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ABSTRACT 

 

          Expression of α6 integrin, a laminin receptor, on tumor cell surfaces is associated 

with reduced patient survival and increased metastasis in a variety of tumors.  In 

prostate cancer, tumor extra capsular escape occurs in part via laminin coated nerves 

and vascular dissemination, resulting in clinically significant bone metastases.  Our 

group previously identified a novel form of α6 integrin, called α6p, generated by 

urokinase (uPA) dependent cleavage of the laminin binding domain from the tumor cell 

surface.  Although functional consequences of cleavage have been characterized, little is 

known about how this process is regulated.   

     Regulation of uPA mediated cleavage was identified by a laterally interacting protein 

expressed on the cellular surface.  A direct interaction between the urokinase receptor 

(uPAR) and α6 integrin was characterized.  This direct interaction was responsible for 

the extracellular cleavage of α6.  Transient knockout of α3 integrin, a known interacting 

partner of uPAR, increased uPAR association with α6 integrin and enhanced production 

of α6p.  Analysis of tissue obtained from human prostate tumors confirmed uPAR and 

α6 integrin expression in invasive disease.  Taken together the results demonstrate a 

novel and dynamic role for uPAR regulation of integrin dependent adhesion through 

lateral interaction. 
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     Using the known conformation sensitivity of integrin function to I determined if 

engagement of the extracellular domain by antibodies inhibited integrin cleavage and 

the extravasation step of metastasis.  Both endogenous and inducible levels of α6p were 

inhibited by engaging the extracellular domain of α6 with monoclonal antibody J8H.  J8H 

inhibited tumor cell invasion through Matrigel.  A SCID mouse model of extravasation 

and bone metastasis produced detectable, progressive osteolytic lesions within three 

weeks of intracardiac injections.  Injection of tumor cells, pre-treated with J8H, delayed 

the appearance of metastases.  Validation of the α6 cleavage effect on extravasation 

was confirmed through a genetic approach using tumor cells transfected with 

uncleavable α6 integrin. Uncleavable α6 integrin significantly delayed the onset and 

progression of osseous metastases out to 6 weeks post injection.   The results suggest 

that α6 integrin cleavage permits extravasation of human prostate cancer cells from 

circulation to bone and can be manipulated to prevent metastasis.  
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I. INTRODUCTION 

     The American Cancer Society estimated that for the year 2008, nearly 22.8% percent 

of deaths in the United States were a result of cancer related complications (1).  

Mortality rates associated with cancer are quickly approaching levels observed for 

cardiac associated disease.  With an aging population, efforts need to be focused on the 

prevention and treatment of cancer more than ever.  Carcinoma of the prostate afflicts 

approximately 219,000 men a year in the U.S.  Excluding basal and squamous cell 

carcinomas of the skin, this accounts for nearly 25% of the cancers diagnosed in men.  1 

in 6 men have the potential of acquiring this disease in their lifetime and nearly 10% of 

all cancer related deaths are associated with prostate cancer (1).  5-year survival rates 

have increased dramatically over the past five years (approaching 99%) due to improved 

screening and advancement in therapies (2, 3).  However, more than 25,000 men will 

succumb to the disseminated affects of this disease.  Most deaths from carcinomas are 

associated with the haematogenous spread of cancer cells into distant organs and their 

subsequent growth into overt metastatic lesions (4).  Metastasis associated mortality is 

a major complication of patients afflicted with carcinoma of the prostate and efforts to 

prevent this process must be a research priority.  Clinical trials have recently suggested 

that patients who undergo aggressive therapy (i.e. prostatectomy,  radiation and 

chemotherapy) are likely to receive survival benefits when compared to those placed 

under a watchful waiting strategy (5).  Therefore, it is important to identify factors that 
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contribute to aggressive disease so that patients with a high risk for developing 

metastases can be screened and treated accordingly. 

     Metastasis is the culmination of cancer progression and was described by Hanahan 

and Weinberg as one of the six hallmarks of cancer (6).  Heterogeneity and genetic 

instability in primary tumors are thought to create a Darwinian selection process that 

results in populations of cells resistant to normal environmental restraints (7).  

Metastasis is generally described in terms of haematogenous dissemination of tumor 

cells to secondary tissue sites.  However, tumors can spread through lymphatics, invade 

through body cavities, or migrate along neurons to reach a secondary site (4).  

Successful colonization of a metastatic lesion requires that tumor cells exhibit enhanced 

motility (8, 9), secrete proteases to increase invasive potential  (10-12), respond to 

chemokine gradients (13) and resist apoptosis to survive the harsh environmental 

conditions that lie outside the primary tumor (14).   

    Prostate tumor cells have a predilection for neural invasion, an event that is predicted 

to increase the risk of extraprostatic escape (15-18).  Perineural invasion was 

demonstrated to be a significant prognostic factor of biochemical reoccurrence in 

patients with localized prostate cancer (19).  Tumor escape from the prostate via nerves 

or via the circulation results in local lymph node invasion (20), and disseminated 

metastatic lesions that have a high tropism for osseous environments (21, 22).  The 

primary site of prostate bone metastases has been identified as the lumbar region of 
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the spinal column (23).  Approximately 90% of advanced stage prostate cancer patients 

will develop bone lesions (24).    Osseous metastases lead to high patient morbidity and 

are often associated with clinically significant pain and immobility  resulting from 

increased osteoblastic activity (25).   Most skeletal structures are heavily vascularized 

and contain abundant growth factors, creating a favorable environment for the growth 

of disseminated tumor cells (26).  Prostate tumor cells were shown to preferentially 

adhere  to bone marrow endothelial cells three to five fold more than other endothelial 

cells tested (27), suggesting a possible mechanism for bone tropism through adhesion.   

     An essential participant of the metastatic cascade are the integrin family receptors 

because they facilitate the interaction between a tumor cell and its surrounding 

environment (28, 29).  Integrins are type I transmembrane receptors composed of α and 

β subunits that are linked non-covalently to form a heterodimer.  Each heterodimer 

confers ligand binding specificity to a particular extracellular matrix substrate (Fig 1).  

Determination of the crystal structure of αVβ1 (30), has revealed that the N-terminal 

ligand binding head of α receptors contains seven segments of 60 amino acids that fold 

into a seven-bladed β-propeller domain (31).    The “integration” of  extracellular matrix 

molecules to the intracellular space has been termed outside-in signaling and is required 

for the activation of signaling cascades that regulate cellular adhesion, migration, 

survival and differentiation (32, 33).  Avidity for extracellular matrix substrates is also 

influenced by signals that originate inside of the cell, which can dictate receptor  
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Figure 1. Integrin Structure, Ligand 
Binding, and Heterodimer Pairing.  
(A) Schematic diagram of α integrin 
structure.  The overall structure is a 
head region (propeller and thigh 
domains of the -subunit) linked to 
the leg region made up of calf1 and 
calf2 domains in the α-subunit. The 
binding of ligands takes place at an 
interface between the propeller 
domain and βA domain.  (B) Ribbon 
diagram of αVβ3 integrin  
ectodomain structure in complex 
with RGD peptide (34).  The -
subunit is red, the β-subunit blue; 
peptide is shown in green. Metal 
ions (silver spheres) occupy the base 
of the propeller.  The protein is in a 
closed form, which is bent at the 
knees or `genu' (arrow). Some β-
subunit domains are not visible in 
the structure (35). (C) Integrin α and 
β family members paired with 
known heterodimer partners (31).  

Red lines indicate laminin binding 
receptors.  
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conformation  (31, 36, 37).  Once an adhesion is formed through ligation, integrin 

heterodimers nucleate intracellularly formed macromolecular assemblies of adaptor 

(38) and signaling proteins (39, 40), providing linkage to the cytoskeleton.  This linkage 

to the actin cytoskeleton generates tensional forces that enable cellular locomotion 

(41). 

     In addition to being regulated by intracellular signaling processes and nucleation of 

proteins at the C-terminus of the receptor, integrins can be regulated through lateral 

protein interactions on the cell surface.  Lateral interactions with proteins such as 

tetraspanins, urokinase plasminogen activator receptor, growth factor receptors, matrix 

proteases and receptors (42-45), influence the function of and signaling through integrin 

heterodimers.  The complex nature of integrins suggests that there are multiple layers 

of regulation that must be manipulated to provide a selective adhesive advantage for 

metastasis. 

     Modulation of integrin receptor expression and function can induce or inhibit 

invasive metastatic behavior and suggests that these receptors act as central 

determinants for advanced cancer processes (21, 46, 47).  An assortment of integrin 

receptors are expressed in the normal prostate epithelium, each interacting with ECM 

molecules expressed at the basal cell/stromal interface.  Progression towards carcinoma 

in situ results in diminished expression for all  integrins except for α6β1 and α3β1 (48-

50).  Each is a laminin receptor, but α3β1 has a higher affinity for laminin 332.  Laminin 
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332 expression is concomitantly lost during prostate cancer progression, promoting an 

environment that is highly conducive for α6β1.   Not only is the ligand for α6β1, laminin 

511, expressed in the tissue of prostate carcinoma patients (51), but it is a molecule that 

can be found on neuronal and vascular structures  (18, 52, 53).  Each of these structures 

is part of a route that must be traversed by a prostate cancer cell during metastasis.  

Cells in circulation must successfully extravasate out of the laminin coated vasculature 

to reach a secondary tissue site.  Prostate metastatic lesions have a predilection for 

developing in osseous environments, as previously described, and both mouse and 

human bone marrow have been shown to be rich laminin environments (54, 55).  

Recent research also suggests that α6 integrin influences the homing of mouse fetal 

liver hematopoetic progenitor cells to bone (56), the primary target of prostate tumor 

metastases (57, 58).   

     Work by our group has demonstrated that α6 integrin is post-translationally cleaved 

in the extracellular domain of the receptor by the urokinase plasminogen activator 

(uPA) at arginine residues 594 and 595 (59).  Expression levels of both uPA and its 

cognate receptor were shown to be negatively correlated with prostate cancer patient 

survival (60, 61).  Cleavage of α6 integrin functionally alters cellular migration on laminin 

and invasion through bone (62, 63).  The authors of this work speculated that this was a 

mechanism by which a cell can release itself from α6 mediated adhesions during 

migration.  Focal adhesions serve as traction sites for migration as the cell moves 

forward over them and must be disassembled at the cell rear (64).  Focal adhesion 
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turnover through endo-exocytosis (65) and regulated disassembly of adhesion 

structures (66, 67) are crucial processes of cellular migration that facilitate rear 

detachment in cells which exhibit polarized, directed motility.  Extracellular proteolysis 

of surface expressed proteins otherwise known as “ectodomain shedding,” is 

mechanism by which cellular receptors can be altered in their adhesion dynamics and 

divert signaling cascades (68, 69).  Cleavage of intracellular proteins located within the 

macromolecular adhesion complexes (70) and pericellular proteolysis of ECM molecules  

have also been demonstrated to alter cellular adhesion and promote migration (64, 71).    

Dissertation Objectives 

     Tumor cell migration through extracellular matrices involves the function of integrin 

adhesion receptors, a dynamic cytoskeleton, as well as proteolytic mechanisms to 

overcome tissue mediated barriers.  In laminin environments, α6 integrin coordinates 

adhesion to a pericellular proteolytic pathway by a mechanism that is so far unique to 

this receptor alone.  The urokinase plasminogen activator is responsible for the cleavage 

of α6 integrin, a process that permissively allows for cellular migration across the 

laminin ECM.  The objective of my research was to identify cellular processes that 

regulated this cleavage event.  Early experiments, in multiple cell lines, revealed that the 

exogenous addition of single chain, active uPA never led to complete conversion of full 

length α6 integrin to the cleaved α6p form.  This result demonstrated that uPA was not 

a limiting factor for cleavage.  To confirm this observation, levels of secreted uPA were 
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measured along with uPA enzymatic activity in numerous cell lines and compared to α6p 

levels.  Scrutiny of the data revealed that the cell line with the highest production of 

active uPA (PC3) had relatively low levels of α6p, while the cell line with the highest 

expression of α6p (DU145) had relatively moderate levels of secreted, active uPA.  These 

results indicated that the regulation of α6 integrin cleavage was not dependent on uPA 

induction alone, and suggested a more complex mechanism existed. 

     Phosphorylation of α6 integrin intracellular residues, interaction with the tetraspanin 

CD151, and uPA receptor (uPAR) expression were three independent targets that were 

investigated for their potential to modulate α6 integrin cleavage.  These targets were 

selected based on their known or predicted regulation of α6 integrin function.  

Preliminary evidence regarding the phosphorylation of serine residues and subsequent 

analysis of conformational status of the α6 receptor suggested that these processes are 

not involved in regulating uPA mediated cleavage.  Also, the data show that the direct 

interaction observed between CD151 and α6 integrin does not inhibit or interfere with 

the production of α6p.  However, results presented here demonstrate that uPAR is 

intricately involved with the uPA mediated cleavage of α6 integrin and that its 

expression levels correlate with the observed levels of α6p.  Further, uPAR served as a 

molecular bridge that acted to coordinate α6 and α3 adhesion function. 

     Through the efforts of an antibody screen, the α6 specific monoclonal antibody J8H 

was identified as a potential candidate to block α6 integrin cleavage.  We show here 
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that J8H inhibited both the endogenous and exogenous production of α6p through the 

engagement of an extracellular domain of the receptor.  Knowing that α6 integrin is 

implicated in the metastatic process, we tested whether J8H could alter the metastatic 

ability of prostate tumor cells to extravasate and colonize the osseous environment in 

vivo.  Using a SCID mouse model of extravasation, we showed that intracardiac 

injections of prostate tumor cells, treated with J8H, significantly delayed the onset of 

detectable osteolytic lesions in mice.  To confirm that the affect was mediated through 

the inhibition of α6 integrin cleavage, a genetic approach was undertaken utilizing the 

RR uncleavable α6 integrin mutant (62).  Cells expressing this mutant were significantly 

prevented from forming progressive bone metastases.  The data suggest that α6 

integrin cleavage is a highly regulated process that relies on lateral protein interactions, 

and that cleavage is a permissive mechanism utilized by tumor cells during the 

extravasation to and colonization of bone.   
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II. MATERIALS AND METHODS 

Molecular Based Approaches 

Cloning of α6 integrin.  A6 cDNA was a kind gift from Dr. Isaac Rabinovitz (Beth Israel 

Deaconess Medical Center, Boston, MA).  The gene was inserted into a Hind III site of 

the pRc/CMV vector (Invitrogen, Carlsbad, CA).  The size of insert was 5.4kB.  The ORF of 

α6 integrin was identified as base pairs 130-3573 (72).   The pRc/CMV, α6 integrin vector 

was transformed into competent DH5α e.coli cells according to manufacturer’s 

instructions (Invitirogen, Carlsbad, CA).  Transformed bacteria were placed on LB-agar 

plates (10g Tryptone-B, 5g Yeast Extract-B, 10g NaCl, 15g Agar-B per liter of water) with 

100ug/mL of sterilized ampicillin.  Plates were grown overnight at 37°C, and colonies 

were selected the following day for Maxi prep purification (Qiagen, MD).  250mL 

bacterial cultures were grown in L-Broth (10g tryptone, 5g yeast extract, 0.5g NaCl) with 

100ug/mL of ampicillin selection.  Cells were harvested according to Maxi prep kit 

protocol.  260/280 DNA spectrophotometry confirmed the plasmid yield from each 

Maxi-prep.  Restriction digest analysis with Hind III enzyme confirmed the presence of a 

3500bp α6 integrin insert.  Sequencing was performed at the University of Arizona’s 

Genomic Analysis and Technology Core, to confirm sequence integrity of the coding 

sequence.  All sequence analysis was conducted with the Geneious computer program. 

TOPO/TA Cloning.  TOPO cloning utilizes a highly efficient reaction to directionally clone 

a blunt-end PCR product into a vector for entry into the Gateway® System.  The 
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pENTR/D-TOPO vector was selected for cloning α6 integrin (Invitrogen, Carlsbad, CA).  

The vector with the gene of interest is flanked by attL sequences, which are used to 

recombine with attR sequences.  The attR sequences are found on several expression 

vectors available from Invitrogen and can be used to create a desired expression clone.  

