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The focus of my dissertation studies is an eight amino acid peptide (A6) derived from 

the non-receptor binding region of urokinase plasminogen activator (uP A), which 

partially inhibits the binding of uP A to its receptor (uPAR). A6 has been synthesized as a 

potential novel anti-cancer agent and kindly provided by Angstrom Pharmaceuticals, Inc. 

(San Diego, CA). We further examined potential therapeutic properties of A6 in vivo and 

in vitro. A6 appeared to directly inhibit the invasion of Lewis lung carcinoma cells 

through Matrigel by approximately 40-45% compared to control. In addition, A6 had a 

morphological effect resulting in thicker tubes on small vessel endothelial tube formation 

compared to no treatment. Interestingly, doxorubicin had similar effects when added to 

growing endothelial cells. Moreover, A6 was administered alone and in combination 

with a standard clinically used chemotherapeutic agent, doxorubicin, in a Lewis lung 

carcinoma mouse model to test possible synergy between an anti-angiogenic compound 

(A6) and a chemotherapeutic agent. This is the first observation that A6 has the potential 

to display a airect anti-metastatic therapeutic effect for established pulmonary metastases 

in this model. Therefore, we believe that A6 in combination with doxorubicin has the 

potential to provide better therapy to cancer patients with tumor metastases than potent 

chemotherapeutic agents alone, by increasing the dose of non-toxic A6 and reducing the 

recommended dose of doxorubicin. 
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CHAPTER 1 

INTRODUCTION 

Traditional modes of cancer therapy (i.e., radiation, chemotherapy, and surgery) 

have focused on the elimination of all transformed cells to attempt to obtain cures. 

However, approximately 50% of patients who develop malignant tumors fail to respond 

to these modalities and succumb to metastasis (1,2). Metastasis is defmed as the "transfer 

of disease from one organ or part to another not directly connected with it (2). The 

process of metastasis can be described as a constant battle between the host's immune 

defense and the physical and biochemical properties of the invasive tumor cells. Similar 

to Darwin's theory of "survival of the fittest", the metastatic cascade is very selective. 

Only subpopulations within the primary tumor capable of surviving mechanical stress of 

blood flow and attack by host lymphoid effector cells ( ~ 1-2%) are capable of establishing 

secondary metastases. The existence of these heterogeneous subpopulations can have 

impact on elucidating tumor progression, invasiveness, and drug resistance (2,3). 

Invasive tumor cells must degrade components of the extracellular matrix (ECM), before 

extravasation into the lymph or blood circulation resulting in the formation of secondary 

tumors (4). As the sequence of events repeats itself, more aggressive and resistant 

tertiary;·quaternary, etc ... tumor sites are established. 
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In addition to metastasis, dose-limiting toxicities of several chemotherapeutic 

agents often compromise the patient's immune system, leading to morbidity and death. 

Early detection provides a better approach to treat metastatic cancer, but often the cancer 

has spread by the time it is visible to the naked eye. Unfortunately, highly invasive 

advanced metastatic tumors including carcinomas (i.e., breast, lung, prostate, and colon) 

are the most common tumor type found in humans. In many instances, standard 

chemotherapeutic treatments may actually increase the development of secondary tumor 

colonies by selecting for the most resistant and aggressive tumor cell populations (5). 

Therefore, there is an imperative need to find new approaches to treat established 

metastases. In order to understand the complex and dynamic process of metastasis, 

elucidation of mechanisms involved in tumor invasion and angiogenesis must be 

addressed. 

Invasive tumor cells with metastatic potential produce several proteolytic enzymes 

that contribute to ECM destruction, in particular urokinase plasminogen activator (uP A) 

( 1 ). Urokinase plasminogen activator is secreted as a single chain zymogen ( 411 amino 

acids). This serine protease consists of three domains: the growth factor domain (aa 1-

48), kringle domain (aa 49-135), and the serine protease domain (aa 144-411). The 

growth factor domain is the determinant of uP A binding to its receptor (uP AR). The 

kringle domain is involved in protein-protein interaction, and the serine protease domain 

is responsible for the catalytic activity of uP A (6). Plasminogen activation is induced by 

the binding of uP A to its own high-affinity receptor (uPAR). 
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Uroldule Plumlaopn Activator (uP A) 

Primary sequence of uP A. Domains ~ defined as growth factor domain (aa l-
48),1aingle domain (aa49-135), A6 (aa 136-143), and low MW uPA (aa 144-
411). 

Figure 1-uPA schematic modified by Andrew P. Mazar, Ph.D., Terence Jones, Ph.D., and 

Ronald H.Goldfarb, Ph.D. 

Urokinase plasminogen activator receptor is a three-domain protein that is tethered 

to the external face of the plasma membrane via a glycosylphosphatidyl inositol (GPI) 

anchor. The receptor lacks both cytoplasmic and transmembrane domains, yet plays a 

role in signal transduction. This suggests association with transmembrane proteins (e.g. 

the integrin family) capable of linking ligand binding via uP AR to the cytoplasm ( 6, 7). 

In the classical cascade of plasminogen activation, single-chain uP A (scuP A) binds to its 

surface receptor (uPAR) and is activated by plasmin to form two-chain uPA (tcuPA). 

Two-chain uP A is then able to cleave the zymogen form of plasmin (plasminogen) into .. _~ . 
active plasmin at the Arg561-Val562 bond ( 1 ,6). This autocrine cascade of plasminogen 
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activation results in the amplification of plasmin production that is capable of activating 

other downstream proteases (e.g. matrix metalloproteinases) (8), and directly degrading 

extracellular matrix components such as laminin and fibronectin (9). The plasminogen 

activation cascade is inhibited by plasminogen activator inhibitors (P AI) which bind uP A 

at a reactive center loop in the C-terminus (10). The uPA-PAI complex is degraded, 

while uP AR is recycled back to the cell surface. 

gpAB 

Figure 2-uPAR schematic modified by Andrew P. Mazar, Ph.D., Terence Jones, Ph.D., 

and Ronald H. Goldfarb, Ph.D. 

