3-dimensional gels, the tumor cell droplets were prepared in 

exactly the same manner. The outer gel was prepared by mixing bovine fibrinogen 

(Sigma) with type I collagen at final concentrations of 3 mg/ml and 1.5 mg/ml, 

respectively, along with 20 ng/ml EGF. Thrombin (Sigma) was added at a final 

concentration of 10 U/ml immediately before distributing the mixture into 24 well plates 

to produce fibrin clots.  

After final polymerization, gels were overlaid with 0.5 ml of AIM-V media 

(Gibco, Invitrogen) containing control IgG, mAb-112 (25 g/ml), Aprotinin (0.5 TIU/ml) 

or GM6001 (50M). Media and inhibitors were replaced every 3-4 days. Tumor cell 

spheroids were imaged after 10 days with an Olympus CKX41 microscope equipped with 

an Infinity1 camera (Olympus) and captured using Infinity Capture software. The 

distances invaded in each 10x original magnification field were measured using ImageJ 

software. At least 6 fields per variable were analyzed. The average length of invasion per 

field was multiplied by the number of invading cells/cell clusters per field to calculate the 

invasion index.     

 

Immunohistochemistry. Tissue from primary PC-hi/diss CAM tumors, 

corresponding normal CAM, or primary mouse prostate tumors was harvested at day 6 

(CAM) or day 28 (mouse xenografts) and frozen in OCT for CD44, fibronectin, and 

laminin stainings or fixed in Zn-formalin and paraffin-embedded for Masson’s 

Trichrome, fibrin or CD31 stainings. Frozen sections were fixed in 2% 

paraformaldehyde, blocked, then probed with 1 g/ml of mAb-29-7, recognizing human 

CD44, or hybridoma supernatants B3D6, recognizing avian fibronectin (39), or “31 or 
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31-2”, recognizing avian laminin (40), each diluted 1:10. The supernatants from 

hybridomas B3D6 and 31 or 31-2, developed by D.M. Fambrough, were obtained from 

the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD 

and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. 

Standard Masson’s Trichrome staining was performed by the Histology Core facility at 

The Scripps Research Institute on paraffin embedded tumor sections. For fibrin(ogen) 

staining, CAM tumor sections were probed with rabbit anti-fibrin (DAKO) diluted 1:300, 

which is known to cross-react with avian fibrin (data not shown). Mouse xenograft tumor 

sections were probed with 5 g/ml rabbit ant-CD31 (Abcam).  

Following incubations with primary antibodies, sections were probed with 

corresponding biotinylated secondary antibodies (Vector Labs). All stained tissue 

sections were finally incubated with Avidin-D horseradish peroxidase (HRP) conjugate 

(Vector Labs) for 30 minutes, developed with a diaminobenzidine chromogenic substrate 

and counterstained with Mayer’s hematoxylin. Images were captured using an Olympus 

BX60 microscope equipped with a digital DVC video camera and processed with Adobe 

Photoshop 6.0 software. 

 

CAM angiogenesis model. The ex ovo collagen onplant model was performed as 

described previously (Chapter II and (38, 41)) with the following modification. PC-

hi/diss cell-containing collagen onplants were polymerized in the presence of 0.5 TIU/ml 

Aprotinin or 50 g/ml mAb-112, mouse-anti VEGF (R&D) or control IgG (Jackson 

Immunoresearch). Levels of angiogenesis were quantified after 70-72 hours.  

 



 164 

VEGF ELISA Analysis of CAM Tumors. PC-hi/diss control or Aprotinin-treated 

primary CAM tumors were excised after 7 days, frozen, and lysed with modified RIPA 

buffer containing proteases inhibitors (aprotinin, leupeptin, and pepstatin, each at 10 

µg/ml, and phenylmethylsulfonyl fluoride at 1 mM) for 30 minutes at 4C. Lysates were 

clarified by centrifugation and the protein concentrations in the mRIPA soluble 

supernatants were determined using the BCA protein quantitation assay (Pierce). VEGF 

levels were determined using the PeproTech human VEGF ELISA kit, according to the 

manufacturer’s instructions. Loading of the tumor lysates was normalized by protein 

concentration.    

 

Data Analysis and Statistics:  Data processing and statistical analysis were 

performed using GraphPad Prizm Software (GraphPad Software, Inc., San Diego, CA), 

as described in Chapter II.  
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GENERATION OF TUMOR CELL VARIANTS TO STUDY METASTASIS  

One approach that can be employed to study the complex multi-step metastatic 

cascade is the comparative analysis of metastatic and non-metastatic congenic cell 

variants. In contrast to the random variations that might be observed from non-congenic 

cell lines, disseminating and non-disseminating counterparts from the same cell line 

would be expected to yield variants with similar overall characteristics, but exhibiting 

differences in molecular expression and phenotypic characteristics that contribute to 

metastatic progression. Variations of this approach have been employed previously to 

isolate cell variants with organ-specific metastasis (1-5), yielding important information 

on different steps of the metastatic cascade, including the elucidation of metastasis 

signature molecules.  

In the experiments described herein, a novel pair of prostate carcinoma variants 

has been isolated from the PC-3 prostate carcinoma cell line that appear to differ 

specifically in their ability to complete early metastatic events leading to hematogenous 

intravasation and dissemination. Concomitant with differential abilities to spontaneously 

disseminate, the PC-3 variants, i.e., PC-hi/diss and PC-lo/diss, exhibit corresponding 

differentials in their respective capacities to adhere to extracellular matrix components, 

migrate chemotactically, invade local stroma and escape from primary tumors. Moreover, 

the PC-3 variants also induce respectively high and low levels of tumor angiogenesis.  