This strategy allows for simple in vitro recombination cloning, and avoids the need for 

restriction digest cloning.  Primers were designed to amplify the α6 coding sequence 

from the pRc Vector with a 5’ CACC overhang.  A GTGG overhang in the TOPO vector 

invades the 5’ end of the PCR product, anneals to the added bases and stabilizes the 

orientation of the PCR product (Fig 2).  The forward primer overlapped the T7 promoter 

sequence of the pRc/CMV α6 integrin vector because the 5’ region of the α6 gene was 

not suitable for primer design (5’CACCCGACTCACTATAGGGAGACCCAAGC 3’ Tm 72°C).  Care 

was taken when designing the reverse primer to ensure that  no complementarily with 

the GTGG overhang in the TOPO entry vector.  The reverse primer eliminated the 3’ UTR 

of the α6 gene in the pRc /CMV vector by starting at the GAT stop codon 

(5’CTATGCATCAGAAGTAAGCCTCTCTTTATCAGATG 3’ Tm 68.2°C).  PCR reactions to amplify 

the TOPO insert were performed with the high fidelity polymerase  to ensure that the 

PCR product had blunt ends with no A overhangs.  The PCR cycle parameters were:  94°C 

- 3min, (94°C - 15sec, 60°C - 30sec, 68°C - 4min)30X, 68°C - 7 min, 4°C – hold.  The PCR 

reaction conditions were as follows: 5µL 10X Pfx amplification buffer, 1.5µL 10mM 

dNTPs, 1µL 50mM MgSO4, 2.0µL 5µM fwd and rev primers (combined), 2µL (10ng/µL) 

pRc/CMV α6 integrin vector template, 10µL enhancement buffer, 28µL of H2O, and 0.5  



26 
 

 

Figure 2. Schematic Flow Chart for α6 Lentivirus Generation.  Α6 cDNA was amplified 
using primers with a 5’ CACC overhang (TOPO/TA cloning).  Size of the product was 
approximately 3500bp.  PCR product was inserted into pENTR/D-TOPO vector.  Presence 
of α6 gene in pENTR vector was then verified by BsrGI digest.  Gateway Recombination 
Cloning inserted α6 WT or mutated gene into pLenti6/UbC/V5-DEST expression vector.  
PCR reaction verified the presence and orientation of the insert in the expression vector.  
Expression vector was combined with the ViraPower (Invitrogen, Carlsbad, CA) kit in 
293FT cells to generate Lentivirus. 
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µL Platinum Pfx polymerase (Invitrogen, Carlsbad, CA).  Reaction was optimized for 

primer, template, and enhancement buffer concentrations.  All gel analyses were 

performed using 1-2% agarose in 1X Tris-acetate EDTA (TAE), to confirm size of the PCR 

product. 

          Generation of a clean single band during the PCR reaction does not require 

purification for the TOPO cloning reaction and can be directly added to the reaction.  

PCR product concentration was assessed by 260/280 spec, and diluted in water to a 

concentration of 15ng/µL.  The TOPO reaction was performed according to 

manufacturer’s instructions (Invitrogen, Carlsbad, CA).  Briefly, 30ng of the α6 integrin 

PCR product was incubated with 1 µL of TOPO vector on ice for 15min.  3uL of the TOPO 

reaction was then transformed into One-shot e.coli.  Transformed bacteria were placed 

on agar with 100mg/mL of Kanamycin Sulfate (KS) selection and were grown overnight 

at 37°C.  10 colonies were selected for analysis, placed in 3.5mL of LB-broth with 

100mg/mL KS selection and grown for 18hrs at 37°C.  500µL of each culture was frozen 

at -80°C in a 15% glycerol stock.  The remaining 3mL of culture was harvested for 

pENTR/D-TOPO/α6 vector using a QIAprep Spin Miniprep kit (Qiagen, MD).  Purified 

vector was analyzed by BsrGI restriction enzyme digestion to check for the presence of 

α6 integrin insert (Note, this digestion did not account for correct insert orientation) 

(Figure 2).  Sequencing with M13F and PCM13R primers (provided by the sequencing 

core facility) determined if the insert was in the correct orientation, and sequencing 

with SeqF (CAATTGTGGGCACACTTGAAGC) and SeqR (CATTGTCGTCTCCACATCCCTC) 
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primers, designed against interior regions of the α6 integrin coding sequence, verified 

sequence integrity. 

Site Directed Mutagenesis.  All site directed mutagenesis (SDM) experiments were 

performed with the TOPO/α6 integrin vector described previously.  This vector is ideal 

for SDM because of the small size of pENTR/D-TOPO vector (2580 bp).  The QuikChange 

II XL Site-Directed Mutagenesis kit (Strategene, San Diego, CA) was used to swap 

nucleotide bases of the coding sequence of α6 integrin, resulting in new codons that 

translated the desired amino acid change.  Complimentary primers, designed with 

nucleotides that fix the mutation into the coding sequence of the gene, serve as the 

starting template for multiple rounds of SDM PCR amplification.  It is important that 

primers have a high melting temperature (Tm) (> 78°C) because mismatching from the 

mutated nucleotides will occur during the annealing step of initial PCR reactions.  The 

standard PCR setup for α6 SDM was as follows:  5µL of 10X reaction buffer, 1µL (10ng) 

of template DNA (TOPO/α6 Integrin), 3µL (5µM) of Fwd and Rev primers, 1µL of dNTP 

mix, 3µL Quik solution, 36µL of H2O.  The PCR cycling parameters were: 95°C for 1min, 

(95°C for 50 sec, 60°C for 50 sec, 68°C for 6.5min)x18,  68°C for 10min, and 4°C hold.  

The PCR generated, intact vector, with newly introduced mutations was transformed 

directly into bacteria and grown on LB-agar supplemented with KS (100µg/mL).   

     It is important to note that the XL-I Gold bacteria provided by the manufacturer for 

transformation, transformed inefficiently, and yielded low concentrations of plasmid.  

To overcome this problem, SDM vectors were transformed into One Shot Top-10 
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bacteria (Invitrogen, Carlsbad, CA), which improved transformation efficiency and 

plasmid yield.  Colonies were selected for subsequent gel electrophoresis and 

sequencing analysis as previously described.  15% glycerol stocks were generated and 

stored at -80°C. 

Complimentary primers used for Site Directed Mutagenesis:  

     Amino acid locations are based on ITGA6 (homo sapiens), NCBI Protein ascension 

number AAD48469.1.  The corresponding nucleotide information can be obtained from 

NCBI ascension number NM_000210.2.  Note, that the nucleotide sequence is labeled as 

A6B, but actually encodes the sequence for α6a integrin. Nucleotide point mutations 

introduced into the primer are underlined. 

Α6 Integrin RR Cleavage Site (R594,595A) 

•  Fwd: 5’GGAGATCCAAGAGCCAAGCTCTGCTGCGCGAGTGAATTCACTTCCAGAAG 3’ 

• Rev:  5’CTTCTGGAAGTGAATTCACTCGCGCAGCAGAGCTTGGCTCTTGGATCTCC 3’ 

Α6 Integrin predicted CD151 Interaction Sites 

• R551A Fwd: 5’CTGTGGCTACAGGATAATATCGCAGATAAACTGCGTCC 3’,  

•              Rev:  5’GGACGCAGTTTATCTGCGATATTATCCTGTAGCCACAG 3’ 

 

• R555A Fwd: 5’CAGAGATAAACTGGCTCCCATTCCCATAAC 3’  

•              Rev:  5’GTTATGGGAATGGGAGCCAGTTTATCTCTG 3’ 
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• K735A Fwd: 5’CTGTGAGCTCGGAAATCCTTTTGCAAGAAATTCAAATGTCAC 3’, 

•              Rev:  5’GTGACATTTGAATTTCTTGCAAAAGGATTTCCGAGCTCACAG 3’ 

 

Α6 Integrin Serine Phosphorylation Sites 

• S1041A Fwd: 5’GATCCATGCTCAGCCAGCTGATAAAGAGAGGCTTAC 3’ 

•                Rev:  5’GTAAGCCTCTCTTTATCAGCTGGCTGAGCATGGATC 3’ 

 

• S1041D Fwd: 5’GATCCATGCTCAGCCAGATGATAAAGAGAGGCTTAC 3’ 

•                Rev:  5’GTAAGCCTCTCTTTATCATCTGGCTGAGCATGGATC 3’ 

 

• S1048A Fwd: 5’CTGATAAAGAGAGGCTTACTGCTGATGCATAGAAGGGTG 3’ 

•                Rev:  5’CACCCTTCTATGCATCAGCAGTAAGCCTCTCTTTATCAG 3’ 

 

• S1048D Fwd: 5’CTGATAAAGAGAGGCTTACTGATGATGCATAGAAGGGTG 3’ 

•                Rev:  5’CACCCTTCTATGCATCATCAGTAAGCCTCTCTTTATCAG 3’ 
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Gateway® (Recombination) Cloning.  Gateway® Technology is a universal cloning 

method that takes advantage of the site-specific recombination properties of 

bacteriophage lambda (73) to provide a rapid and highly efficient way to move a gene of 

interest into multiple vector systems.  The purpose of cloning the α6 integrin gene into 

the p-ENTR/D-TOPO vector was so that it would be flanked by two attL sequences that 

function as recombination sites, allowing for easy transfer to any expression vector 

containing the complimentary attR sequences.  For experiments here, the Gateway® 

compatible, destination vector, p/Lenti/UbC/V-5 (9320bp) (Invitrogen, Carlsbad, CA) was 

selected.  This vector when supplied in trans with several other vectors that encode 

components required to synthesis lentivirus whose genome is comprised of the 

particular gene of interest.  Previous expression constructs for α6 integrin utilized 

promoters that drove high levels of expression in the transfected cell lines, creating an 

artificial phenotype that did not mimic endogenous levels.  To avoid this confounding 

problem, the Ubiquitin C promoter was used.  The human UbC promoter allows 

constitutive, but more physiological levels of expression from the gene of interest in 

mammalian cells (74).  The LR clonase reaction between the TOPO/α6 and pLenti/UbC 

vectors was performed as described: .75µL (150ng) TOPO/α6, 1µL (150ng) 

pLenti6/UbC/V-5, 6.25µL TE buffer (10mM Tris-HCL, 1mM EDTA, pH 8.0), 2µL LR clonase 

II (thaw on ice, vortex).  The reaction was incubated in a water bath at 25°C for a period 

of 1hr.  This experiment leads to the translocation the α6 integrin coding sequence from 

the pENTR/D-TOPO vector into the pLenti6/UbC/V-5.  After 1 hr, 1µL of Proteinase K 
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was added to the reaction and incubated at 37°C for 10 min to inhibit LR clonase 

activity.  3µL of the reaction was used to transform One-Shot Stbl3 cells (Invitrogen, 

Carlsbad, CA.   

     The Stbl3 bacterial strain is particularly well-suited for use in cloning unstable 

lentiviral DNA with direct sequence repeats and reduces the likelihood of intracellular 

recombination. This is an important consideration to ensure the Lentiviral vector is kept 

incompetent from replication. Transformed bacteria were placed on agar plates with 

100µg/mL Ampicillin selection and colonies were allowed to grow overnight at 37°C.  To 

confirm that the pLenti vectors received the α6 integrin cDNA during the recombination 

reaction, Stbl3 bacteria colonies were selected, and then placed directly into a PCR 

reaction.  This setup required that one primer overlap the pLenti vector (V-5 Reverse 

primer: ACCGAGGAGAGGGTTAGGGAT), and another primer that overlap α6 integrin 

sequence (SeqF forward primer).  A PCR product of a predicted size (1600bp) only 

appeared if α6 cDNA was correctly oriented in the pLenti vector.  The PCR setup for the 

analysis was as follows: 1µL of Fwd and Rev primers (5µM), 10µL 2.5X Taq PCR master 

mix (Roche?), 13µL H2O.   The cycling parameters were: 94°C for 10min (to allow for 

bacterial cell lysis), (94°C for 45 sec, 61°C for 1 min, 72°C for 3.5 min) x24, 72°C for 10 

min, and 4°C hold.  Gel electrophoresis confirmed results (fig p114).  Positive PCR results 

were verified by sequencing with several primer sets to ensure complete coverage of α6 

integrin coding sequence (UB Fwd, V-5 Rev, SeqF Fwd, and SeqR Rev) (Fig 2). 
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       Transformed Stbl3 cells produce low amounts of pLenti6/UbC/α6 integrin plasmid. 

Minipreps yield enough plasmid for sequencing but use of midipreps was implemented 

to generate enough vector for the production of lentivirus.  The S.N.A.P. Midiprep kit 

(Cat # K1910-01) was purchased from Invitrogen because the wash buffer removes End 

A1+ that is produced by Stbl3 bacteria.  Briefly, pLenti/UbC/α6 transformed bacterial 

colonies were used to inoculate 3mL of L-Broth.  The culture was incubated at 37°C for 8 

hrs with 300RPM shaking.  At the end of the incubation, 200µL of the culture was used 

to inoculate 100mLs of L-Broth with 100ug/mL of Ampicillin selection. The 100mL 

culture was grown overnight at 37°C with 300RPM shaking.  Harvesting of bacteria and 

isolation of pLenti6/UbC/α6 integrin plasmid was performed according to the S.N.A.P. 

Midiprep kit instructions. DNA yield was about 150µg from one midiprep as determined 

by 260/280 spectrophotometry. 

Lentiviral Generation.  The ViraPower™ Lentiviral Expression System (Invitrogen, 

Carlsbad, CA) generates replication incompetent, HIV-1 based lentivirus that can be 

used to deliver and express a particular gene of interest to either dividing or non-

dividing mammalian cells.  For most experiments the pLenti/UbC/V-5 α6 integrin vector 

was combined with an optimized mix of three packaging plasmids (pLP1, pLP2, and 

pLP/VSVG) that supply the structural and replication proteins in trans required to 

produce the lentivirus.  This system provides stable, long-term expression of a target 

gene beyond that offered by traditional adenoviral-based systems (75).   
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     293FT cells, provided with ViraPower kit (Invitrogen, Carlsbad, CA) were grown in 

DMEM supplemented with 10% heat inactivated fetal bovine serum, 1% P/S, and 

500ug/mL Geneticin.  These cells were transfected with ViraPower and pLenti/α6 

vectors to initiate the production of lentivirus.  Briefly, 5x106 293FT cells were placed in 

a 10 cm culture dish with 5 mL of media.  The following day when cells had reached a 

confluency of greater than 90%, growth media was removed and replaced with 5mL of 

Opti-MEM I media supplemented with Glutatmax (Invitrogen, Carlsbad, CA).  Note: The 

media contained no antibiotics at this point.  Transfection of the 4 lentiviral vectors was 

performed according to the ViraPower protocol.  Briefly, 3µg of pLenti/gene of interest 

vector was combined with 3µg of the ViraPower mix and 36 µL Lipofectamine in 

OptiMem-I media.  The DNA-lipofectamine complexes were added drop wise to the 

plates and then swirled gently.    After an overnight incubation, the transfection media 

was replaced with DMEM growth media that contained no antibiotics.  Virus was 

allowed to propagate for 72hrs before harvest (Note: at this point biosafety level 2/3 

precautions were taken as illustrated by the Cress laboratory safety manual).  Culture 

supernatant containing lentivirus was collected and centrifuged for 15 min at 3000RPM 

at 4°C to remove 293FT cellular debris.  No filtration was performed.  1mL aliquots of 

lentivirus were stored at -80°C. 

 

Lentirviral Transfection.  Lentiviral transduction begins by determining a selection 

process for cells.  The pLenti6/UbC/V-5 destination vector confers blasticidin resistance 
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to mammalian cells that have undergone insertion of viral DNA into the cellular genome.  

Other lentiviral vectors such as pSIRT2AG, used for delivery of uPAR, do not contain a 

mammalian resistance gene.  Instead these vectors rely on GFP expression that is linked 

by a self splicing region to the inserted gene of interest.  Cells positive for GFP 

expression were selected for using fluorescence activated cell sorting (FACS).  In 

addition to drug and GFP selection, cells transfected with surface expressed proteins can 

be sorted for a particular level of expression by FACS .  This is particularly useful when 

transfecting the non-adherent K562 cells that don’t respond well to Blasticidin selection. 

     For adherent cell lines, the optimal concentration of Blasticidin to be used for 

selection must be determined for every cell line.  A range of five different 

concentrations was used (0.5µg, 1.0µg, 2.0µg, 5.0µg, 10.0µg/mL).  For each 

concentration cells are placed into a 10cm tissue culture dish so that they will reach 25% 

confluency the next day.  On the second day, media is removed and 5mL of complete 

growth media containing the different concentrations of Blasticidin is added.  Media 

supplemented with Blasticidin can be replaced every 3-4 days depending on the 

condition of the cells.  Generally, the concentration that is selected results in total 

cellular death after 10 days. 

     Once selection has been optimized, lentiviral transduction can begin.  Each batch of 

lentivirus infects each cell line differently, so every transfection must be titered to 

determine the optimal outcome.  Ideally, one selects the condition which results in the 
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fewest positively transfected cells so that the potential of multiple genomic insertions is 

reduced.  Briefly, about 2.0x105 cells are placed into every well of a 6 well plate.  Five 

different concentrations (1:2, 1:10, 1:100, 1:1,000, 1:10,000) of thawed lentivirus are 

added to the cells on the following day in 1 mL complete growth media supplemented 

with Polybrene (6µg/mL).  The next day, transfection media is removed and replaced 

with 2mL of complete growth media (Note: For K562 transfection, cells were placed in 

1.5mL micro-centrifuge tubes and centrifuged at 800 RPM for 5 minutes before being 

replated).  On the third day following viral transfection, the selection process can begin.  