Several studies correlate the expression of uP A and its receptor as a diagnostic tool 

for cancer prognosis. Although uP A and uP AR are expressed in non-cancerous cell types 

(i.e. natural killer cells ( 11 ), endothelial cells, and macro phages), several studies have 

indicated poor prognosis in metastatic cancers can be associated with the overexpression 

of uPA and/or uPAR (12,13). The uPA system is being targeted to treat cancer 
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metastases (i.e., uP AR antagonists, peptides based on the connecting region of uP A, and 

synthetic peptides which competitively inhibit the binding of uP A to uPAR) (5,6). 

Moreover, our laboratory proposed a direct role for uP A in tumor angiogenesis and 

recent studies have extended this early work to implicate uP AR as well as uP A in the 

processes of neovascularization {1,14). Angiogenesis is defined as the growth of new 

blood vessels, involved in adult physiological processes like wound healing, the female 

reproductive cycle, and hair growth (15). Blood vessels are composed of endothelial 

cells, which form tubes that interconnect and maintain blood flow. Typically, endothelial 

cell turnover is very slow (measured in years), except under certain stimuli like 

cardiovascular disease, rheumatoid arthritis, or a tumor mass. Under these stresses, the 

quiescent nature of angiogenesis can be activated to grow new capillaries. First, 

endothelial cells emerge from venules lacking smooth muscle. Then basement 

membrane, a specialized ECM that invasive tumor cells must traverse, is degraded 

around the endothelial cell tube with the help of plasminogen activators and matrix 

metalloproteinases, the latter of which degrade type IV collagen (found only in basement 

membrane): This invasion is accompanied by the locomotion of endothelial cells toward 

the angiogenic stimulus (in this case a tumor) at the leading edge of what is now called a 

migrating column(16,17). The cells sprout and form a lumen. Then, the sprouts join 

each other to form capillary loops. Finally, a capillary network is formed from sprouts 

originating from capillary loops. This capillary network is able to then nourish the 

growi~g tumor from the host's circulation. Recently, a number of in vitro assays have 
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been established which are thought to mimic neovascularization and these have provided 

insight into possible mechanisms (18,19,20,21,22). 

The dependency of tumor growth and progression on stimulators of 

neovascularization has peaked interest with "more than 300 endogenous, natural, or 

synthetic inhibitors of angiogenesis and 31 agents" presently in clinical trials (23). For 

instance, the nurturing of cancer cells from both primary tumors and distant metastases 

relies heavily on tumor vascularization. Failure of neovascularization results in tumor 

growth suppression and impaired metastasis (24). Therefore, without blood vessel 

formation, the tumor starves and its invasive and metastatic capabilities are severely 

inhibited. In addition, scientific evidence has noted that when a primary tumor.is present, 

metastasis is suppressed by a circulating angiogenic inhibitor (termed angiostatin). 

Morever, partial removal of the primary tumor may increase the growth rate in the 

residual tumor (24, 25). The balance of angiogenic stimulators and inhibitors is complex, 

however crucial in understanding the mechanisms of tumor migration and invasion. 

Anti-angiogenic therapies in in vivo studies have shown significant reductions in tumor 

volume and metastases, and many are being evaluated in clinical trials (2,24,25,26, 

27,28). 

The focus of my dissertation studies is an eight amino acid peptide (A6-aa 136-

143) derived from the non-receptor binding region of uP A, that partially inhibits the 

binding of uP A to its receptor. Furthermore, A6 inhibits the binding of single chain uP A 

to uPAR locking uPAR-dependent plasminogen activation (6, 29). A6 has been shown to 

inhibit angiogenesis in glioblastoma and breast carcinoma in vivo (29, 30). Interestingly, 
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combination therapies using a potent chemotherapeutic agent in combination with an 

anti-angiogenic agent provide enhanced therapy compared to either agent alone (30, 31 ). 

Therefore, my proposal is globally directed towards developing novel approaches for 

cancer therapy using a standard chemotherapeutic agent ( doxorubicin) and a novel anti

angiogenic compound (A6). 

I hypothesize that there will be synergistic or additive effects, by the use of an 

anti-angiogenic agent in combination with a standard anti-cancer chemotherapeutic agent. 

These effects include potential additivity of the combined agents against angiogenic 

blood vessel formation in vitro, and combination therapy in vivo using A6 and 

doxorubicin compared to either agent alone. This hypothesis was investigated in a model 

of pulmonary Lewis Lung carcinoma metastases. 

7 



CHAPTER2 

METHODS 

Cell culture: 

Human fibrosarcoma (HT1080) and Lewis lung carcinoma (3LL) cells were maintained 

in 1640 RPMI medium supplemented with 10% fetal bovine serum (FBS), 1% Sodium 

Pyruvate, 1% Penicillin/Streptomycin, and 1% L-Glutamine. Adherent 3LL and HT1080 

cells were detached from the flask using 0.2% EDTA solution. 

Small vessel endothelial (SVEC) cells are SV 40 transformed mouse endothelial cells. 

They were cultured in Dulbecco's modified minimal essential medium (DMEM) 

supplemented with 10% FBS, 1% Sodium Pyruvate, 1% Spreptomycin!Penicillin, and 

1% L-Glutamine. Adherent SVEC monolayer was removed from the flask using a 0.25% 

trypsin solution. Cells were kept in a humidified incubator at 3 7°C with 5% C02• 

Preparation of cell homogenates: 

Confluent tumor cells were treated with a 0.2% EDT A solution to remove cells from the 

flask. Cells were then washed with RPMI twice, with a fmal resuspension of cells in 2 

ml of RPMI. Cells were distributed into two Ependorf tubes containing one ml each of 

cell suspension. Next, the suspension was centrifuged at 700 rpm for 8 minutes. The 

superruitant was extracted and pellet discarded. Lysis of the cells was performed using a 
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freshly prepared kinase extraction buffer solution (10 mM Tris pH 7.4, 1% Triton X-100, 

0.5% IGEPAL, 150 mM NaCl, 20 mM NaF, 1 mM EGTA, 1 mM EDTA, and ddH20). 