To understand some of the molecules critical for early hematogenous 

dissemination, we performed a series of comparative analyses of the selected PC-3 

variants. These analyses highlighted an overall requirement for extracellular proteolysis 
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and indicated that both stromal cells and tumor cells were sources of necessary proteases. 

In particular, MMP-9 delivered by inflammatory neutrophils was critical for tumor 

angiogenesis and subsequent dissemination, while the activation and activity of tumor 

cell-derived uPA was required for primary tumor escape and invasion as well as for 

tumor angiogenesis and dissemination.   

 

CONTRIBUTIONS OF NEUTROPHIL MMP-9 TO ANGIOGENESIS AND 

DISSEMINATION 

 

 Various MMPs have long been linked to tumor progression and dissemination (6-

8). Although the PC-hi/diss variant did not produce higher levels of MMP genes from the 

panel examined, substantially more MMP-9 positive neutrophils were observed within 

PC-hi/diss primary CAM tumors and orthotopic xenografts in mice as compared with the 

PC-lo/diss counterparts. Inhibiting the influx of host proMMP-9-positive neutrophils 

using the general anti-inflammatory drug, Ibuprofen, or by specifically neutralizing the 

neutrophil chemoattractant, IL-8, resulted in a pronounced decrease in levels of 

angiogenesis and dissemination in the CAM model. Moreover, similar inhibitory effects 

of reduced neutrophil influx were observed in high disseminating HT-1080 cells (HT-

hi/diss), which also exhibited enhanced neutrophil influx compared to a low 

disseminating counterpart. Levels of angiogenesis and dissemination were restored in 

HT-hi/diss cells by additionally supplementing tumors with purified neutrophil TIMP-

free proMMP-9. However, no rescue occurred if the neutrophil proMMP-9 was 

complexed to its naturally inhibitor, TIMP-1 before being delivered to the tumors. This 

highlights the importance of the unique TIMP-free status of neutrophil MMP-9 as 
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compared to MMP-9 from other cellular sources, including tumor cells (9), which 

produce proMMP-9 in complex with TIMP-1.  

 

ACTIVATION OF UPA FACILITATES TUMOR CELL DISSEMINATION BY 

PROMOTING INVASION, PRIMARY TUMOR ESCAPE, AND ANGIOGENESIS 

 

The uPA/plasmin system has also long been linked to tumor angiogenesis and 

dissemination (10-12). However, the mechanisms by which this proteolytic cascade 

functions during tumor metastasis still need to be better understood. In the current study, 

pro-uPA/uPA was identified as a protease with differential gene and protein levels 

between the PC-hi/diss and PC-lo/diss cell variants. PC-hi/diss cells not only secreted 

more uPA, they also exhibited greater levels of surface-bound uPA and enhanced 

plasmin-generating capacity compared with PC-lo/diss cells. Activation-blocking mAb-

112 was employed to determine the contributory role of uPA to various processes 

involved in metastasis. MAb-112 treatment of PC-hi/diss tumors reduced levels of 

spontaneous dissemination in both the mouse orthotopic xenograft model and the chick 

embryo CAM model.  

Blocking uPA activation or plasmin activity substantially inhibited tumor 

invasion and escape in vitro and in vivo, strongly implicating the uPA/plasmin cascade in 

this early metastatic event. Furthermore, the deposition of plasmin substrates, especially 

fibronectin, within the PC-hi/diss CAM tumors was determined by immunostaining. 

Deciphering and quantifying the contributions of individual plasmin substrates to PC-

hi/diss invasion and escape would provide important information regarding the role of 

uPA and plasmin in metastasis.  
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In addition to the inhibitory effect on tumor escape and invasion, inhibition of 

pro-uPA activation and plasmin activity also substantially reduced levels of tumor 

angiogenesis, providing another mechanism contributing to the overall inhibition of 

metastasis. Interestingly, decreased infiltration of MMP-9 positive neutrophils was 

observed in aprotinin-treated PC-hi/diss CAM tumors, thereby contributing to the 

decreased levels of angiogenesis. However, whether this is truly uPA/plasmin-mediated 

remains to be determined as aprotinin can have pleiotropic effects. The concomitant 

reduction in levels of both angiogenesis and dissemination by mAb-112 and also 

aprotinin treatments, irrespective of primary tumor size, nevertheless provide a very 

strong link between the processes of angiogenesis and dissemination.  

 In this thesis, it has been demonstrated that pro-uPA activation and uPA-

generated plasmin contribute to tumor dissemination by several mechanisms, namely by 

promoting primary tumor escape and local invasion, and by facilitating tumor 

angiogenesis. 

 

CONCLUDING REMARKS 

In summary, this thesis describes the isolation and comparative analyses of novel 

PC-3 prostate carcinoma dissemination variants. These analyses of PC-hi/diss and PC-

lo/diss variants have been used to identify inflammatory cell-derived MMP-9 and tumor 

cell-derived uPA as extracellular proteases critical for tumor angiogenesis and metastasis. 

Furthermore, I have determined that inhibiting tumor dissemination with anti-uPA mAb-

112, aprotinin, anti-IL-8, and anti-VEGF treatments concomitantly decreased levels of 

tumor angiogenesis without substantially affecting primary tumor weight, thus strongly 
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indicating that angiogenic vessels may serve as critical conduits for intravasating tumor 

cells.   
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