If cells are to be sorted, additional passages into larger culture flasks are required so 

that an adequate number of cells (~2x106) can be obtained.  Gene expression is verified 

in a variety of ways depending on the context of the transfection and the delivered gene 

of interest (Fig 2). 

Transient siRNA transfection.  For all siRNA knockdown experiments, siGenome 

SMARTpool siRNA (Fisher Scientific, Dharmacon) was utilized.  This approach combines 

four separate  siRNA sequences for enhanced knockdown of the targeted gene.  Briefly, 

subconfluent cells were trypsinized and resuspended into complete IMDM.  5x105 cells 

were seeded into 10cm tissue culture plates.  After 24 hrs, media was replaced with 5mL 

IMDM, 10% FBS without antibiotics. Appropriate concentration of siRNA or siControl 

(non targeting pool of four siRNA sequences), as determined by titration experiments, 

were added to the culture in the presence of 6uL of Dharmafect #4 transfection reagent.  

After a 48hr incubation period, the transfection media was replaced with 5mL IMDM, 
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10% FBS, no antibiotics media supplemented with 25nM siRNA and 6uL of Dharmafect 

#4 in order to maintain transient knockdown of target for an additional 24-48hrs.  Gene 

knockdown was assessed by both immunoblot and flow cytometry. 

 

Immunologic Based Approaches 

Introduction, optimization of techniques.  Antibodies are a powerful tool that can be 

utilized for identifying the antigenic epitopes of various protein and molecular 

structures.  Experimental conditions however can change or compromise previously 

recognizable epitopes, a result that may render a particular antibody useless.  

Conversely, experimental conditions may unlock an epitope that was previously 

unavailable for a particular antibody.  Binding affinity and specificity can also be 

modulated, depending on experimental conditions.  Because there is such variability in 

how one particular antibody will work for each experiment, it is vital that conditions are 

optimized so that confidence in the data can be established.  Every technique described 

below will mention methods to optimize each procedure. 

Immunoprecipitation/whole cell lysate preparation.   Immunoprecipitation (IP) utilizes 

an antibody’s ability to bind with high affinity to a specific antigen/epitope to retrieve 

proteins of interest from cellular lysate.  This is an important technique because it 

purifies protein away from the massive conglomerate of protein found in cellular lysate.  

This eases immunoblot analysis, and can also reveal the presence of protein complexes.   
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Purification takes place when Sepharose beads coated in Protein G bind to the FC 

component of the antibody immune-complex.  Beads can be separated from the lysate 

buffer and washed, all while preserving the interaction between the antibody/protein 

complexes.  

     To begin the immunoprecipitation procedure, cells were washed in a saline buffer 

and then treated with lysis buffer.  Every subsequent step from this point on was 

performed on ice or at 4°C.  Lysates were sonicated for two second intervals, 5 times, to 

disrupt intact membrane-lipid complexes.  Samples were pre-cleared with 40µL Protein-

G sepharose beads (Amersham, GE Healthcare, Piscataway, NJ) for 30 min at 4°C with 

rotation.  This step is essential to remove protein from lysate that may non-specifically 

bind to Protein G.  After pre-clearing, beads were centrifuged (6000 RPM for 1 min) and 

protein concentration of the sample was determined with a BCA protein concentration 

assay (Pierce, Rockford, IL).  250 µg of protein was used for each IP.  Total volume for 

each IP was 500µL, and volume was adjusted by the addition of lysis buffer.  Primary 

antibody, specific for the protein of interest was added to each 250µg lysate sample. 

(Note: IP’s provide an excellent example for immunologic optimization.  Each primary 

antibody used for IP must be titrated for concentration and optimized for length of 

incubation with the lysate: 1hr, 3hr, or overnight).  All incubations were performed at 

4°C with rotation.   40µL beads were added to the immune complexes and incubated at 

4°C for 1 hr with rotation.  Completion of the IP was carried out by washing the beads 

three times in 500µL lysis buffer.  Final wash buffer was removed from the beads and 
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40µL of 2X sample buffer was added.  The beads were boiled in the sample buffer for 3 

minutes, cooled on ice, and centrifuged at 12000 RPM for two minutes.  The sample 

buffer supernatant was removed and loaded directly into an SDS-polyacrylamide gel or 

frozen at -80°C for later use. 

     Analysis of protein derived from the whole cell lysate follows a similiar protocol 

required for IPs.  The only difference is that 50µg of protein is taken from the lysate and 

sample buffer is added directly to bring the volume up to 40µL.  Samples are then boiled 

and ready for analysis or storage.    

SDS PAGE/Immunoblotting.  Protein gel electrophoresis is a fundamental biochemical 

approach utilized for protein analysis.  Polyacrylamide gel electrophoresis separates 

proteins isolated from cellular lysate based on size.  Separating polyacrylamide gels 

were poured into 1.5mm glass plates (BioRad, Hercules, CA).  Concentration of the 

separating gel was determined by the molecular weight of the gene of interest to be 

analyzed.  Generally α6 integrin separating gels had a 10% concentration of 

polyacrylamide, while smaller molecular weight proteins like urokinase receptor and 

tetraspanins were analyzed on 13% gels.   10% (w/v) ammonium per sulfate 

(100µL/10mL) and Tetramethylethylenediamine (TEMED, 10µL/10mL) were added to 

the gel solution to initiate polyacrylamide cross-linking and solidification of the gel.  5 

cm of space was left vacant at the top of the glass plates and filled with 100% EtOH to 

eliminate bubbles.  After the gel had solidified (30 min), 100% EtOH was removed and 
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4.0% polyacrylamide stacking buffer was added in the remaining space between the 

glass plates with APS and TEMED added.  A 10 well comb (50µL wells) was then placed 

into the stacking gel immediately.  Solidified gels were placed into an electrophesis 

apparatus (BioRad, Hercules, CA) and filled with 1X running buffer (10X: Glycine 144gm, 

TRIS 30.3gm, SDS 10gm per 1000mL volume).  40uL of sample was loaded into each well 

along with one well receiving a molecular weight ladder (Amersham, Full-Range 

Rainbow Molecular Weight Marker: RPN800E, GE Healthcare, Piscataway, NJ).  Wells 

with no sample received 40uL of non-reducing sample buffer to ensure even distribution 

of samples during electrophoresis.  Samples were resolved at a constant current of 50-

65 amps.  This was a critical step during the process and care was taken to ensure that 

there was adequate buffering capacity for the current.  Performing electrophoresis at 

4°C improved the banding resolution for proteins.  The increase in power (Watts) over 

time is caused by diminished buffering capacity.  The resulting heat will distort band 

resolution for each protein analyzed within a gel.  Length of the run depended on the 

amount of protein resolution required for the individual experiment. 

    Once proteins were resolved, gels were removed from the glass plates and placed into 

a transfer cassette.  Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore, 

Bedford, MA), activated in MeOH for 5 min was placed on the front side of the gel.  The 

transfer apparatus containing filter paper and sponges on each side of the gel, was  

loaded into a transfer box.  Electro-transfers were run at 300 volts for a period of 1hr.  

Upon completion of the transfer, membranes were blocked in 10mL Tris-buffered saline 
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with 1% (v/v) Tween (TBST) with either 5% (w/v) powdered milk for immunologic 

detection, or 1% (w/v) bovine serum albumin (BSA) for biotinylation detection.  The 30 

min blocking step was followed by an overnight incubation at 4°C with primary 

detection Ab.  The next day, membranes were washed in 10mL of TBST 6 times for a 

period of 30 min.  A secondary antibody, conjugated to horse-radish peroxidase (HRP), 

was applied to the blot in 10mL TBST for 1 hr with shaking.  Another 6 washes in 30 min 

was performed before the addition of ECL reagent (Amersham, Arlington Heights, IL) 

was added to activate HRP.  Kodak X-OMAT film (Eastman Kodak Company, Rochester, 

NY) was placed on each blot for a period of 15, 30, 60 sec, and 5 min to expose the film.  

Film was developed and analyzed. 

Flow Cytometry.  Flow cytometry is a technique useful for analyzing protein expression 

for individual intact cells.  Surface expressed proteins can be analyzed directly on live 

cells, or cells can be fixed and permeabilized so total expression levels can be 

determined.  Each unique experiment required 1.5x106 cells for analysis.  The analysis of 

adherent cell lines required that cells be removed from their adhesions by 5mM 

ethylenediamintetraacetic acid (EDTA) in PBS.  Removal with trypsin results in artificial 

cleavage of proteins expressed outside the cellular membrane.  For all experiments cells 

were kept on ice and centrifuged at 800RPM for 5min at 4°C.  Cells were washed in PBS 

supplemented with 0.2% (w/v) BSA.  The BSA was utilized in this situation to coat 

“sticky” areas of the cell to reduce non-specific Ab labeling.  After washing, cells were 

resuspended in 0.2% BSA PBS to a concentration of 1.5x106 cells/200µL.  Primary Ab was 
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added to each 200µL aliquot as required and incubation was carried out for 30 min.  

Every 5 minutes, cells were disturbed so that they did not pellet at the bottom of 

microcentrifuge tubes.  (Care was taken to determine the optimal concentration of each 

primary Ab required for total labeling of proteins expressed.  This was done through a 

titration analysis.  Titrations of antibodies will reveal a myriad of results.  In some 

situations, like with the anti-β1 mAb TS216, increased antibody concentration resulted 

in reduced binding/affinity (Fig 3).  Primary Ab incubation might also be time dependent 

(M104, anti-CD82) if affinity binding is weak.)  After the primary Ab incubation, 1mL of 

0.2% BSA PBS was added to the sample, diluting unbound primary Ab.  Samples were 

centrifuged, aspirated and resuspended in 200µL of 0.2% BSA/PBS containing species 

specific, Alexa conjugated, secondary Ab diluted to a concentration 1:500.  For most 

flow cytometry analyses, the preferred fluorochrome is Alexa 488 (Invitrogen, Carlsbad, 

CA).  A 30 min incubation was followed by 1mL PBS dilution, centrifugation and 

aspiration.  Cells were washed a final time in 1mL PBS, centrifuged, aspirated and 

resuspended in 500µL of PBS.  Samples were transferred to 5mL polystyrene tubes for 

analysis with a FACS Scan machine (BD, Bedford, MA) provided by the Flow Cytometry 

Core Service of the Arizona Cancer Center.  For all experiments, a secondary Ab and a 

cells only control were included to account for secondary non-specific labeling and 

cellular autofluorescence, respectively. 
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Figure 3.  TS216 mAb Titration on K562 Cells Transected with α6 Integrin.  This figure is 
intended to demonstrate optimization of immunologic techniques.  Flow cytometry 
analysis of TS216 mAb (1mg/mL) labeled K562 α6 Cells (1.5x106) revealed increased 
antibody concentrations (1µL, 2µL and 10µL per 1.5x106 cells) reduced optimal labeling 
of β1 integrin on the cell surface.   
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     For intracellular flow cytometry analysis, cells were fixed in 100µL 2% 

Paraformaldehyde/PBS for 20 min at room temperature (RT).  1 mL of permeabilization 

buffer (0.1% Triton in PBS) was added after the 20 min fixation and cells were 

centrifuged at 3000 RPM for 5 minutes at RT. (Permeablizing the cells results in reduced 

pellet size).   Supernatent was aspirated and cell pellets were resuspended in 100µL of 

permeabilization buffer for 5 min at RT.  Cells were then washed in 1mL 0.2% BSA/PBS 

and antibody labeling was carried out like the previously described cytometry protocol.  

The one exception was that all subsequent centrifugation was carried out at 3000 RPM 

at 4°C for 5 min to account for the fixed cellular condition. 

Fluorescence Activated Cell Sorting.  FACS was used for isolating populations of live 

cells based on the expression level of a specific protein.  All samples and incubations 

were prepared on ice and care was taken to maintain culture sterility (i.e. all steps were 

performed in the hood).  5x106 cells were needed for each sort.  For every experiment, 

cells only and secondary Ab only controls were required to determine the amount of 

autofluorescence and non-specific secondary background fluorescence respectively.  

EDTA, not trypsin, was used for suspending cells when the sort required targeting of 

surface expressed proteins in adherent cell lines.  If cells were sorted for GFP or other 

internal fluorescence markers, then the method of acquisition and suspension used for 

adherent cell lines was unnecessary.   Each 5x106 cell sample was first placed in a sterile 

15mL conical tube and washed in 10mL of sterile PBS supplemented with 0.2% BSA.  

Cells were centrifuged (800 RPM at 4°C), and supernatant was aspirated.  Cell pellets 
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were resuspended in 1mL 0.2% BSA PBS and primary Ab was added (5-10µL of anti-α6 

integrin mAb J1B5, or 5 µL of anti-uPAR mAb 3936).  Antibody concentrations were 

determined through titration analysis of the cell lines using flow cytometry.  Incubation 

was carried out for 30 min on ice while providing agitation to prevent cells collecting at 

the bottom of the conical tube.  10mL of 0.2% BSA PBS was added to the primary Ab 

incubation to dilute the antibody and samples were centrifuged then aspirated.  The cell 

pellet was resuspended in 1mL 0.2% BSA PBS.  4µL of species specific, Alexa 488 

secondary antibody was added to the sample for a 30 min incubation on ice (Note:  

when sorting cells that express  GFP , the Alexa 633 antibody (or other far-red reagents) 

may be used depending on the capabilities of the FACS instrument used).  10mL of PBS 

was added to dilute the secondary antibody.  Samples were centrifuged, aspirated, 

washed in 10mL of PBS, centrifuged and aspirated.  Finally, cell pellets were 

resuspended in 1mL of PBS and transferred to sterile 5mL polystyrene tubes.  Cells were 

sorted based on detected levels of fluorescence (per investigator discretion) using the 

FACS Aria II Cell Sorter instrument (BD, Franklin Lakes, NJ)  provided by the Flow 

Cytometry Core Service of the Arizona Cancer Center.  Cells were collected into sterile 

5mL polystyrene tubes that contained 1mL complete growth media, and immediately 

transferred to tissue culture flasks.   Sterile PBS was brought to each sort in 5mL 

polystyrene tubes to rinse the lines in-between sorts. 

Immunofluorescence: Histologic & Cytologic.  Immunohistochemistry (IHC) analysis was 

performed on frozen human prostate tissue sections acquired from the Tissue 



46 
 

Acquisition and Cellular/Molecular Analysis Shared Service (TACMASS) core of the 

Arizona Cancer Center.   Frozen sections were cut using a cryostat, and placed onto 

charged glass slides.  Tissue was immediately fixed by placing slides in acetone stored at 

-20°C for a period of 10 minutes.  (Note that tissue may also be fixed in 2% 

paraformaldehyde and each antibody must be optimized).  Slides were air dried 

completely after removal from acetone.  All antibodies (Abs) were diluted using sterile 

filtered PBS.  Generally 50µL of primary Ab diluted in PBS was pipetted directly onto the 

tissue and incubated for 30 min.  All Abs used were titered to determine optimal 

staining conditions (1:10, 1:20, 1:50).  This is essential to eliminate non-specific 

background staining that may complicate results.  Primary Ab buffer was siphoned off 

the slide using a glass pipette attached to a vacuum.  Three separate 100 µL PBS washes 

were performed by pipetting onto the area of the slide where tissue was located.  Wash 

buffer was again removed by vacuum siphoning.  60µL of Alexa conjugated secondary 

Ab diluted 1:200, was placed directly onto tissue and incubated for 30min at RT.  

Secondary Abs were centrifuged for 15min at 14,000 RPM to eliminate particulate that 

could interfere with staining.  After incubation, three washes in PBS were performed 

and slides were allowed to dry before addition of one drop of mounting media to 

stained tissue (Dako, Carpinteria, CA).  Coverslips were placed over mounting media and 

incubated overnight before IF images were captured using a Zeiss Axiophot inverted 

microscope. 
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     Immunocytochemistry utilized a very similar IF protocol as was described for sections 

of frozen tissue.  Briefly, cells were added to 10cm tissue culture dishes which had 

sterile cover slips distributed in a random fashion on the bottom of the plate.  After 

several days in culture the glass cover slips were removed and then prepped for 

immunofluorescent staining.  Cells on coverslips were fixed and stained with Abs in the 

same manner as was described for tissue.   