Kinase extraction buffer (500 ~1) was added to the cell supernatant. Cells were disrupted 

by vortex and ice in an alternating fashion for 15 minutes. The cell suspension was 

centrifuged at 700 rcffor 8 minutes and the supernatant was stored in -20°C. 

Zymographic analysis: 

This technique is used to demonstrate enzymatic activity (in this case urokinase 

plasminogen activator). In this experiment, enzymatic activity will yield a zone of lysis 

corresponding to the molecular weight of the enzyme. Absence of enzymatic activity 

will fail to display a zone of lysis. Enzymatic activity of uP A is observed by the 

conversion of plasminogen to plasmin, in which plasmin cleaves the protein casein to 

give clear zones of lysis at the characteristic MW of uP A. This technique was performed 

as previously described in Roche et al (36). Briefly, 2% casein Hammarsten was added 

to 10% SDS-PAGE gels +/- 2 mg/ml of plasminogen. Cell homogenates were then 

loaded directly onto each gel. The samples were not boiled or reduced prior to loading in 

order to retain enzymatic activity. After electrophoresis, the gels incubated in 2.5% 

Triton X-100 in H20 for 1 hr. The gels were then incubated in 0.1 M glycine-NaOH 

buffer pH 8.4 for 4-6 hours at 37°C. Following incubation, the gels were then stained 

with 0.025% Commassie blue R-250, 40% methanol, 7% acetic acid overnight. The gels 

were destained in 400/o methanol and 7% acetic acid for 1-2 hours 

Western Blot to visualize uP A and its receptor uPAR: 
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Lewis lmtg carcinoma cellular homogenates were subjected to electrophoresis on a 10% 

resolving/ 5% stacking polyacrylamide gel. Gels were then electrophoretically 

transferred onto PVDF membranes (incubate PVDF membrane in 100% methanol for 15 

seconds and then place in ddH20 mttil ready to electroblot). The membrane was blocked 

for 1 hour with 1% BSA in wash buffer (consisting ofNaCl, 1M Tris-HCl pH 7.4, Tween 

20, and ddH20). Polyclonal rabbit anti-human uPAR (gift from Dr. Andrew Mazar, 

Angstrom Pharmaceuticals, La Jolla, CA) was used at a 1: 10000 dilution of 2 mg/ml to 

detect mouse uP AR. In addition, polyclonal rabbit anti-rodent uP A lgG (obtained from 

American Diagnostica Inc, Greenwich, CT) was used at a 1 : 1 000 dilution of 5 J.Lg/ml to 

detect mouse uP A. Membranes were incubated with respective primary antibodies 

ovemite at 4 °C. Membranes were washed extensively with wash buffer for 20 minutes. 

PVDF membranes incubated in secondary antibody (goat anti-rabbit peroxidase 

conjugates diluted at 1:50000 in wash buffer) for I hour at room temperature. Once 

again, the me(Ilbranes were washed as done previously after primary antibody incubation. 

The bands were detected using SuperSignal Substrate System (Pierce Chemical, 

Rockford, -IL). The protein bands were visualized on Hyperfilm ECL (Amersham, 

Buckinghamshire, England). 

RT-PCR (Reverse-Transcriptase-Polymerase Chain Reaction): 

Total RNA was isolated from 3LL (Lewis lmtg carcinoma) cells using RNeasy columns 

(Qiage~ Valencia, CA). eDNA synthesis was performed using the RT-PCR kit from 

Stratagene (La Jolla, CA). The following primers were used: 
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Table 2.1 

Primer Forward primer (5 '-3 ') Reverse primer ( 5 '-3 ') 

MouseuPA TCCTTTAAATGTGGTGGGAG GTGTAGACACCGGGCTTGTT 

MouseuPAR AGGACCTCTGCAGGACTACC TGAAAGGTCTGGTTGCTATG 

PCR amplification was done using the HotStarTaq Polymerase protocol. The PCR 

master mix contained lOx PCR buffer (3 uL), 25 mM MgCh ( 1.2 uL), dNTP mix (10 

mM of each at 0.6 uL), forward primer (1 uL at 30 pmoVuL), reverse primers ( 1 uL at 30 

pmolluL), HotStarTaq DNA Polymerase (0.5 uL), and distilled water (21.9 uL). After 

sufficient mixing, the master mix is dispensed into appropriate volumes into PCR tubes. 

Template DNA is added to individual tubes and the thermal cycler is programmed around 

the melting points of primers used. The reaction was heat activated for 15 min. at 95°C, 

denatured for 30 seconds at 94 °C, annealed for 30 seconds at 60°C, and fmally extended 

for 45 seconds at 72°C for a total of 35 cycles. After RT-PCR, each PCR reaction is 

loaded onto a 1% agarose gel and run on an electorphoretic chamber. Ethidium bromide 

is added to the agarose gel to allow visualization of bands under UV light. 

Cell Proliferation Assay: 

The MIT (tetrazolium salt)-cell proliferation assay is a quantitative colorimetric assay 

for measurements of cellular proliferation, viability, and cytotoxicity (Holst-Hansen, 

1998) .. A standard curve was prepared after SVEC cells are harvested and counted. The -, 

curve consisted of known cell concentrations taken from 1 :2 serial dilutions, ranging 
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from 2x 1 05 cells/ml to 3125 cells/mi. The standard curve assay was incubated at 

different time points (without drug treatment) at 37°C in 5% C02• In addition to the 

standard curve assay, an MTT assay was prepared with harvested cells at a concentration 

of 5x104 cells/mi. The cells were treated with different concentrations of doxorubicin 

(0.05 J.LM, 0.1 J.LM, 0.2 J.LM, 0.4 J.LM, 0.6 J.tM, 0.8 J.tM and 1.0 J.tM) to plot a dose-response 

curve. Drug-treated MTT assays were checked at 24 hour and 48 hour time periods. At 

designated time period, 100 J.tl ofMTT solution from a 1:5 preparation ofMTT in 1xPBS 

was added to each well. The assay plate was then incubated at 37°C for 3 hours and then 

centrifuged for 10 minutes at 3000 rpm. The media supernatant was carefully pipetted 

out without disturbing the cell pellet. DMSO (250 J.tl) was added to each well to disrupt 

the cell pellet, hence ceil lysis. The samples (200 J.tl) were transferred to a 96-well 

ELISA plaste and read at 540 nm with an ELISA reader. A blue color appeared that 

increased with higher cell concentration. 

Transfilter Matrigel Invasion Assay: 

The ability•of tumor cells to traverse basement membrane and degrade extracellular 

matrix components (Type IV collagen, laminin) was measured using Matrigel-coated 

invasion chambers (37). The apparatus contains two chambers (upper and lower) that are 

separated by a microporous polycarbonate filter, the upper surface of which is coated 

with a thin layer of Matrigel (a reconstituted basement membrane extract derived from 

the Engelbreth-Holm Swarm tumor. Tumor cells are placed on the upper chamber where 
~ ' 

they settle onto the Matrigellayer. In the lower chamber a chemotactic agent can be 
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placed to stimulate directional cell migration of cells that invade the Matrigel layer. 

Usually, the invasive cells are found on the lower surface of the filter. A preliminary 

experiment was done using HT1080 cells and a negative control (3T3 fibroblast cell line). 

HT1080 and 3T3 cells were cultured and harvested using EDTA to detach cells from the 

flask. After one wash with RPMI 1640 only medium, cells were resuspended in 0.1% 

BSA, RPMI 1640 at a final concentration of lxl05 cells/mi. 0.75 ml of 3T3 conditioned 

medium as the chemoattractant for HT1080 and 3T3 cells was then added to the bottom 

chamber of the wells. A total of0.5 ml of cell suspension was added to the top chamber, 

which contains 50000 cells/well. The plates were incubated for 24 hours at 3 7°C, 5% 

C02 atmosphere. To quantitate the number of cells in the bottom well which invaded 

through the Matrigel filter, EDTA was used to detach the cells (HT1 080) and the cells 

were collected. Quantitative analysis of the recovered cells was performed using a 

hemocytometer. Cells on the inside of the top wells were removed by cotton swab. Cells 

attached to the underside of the filter were fiXed with methanol, stained with Geim~ and 

then counted using an ocular grid under light microscopy. Similarly, an invasion assay 

was performed using 3LL cells with or without treatment of the anti-angiogenic 

compound A6. First, two flasks of 90% confluent 3LL cells were washed with RPMI 

1640 only (serum-free) medium three times, and then incubated in (0.2% BSA RPMI 

1640) with A6 (100 JLM) or without overnight at 37°C, 5% C02. The 8 JLM filter pore on 

the transwells contains 30 J,tg/filter Matrigel and 500 ngl filter plasminogen. The 

Matri~el was rehydrated with RPMI 1640 only medium. The 3LL cells were detached 
-. 

from their flask using EDTA. The cells were suspended in serum free medium at a final 
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concentration of 1x105 cells/mi. 500 J.Ll of cell suspension was added to the top of the 

well. Then, 750 J.Ll of 3T3 conditioned medium (0.2% BSA RPMI 1640) was added to 

the bottom chamber of the well. Moreover, A6 was added to the top and bottom 

chambers of test group wells. Finally, plasminogen was added at a 500 J.LM concentration 

to the top of all wells. The assay was incubated for 48 hours at 37°C with 5% C02• Cells 

were quantitated as done with HT1080 cells. The assay was performed twice and results 

were similar. A one-tailed T -distribution revealed statistically significant results. 

Endothelial Cell Tube Formation Assay: 

The bottom of each well in a 24-well tissue culture plate was coated with 200 J.Ll of (7 .0 

mglml Matrigel). Matrigel was allowed to polymerize for 1 hour in a 37°C incubator. 

1x105 small vessel endothelial cells/ml of media were added to each well. Treatment is 

as follows: Control (no treatment), A6 (100 J.LM), A6 (10 J.LM), A6 (1 J.LM), Doxorubicin 

(0.05 J.LM), A6 (100 J.LM) +Doxorubicin (0.05 J.LM), and A6 (10 JA.M) +Doxorubicin (0.05 

JA.M). Tube formation was photographed with a digital camera and viewed under light 

microscopy. 

In vivo mouse study (C57 black mice): 

6 Sample group treatments (each treatment group comprised of 7 mice) were 

studies as enumerated in Table 2.2 
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Test Group No. Treatment 

1 
2 
3 
4 
5 + Doxorubicin 
6 + Doxorubicin 

Table 2.2 Test group swnmary 

Tail vein injection of lx105 3LL tumor cells per mouse was administered to each group 

on day one. The subsequent treatments received by the different groups are shown in 

Table 2.3. 

Treatment 

Group 1 Group2 Group 3 Group4 Group 5 Group 6 

Day 1 Dulbecco' s PBS ( .2ml per mouse) once 200 ul of A6 (9.324 mglml) per 
a day i.p. mouse once a day i.p. 