Human Prostate Tissue Immunohistochemistry.  Prostate tissues were collected, fixed 

in 10% neutral buffered formalin for 24 hours, processed and embedded in paraffin 

using the services of the TACMASS core in the Arizona Cancer Center.  Routine 

hematoxylin and eosin (H&E) stains were performed on adjacent three micron sections 

of tissue cut from the formalin fixed, paraffin embedded (FFPE) blocks.  IHC was 

performed using the Ab diluted according to titrations and stained on a Discovery XT 

Automated Immunostainer (Ventana Medical Systems, Inc. (VMSI), Tucson, AZ).   

 Deparaffinization, cell conditioning (antigen retrieval using a borate-EDTA buffer at 

100°C), primary antibody staining, detection with biotinylated-streptavidin-HRP and 

DAB, and hematoxylin counterstaining were performed on this instrument using VMSI 

validated reagents.  Following staining, slides were dehydrated through graded alcohols 

to xylene and coverslipped with Pro-Texx mounting medium.  Images were captured 

using an Olympus BX50 and Spot (Model 2.3.0) camera.  Images were standardized for 

light intensity.   
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uPA ELISA.  IMUBIND uPA ELISA (American Diagnostica, Stamford, CT) was used for 

quantitative determination of secreted uPA from tumor cell lines in culture according to 

manufacturer’s instructions.  Briefly, cells were grown in a 10cm dish to 75% confluency 

at which point media was replaced with 5mL complete IMDM.  After 24 hours media 

was collected and diluted in provided sample buffer; 1:400 for PC3, PC3 GFP, PC3 uPAR 

cells and 1:100 dilutions were used for all other lines.  After media supernatant was 

collected, cells were trypsinized and counted.  100uL of diluted sample was added to the 

provided wells of a 96 well plate.  Absorbance was read at 450nm and uPA 

concentrations were calculated against a standard curve.  Three independent 

experiments were performed for each cell line and samples for each experiment were 

analyzed in triplicate to generate mean values. 

 

Functional Assays 

Matrigel Invasion Assay.  Growth factor reduced Matrigel (50 µl) diluted (1:3) with 

serum free IMDM media was placed in 8.0 micron cell culture inserts (BD Falcon, 

Franklin Lakes, NJ ) and allowed to solidify for 1 hr at 37°C.  Inserts were placed into a 24 

well plate.  PC3B1 (1x105) cells were placed in the upper insert chamber with 200 µL of 

serum free IMDM.  IMDM (600 µL), supplemented with 10% FBS was pipetted into the 

bottom well below the insert.  After 20 hr incubation, inserts were washed in PBS and 

Matrigel was removed with a cotton swab.  Cells on the underside of the insert were 
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fixed/permeablized in MeOH/acetone and stained with DAPI (1µg/mL) for image 

analysis.  Cell numbers were counted using a Zeiss Axiophot inverted microscope.  Three 

images were collected per insert and experiments were performed in triplicate.  

SCID Mouse Model of Extravasation.  Mice experiments were conducted with animal 

care and use committee approval and performed using the facilities and staff of the 

Experimental Mouse Shared Service at the Arizona Cancer Center.  Critical factors were 

the experience of the technical staff and injection of single cell suspensions of 

approximately 0.5 million cells in 0.2 ml of PBS.  Mice were anesthetized with isoflurane 

(2-3% delivered through a nose cone). Injections into the left ventricle of the heart 

between the 3rd and 4th or between the 4th and 5th intracostal space were performed 

with a 27g needle as previously described (76, 77). The presence of bright red arterial 

blood indicated that the needle was properly placed.  Mice received a single injection to 

avoid excessive damage to the heart.  Mice receiving incorrectly placed injections or 

demonstrating abnormal behavior were removed from the study following recovery 

from anesthesia. Mice were weighed and observed for critical signs of morbidity twice 

weekly.  Animals were terminated by CO2 inhalation if micro-fractures were detected by 

radiographic images or if they showed signs of pain/suffering as specified by protocol. 

uPA mediated cleavage.  Experiments requiring exogenous addition of uPA to induce 

cleavage of α6 integrin required optimization to determine standard protocols.  For 

immunoprecipitation (IP) experiments, α6 integrin was retrieved from cell lysate using 
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antibodies J1B5 or J8H (3µL) for 3 hours at 4oC and the resulting Sepharose G beads 

were re-suspended in 500µL of Dulbecco’s phosphate buffered saline (PBS) (Invitrogen, 

Carlsbad, CA) with 20µg of activated single chain uPA.  The mixture was incubated 

overnight at 4°C with rotation, centrifuged, resuspended in non-reducing gel sample 

buffer and boiled for subsequent analysis by SDS polyacrylamide gel electrophoresis.  In 

experiments requiring the cleavage of α6 integrin on the surface of viable cells, cells 

were harvested with PBS containing 5mM EDTA and resuspended in 500µL of serum 

free IMDM media.  Cells were incubated for 30 minutes with or without J8H antibody at 

4°C.  Activated uPA (25µg) was added to the cells and incubated for 3 hrs at 37°C.  Cells 

(5x106) were washed once in PBS and lysed in RIPA buffer (50mM Tris, 150 nM NaCl, 

Triton 1%, SDS 0.10%, 1% Deoxycholate, 1mM PMSF, 1mM Leupeptin, 1mM Aprotinin).   

IP’s were performed and samples were boiled in non-reducing gel sample buffer for 

subsequent analysis by SDS polyacrylamide gel electrophoresis. 

uPA activity assay.  A colorimetric assay was used for measuring uPA activity (Millipore, 

Billerica, MA) secreted by tumor cell lines in culture.  Briefly, cells were grown in a 10cm 

dish to 75% confluency at which point media was replaced with 5mL phenol red free 

IMDM with 10% FBS and 1% P/S .  After 24 hours media was collected and 100 uL was 

added to a well of a 96-well plate for each sample.  Instructions were carried out 

according to manufacturer’s instructions.  Samples were incubated with chromogenic 

substrate for two hrs. before absorbance was read at 405nm.  uPA active units were 
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calculated against a standard curve.  Three independent experiments were performed 

for each cell line and samples for each experiment were analyzed in triplicate. 

 

Cell Culture, Reagents, and Biotinylation Surface Labeling 

Cell Culture.  Cells were maintained in Iscoves Dulbecco's modified Eagle's medium, 

unless otherwise specified, (IMDM) (Gibco BRL, MD) supplemented with 10% heat 

inactivated fetal bovine serum (FBS) (Hyclone Laboratories Inc., Logan, UT) and 1% 

penicillin/streptomycin (Invitrogen, Carlsbad, CA) at 37 °C in a 5% CO2 atmosphere  at 

constant humidity.  PC3 and DU145 prostate tumor  and MDA-MB213 breast tumor cells  

were obtained from American Type Culture Collection (ATCC, Manassas, VA)  and  PC3N 

cells were previously characterized by us (78). Cell line identities were verified using 

genomic probes reported by others (79).  The PC3B1 cells were isolated from the bone 

marrow of SCID mice that had been injected six weeks previously with the PC3 cell line.  

The bone marrow containing the tumor cells was retrieved with phosphate-buffered-

saline (PBS) and the PC3B1 cells were propagated in tissue culture.  PC3B1 α6 WT and 

PC3B1 α6 RR cell lines were grown under Blasticidin (Invitrogen, Carlsbad, CA) selection 

pressure (3µg/mL).  293FT cells, used for generation of lentivirus, were grown in 

minimal essential media (MEM) supplemented with 10% FBS and Geneticin (500 ug/mL) 

(Invitrogen, Carlsbad, CA).  PC3 and MDA-MB 231 cells transfected with uPAR were 

sorted first for GFP and then for GFP and high levels of uPAR and were grown in normal 



52 
 

growth media with no selection.  The eyrthroleukemia cell line K562 was obtained from 

ATCC, and was used for a variety of α6 integrin mutant transfections.  K562 transfected 

cells were selected based on protein surface expression.  Usually three FACS 

experiments were required to generate a stable expressing population. 

     For antibody blocking experiments, cells were grown under optimal growth 

conditions for 24 hours, followed by replacement of media with 5mL of complete IMDM 

containing J8H (20µL/mL).  J8H/media replacement was performed every 24 hours.  

Antibody information.  J8H, a mouse mAb, recognizes an extracellular epitope of α6 

integrin and was a generous gift from Dr. Arnoud Sonnenberg (80).  The rat integrin α6 

mAb J1B5 was generated in the lab of Dr. Caroline Damsky (81).  AA6NT a rabbit pAb, 

was generated against a recombinant fragment of the N-terminal integrin α6 β-barrel 

domain and was used for immunohistochemistry (IHC) analysis of archival material.   In 

contrast, AA6A is a rabbit pAb, recognizing the intracellular C-terminal domain of α6 

integrin was previously characterized by us and used for western blot analysis (62).     

Donkey anti-rat, donkey anti-rabbit and goat anti-mouse Alexa (350, 488, 594, 633) 

conjugated antibodies were purchased from Invitrogen (Carlsbad, CA).  Anti-Rabbit HRP 

antibodies were obtained from Invitrogen (Carlsbad, CA).  Antibodies used in this study 

directed against uPAR; mouse mAb R2 and rabbit pAb from Gunilla Høyer-Hansen  

(Finsen Laboratory, Copenhagen, Denmark) (ref), rabbit mAb 399R and mouse mAb 

3936 (American Diagnostica), mouse mAB 62022 (R&D Biosystems), and ATTN-617 from 
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Andrew Mazar (Attenuon, San Diego, CA).  Anti-CD151 mouse mAb, 5C11, was a kind 

gift from Martin Hemler (Dana-Farber Cancer Institue, MA).  Anti-β1 activating mouse 

mAb, TS216, was generated by a hyrbridoma in the lab.  9EG7 β1 mAb, which recognizes 

an activated epitope, was purchased from BD Pharmigen (San Jose, CA).  Anti-α3 mouse 

mAb, P1B5 and Rabbit pAb AB1920 were purchased from (Millipore, Billerica, MA). 

Biotinylation Surface Labeling.  This method utilizes the ability of biotin molecules (EZ-

link Sulfo-NHS-LC Pierce, Rockford, IL) to label exposed amine groups of cell surface 

expressed proteins.  Biotin will not cross though the membrane, but biotinylated 

proteins can be internalized.  Briefly, cells were collected (~30x106), washed in PBS and 

resuspended in 1mL prepared Biotin buffer (1mg or 1 tiny scoop Biotin into 100µL 

DMSO.  Dissolve and place in 10mL of PBS).  The 1mL mixture was added to the 

remaining 9mL of prepared Biotin buffer.  Cells were rotated in a 15mL tube for 20 min 

at room temperature (RT).  After Biotin labeling, cells were centrifuged (800 RPM, 5 min 

@ RT) and washed in 10mL PBS.  This step was repeated twice more before proceeding.  

3mL of serum IMDM was added to the cells and 1mL aliquots with a concentration of 

10x106 cells were made available for further experiments (uPA cleavage, TPA treatment, 

etc.), and prepared according to normal IP/immunoblotting protocols with one 

exception.  PVDF membranes were blocked in 1% BSA because milk contains biotin that 

will cross react with the Strep-Avidin HRP.  Strep HRP was used for detection 

biotinylated proteins.  
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III.  OBSERVATIONS OF α6 INTEGRIN CLEAVAGE 

 

Introduction  

     Α6 integrin is a laminin binding receptor that forms a heterodimer when paired with 

either β1 or β4 integrins.  A disulfide linkage between the N-terminal heavy (110 kDa) 

and C-terminal light chain (30 kDa) brings together the α6 receptor comprised of 1073 

amino acids (72).  Two splice variants have been identified for α6 integrin, which contain 

identical heavy chains and two variable light chains known as α6A, and α6B (82).  The 

heavy chain of α6 integrin, comprised of a 875-amino acid extracellular region, and a 

conserved GFFKR intracellular sequence on the C-terminus are required for association 

with the β integrin subunit (83).  It was within this extracellular domain that a 

posttranslational, uPA cleavage site was identified.  Early observations by our group 

identified a smaller variant of α6 integrin (48, 84).  Subsequent experiments determined 

that this novel structural variant was the product of a posttranslational process occuring 

in several human cancer cell lines in culture (84, 85).  Mass spectrometry analysis of the 

structural variant, named α6p, revealed the NH2 terminus of the protein was an arginine 

residue located at amino acid position 595.  Arginine 595 was predicted to lie within an 

accessible loop upstream from the genu region, as described for αV integrin structure 

(34). The α6p variant was produced while on the cell surface, remained paired with 
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either the β1 or β4 subunit, and demonstrated a 3-fold increase in biological half-life as 

compared to full-length α6 integrin (85).  These findings together suggested a role for an 

extracellular protease to mediate the cleavage of α6 integrin.   

     uPA, a secreted 54-kDA serine protease, was identified as the enzyme required to 

catalyze the cleavage of α6 integrin (59).  The site of cleavage was confirmed through a 

genetic approach, identifying arginine residues 594, 595 as the amino acids targeted by 

uPA (62).    uPA is secreted as a zymogen (pro-uPA). When pro-uPA binds to uPAR (its 

cognate, glycolsyl-phosphatidylinosital (GPI) anchored, cell surface receptor) it is 

cleaved by plasmin into a single chain active form (86).  Other proteases such as 

kallikrein, blood coagulation factor XIIa, and cathepsin B also contribute to uPA 

mediated activation in the absence of plasmin (87).  Targeting of uPA to the cell surface 

can initiate a broad array of signaling and proteolytic events that modulate cellular 

adhesion (88, 89).   The interaction with urokinase receptor (uPAR) focuses uPA 

proteolytic activity on the cell surface at or near sites of focal contact between the cell 

surface adhesion receptors (i.e. integrins) and extracellular matrix proteins.   

     The urokinase plasminogen system is associated with prostate tumor cell invasion, 

metastasis, and patient survival (60, 90-94). The functional result of uPA mediated 

cleavage of α6 integrin involved cellular migration on laminin containing matrices.  This 

was shown for both in vitro cellular migration on laminin (95), and in vivo prostate 

tumor cell invasion through the trabecular bone of a mouse femur (63).  Inhibition of α6 
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integrin cleavage, through the use of uPA inhibitors and genetic mutation of the arginine 

594, 595 residues to alanine, reduced both migration and invasion of prostate tumor 

cells.  The authors of this work speculated that cleavage was a mechanism by which a 

cell could release itself from α6 mediated adhesion.   

   This chapter describes techniques and reagents used to further our understanding of 

α6 integrin and its cleavage product α6p.  It is shown here for the first time that α6 

integrin is detected in formalin fixed, paraffin embedded, human prostate cancer tissue 

with the AA6NT pAb.  Α6 integrin expression was maintained throughout prostate 

cancer progression, but loss of polarization was observed beginning in prostatic 

intraepithelial neoplasia (PIN).  Complete loss of polarization was characteristic of 

carcinoma in situ.  Interestingly α6 expression was also detected in tumor cells that had 

invaded neural structures located in the peripheral margins of the prostate.  The AA6NT 

antibody was predicted to detect the released α6 N-terminal cleavage fragment (α6N); 

however, in vitro experiments revealed that the cleavage product remained bound to 

integrin complexes.   Further investigation into uPA mediated cleavage revealed that 

uPA levels did not correspond to α6p variant expression.  This result prompted further 

studies to determine other mechanisms that could contribute to the regulation of uPA 

mediated α6 integrin cleavage. 
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Results 

Characterization of N and C-terminal Anti-α6 Integrin Rabbit pAbs.   α6 integrin was 

retrieved  from the lysate of DU145 human prostate cancer cells via 

immunoprecipitation (IP).  This cell line produces high levels of α6p under normal 

growth conditions.  AA6A and AA6NT recognize the full length α6 integrin by 

immunoblot (Fig 4).  AA6A, a rabbit polyclonal antibody, was generated against a 

peptide of the C-terminal cytoplasmic domain of the α6 integrin (CIHAQPSDKERLTSDA) 

and thus will recognize the cleaved integrin receptor, α6p under non-reduced conditions 

(NR).  Under reducing conditions (R), AA6A recognizes the α6 light chain that is shifted 

to approximately 25kD.  In contrast, the AA6NT antibody, raised against the N-terminal 

domain of the α6 integrin, recognizes the N-terminal piece of the cleaved integrin, 

called α6N.  The α6N heavy chain shifts to an apparent larger MW upon reduction (R), as 

expected. 

AA6A pAb recognizes both α3 and α6 integrin.  Both α3 (P1B5) and α6 (J1B5) integrins 

were immunoprecipitated from lysates of the prostate cancer cell line PC3N, and 

eyrthroleukemia K562 cell line transfected with wild type α6.  K562 cells do not express 

endogenous laminin binding integrins.  As demonstrated by immunoblot, AA6A pAb 

cannot distinguish between α3 and α6 integrins because of the homology shared 

between the intracellular domains of each receptor (Fig 5, Left Panel).  In K562 α6 cells,  
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Figure 4.  Anti-α6 Integrin Rabbit pAb Specificity.  Immunoblot (IB) analysis α6 integrin 
retrieved from DU145 cell lysate by immunoprecipitation with anti-α6 integrin antibody 
(J1B5).  AA6A pAb detects both full length α6 and α6p forms under non-reducing (NR) 
conditions and the 25kDa light chain (arrow) under reducing (R) conditions.  AA6NT 
detects full length integrin under NR conditions and the N-terminal cleavage product 
α6N (arrowhead) under NR and R conditions. 
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Figure 5.  AA6A pAb Detects both α6 and α3 Integrins.  Α6 integrin was retrieved from 
PC3N and K562 α6 cell lysate with J1B5 mAb.  Α3 integrin was retrieved with P1B5 mAb.  
K562 α6 cells are null for α3 expression and were used as a negative control.  
Immunoblot analysis with AA6A detects integrin retrieved from both J1B5 and P1B5 IPs.  
Immunoblot analysis with anti-α3 AB1920 mAb does not detect a band from the J1B5 IP 
but does detect a band for P1B5.  Loading of whole cell lysate (WCL) was used a positive 
control for both experiments. 
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which lack α3 integrin, AA6A recognizes only α6 integrin retrieved by J1B5.  The second 

panel, immunoblot blot analysis for α3 integrin (AB 1920), confirms the duplicitous 

nature of AA6A because a band is only detected for the P1B5 IP (Fig 5, Right Panel).  

Therefore, it is recommended that AA6A be used only for immunoblot applications 

where: α6 or α3 integrin have been retrieved via IP, the status of α6p is being sought, or 

the cell line is null for either α6 or α3 integrin expression. 

Expression of α6 integrin on tumor cell surface during human prostate cancer 

progression.  Previous work has shown α6 integrin expression in human normal 

prostate, prostatic intraepithelial neoplasia (PIN) and invasive cancer using frozen 

tissues and indirect immunofluorescence microscopy (96).  Using an alternative method 

with human FFPE archival prostate tissue, we demonstrated simultaneous detection of 

tumor cell antigens and cell types (fibroblast, Schwann, and endothelial) or structures 

(i.e. nerves and vessels).   Detection of α6 integrin using the AA6NT antibody on FFPE 

tissues confirmed that normal prostate epithelial cells display polarized expression of α6 

integrin at the basal cell/stromal interface (Fig 6, Normal).  Loss of α6 integrin polarity 

was observed during progression from PIN (Fig 6, PIN) to invasive cancer (Fig 6, Cancer).  

α6 Integrin was also detected in the endothelium of vessels (Fig 6, PIN, arrowhead)  A 

new finding demonstrated α6 integrin was expressed on the tumor cell surface during 

neural invasion (Fig 6, NI).  Neural invasion of the tumor includes invasion both around 

the nerve as well as within the nerve.  Perineural and endoneural invasion is 

characteristic of tumor present in the peripheral zone of the prostate gland (18, 97).    
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Expression of α6 integrin on the endothelium, fibroblasts and Schwann cells of the nerve 

were observed, consistent with previous reports (98-100).   

Cleavage status of α6 integrin in human tumor cell lines.  Prostate cancer cell lines 

PC3N, PC3MM2, PC3A1, PC3B1, PC3L1, and DU145 produce varying amounts of α6p 

(upper panel) and α6N (bottom panel) under normal growth conditions as assessed by 

immunoblot with AA6A and AA6NT rabbit pAbs (Fig 7, Left panels).  For all conditions α6 

integrin was retrieved from cell lysates via J1B5 IP.  The phenomenon of cleavage was 

not unique to prostate tumor lines as was previously described (84) and was 

demonstrated here in A431 squamous skin, MDA-MB231 breast, CFPAC pancreatic, TE-7 

squamous esophageal, H810 non-small-cell lung and HEY ovarian tumor cells (Fig 7, 

Right Panels). 

Trypsin mediated cleavage of α6 integrin.  The levels of detected α6 cleavage products 

for each cell line are relatively stable but can vary from experiment to experiment.  Care 

must be taken when an analysis is performed after cells are passaged in trypsin.  Trypsin 

had the ability to generate artificial cleavage of α6 integrin, skewing results.  To 

demonstrate this phenomenon, PC3N cells, which produced no endogenous α6p, were 

treated with trypsin/EDTA in PBS and α6p levels were assessed 24 and 48 hours after.   
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Figure 6.  Integrin α6 Expression in Human Prostate Cancer Progression.  (A)  Three 
stages of cancer progression were analyzed, including normal glands (Normal), prostatic 
intraepithelial neoplasia (PIN), Gleason grade 3+3 invasive carcinoma (Cancer), 
perineural and endoneural invasion (NI). Formalin fixed paraffin embedded tissue was 
reacted with primary antibody (AA6NT) and detected by secondary antibody conjugated 
with HRP.  The inset for normal prostate tissue demonstrates polarized α6 expression in 
basal epithelium.  The inset for PIN demonstrates a focal loss of polarized α6 integrin in 
addition to a loss of basal cells at the epithelial/stromal interface.  Arrows indicate 
vessels detected by AA6NT.  Black bar measures 80 microns in top panels and 40 
microns in bottom panels. 
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Figure 7.  Cleavage Status of α6 Integrin in Tumor Cell Lines.  Cell lines were assessed 
for endogenous α6 cleavage expression.  Immunoprecipitation (IP) via J1B5 mAb 
retrieved α6 integrin from every cell line labeled above.  All lysates were prepared in 
RIPA lysis buffer and all samples were resolved by SDS-PAGE.  (A)  For prostate cancer 
cell lines, immunoblot (IB) analysis determined levels of α6p (top panel) and α6N 
(bottom panel).  B.  An assortment of additional tumor cell lines from various cancer 
types were also assessed for α6p (top panel) and α6N (bottom panel) expression by IB. 
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Retrieval of α6 integrin from lysate was performed via J1B5 IP.   Immunoblot analysis 

with AA6A and AA6NT rabbit pAbs revealed that a C-terminal (α6p?) and two N-terminal 

(α6N?) cleavage products were detected 24 hours post-trypsin treatment, but were 

undetectable by the 48hr time point (Fig 8).  To conclude, a period of 48-to 72 hours 

must pass before trypsin passaged cells can be used for analysis of cleaved α6 integrin. 

 AA6NT pAb is unable to retrieve α6 via immunoprecipitation.  Because AA6NT pAb 

recognized the N-terminal cleavage product of α6 integrin by immunoblot (IB), we 

wanted to determine if it would retrieve the α6N via IP.  PC3N prostate cancer cells 

were surface labeled with biotin and surface expressed proteins were retrieved by 

immunoprecipitation with the following Abs: J1B5 (α6), AA6A (α3, α6), AA6NT (α6), 

TS216 (β1), and 5C11 (CD151).  Non-reduced samples were resolved by SDS-PAGE and 

transferred to PVDF membrane.  Blots incubated with Strepavidin/HRP revealed that 

AA6NT was unable to retrieve native α6 integrin (Fig 9) and would not be useful for 

subsequent IP analysis regarding the status and location of α6N once cleaved by uPA 

under these conditions. 

Immunofluorescent analysis of α6 integrin.  Here we wanted to assess if AA6NT could 

differentially detect N-terminal, α6 integrin cleavage products when compared to other 

α6 integrin antibodies by immunocytochemistry (ICC).  DU145 cells grown on glass 
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Figure 8.  Artificial Cleavage of α6 Integrin Induced by Trypsin.  PC3N cells were 
passaged using Tryspin/EDTA in PBS.  Integrin α6 was retrieved from lysates via J1B5 IP.  
Protein was resolved on a SDS-PAGE gel and cleavage profiles of cells were assessed 24 
and 48hrs post-trypsin treatment by immnunoblot.  The question mark (?) is included 
because the site of tryspin induced cleavage is unknown relative to the uPA mediated 
cleavage site. 
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Figure 9.  AA6NT pAb does not Immunoprecipitate α6 Integrin.  Surface expressed 
proteins were labeled on intact PC3N cells using Biotin.  Immunoprecipitations of α6 
(J1B5, AA6A, AA6NT), α3 (AA6A), β1 integrin (TS216), and CD151 (5C11) were 
performed.  Proteins were resolved under non-reducing conditions using SDS PAGE.  
Strepavidin/HRP labeling of blots detected surface expressed integrin heterodimer 
complexes. 
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or laminin 111 coated cover slipes were fixed with MeOH/Acetone and then stained for 

either J1B5, the standard α6 integrin antibody used for immunofluorescence (IF), or 

AA6NT.  Immunofluorescence results demonstrated lack of colocalization between the 

J1B5 and AA6NT.  AA6NT stained the periphery of cells, while J1B5 was consistently 

diffuse in its expression (Fig 10).  AA6NT seems recognize a unique epitope for α6 not 

normally detected by standard antibodies.  Lack of colocalization between AA6NT and 

J1B5 was a reproducible result observed in multiple cell lines and was not influenced by 

clustering of α6 integrin (data not shown).  Further scrutiny of IF images revealed both 

AA6NT and J1B5 detected macroaggregate complexes (Fig 10B) predicted to be 

produced at the trailing edge of migrating cells (64). 

Status of N-terminal cleavage product, α6N upon cleavage of α6 integrin.  To test the 

hypothesis that the cleavage of α6 integrin releases the N-terminal ligand binding 

domain, DU145 cells were grown to confluency in a 10cm tissue culture dish.  Cells were 

lifted with EDTA (not trypsin to prevent artificial cleavage), and four separate conditions 

were examined for the presence of the NT fragment.  1) RIPA lysis buffer was added 

directly to the ECM.  30µL of ECM lysate was added to 10µL of non-reducing (NR) 

sample buffer and loaded onto the gel. 2) Added 40uL of hot, NR sample buffer directly 

to the ECM, removed and loaded onto gel.  3)  EDTA supernatant used to lift the cells 

was centrifuged to remove all cellular debris and 30µL was added to 10µL of NR sample 

buffer.  4) Conditioned media from DU145 cells was added to NR sample buffer and 

loaded onto the gel.  The results demonstrate that α6N is detected for sample number  
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Figure 10. Immunofluorescent Analysis of anti-α6 Integrin Antibodies.  DU145 cells 
were grown on glass cover slips for several days in culture before being removed, fixed 
in 2% paraformaldehyde, and permeabilized in 1% Triton-X.  Cover slips were dual 
labeled with anti-α6 mAb J1B5 (Green) or pAb AA6NT (Red).  Fluorescence was detected 
by the addition of anti-Rat Alexa 488 or anti-rabbit Alexa 594 secondary antibodies.  (A) 
DU145 α6 integrin expression during cell division.  (B) Detection of integrin α6 
expression in microaggregate structures at the trailing edge of a migrating DU145 cell. 
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2; however, the ratio between the cleavage product and the full length receptor is the 

same for what is normally observed for DU145 expressed α6 integrin.  Bands detected 

by IB for sample number 4 represented non-specific binding of AA6NT to serum proteins 

(Fig 11).  These results were repeated with little success.  Concentrating the conditioned 

media also did not yield soluble α6N (data not shown). 

Secreted uPA levels and activity do not correlate with observed levels of α6p.  PC3, 

PC3B1, DU145 and MDA-MB231 cells were placed in 10cm tissue culture plates and 

grown overnight in standard culture conditions.  After two days, media was replaced 

with 5mL phenol-red free IMDM supplemented with 5% FBS and 1% P/S. (Media 

exchange was performed because the uPA activity assay is colormetric).   The following 

day, phenol-red free media was collected from each culture and then cells were 

counted.  The culture supernatant was used for both an uPA ELISA to determine 

concentration of soluble secreted uPA, and for an uPA activity test to determine the 

amount of active uPA units.  Concentration and activity were calculated per mL of media 

and divided by total cell number.  PC3 and PC3B1 cells secrete high levels of uPA 

compared to DU145 and MDA-MB231 cells as determined by ELISA (Fig 12a, top panel).  

uPA activity observed for PC3 was highest, followed by DU145, MDA MB231 and PC3B1, 

as determined by the uPA activity assay (Fig 12a, bottom panel).  Each experiment was 

performed in triplicate and was repeated three times to generate standard error about 

the mean.   
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Figure 11.  Detection of N-terminal α6 Cleavage Fragment.  DU145 cells were treated 
with EDTA and harvested.  Location of α6N was assessed.  1) RIPA lysis buffer added 
directly to the tissue culture flask (ECM).  2) Hot, non-reducing sample buffer added 
directly to the tissue culture flask (ECM).  3)  EDTA supernatant.  4)  DU145 conditioned 
media.  Were applicable, non-reducing sample buffer was added and samples were 
resolved on by SDS-PAGE.  Immunoblot analysis (AA6NT) was used for the detection of 
full length α6 and α6N.  * Indicates non-specific cross-reactivity with media serum. 
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     The tumor cells used in the previous experiment were also assessed for α6p status.  

α6 integrin was retrieved from each of the cell lysates via J1B5 IP.  Immunoblot analysis 

(AA6A) revealed the levels of α6p versus full length receptor in culture for each tumor 

cell line.  As expected, DU145 cells demonstrated the highest ratio of α6p to full length 

receptor, followed by MDA-MB231, PC3 and PC3B1 cells (Fig 12b).  These results were 

not consistent with levels of uPA and uPA activity detected for each cell line. 

Discussion 

     The AA6NT antibody has provided a means to identify α6 integrin expression in FFPE 

human prostate tissue.  Large amounts of archival tissue are stored in tissue banks and 

could be made readily available for large scale analysis of α6 integrin expression.  

Interestingly, the stringent results required to reveal the antigen recognized by this 

antibody suggest that a denatured form of the N-terminal domain must be first made 

available before detection can occur.  This is supported by several observations made in 

this chapter.  First, AA6NT pAb detects less α6N relative to full length receptor under 

non-reducing conditions when compared to immunoblots where AA6A pAb was used to 

assess the status of α6p relative to full length receptor.  The second observation is that 

AA6NT was unable to retrieve α6 integrin from cellular lysates by immunoprecipitation.  

Third, AA6NT IF staining was localized to the periphery of cells (non-specific?) when  
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Figure 12.  Secreted uPA Concentration and Activity versus α6p Cleavage Levels.  (A) 
Soluble uPA was collected from the conditioned media of four cell lines (PC3, PC3B1, 
DU145, and MDA-MB231).  Concentration of uPA (ng/mL) was determined by ELISA and 
divided per 1x106 cells.  Activity was assessed by colormetric assay (active units/mL) and 
divided per 1x106 cells to standardize results.  Results are expressed as the mean of 
three independent experiments.   Error bars calculated as standard error about the 
mean.  (B)  Levels of α6p were assessed for the four cell lines described in (A).  Retrieval 
of α6 was performed by immunoprecipiation (IP) with mAb J1B5.  Samples were 
resolved by SDS-PAGE followed by immunoblot (IB) analysis (AA6A). 
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compared to standard antibodies like J1B5 and GOH3.  Finally, AA6NT detection of cells 

analyzed by flow cytometry is dramatically improved when cells were permeabilized, 

suggesting that the pAb recognized intracellular/non-mature α6 integrin (data not 

shown).   The data taken together suggest AA6NT recognizes an epitope on α6 integrin 

not available on the native, mature receptor that is detected by standard antibodies.  

This is plausible considering AA6NT pAb was designed against a recombinant fragment 

of the N-terminal integrin α6 β-barrel domain and not a structurally intact form of the 

receptor. 

     The importance of FFPE tissue is that the architecture and delicate structures of the 

prostate are preserved.  Preparation of frozen prostate tissue damages many of these 

structures and requires immunofluorescent analysis of specific antigens to yield 

convincing results.   We demonstrated in FFPE prostate tissue simultaneous detection of 

tumor cell antigens by IHC and cell types (fibroblast, Schwann, and endothelial) or 

structures (i.e. nerves and vessels) through eosin counter-staining.  Recognition of 

tumor cell neural invasion is particularly exciting because it demonstrates physiologic 

invasion in cancer that is normally considered indolent.  Tumor cells that invaded neural 

regions not only expressed α6 integrin, but also polarized a proportion of the receptor 

to the tumor/nerve interface.  The ECM molecule laminin is known to be secreted by 

cells associated with neuronal processes (53) and the interaction between α6 and its 

ligand could be an important event in the extraprostatic escape of tumor cells via nerves 

(17).  Future work will need to elucidate the interplay between cancer cells and nerves 
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and whether the uPA mediated cleavage of α6 integrin contributes to this pathologic 

condition. 