Day2, 3 onto 200 ul of PBS per mouse twice a day i.p 200 ul of A6 ( 4.662 mg/ml) per 
Day21 mouse twice a day i.p. 
Day4 200ul of 200 ul of 200 ul of 200 ul 200 ul of 200 ul 

PBS per doxorubicin doxorubicin of A6 doxorubicin of 
mouse (0.94 (1.76 (4.662 (0.94 doxorub 
once a day mg/ml) per mg/ml) per mg/ml) mg/ml) per icin 
i.p mouse once mouse once per mouse once (1.76 

a day i.p. a day i.p mouse a day i.p. mg/ml) 
once a per 
day i.p. mouse 

once a 
day i.p. 

Table 2.3 Treatment summary 
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Mice were sacrificed on day 21. We injected 1.0 ml of 33% Histo prep into the lungs, 

extracted the lungs from each test group, and then preserved them in Formalin solution. 

Tumors were counted under an optical microscope. 
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CHAPTER3 

RESULTS 

1. Expression of uP A and uP AR in Lewis lung carcinoma cells: 

Urokinase plasminogen activator when bound to its cell-surface receptor 

(uPAR) initiates a cascade of events, which ultimately leads to basement 

membrane destruction, thus fueling tumor invasion and metastasis. In 

addition to tumor invasion and metastasis, the uP A system plays a role in 

tumor angiogenesis. The ligation of uP AR by uP A on endothelial cells 

stimulates several pathways leading to endothelial cell differentiation and 

capillary tube formation on Matrigel (5). Therefore, uPA and uPAR 

expression are potential therapeutic targets when investigating anti-metastatic 

properties of A6, since A6 partially inhibits the binding of uP A to its receptor 

uPAR. 

The initial set of experiments utilized a reverse-transcriptase polymerase 

chain reaction (RT-PCR) to detect uPA and/or uPAR gene expression in 

Lewis lung carcinoma (3LL) eDNA. 3LL cellular DNA was amplified with 

mouse uP A, mouse uP AR, and control mouse glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) primers. The resulting products were examined on 

a 1% agarose gel containing ethidium bromide and visualized by UV 
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transillumination. Both uP A and uP AR genes were expressed at their 

respective base pair locations of 614 and 430 respectively (Figure 3). Two 

repeat experiments showed similar results. 

DNA 
Ladder 

Figure 3. Reverse-Transcriptase-Polymerase Chain Reaction (RT-PCR) 

analysis of uP A and uP AR in Lewis Lung eDNA 

Total RNA was isolated from Lewis Lung carcinoma (3LL) cells. RNA was converted to eDNA 
using RT-PCR kit from Stratagene (La Jolla, CA). 3LL eDNA was amplified with mouse uP A, 
mouse uP AR, and control mouse glyceraldehydes-3-phosphate dehydrogenase (GAPDH) 
primers. The PCR reaction was loaded onto a 1% agarose gel and run on an electrophoretic 
chamber. Bands were visualized under UV light. 

Next, I wanted to show uP A and uP AR expression on the protein level. I prepared 3LL 

homogenates (described in Methods) and estimated protein concentration by using a 

Bicinchoninic Acid Protein Assay Kit (Sigma). The cell homogenate contained 53.8 Jlg 

of protein per 15 JA.l of sample. The sample was run on an SDS-P AGE gel and 
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electroblotted on a PVDF membrane. Urokinase plasminogen activator was visualized at 

a Mr of 50,000 daltons (Figure 4). 

50Kd ._ 

3LL 
Homogenates tcuP A 

Figure 4a. Western Blot Analysis of uP A in 3LL homogenates 
Cell homogenates were prepared as described in "Methods." The homogenates were then 
subjected to electorphoresis and transferred to a PVDF membrane. The membrane was treated 
with anti-uP A antibodies and the bands were detected using SuperSignal Substrate System 
(Pierce Chemical, Rockford, IL ). The protein bands were visualized on Hyperfilm ECL 
(Amersham, Buckinghamshire, England). 

In addition, human two-chain urokinase plasminogen activator was run as a positive 

control with a Mr of 50,000 daltons. Apparent molecular weights were calculated by 

generating a standard curve (by plotting the log of molecular weight on the y-axis vs the 

distance migrated on the x-axis). Then, the distance migrated was plugged back into the 

equation for the best-fit line to generate the calculated molecular weights (Figure 4b). 
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Figure 4b. RfValue Plot ofuPA in 3LL homogenates 
The apparent molecular weight of uP A in 3LL homogenates was calculated by generating a 
standard curve (plot the log of molecular weight on the y-axis vs. the distance migrated on the x
axis). The distance migrated was plugged back into the equation for the best-fit line to generate 
the molecular weight of uP A. 

Similarly, urokinase plasminogen activator receptor was expressed in 3LL homogenates 

at bands of 55,000 daltons, 34,000 daltons, and 30,000 daltons (Figure 5). Apparent 

molecular weights were calculated using an Rf Value Plot (Figure 5b ). Soluble uP AR 

(suPAR) from Drosophila was loaded as a positive control and was given to us from 

collaborators in San Diego. A band was visualized at 35,000 daltons. 
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Figure Sa. Western Blot Analysis of uP AR in 3LL homogenates 
Cell homogenates were prepared as described in "Methods." The homogenates were 
electrophoresed and transferred to a PVDF membrane. The membrane was then treated 
with anti-uP AR antibodies and the bands were detected and visualized on Hyperfilm 
ECL. 
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Figure 5b. RfValue Plot ofuPAR in 3LL homogenates 
The apparent molecular weight of uP AR in 3LL homogenates was calculated by 
generating a standard curve (plot the log of molecular weight on the y-axis vs. the 
distance migrated on the x-axis). The distance migrated was plugged back into the 
equation for the best-fit line to generate the molecular weight ofuPAR. 

Moreover, I wanted to make sure the uP A expressed on my Western blot was indeed 

active uP A. For this purpose, zymographic analysis was used to observe enzyme activity 

(procedure in Methods). Before testing my 3LL homogenates, I did a few trials with 

human fibrosarcoma {HT1080) homogenates which have been shown to express active 

uP A. The zymography confirmed urokinase plasminogen activator expression, because 

its plasminogen dependent. In the absence of plasminogen, zones of lysis were not 

detected. Two-chain uP A was loaded as a positive control alongside the homogenates, 

similar to the western blot done previously. After Coommassie staining, a zone of lysis 

was detected at a Mr of 49,000 daltons in the 3LL homogenates. Another high 

molecular weight form of uP A was was visualized at a Mr of 77,000 daltons. Human 

two-chain uP A was detected at 57,000 daltons (Figure 6). Apparent molecular weights 

were calculated using an Rf Value Plot (Figure 6b ). Zymographic analysis was repeated 3 

times, giving similar results each time. 
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Figure 6a. Zymographic Analysis of uP A in 3LL homogenates 
Cell homogenates were prepared as described in "Methods." Casein was added to 10% SDS
PAGE gels+/- plasminogen. Cell homogenates were loaded directly onto each gel. The gels 
incubated in 2.5% Triton X-100 in H20 for 1 hour. The gels were then incubated in 0.1 M 
glycine-NaOH buffer pH 8.4 for 4-6 hours. Following incubation, the gels were stained with 
0.025% Commassie blue R-250, 40% methanol, and 7% acetic acid overnight. The gels were 
destained in 40% methanol and 7% acetic acid for 1-2 hours. This experiment was performed 
three times giving similar results. 
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Figure 6b. RfValue Plot of uP A in Zymographic Analysis 
The apparent molecular weight of uP A in 3LL homogenates was calculated by generating 
a standatd curve (plot the log of molecular weight on the y-axis vs. the distance migrated 
on the x-axis). The distance migrated was plugged back into the equation for the best-fit 
line to generate the molecular weight of uP A. 
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2. Investigate invasiveness of 3LL carcinomas +/- A6 in an in vitro Matrigel invasion 
assay: 

The invasion assay was performed as explained in (Methods). Preliminary experiments 

tested the invasiveness of human fibrosarcoma (HT1080) cells through a reconstituted 

matrix (Matrigel). Results indicated HT1080 was significantly more invasive compared 

to my negative control 3T3 cells. A one-tailed t-distribution revealed significance, 

p=O.OOS (figure 7). 
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Figure 7. Invasion Assay with HT1080 (fibrosarcoma cells) 

HT1080 (fibrosarcoma cells) and 3T3 (fibroblast cell line used as a negative control) were 
cultured and harvested. The cells were resuspended in 0.1% BSA, RPMI 1640 at a final 
concentration of lx105 cells/mi. The plates were incubated for 24 hours. Cells in the bottom well 
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were quantitated using a hemocytometer. Cells attached to the underside of the filter were stained 
with Geimsa and counted. 

Next, the more invasive aggressive Lewis lung carcinoma cells were pretreated with or 

without A6. Tumor cells, which passed through the 8 J.LM filter pore, were counted. The 

invasion index was determined using the following formulas: 

% invasion= (Mean number of cells which invaded/mean number of cells which migrated 

through noncoated transwell) XI 00 

Invasion index= % invasion of experimental cells/% invasion of control cells. 

All determinations were performed in triplicate. A6 inhibited the invasion of Lewis lung 

carcinoma cells by 40-45% compared to control (w/o A6) (Figure 8). A one-tailed t-

distribution revealed significance, p value=O.Ol. 
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Figure 8. Invasion Assay with 3LL ( +/- A6) 
The inva&ion assay was performed as described in "Methods." An MTI proliferation assay was 
used as a control to measure the proliferation of 3LL cells with and without A6 to verify the non
toxicity of A6. A6 did not have any effect on cell proliferation, thus did not kill the cells in the 
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invasion assay (data not shown). This assay was performed twice with similar results. A one
tailed t-distribution revealed significance, p value=O.Ol 

The MTT assay was used as a control to measure proliferation of 3LL cells with and 

without A6 to verify non-toxicity of A6. A6 did not have any effects on the proliferation 

of the tumor cells, thus A6 did not kill the cells in the invasion assay. 

3. Observe and quantitate anti-angiogenic properties of A6 in an in vitro 
endothelial cell tube formation assay: 

Small vessel endothelial cells (SVEC) were plated on Matrigel (see Methods). 

Endothelial cell tube formation assays suggest differences in thickness (width) of tubes 

after 8 hours of incubation on Matrigel coated wells (Figure 9). 

Figure 9a. Control (no treatment) 

Small vessel endothelial cells (SVEC) extracted from mice were grown on Matrigel-coated wells 
without treatment. 
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SVEC were grown under same conditions as control cells, however A6 (100 uM) was added to 
the resuspended cells prior to incubation. 

Figure 9c. Doxorubicin (0.05 uM) 
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SVEC were grown and harvested as done in control and A6-treated wells. Doxorubicin (0.05 
uM) was added to the resuspended cells prior to incubation. A MIT proliferation assay tested the 
cytotoxicity of doxorubicin on SVEC, described in the "Methods" section. 0.05 uM of 
doxorubicin did not kill the SVEC, and therefore this concentration was used in the tube 
formation assay (data not shown). 

(100 uM) and doxorubicin (0.05 uM) 

A combination of A6 and doxorubicin were added to the SVEC prior to incubation. 

In the absence of A6, approximately 75% of the total tube number exhibited slender (<60 

uM) and more defined tube formations. However, when treated with 100 uM of A6, 40% 

of the total tube population displayed tubes of <60 uM. Doxorubicin-treated wells 

resembled the A6-treated wells with respective tube thickness. The combination 

treatment of A6 (100 uM) and doxorubicin (0.05 uM) on SVEC tube formation showed a 

slightly higher percentage (70%) falling under the >60 uM, compared to either A6 alone 
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(61%) or doxorubicin alone (63%). However, neither synergy nor additivity was detected 

in the combination groups. A6-treated wells at 10 uM and 1 uM did not show 

morphological change with respect to thickness compared to control (non-treated) wells. 