     How α6 integrin function is altered upon uPA mediated cleavage is poorly 

understood.  Speculation as to the status and fate of the N-terminal cleavage product 

has been an issue of much debate.  Ectodomain shedding, the proteolytic release of 

membrane-anchored cell-surface proteins (101), is a process involved with cellular 

motility (64).  Collagen XVII/BP180, selectins, CD44, E-cadherin and other cell adhesion 

molecules are cleaved by proteases like ADAM (a disintegrin and metaloprotease) (102-

104).  Possible shedding of the β1 integrin has been proposed for cardiac fibroblasts and 

myoblasts (105).  Here we investigated the status of the N-terminal cleavage product of 

α6 integrin.  Immunoblot analysis demonstrated that J1B5 antibody retrieved both α6p 

and α6N.  This confounding result suggested that both receptors remained associated 

with the heterodimer complex.  This was later confirmed by β1 integrin and CD151 

tetraspanin IPs, which retrieved both α6p and α6N (data not shown).  DU145 cells, the 

highest endogenous producers of α6 integrin cleavage were assessed for the ability to 

release the N-terminal fragment.  Conditioned culture media, ECM, and EDTA 

supernatant were all negative for the presence of N-terminal fragment.  The ECM did 

demonstrate some retention of α6N, but the ratio to full length receptor was similar to 

observations made for integrin retrieved from DU145 cellular lysate.  The presence of 

α6N and full length receptor in the ECM could be explained by membrane 

ripping/integrin macroaggregates (64) that were detected at the trailing edge of 
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migrating DU145 cells.  Corroboration of these findings was provided by Mike 

Pennington, who demonstrated α6Nβ1 internalization in several tumor cell lines 

through the use of a novel biotinylation labeling technique (data not shown).  These 

analyses were performed under non-reducing conditions, which is important because 

reducing agents and denaturing of α6 integrin may improve detection by AA6NT pAb.  

Future studies will need to address this point to confirm if α6N remains bound to the 

cell or if it released as a soluble fragment. 

Finally, it is noted that endogenous levels of α6p observed for cell lines in culture 

do not correlate with secreted levels of uPA and uPA activity.  PC3 cells express minimal 

levels of α6p, while DU145 cells convert a majority of α6 integrin into the cleaved 

product (Fig 7A).   However, PC3 cells secrete at least 2 fold more active uPA when 

compared to DU145 (106) (Fig 12A).  This suggests that uPA concentration is not the 

limiting factor in the regulation of integrin α6 cleavage.   A possibility for regulation 

exists between lateral membrane associations with surface expressed proteins like 

tetraspanins (42, 107) and urokinase receptor (uPAR) (43, 44).  Both molecules are 

known regulators of integrin function.  Additionally, conformational status mediated by 

intracellular signaling pathways was also predicted to regulate uPA mediated cleavage 

of α6 integrin.  
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IV. INSIDE-OUT SIGNALING AND RECEPTOR CONFORMATION.  A 

PRELIMINARY INVESTIGATION REGARDING REGULATION OF α6 INTEGRIN 

CLEAVAGE. 

 

Introduction 

     Integrin receptors can be “activated” through an inside-out signaling process to 

increase affinity towards extracellular matrix ligands.  Changes in ligand binding affinity 

are ascribable to changes in the conformation of the extracellular domain and are 

initiated by interactions at the integrin cytoplasmic interface (36).  The interactions 

between intracellular membrane proximal regions of α and β integrins is believed to 

occur via salt bridges generated by opposing positively and negatively charged amino 

acids.  These weak, salt bridge interactions are thought to maintain low affinity integrin 

conformation (108).  Intracellular interactions are disrupted by phosphorylation or by 

the recruitment of proteins that focally complex at the heterodimer (109, 110), resulting 

in conformational shifts of integrins that lead to high affinity ligand binding. 

      Activation of the α6 integrin receptor has been characterized and is an important 

event in regulating α6β1 affinity for laminin (111, 112).  Exogenously added Phorbol-12-

myristate-13-acetate (PMA) stimulates laminin mediated adhesion in cell lines 
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transfected with α6 (113).  Stimulation with PMA was shown to induce phosphorylation 

of serine residue 1041, which lies within the α6 cytoplasmic domain.  Serine 1041 is part 

of a protein kinase C consensus sequence (QPSDK).  Peptides generated from the α6 

integrin intracellular amino acid sequence were phosphorylated in vitro by PKC (114).  

Replacement of serine 1041 with a threonine residue prevented phosphorylation upon 

treatment with PMA, suggesting a role for serine specific kinases.  Interestingly, this 

S1041T mutant α6 integrin, when expressed in K562 cells treated with PMA, was able to 

adhere to laminin with the same affinity as wild-type α6 integrin transfected cells upon 

PMA induction.  In another experiment confirming this result, serine to alanine 

mutations of both 1041 and 1048 residues resulted in no loss of α6β1 adhesion to 

laminin upon stimulation with PMA in marcrophages (115).  However, in contrast to the 

previous findings, expression of a S1041A mutant in K562 cells resulted in 2-3 fold 

increase in adhesion to laminin, suggesting that phosphorylation may decrease α6β1 

ligand affinity (80).   

     In addition to possible intracellular signals and adaptor proteins modulating receptor 

substrate affinity, α6β1 active conformation can be induced with antibodies that engage 

extracellular epitopes of the β1 subunit (116, 117).  Anti-β1 activating mAb, TS216 was 

shown to promote β1 integrin-mediated adhesion to various ECM molecules (118).  

Interestingly, constitutive activation of integrin function was demonstrated for β1 

mutations identified in squamous cell carcinoma patients (119).  These mutations 

prevented cellular differentiation and have been implicated in increasing the conversion 
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of skin tumors from benign to malignant (120).  On the other hand, the α6β4 receptor is 

suggested to be a constitutively active receptor that does not require the same cellular 

processes to influence ligand affinity (121). 

    The tertiary structure of the α6β1 heterodimer can be activated to induce ligand 

binding by cellular inside-out signaling pathways, by the application of antibodies that 

specifically target β1 integrin, or through genetic mutation.  Here it was addressed 

whether the conformational status or phosphorylation of serine residues influence uPA 

mediated cleavage of α6 integrin.  Phorbol-12-myristate-13-acetate induced 

phosphorylation of serine residues on α6 integrin but did not alter uPA mediated 

cleavage potential of α6 integrin.  To confirm the role of α6 phosphorylation in 

regulating uPA mediated cleavage results a genetic approach where serine resides 1041 

and 1048 of α6 integrin were mutated to alanine or aspartic acid was developed.  The 

TS216 mAb mediated activation also had no affect on the outcome α6 integrin cleavage, 

suggesting that receptor conformation does not play a role in the regulation of uPA 

mediated cleavage. 

 

Results  

9EG7 anti-β1 mAb detects “activated” integrin heterodimer.  K562 erythroleukemia 

cells do not express α6 or α3 integrins.  Although these cells do express α5β1, they serve 
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as an excellent model for studying α6 integrin function.  Cells were transduced with wild 

type α6 integrin using a lentiviral approach.  Expression of α6 integrin was driven by a 

steady state UbC promoter resulting in surface expressed functional receptor.  FACS was 

used for the selection of K562 cells that expressed moderate and equivalent levels of α6 

integrin on the cell surface.  Integrin receptors expressed in K562 cells are inactive and 

must be stimulated to induce laminin binding (111).  Activation of β1 receptors in K562 

α6 expressing cells was accomplished by the addition of the β1 activation antibody 

TS216.  To demonstrate that activation was specific for α6 integrin, TS216 mAb induced 

adhesion of K562 α6 cells to laminin (data not shown).  The 9EG7 mAb detects an 

epitope of β1 integrin only when the heterodimer is activated.  This antibody was 

utilized with K562 α6 cells to determine the activation status of integrin receptors by 

flow cytometry. Analyses were performed on cells treated with or without TS216 using 

the 9EG7 mAb directly labeled with Alexa488 (Invitrogen, Carlsbad, CA).  Results showed 

a dramatic increase in 9EG7 binding upon stimulation with TS216 (Fig 13a).  In addition 

to antibody activation, PMA, a compound known to induce α6 phosphorylation, also 

showed a time dependent increase in 9EG7-488 labeling when analyzed by flow 

cytometry (Fig 13b).  These results demonstrate approaches that can be taken to 

activate α6β1 integrin heterodimers.  

Antibodies for α6 integrin do not differentiate between inactive and active 

conformational states.  Knowing how effective 9EG7 was at detecting the β1 integrin  
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Figure 13.  Flow Cytometry Analysis of Integrin Activation.  The 9EG7 anti-β1 integrin 
mAb was directly labeled with Alexa 488.  9EG7 detects an “activated” epitope of β1 
integrin.  Erythroleukemia K562 cells transfected with α6 integrin, were analyzed by 
flow cytometry using the 9EG7-488 mAb (2µL/ 1.5x106 cells) to determine if activation of 
β1 integrin heterdimers on the cell surface could be induced. (A) Cells were treated with 
TS216 (1µg/1.5x106 cells) and then labeled with 9EG7-488.  Con is the control untreated 
condition.  (B)  Cells were treated with PMA (50ng/1.5x106 cells) for 5 or 15 minutes and 
then labeled with 9EG7-488.  Cells only controls (CO) were included for both results as a 
measure of cellular auto-fluorescence. 
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activated epitope, we wanted to determine if antibodies generated by our laboratory 

were able to differentiate between active and inactive states for α6 integrin.  K562 α6 

cells treated with TS216 mouse monoclonal antibody (mAb) were labeled with various 

non-mouse α6 Abs.  Bound α6 Ab on the cellular surface was labeled with a secondary 

antibody conjugated with Alexa488.  Flow cytometry analysis revealed that J1B5, 

AA6NT, AA6NCT and AA6P Abs all failed to differentiate between activated and 

inactivated α6 integrin (Fig 14). 

Phorbol-12-myristate-13-acetate induced phosphorylation of α6.  Previous kinetics and 

stoichiometric studies of α6 integrin demonstrate rapid and maximal phosphorylation of 

serine residues within 10-15 minutes.  Phosphorylation can be measured with the use of 

the α6 mAb, 1A10.  1A10 binds to an intracellular epitope of α6 integrin, but can only do 

so if the serine residues are not phosphorylated.  PMA induced phosphorylation of 

DU145 cells resulted in the diminished capacity of 1A10 to retrieve α6 from the lysate as 

assessed by the AA6A immunoblot (IB) (Fig 15A).  The 1A10 antibody interaction is weak 

and required overnight incubation with lysates to retrieve adequate amounts of α6 

integrin for immunoblot analysis. 

PMA induced phosphorylation of α6 does not alter α6p levels.  Knowing that PMA 

induced both alteration of α6β1 conformation and phosphorylation of α6 integrin serine 

residues, we predicted that it would sterically alter the availability of the Arginine 594, 

595 uPA cleavage site.    To test the affect of phosphoylation on uPA mediated cleavage,  
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Figure 14.  Flow Cytometry Analysis of Anti-α6 Antibodies upon TS216 Activation.  Live 
K562 cells transfected with wild-type α6 integrin were treated with β1 activating mouse 
mAb, TS216 (1ug/1.5x106 cells) for 15min.  Non-mouse α6 integrin antibodies (J1B5, 
AA6NCT, AA6NT, AA6P) were then used to label surface expressed receptor.  Species 
specific, Alexa 488-conjugated secondary antibodies were used to detect bound primary 
antibody by flow cytometry.  Green peaks (2° Con) account for non-specific labeling of 
Alexa 488 secondary antibody.  Black peaks (Con) represent TS216 untreated cells.  
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K562 α6 cells received a 15min PMA treatment to “activate” α6 integrin on the cell 

surface.  After 15 minutes, exogenous uPA was added to cells in PBS supplemented with 

 additional PMA to maintain high levels of activation/phosphorylation.  Immunoblot (IB) 

results reveal PMA treatment alone did not generate α6p.  Cells treated with uPA 

demonstrated some conversion of full length α6 integrin to α6p.  Levels of α6p in the 

uPA treated condition were not affected by PMA pretreatment (Fig 15b, Left Panel).  IB 

analysis of 1A10 IPs confirmed the induction of α6 integrin phosphorylation (data not 

shown).  This result was repeated by labeling K562 α6 cells with biotin and assessing the 

surface levels of α6p upon PMA pretreatment.  Again, no difference was observed for 

α6p levels of PMA treated cells when exogenous uPA was added to induce cleavage (Fig 

15b, Right Panel). 

 

Mutation of α6 integrin serine residues, 1041 and 1048.  From experience, PMA 

treatments resulted in various outcomes that were often hard to reproduce.  In order to 

confirm that phosphorylation of α6 integrin had no effect on uPA mediated cleavage, 

and to eliminate the off-target effects of PMA, a genetic approach was implemented.  

Alanine or aspartic acid mutations were introduced to serine residues 1041 and 1048 in 

the intracellular domain of α6 integrin.  The primers for site directed mutagenesis are 

described in the materials and methods section.  Lentivirus was generated for each of 

the four mutants, S1041A, S1041D, S1048A, and S1048D and used for the transduction  
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Figure 15.  Phorbol-12-
Myristate-13-Acetate Affect 
on uPA Mediated α6 
Integrin Cleavage.  (A)  
DU145 Cells were treated 
with PMA (20ng/mL) for 
15min to induce 
phosphorylation of α6.  1A10 
mAb (5µL) was used to 
retrieve α6 integrin from 
lysate and incubated for 3hrs 
or overnight (O/N).  1A10 
does not retrieve 
phosphorylated α6.   
Samples were resolved by 
SDS-PAGE and analyzed by 
AA6A immunoblot.  (B) K562 
α6 cells were treated with 
PMA.  Exogenous uPA was 
then added (50ng/µL) to 
induce cleavage.  TS216 β1 
mAb (Left Panel) or AA6A 
pAb (Right Panel) retrieved 
α6 integrin and α6p levels 
were assessed by AA6A 
immunoblot or by biotin 
labeling respectively. 
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of the erythroleukemia cell line K562.  Cells were sorted three times to achieve a stable 

and equivalent level of surface expressed α6.  RT PCR analysis of the mRNA for the four 

cell lines failed to confirm the presence of mutations.  Further work needs to be done to 

confirm the presence of mutations and to test if serine mutants modulate cleavage of 

α6 integrin. 

TS216 mAB induced β1 integrin activation does not influence α6 integrin cleavage.  

Use of TS216, β1 activating, mAb provides a powerful approach to study how the high 

affinity confirmation of α6β1 influences uPA mediated cleavage of α6 integrin.  K562 α6 

cells were incubated with TS216 antibody for 15min before the addition of exogenous 

uPA.  Incubation with uPA was carried out for 3 hours at 37°C before cells were removed 

from the condition.  PBS washed cells were lysed and α6 integrin was retrieved with 

J1B5 mAb.  Immunoblot (AA6NT) analyses revealed TS216 had no affect on the 

production of α6N compared to the untreated control (Fig 16).  It is important to note 

that Protein G bead pre-clears were not performed during this experiment because the 

β1 bound TS216 would be removed from the experiment, skewing the outcome. 

uPA treatment does not induce outside-in phosphorylation of α6 integrin.  uPA 

engagement of  cellular surfaces is thought to induce signaling responses in addition to 

pericellular proteolysis (91, 122).  Since treatment with exogenous uPA results in the 

cleavage of α6 integrin, we proposed that a signaling response (i.e. α6 phosphorylation) 

may accompany cleavage and or uPA ligation.  This was first tested on the adherent 

prostate cancer cell line PC3N.  These cells were selected for this experiment because  
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Figure 16.  TS216 mAb Activation Affect on uPA Mediated Cleavage of α6 Integrin.  
K562 cells transfected with wild type α6 integrin were treated with the TS216 β1 
activating mAb for 15 min.  Exogenous uPA (50ng/µL) was then added to the live, intact 
cells for 3hrs to induce cleavage of α6 Integrin.  Cells were lysed following treatment 
and α6 integrin was retrieved via J1B5 IP (3ug).  Immunoblot analysis with the AA6NT 
antibody revealed the cleavage status of α6N. 
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they lack endogenous expression of α6 cleavage.  PC3N cells were treated with PMA 

(positive control for inducing α6 phosphorylation), or with uPA.  Lysates were collected 

and α6 integrin was retrieved with mAbs J1B5 or 1A10.  As previously noted, 

phosphorylation of α6 integrin serine residues masks the 1A10 epitope, thus preventing 

immunoprecipitation.   Treatment with uPA resulted in the cleavage of J1B5 retrieved 

α6 integrin as assessed by AA6A pAb Western blot (Fig 17A, Left Panel).  PMA treatment 

resulted in a loss of α6 integrin retrieved by the 1A10 antibody.  In the uPA treated 

condition, 1A10 retrieval of α6 integrin was not compromised (Fig 17A, Right Panel).  