One-tail t-distributions with unequal variances for control vs A6, control vs. doxorubicin, 

and control vs. A6+doxorubicin show p-values at 0.009, 0.0005, 0.0002 respectively 

(Figure 1 0). 

100 

90 

80 

70 

60 • Control 

~ 
50 

• A6(100uM) 
0 • Oo)C(.05uM) 
*-

40 ~· As+Oox 

30 

20 

10 

0 
<60uM >60uM 

Tli>e lhooess 

Figure 10. Degrees of tube thickness between the test groups in the endothelial cell 
formation assay. 
Tube thickness was measured with a digital camera and viewed under light microscopy. 
This experiment was conducted with repeatable results. Significance was measured using 
a one-tailed t-distributions with unequal variances for control vs. A6, control vs. 
doxorubicin, and control vs. A6 + doxorubicin. P-values are 0.009, 0.0005; 0.0002 
respectiyely. 
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4. Does combination treatment using Doxorubicin and A6 have a synergistic effect 
on reducing experimental cancer metastases in an in vivo Lewis lung carcinoma 
mouse model compared to either agent alone? 

Dr. Goldfarb in collaboration with Dr. Rabbani and others have shown that A6 exhibits 

anti-twnor activity against several tumor types when administered alone and shows 

enhanced therapy when combined with a cytoreductive chemotherapeutic agent in vivo 

vs. either agent alone (29). For instance, cyclophosphamide in combination with A6 had 

an additive effect on Lewis lung carcinomas compared to either agent alone (2). In 

addition, A6 or cisplatin alone suppressed subcutaneous twnor growth in vivo by 48% 

and 53% respectively, and the combination of A6 and cisplatin inhibited glioblastoma 

growth by 92% (28). 

Therefore, I have extended this work with doxorubicin (standard 

chemotherapeutic agent) in combination with A6 to look for possible synergy and/or 

additivity in the treatment of Lewis lung carcinomas. This study involved six test groups 

with 7 (C57/Bl) mice each. The dosing regiment is explained in the Methods section 

(Table 2.1, 2.2). The in vivo data indicated that A6 alone significantly reduced tumor 

burden by at least 50% (Figure 11). The doxorubicin treatment (15 mglkg/day) 

effectively eradicated tumors, unfortunately its well known toxicity caused the expiration 

of 2 out of 7 mice. The combination groups of doxorubicin and A6 showed similar 

therapeutic effects to both the doxorubicin alone and A6 alone test groups. Neither 

synergy nor additivity was detected using combination therapy. Experimental 

significance was determined using ANOV A statistical analysis, p=O.OOO 1 (Figure 11 ). 
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Figure 11. Treatment of A6 and/or doxorubicin on 3LL carcinomas. 

The in vivo Lewis Lung carcinoma mouse model was performed as described in 
"Methods." Experimental significance was determined using ANOVA statistical 
analysis, p=O.OOO 1. 
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CHAPTER4 

DISCUSSION 

The urokinase plasminogen activator (uP A) system has a plethora of functions 

including the progression, invasion, metastasis, and angiogenesis of numerous solid 

tumors. Expression of uP A and its receptor (uPAR) have been associated with tumor 

progression and have been correlated with poor prognosis and outcome in patients (13, 

29). In addition, several intracellular pathways are initiated when uP A binds to uP AR 

including activation of the MAP kinase pathway, chemotaxis regulation, the up

regulation of oncogene expression, and stimulation of cell adhesion (29). Moreover, 

receptor binding results in the activation of the zymogen form of uP A (scuPA) into active 

two-chain uP A. This leads to downstream activation of plasminogen and matrix 

metalloproteinases, which ultimately contribute to basement membrane degradation. 

This proteolytic flux in combination with uP A-dependent intracellular signaling results in 

acceleration of tumor cell invasion and tumor-associated angiogenesis (29). 

Urokinase plasminogen activator interacts with its receptor via its growth factor 

domain (aa 1-48 of uP A). Nevertheless, a second site has been identified in uP A that 

interacts with uP AR. This connecting peptide composed of aa 136-143 of uP A is termed 

A6. A£, partially inhibits the binding of uP A to uP AR in a noncompetitive manner. 

Therefore, it was imperative to document that the Lewis lung carcinoma cell line 
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expresses both uP A and its receptor uP AR in order to test the potential therapeutic effects 

of A6 in this model system. RT-PCRconfirmed the uP A and uPAR genes are expressed 

in 3LL eDNA, confirming and extending previous findings (32,33). Western blot 

analysis identified protein expression of both uP A and its receptor at their respective 

molecular weights in good agreement with the literature. Murine uP A was detected at a 

molecular weight of 50, 582 daltons. Urokinase plasminogen activator receptor was 

visualized at a characteristic Mr of 55,296 daltons. In addition, lower molecular forms of 

uP AR were detected at Mr of 33,888 daltons and 29,735 daltons. The 33,888 and 

29,735 dalton bands can be described as two alternatively spliced mouse urokinase 

receptor mRNAs (7). In addition, zymographic analysis verified that the uP A observed 

in the western was indeed active two-chain uP A. Zones of lysis were detected at Mr of 

49 kD and 77 kD. The 49 kD band has been well documented in Lewis lung carcinoma 

cells (33). The 77 kD band may correspond to tissue-type plasminogen activator (t-PA) 

which plays a role in plasminogen activation leading to thrombolysis (32). On the other 

hand, the 77 kD band may indicate a higher molecular weight form of uP A, since uP A is 

known to exist in both low and high molecular weight forms (33). 