These results were confirmed in the non-adherent cell line K562 α6.  Again PMA 

resulted in a loss of biotin labeled α6 integrin retrieved by the 1A10 antibody, whereas 

uPA treatment did not (Fig 17B).  Taken together the results indicate that α6β1 integrin 

activation by three separate means did not influence α6p production. 

 

Discussion 

     Integrin activation is a physiologically relevant process which is deregulated in cancer 

(123).  Integrins expressed on cells that traverse the circulation (leukocytes and 

platelets) are constitutively inactivated and must be stimulated in order to engage ECM 

ligands (124).  The ability to activate/inactivate adhesion through coordinated 

regulatory processes may be an important characteristic of tumor cells that have 

invaded the circulation during metastasis.  We set out to detect if there was a  
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Figure 17.  Phosphorylation Status of α6 Integrin upon uPA Treatment.  (A) PC3N cells 
were treated with PMA (20ng/mL) or with uPA (50ng/µL) for a period of 3hrs.  Retrieval 
of α6 was performed with either J1B5 (Left Panel) or 1A10 (Right Panel).  1A10 mAb will 
not interact with phosphorylated α6 integrin.  Samples were resolved by SDS-PAGE and 
analyzed by AA6A immunoblot.  (B) Intact K562 cells, expressing recombinant α6 
integrin were labeled with Biotin and then treated with PMA or uPA for 3hrs.  Samples 
of α6 retrieved by 1A10 mAb were resolved on SDS-PAGE and protein was detected by 
Strep/HRP. 
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correlation between different activation states of α6 integrin  and the propensity of the 

receptor to be cleaved by uPA.  Instantaneous phosphorylation and activation of α6 

integrin, was assessed for the role it might play in the regulation of α6 integrin cleavage.  

Previous work demonstrated that uPA mediated cleavage  could be induced by long 

term PMA exposure (>18hrs) (59).  However, the long term affects of PMA on cellular 

behavior are many, and are most likely a result of deregulated transcriptional pathways 

(125).  In the short term, PMA treatments indirectly lead to the phosphorylation of α6 

serine amino acids.  Discrepancies in the literature failed to portray a clear role for the 

function of α6 integrin phosphorylation.  The results here show that indirect 

phosphorylation of α6 integrin through PMA activated signaling pathways failed to alter 

the levels of α6p generated by uPA mediated cleavage.  However, numerous 

experiments that involved PMA failed to provide reproducible results, therefore, we 

utilized a defined genetic approach to make a definitive conclusion about α6 integrin 

serine phosphorylation with regards to uPA mediated cleavage.  Future studies using 

this model may enhance our understanding of uPA cleavage and α6 phosphorylation 

status. 

     The TS216 anti-β1 activating mAb led to robust activation of β1 associated integrin 

heterodimers on the surface of K562 cells transfected with α6 integrin.  Specificity for 

α6β1 activation was demonstrated by laminin adhesion assays.  Here we tested whether 

extracellular engagement of β1 integrin and subsequent activation of the receptor 

modulated the potential for α6 integrin to be cleaved.  The results demonstrated that 
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pretreatment with TS216 did not alter uPA mediated cleavage of α6 integrin.  Previous 

work characterizing β1 integrin mutations, which resulted in constitutive activation and 

ligand binding, showed that the mutations had no affect on cellular migration or 

invasion (119).  This evidence supports the findings that α6 integrin activation does not 

alter α6 cleavage levels because cleavage is known to influence cellular migration and 

invasion on laminin. 

     The data presented here provide preliminary assessment of the role α6 integrin 

phosphorylation and activation has in regulating uPA mediated cleavage.  More work 

will need to be done to formulate a definitive conclusion but initial work suggests that 

integrin α6 activation or phosphorylation do not affect the cleavage status of α6 

integrin.  The role of α6 integrin phosphorylation on serine residue 1041 is still unknown 

in cellular biology and could be pursued using the genetically modified lines that were 

generated for this work.  It is also worth mentioning that the AA6A rabbit pAb, used for 

a majority of our analyses regarding α6p, binds to the short intracellular domain of α6 

integrin.  It is possible that phosphorylation of serine residues can alter the binding 

potential of this antibody as was demonstrated for the mAb, 1A10.  This was an 

observation that was made indirectly on multiple occasions when cells were treated 

with PMA, but it was never tested directly. 
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V. THE DIRECT INTERACTION WITH CD151 TETRASPANIN DOES NOT 

INFLUENCE α6 INTEGRIN CLEAVAGE 

 

Introduction 

     Tetraspanins are surface expressed proteins that contribute to the regulation of cell 

migration, fusion and signaling by functioning as organizers of multimolecular 

membrane complexes, otherwise known as tetraspanin enriched microdomains (TEM) 

(107, 126).  Each tetraspanin is classified by four transmembrane domains, a short N-

terminal extracellular loop, a short intracellular loop and a larger C-terminal 

extracellular loop (42).   The second extracellular loop is further characterized by a 

conserved CCG motif and two additional cysteine amino acids that permit the formation 

of two critical disulphide bonds (Fig 18).  Most lateral membrane protein interactions 

with tetraspanins occur with the larger of the two extracellular domains.   Tetraspanin 

interaction with integrin family receptors is thought to regulate post-ligand binding 

events, including integrin mediated adhesion strengthening, a mechanism where cells 

become increasingly resistant to detachment from extracellular matrix (97). 

  The tetraspanin CD151 is one of 33 proteins in the mamamalian tetraspanin protein 

family (127) and associates specifically with laminin binding integrins α6β1, α6β4 and 

α3β1.  This direct interaction is resistant to harsh detergents (128) and has been shown  
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Figure 18.  Tetraspanin Structure.  Tetraspanins contain four transmembrane domains, 
a short extracellular loop (EC1), a short intracellular loop (typically 4 amino acids), and a 
longer extracellular loop (EC2), flanked by relatively short N-terminal and C-terminal 
cytoplasmic tails. The EC2 is divided into a constant region (yellow), and a variable 
region (blue) with various protein–protein interaction sites.  All tetraspanins contain a 
CCG motif and two other conserved cysteines (yellow), which are arranged to form two 
intramolecular disulphide bonds (red lines). Many tetraspanins contain two additional 
cysteines (green), which form another intramolecular disulphide bond (dotted red line).  
Nearly all tetraspanins contain membrane-proximal cysteines that undergo 
palmitoylation (Hemler 2005).   
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to increase the adhesive strength of cells to laminin (97).  CD151 is proposed to function 

by linking the laminin binding integrins to other tetraspanins (CD81, CD82, CD62), 

signaling molecules (PKC) and other proteins within tetraspanin-enriched microdomains 

(42).  Disruption of CD151-α6β1 interaction promoted migration of epithelial cells, 

rearrangement of the actin cytoskeleton, diminished cell-cell contact and weakened 

ECM adhesion (129).  In contrast,  CD151 knock out studies resulted in a loss of 

migratory potential on laminin for tumor cell lines tested (130).  These confounding 

results suggest that the influence of CD151 is multi-faceted, and is not reliant entirely on 

integrin interaction to elicit an affect.   

     The tetraspanin, CD151, is expressed in most epithelial tissues (131) and is essential 

for the correct assembly of the basement membrane (132).   In patients, genetic analysis 

revealed a CD151 mutation that eliminated the integrin binding domain, resulting in 

several pathologic conditions including nephritis, pretibial epidermolysis bullosa and β-

thalassemia minor (132, 133).   CD151 was non-essential for mouse development when 

expression was deleted (134), but differences in genetic backgrounds determined 

whether defects in platelet aggregation, keratinocyte migration (134), wound healing 

(135), and kidney function (136) were seen.  CD151 is also linked to cancer progression 

and metastasis (137)  Overexpression of wild-type CD151 enhances experimental 

metastasis of colon carcinoma and fibrosarcoma cells (138).  CD151 also  emerged from 

a subtractive immunization strategy as the target of an anti-metastatic antibody (139) 
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and expression was shown to be increased during prostate cancer progression, 

negatively correlating with patient survival (140).   

   CD151 modulation of α6 integrin function (97, 131, 141) makes it an attractive 

candidate for determining if a lateral interaction influences uPA mediated cleavage of 

α6 integrin.  Urokinase mediated cleavage of α6 integrin permitted cellular migration 

both in vitro and in vivo (62, 63).  Because the tetraspanin CD151 promotes laminin 

dependent adhesion strengthening and disruption of CD151-α6β1 interaction promotes 

cellular migration on laminin, colleagues proposed that CD151 would prohibitively 

modulate the cleavage potential of α6 integrin through its direct lateral interaction.  

Docking program analysis and computer homology modeling predicted CD151-α6 

interactions that would mask or alter the Arginine 594, 595 cleavage site, making it 

inaccessible to uPA.  Using a genetic approach based on these modeling predictions, 

several α6 amino acids were mutated and tested for their ability to disrupt interaction 

with CD151.  Additional techniques to disrupt CD151-α6 integrin interactions were 

implemented (peptides and phosphorylation) and further biochemical analyses 

determined whether CD151 regulated uPA mediated cleavage of α6 integrin.  Taken 

together, the convincing results of several experiments demonstrate that the direct 

interaction observed between CD151 and α6 integrin had no bearing on cleavage. 
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Results 

CD151 characterization: Immunoblot and Immunofluorescence.  Several anti-CD151 

antibodies (5C11, N-20, 50-6, 14A2) were screened for their ability to detect the 

tetraspanin via immunoblot (IB).  Lysates from K562 cells were generated in RIPA lysis 

buffer and resolved by SDS-PAGE.  The results reveal a band detected under 30kDa, and 

another band detected above 50kDa (Fig 19a).  This smaller band represents a CD151 

monomer, while the larger band is predicted to be a CD151 dimer, or CD151 in complex 

with an unknown protein.  5C11 mAb detection is the strongest and most specific for IB 

analysis, while N-20 demonstrated non-specificity (Fig 19a).  5C11 mouse mAb retrieved 

CD151 via immunoprecipitation, as is demonstrated in subsequent results sections.  

5C11 IP’s followed by blotting of 11B1.G4 had been previously demonstrated as a 

method for the detection of retrieved CD151 (130).  Immunofluorescent (IF) analysis of 

5C11 (red) showed high levels of colocalization with α6 integrin mAb J1B5 (Green) (Fig 

19b).  5C11 was also detected in macroaggregate structures located at the trailing edge 

of migrating DU145 cells, a phenomenon that was commented on in Chapter 3 (Fig 19b 

Bottom Panel). 

 

Computer modeling of α6 integrin-CD151 interaction.  Disruption of CD151-integrin 

complexes results in increased cellular migration (129).  We hypothesized that the  
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Figure 19.  CD151 Antibody Characterization.  (A) CD151 antibodies (5C11, N-20, 50-6, 
14A2) were compared for their ability to detect CD151 from the lysate of K562 cells via 
immunoblot. (B)  DU145 cells were grown on glass coverslips and fixed/permeabilized 
using Methanol/Acetone.  Cells were stained with J1B5 (α6, green) and 5C11 (CD151, 
red).  Bottom panel demonstrated macroaggregate structures left at the trailing edge of 
a migrating cell. 
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interaction with CD151 would block α6 integrin cleavage by steric hindrance.  To test 

this, a genetic approach was implemented where amino acids of α6 integrin predicted 

to interact with CD151 were mutated.  In collaboration with the Mahadevan lab at the 

University of Arizona, we used a computer model to predict amino acids involved with 

the interaction.  Crystal structure information of αV and CD81 combined with secondary 

structure information for α6 and CD151 were combined to generate tertiary structure, 

homology models with the Modeller V.8 program.  The Sybyl program made energy 

minimization predictions to reduce strained bond angles and generate “stable state” 

models.  Models were then entered into a Cluspro docking program, which identified 

potential amino acids required for interaction.  Multiple results from the Cluspro 

docking program were compared against known CD151-integrin interaction sites to 

identify candidate amino acids on α6 integrin that had the highest probability of forming 

stable interactions with the second extracellular loop of CD151.  Arginine residues 578, 

582 and lysine 752 of the extracellular stalk domain of α6 integrin were predicted to be 

strong candidates for interacting with two aspartic acid residues on the large 

extracellular loop of CD151 (Fig 20).  One aspartic acid lies within the QRD sequence,  an 

epitope required for association between CD151 with α6 integrin (141).  
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Figure 20.  Computer Model of α6 Integrin-CD151 Interaction.  Using crystal structures 
of αV integrin and CD81, computer models were generated for α6 integrin and CD151 
using the Modeller V.8 program.  The two models were combined in the Cluspro docking 
program to predict amino acids required for interaction between the two proteins.  
Knowing that the QRD sequence in the extracellular loop of CD151 is required for 
interaction with α6 integrin, we selected α6 residues that were predicted to interact 
with that epitope.  Arginine 578, 582 and lysine 752 residues on α6 integrin were 
identified as strong candidates. 
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R578A, R582A, and K752A α6 integrin mutations affect on CD151 interaction. Based on 

computer modeling, three amino acids of α6 integrin were predicted to be responsible 

for the interaction with CD151.  Each amino acid was converted to an alanine residue 

through site directed mutagenesis.  A final α6 sequence was generated with all three 

alanine mutations (TRPL).  TRPL and wild type vectors were used to generate lentivirus 

for transduction of the K562 cell line.  The erythroleukemia cell line was chosen for this 

experiment because they lacked endogenous α6 and α3 integrin expression, but 

expressed CD151.  Lysates of K562 α6 and TRPL lines were collected and α6 integrin was 

retrieved via IP.  J1B5 IP’s revealed total levels of α6 integrin, while 5C11 (CD151) IP’s 

determined the amount α6 integrin interacting with CD151.  Immunoblot (AA6A) results 

revealed that there was no difference in the amount of α6 integrin co-

immunoprecipitated with CD151 for wild type and TRPL mutant (Fig 21).  TRPL was 

further characterized for its ability to modulate the cleavage potential of α6 integrin by 

treating K562 cells with exogenous uPA.  The results indicated that the TRPL mutants 

had no affect on the outcome of cleavage when compared to the wild-type α6 integrin 

cells (data not shown). 

QRD peptide does not disrupt α6-CD151 interaction.  The QRD amino acid sequence of 

CD151 has been shown to be a important component of the second extracellular loop 

domain, influencing the direct interaction with α6 integrin (141).  Since mutations of α6 

integrin did not influence the interaction with CD151 we developed a peptide in 

collaboration with the Vagner lab at the University of Arizona to mimic the QRD epitope.   
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Figure 21.  CD151-α6 Integrin TRPL Mutant Interaction.  Using site-directed 
mutagenesis, three separate mutations (TRPL) were introduced into the α6 integrin 
sequence (R578A, R582A, and K752A).  Presence of alanine residues at these sites was 
predicted to disrupt interaction with tetraspanin CD151.  5C11 mAb retrieved CD151 
from K562 α6 WT and K562 α6 TRPL mutant lysate.  Immunoblot analysis (AA6A) 
determined the quantity of α6 integrin bound to CD151.  J1B5 IP was performed as a 
control for total α6 integrin levels.  P1B5 IP was performed as a negative control to 
ensure that no CD151 was bound to α3 integrin. 
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Early experiments with the peptide, Ac-GQRD-NH2, suggested that it could increase the 

migratory potential of PC3N cells as determined by scratch assay (data not shown).  

Therefore, we tested whether the peptide could disrupt the interaction between α6 

integrin and CD151.  PC3N cells were labeled with the peptide at either 37°C or 4°C for 

1hr.  CD151 was retrieved from the lysate by using 5C11 mAb immunoprecipitation (IP).  

Western blot analysis with the AA6A pAb demonstrated that the QRD treatment did not 

disrupt interaction between α6 integrin and CD151 (Figure 22).  TS216 (β1) IP’s were 

performed as a α6 co-IP negative control for QRD treatment. 

PMA induced phosphorylation of α6 does not disrupt lateral, CD151 interaction.  

CD151 associates with specific cytoplasmic signaling enzymes such as PKC and PI-4 

kinase (42).  Targeting of signaling molecules to tetraspanin enriched microdomains 

where laminin binding integrins focally complex suggested that CD151 may be involved 

in regulating phosphorylation of α6 integrin.  Because of the lack of methods to disrupt 

the interaction between α6 integrin and CD151 in our lab, we set out to identify if 

phosphorylation of α6 serine residues modulated the association between the two 

proteins.  K562 α6 wild type and TRPL mutant transfected cell lines were treated with 

increasing concentrations of PMA (10, 20, 50ng/mL) for 15 minutes @37°C.  1A10 mAb 

retrieval of α6 integrin from the cellular lysate demonstrated the induction of 

phosphorylation upon PMA treatment (Fig 23, Top Panel) as previously described in 

Chapter IV.  Retrieval of CD151 from the lysate using the 5C11 antibody revealed no  
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Figure 22. QRD Affect on CD151-α6 Integrin Interaction.  PC3N cells were treated with 
100µM QRD peptide for 1hr. to determine if the peptide would disrupt CD151-α6 
integrin interaction.  Peptide was added at two different temperatures.  5C11 (CD151) 
IPs were analyzed by immunoblot (AA6NT) to determine the level of α6 integrin 
association.  TS216 IPs (β1) controlled for total levels of α6 integrin. 
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displacement of phosphorylated α6 integrin from binding to CD151 tetraspanin 

occurred (Fig 23, Middle Panel).  J1B5 IP’s were a control for α6 levels (Fig 23, Bottom 

Panel).  The results demonstrated that phosphorylation of α6 integrin had no affect on 

lateral interaction with CD151. 