After molecular and immunological analysis of uP A and uP AR gene and protein 

expression, I then wanted to elucidate the effects of A6 on Lewis lung tumor cells in 

vitro. Generally, three mechanisms have been invoked to explain tumor cell invasion: 

the rapid multiplication of malignant cells leading to growth and infiltration by 

mechanical pressure; destruction of the host tissue via proteolytic enzymes produced by 

the tumor cell; and finally the lack of tumor cell adhesiveness is accompanied by an 
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increase in cell motility (2). I focused on the second mechanism of twnor invasion to test 

the effects of A6 (1 00 J,LM) of tumor invasiveness through a simulated basement 

membrane (Matrigel). A6 exhibited a direct effect on tumor invasiveness by inhibiting 

the invasion of Lewis lung carcinoma cells through the simulated basement membrane 

(Matrigel) by approximately 45%. This finding is consistent with data showing anti

invasive effects of A6 in a human breast adenocarcinoma cell line (MDA-MB-231 ), and 

rat mammary adenocarcinoma cell line (Mat B-Ill) (29). Several proteolytic pathways 

are involved in the destruction of ECM (i.e. Matrix Metalloproteinases) which explains 

why A6 inhibits tumor invasion by 45%, rather than 100%. 

Next, I asked whether anti-angiogenic properties are noted of A6 on endothelial cell 

tube formation. The endothelial cell tube formation assay is a well-documented assay 

(18, 19, 20, 21) that allows for aspects of angiogenesis to be studied in vitro. In 

appropriate conditions, capillary endothelial cells when grown on Matrigel will form 

tubular networks that are almost identical, by light and electron microscopy, to capillary 

vascular beds in vivo (18). Our laboratory and collaborators have shown a disruption of 

lung filaments in human umbilical vein endothelial cells (HUVEC) when treated with 

A6. I used a physiological cell line, the small vessel endothelial cells (SVEC) derived 

from mice. For the first time, I made a new and novel observation that there is a 

morphological change on tube formation when SVEC were treated with A6, doxorubicin, 

or a combined treatment of A6 and doxorubicin. When small vessel endothelial cells are 

treated with A6, the tube formations appear thicker and shorter. This observation was 

supported using an Imaging software program that quantitated tube length and width. 
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Suprisingly, doxorubicin at (0.05 ~M) also had an effect on tube morphology, giving rise 

to thicker tubes (>60 ~M). Plum ef a/ cited doxorubicin's (Adriamycin) effect on the 

inhibition of endothelial cell cord formation in a dose-dependent manner (35). The 

combination of doxorubicin and A6 did not produce additive or synergistic effects in the 

small vessel endothelial cell tube network. However, Plum eta/ reported synergistic 

inhibition of endothelial cell tube formation using combinations of suboptimal doses of 

Adriamycin ( doxorubicin) and rh-endostatin. This suggests the therapeutic potential of 

using suboptimal doses of A6 and doxorubicin in the endothelial cell tube formation 

assay to assess synergy. We speculate that the thickening of tubes seen with A6 implies 

anti-angiogenic properties, similar to what has been observed in vivo (29). Thicker tubes 

could potentially impede blood flow, thereby reducing available nutrients needed for 

tumors to grow. Moreover, endothelial cell images revealed partially disconnected tubes 

in the treatment groups, suggesting collapsed blood vessel formation. This work will be 

repeated using human lung microvascular endothelial cells (HMVEC) with suboptimal 

doses of both A6 and doxorubicin. 

The in vivo Lewis lung carcinoma mouse model was performed to test possible 

synergistic effects of A6 in combination with doxorubicin. A low tumor burden (1 00,000 

cells injected into the mouse tail vein) was used to count the number of lung metastases. 

A6 alone (75 mg/kg!day) had an unexpected therapeutic effect on Lewis lung carcinoma 

metastases. This is the fli'St observation that A6 has the potential to display a direct anti

metastatic therapeutic effect for established pulmonary metastases in this model. Co

administration of A6 (75 mg/kg!day) and doxorubicin (8 mg/kglday) had an effect similar 
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to A6 alone. When A6 (75 mglkglday) doses were combined with doxorubicin at a 

higher concentration (15 mglkglday), the toxicity of doxorubicin caused morbidity in the 

test group mice. This experiment was repeated with a higher tumor burden of 1.5x105, 

however A6 did not have a direct effect on successfully treating Lewis lung metastases. 

Doxorubicin at high doses could have masked the effect of A6, giving rise to toxic side 

effects. Therefore, lower amounts of doxorubicin (i.e. 4 mglkglday) combined with A6 

(75 mg/kglday) may have the desired synergistic effect, with reduced risk of harmful 

toxicities. Additional studies beyond the scope of this thesis will be required to fully 

evaluate this effect. 

In addition, tumor cells readily acquire resistance to cytotoxic chemotherapy, which 

is not expected for vascular endothelial cells. Folkman et a/ proposed an alternative 

dosing schedule (anti-angiogenic scheduling of chemotherapy) to effectively treat 

experimental drug-resistant cancer (such as Lewis lung carcinoma). To more effectively 

suppress endothelial cell proliferation within the tumor, a dosing schedule was developed 

that administered the chemotherapeutic agent at shorter intervals without interruption 

(28). Similarly, doxorubicin (chemotherapeutic agent) administered at a suboptimal dose 

combined with regular doses of A6 (75 mglkglday) extended over a longer time course 

( -100 days) allow for better long-term survival. This treatment minimizes drug

resistance in tumor populations as well as diminishing toxic side effects (seen in most 

chemotherapeutic regimens). 

In sum, this thesis revealed the potential of the angiogenic inhibitor (A6) combined 

with chemotherapeutic agents (doxorubicin) to effectively treat cancer metastases. The 
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anti-invasive properties of A6 coupled with its abililty to phenotypically change 

endothelial cell tube networks (in vitro) and reduce tumor burden (in vivo) make it an 

effective agent in Lewis lung carcinomas. I hypothesize synergy and/or additivity may 

be detectable as a result of these types of studies and serve as a model system for 

investigating other combination treatments. Additional studies are needed and must be 

designed to more broadly test this hypothesis in future studies. 
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