Direct interaction with CD151 does not block uPA mediated cleavage of α6 integrin.  

Tetraspanin CD151 was predicted to interact with the extracellular stalk domain of α6 

integrin.  This interaction could conceivably produce steric hindrance, altering the ability 

urokinase plasminogen activator to cleave α6 integrin.  Using the prostate tumor line 

DU145, which produces high levels of α6p, we addressed whether or not CD151 

interacts with the cleavage products of α6 integrin.  Immunoblot (IB) analysis of CD151 

immunoprecipitations (IP) (5C11) retrieved from DU145 lysate, revealed interaction with   

integrin cleavage variants, α6p and α6N (Fig 24A).  This result implied that interaction 

with CD151 did not protect against cleavage.  To test if CD151 direct interaction altered 

cleavage potential, α6 integrin (J1B5), CD151 (5C11), and β1 integrin (TS216) were 

retrieved from lysate of K562 α6 cells via IP.  These cells were selected for this 

experiment because they do not generate α6 integrin cleavage variants and lack α3 

integrin expression.  J1B5, TS216 and 5C11 IPs were incubated with single chain, 

activated uPA in vitro.  (Figure 24B).  Interestingly, all full length α6 integrin associated 

with CD151 was converted to α6p (Figure 24B), demonstrating that α6 integrin direct 

interaction with CD151 affords no protection against uPA mediated cleavage.  
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Figure 23.  CD151-Phosphorylated α6 Integrin Interaction.  K526 cells transfected with 
wild-type α6 integrin or with the TRPL mutant were treated with various concentrations 
of PMA (ng/mL) for 15 min.  1A10 retrieval of α6 integrin demonstrated the induction of 
phosphorylation by PMA as assessed by AA6A immunoblot.  1A10 will not interact with 
phophorylated α6 integrin.  5C11 retrieval of α6 integrin from lysate demonstrated the 
level of interaction between CD151 and α6.  J1B5 IPs were performed to assess total 
levels of α6 as a control for PMA treatment.  All samples were resolved by SDS-PAGE. 
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Discussion  

    Many different approaches were taken in this chapter to disrupt the interaction 

between CD151 and α6 integrin.  Genetic mutations based on computer modeling 

predictions, peptides, and phosphorylation of intracellular α6 serine residues all failed 

to support the hypothesis that CD151 interaction would modify α6 cleavage.  The 

eventual objective was to determine how this interaction influenced uPA mediated 

cleavage of α6 integrin.  Early findings by others in the laboratory provided the rationale 

for pursing this project and it was hypothesized that CD151 would regulate α6 cleavage 

based on the proximity of the predicted interaction site to the uPA cleavage site.  

However, this hypothesis was contradictory to what was known in the literature about 

CD151 and what had been discovered in the lab about α6 integrin.  CD151 is a known 

marker of metastasis (139) and expression is maintained or upregulated in a variety of 

carcinomas (140, 142).  α6 integrin has also been implicated as an important adhesion 

receptor during cancer progression (48, 96, 143, 144) and  cleavage of this receptor 

permits motility and invasion through laminin environments (62, 63).  Why would 

CD151, a pro-metastatic factor, inhibit the cleavage of α6 integrin, a pro-invasive 

process?  Early research regarding this question also failed to recognize that the AA6A 

pAb detected both α6 and α3 integrin as is documented in Chapter III.  CD151-α3 

integrin interaction is strong in a majority of the prostate cancer cell lines used for  
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Figure 24.   α6 Integrin Cleavage Status when a Direct Interaction is Observed with 
CD151.  (A)  CD151 was retrieved from the lysate of DU145 cells with 5C11 mAb.  DU145 
cells produce high levels of endogenous cleavage product.  Immunoblot (IB) analysis for 
both α6p (AA6A) and α6N (AA6NT) was performed after samples were resolved by SDS-
PAGE.  J1B5 immunoprecipitation (IPs) confirmed total levels of α6 integrin expression.  
(B)  K562 α6 cells do not express α6 integrin cleaved variants.  IPs were performed for 
α6 (J1B5), CD151 (5C11), and β1 integrin (TS216).  Once protein was retrieved, uPA 
(50ng/µL) was added directly to immune-complexes in vitro.  After overnight incubation, 
samples were resolved by SDS-PAGE and analyzed by IB to determine levels of α6p 
(AA6A) and α6N (AA6NT) associated with CD151 and β1 integrin.  J1B5 retrieved α6 
integrin was used as a positive control for cleavage.  TS216 (β1) was used as a positive 
control for co-immunoprecipitation of α6 integrin.  
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analysis, making interpretation of the data difficult with regards to 5C11 IP’s analyzed by 

AA6A immunoblot. 

     With a more simplified approach in mind, it was demonstrated that the direct 

interaction for CD151-α6 integrin does not influence the outcome of uPA mediated 

cleavage.  The results show quite simply that CD151 interacts with the cleaved forms of 

α6 integrin, α6p and α6N.  If the original hypothesis was that the direct interaction 

blocks cleavage, then CD151 would only be bound to full length receptor.  However, this 

was not the case.  To make this finding more convincing, α6 integrin bound to CD151 

was fully converted to α6p in the presence of exogenously added uPA.  Again, CD151 

afforded no protection to the cleavage affects of uPA against α6 integrin.  This 

experiment was performed in vitro and intact membrane complexes have the potential 

function differently with regards to regulation compared to the in vitro protein-protein 

interaction observed here.  Therefore, the conclusion is; the direct interaction with 

CD151 does not block α6 integrin cleavage in the K562 model system or integrin 

complexes in vitro.   

     Tetraspanin enriched microdomains (TEM) are involved with the coordination of 

certain proteins on the cellular surface and are considered to be distinct from lipid rafts.  

Tetraspanin homo and heterodimers are predicted to interact with various non-

tetraspanin proteins, facilitating the assembly of proteins into TEM complexes (42).  Loss 

of tetraspanin expression  could have a dramatic affect on integrin function because of 
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the disruption of macromolecular membrane complexes.  While a direct interaction with 

tetraspanin may not sterically block α6 integrin cleavage, it is important to recognize 

that other molecules involved with the regulation of  cleavage like uPA and its cognate 

receptor, uPAR,  may depend on TEM organization for proper function.  This is 

consistent with previous evidence provided from both Sangita Pawar and Fedor 

Berdichevski, which demonstrated siRNA knockodown of various tetraspanin family 

members resulted in altered α6 cleavage expression profiles (data not shown).  The 

tetraspanin CD82 was actually implicated in regulating uPAR localization, and was 

shown to block uPA binding to its receptor (145).  It is still unclear at this point how to 

interpret these data, but it provides rationale for studying TEMs and their contribution 

to regulating molecules involved with α6 integrin cleavage.    
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VI. UROKINASE PLASMINOGEN ACTIVATOR RECEPTOR REGULATES UPA 

MEDIATED, α6 INTEGRIN CLEAVAGE 

 

Introduction 

     Cellular migration is the result of dynamic events at the cell surface that promote 

formation and turnover of focal adhesions, linkage to the cytoskeleton, and proteolytic 

processing of the surrounding extracellular matrix (146).  Ectodomain shedding, the 

proteolytic release of membrane-anchored cell-surface proteins (101), contributes to 

cellular motility through the regulated detachment of adhesions (64).  Collagen 

XVII/BP180, selectins, CD44, cadherins and other cell adhesion molecules are cleaved by 

various proteases (102-104), and possible shedding of β1 integrin has been proposed 

(105).  Integrins are central to adhesive processes that facilitate migration and are highly 

regulated through conformational status, lateral protein interaction and intracellular 

signaling (36, 44, 107).  Recent findings by our group suggest that integrins can be 

regulated by a post-translational, extracellular, cleavage event.  

         We previously reported a novel form of the α6 integrin, called α6p, generated by 

cleavage of the laminin binding region from the extracellular stalk of the receptor at 

arginine residues 594 and 595 (59, 84).  The serine protease, urokinase plasminogen 

activator (uPA), was identified as the sole enzyme responsible for this process.  Cleavage 



110 
 

of α6 integrin was a permissive event that influenced cellular migration on laminin (62), 

xenopus development (147), prostate tumor cell extravasation, and prostate tumor cell 

colonization of osseous environments  (63, 148) .  While the functional role of uPA 

mediated α6 cleavage has been characterized, little is known about the cellular 

mechanisms that regulate the process.   

     Urokinase system mediation of tumor-associated proteolysis, invasion, metastasis, 

and dormancy has been well characterized in numerous cancer types (11, 92, 149-151).  

Elevated levels of uPA and its receptor correlate with poor patient outcome in a variety 

of carcinomas (152-155).  Most uPA dependent events are mediated through direct 

interaction with the cognate, glycolsyl-phosphatidylinosital (GPI) anchored receptor, 

uPAR (156).  The binding of uPA to uPAR increases the efficiency of plasminogen 

activation (145) and serves to localize proteolytic cascades to the migrating or invading 

edge of cells (157).  Functionally, the ability of uPAR to influence cellular adhesion is 

dependent on uPA ligation (158), but migration induced by this interaction was shown 

to be dependent on the activation of intracellular signaling pathways (159, 160).  This 

receptor is incapable of relaying signals through the membrane because of its GPI 

anchor.  Intracellular signaling mediated by the urokinase system was consistent with 

previously described signaling pathways activated by integrins (161, 162), and suggested 

a role for lateral interaction with integrins on the cell surface. 
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     The capacity of uPAR to bind both integrins and uPA leads to the possible 

coordination of cellular adhesion and proteolytic events at the cell surface.  Direct uPAR 

interaction with β1 integrin heterodimers has been demonstrated (161, 163-165).  A 

sequence in an exposed loop of the β-propeller domain of αM integrin was shown to 

facilitate interaction with uPAR (166).  Interestingly, this sequence shared homology 

with the laminin binding integrins α3 and α6.  Other potential sites of interaction 

between integrin and uPAR have been identified on different domains for both uPAR 

and β1 integrin (88, 122, 163, 167-169).  Although uPAR was suggested to interact with 

α6β1 integrin (43), the functional consequences of this interaction are not understood.   

     We initiated a study to determine if uPAR influenced uPA mediated cleavage of α6 

integrin.  We report here that uPAR directly interacted with α6 integrin and enhanced 

α6 integrin cleavage in various human tumor cell lines.  Expression levels of uPAR, not 

uPA, correlated with the amount of observed cleavage product, α6p.    Additionally, loss 

of α3 integrin expression resulted in the redistribution of uPAR, increasing the 

association with α6 integrin.  This redistribution concomitantly leads to increased 

cleavage of α6 integrin.  uPAR was expressed by prostate tumor cells undergoing neural 

invasion in human tissue, demonstrating the potential physiologic relevance of this 

protein regulating α6 function.  Taken together, these data provides insight into a novel 

mechanism for uPAR regulation of integrin function. 
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Results 

Direct interaction between α6 integrin and uPAR observed by Co-

immunoprecipitation.  uPAR interaction was demonstrated for both the α5β1 and α3β1 

integrin receptors (164).  The α3 sequence required for interaction is homologous with 

α6 integrin, and provided rationale for uPAR association with α6.  PC3 and MDA MB-231 

cell lines were transduced with an uPAR lentiviral vector.  High expression of uPAR was 

selected for by FACS.  PC3 and MDA-MB231 uPAR cells were lysed with various 

detergent buffers (Brij 97, Chaps, NP-40, RIPA) and α6 integrin was retrieved from lysate 

by anti-α6 integrin mAb, J1B5, via immunoprecipitation (IP).  Immunoblot (IB) analysis of 

α6 IPs with anti-uPAR rabbit pAb revealed that uPAR interaction with α6 integrin was 

preserved using Chaps lysis buffer (Fig 25A, Left Panel).  IB analysis with the anti-α6 

pAb, AA6A, confirmed that α6 integrin was retrieved by J1B5 IPs in all four lysis buffer 

conditions (Fig 25A, Right Panel).  To demonstrate that this interaction was not an 

arbitrary effect mediated by uPAR overexpression, α6 integrin was retrieved from the 

lysate of DU145, PC3 and MDA MB231 parental cell lines via J1B5 IP.  IB analysis of J1B5 

IPs with anti-uPAR rabbit pAb again confirmed the interaction between the uPAR and α6 

integrin (Fig 25B).   
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Figure 25.  uPAR-α6 Integrin Interaction.  (A) PC3 and MDA-MB231 tumor cells were 
transfected with CMV driven uPAR to induce overexpression of the receptor.  Cells were 
harvested in four lysis buffers (Brij97, NP-40, RIPA, Chaps) to determine required 
conditions for preserving uPAR-α6 interaction.  Retrieval of α6 integrin via J1B5 
immunoprecipitation (IP) from the four conditions was performed.  Immunoblot (IB) 
analysis with anti-uPAR rabbit pAb revealed the level of uPAR associated with α6 
integrin for each buffer condition (Left Panels).  IB analysis (AA6A) of J1B5 IPs was a 
control for α6 integrin retrieval (Right Panels).  (B)  Using the optimized protocol 
described previously, J1B5 IPs were analyzed by IB with the anti-uPAR Rabbit pAb (Rbt 
uPAR) for PC3, DU145 and MB231 lysates.  Results revealed uPAR-α6 interaction.  D2D3 
is the uPAR C-terminal endogenous cleavage product.  * indicate non-specific detection 
of Protein G fragments. 
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Levels of expressed uPAR, not secreted uPA, correlate with α6 cleavage.  PC3, PC3B1, 

DU145 and MDA-MB231 cells were placed in 10cm tissue culture plates and grown 

overnight in standard culture conditions.  After two days, media was replaced with 5mL 

phenol-red free IMDM supplemented with 5% FBS and 1% P/S. (Media exchange was 

performed because the uPA activity assay is colormetric).   The following day, phenol-

red free media was collected from each culture and cells were counted.  The culture 

supernatant was used for both the uPA Elisa to determine concentration of soluble 

secreted uPA, and in an uPA activity test to determine the amount of active uPA units.  

Concentration and activity were calculated per mL of media and divided by total cell 

number.  PC3 and PC3B1 cells secreted high levels of uPA compared to DU145 and MDA-

MB231 cells as determined by ELISA (Fig 26A, Top Panel).  uPA activity observed for PC3 

was highest, followed by DU145, MDA MB231 and PC3B1 (Fig 26A, Bottom Panel).  Each 

experiment was performed in triplicate and was repeated three times to generate 

standard error values about the mean.  

    The tumor cells used in the previous experiment were also assessed for both α6p 

status and uPAR expression.  Lysates were generated by the addition of RIPA lysis buffer 

to cell monolayers in 10cm tissue culture plates and α6 integrin was retrieved via J1B5 

IP.  Immunoblot (IB) analysis using the AA6A antibody revealed endogenous levels of α6 

integrin cleavage products in culture for each tumor cell line (Fig 26B).  As expected, 

DU145 cells demonstrated the highest ratio of α6p to full length receptor, followed by 

MDA-MB231, PC3 and PC3B1  
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Figure 26.  uPA Concentration, Activity, α6p Cleavage Levels and uPAR expression.  (A)  
Concentration of soluble uPA (ng/mL) from conditioned media of four cell lines (PC3, 
PC3B1, DU145, and MDA-MB231) was determined by ELISA and divided per 1x106 cells.  
Activity was assessed by colormetric assay (active units/mL) and divided per 1x106 cells 
to standardize results.   Results are expressed as the mean of three independent 
experiments.   Error bars calculated as standard error about the mean.   (B)  Levels of 
α6p were assessed for the four cell lines described previously.  Retrieval of α6 was 
accomplished via J1B5 IP.  Samples were resolved by 10% SDS-PAGE followed by 
immunoblot (IB) analysis (AA6A).  (C) Expression level of uPAR for PC3, PC3B1, DU145 
and MB231 cells.  Whole cell lysates from figure (B) experiment were resolved by 13% 
SDS-PAGE and analyzed by IB (anti-uPAR Rabbit pAb). 
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cells (Fig 26B).  Whole cell lysate samples resolved by 13% SDS-PAGE and analyzed by IB 

(anti-uPAR rabbit pAb), revealed the expression levels of urokinase receptor were 

consistent with the observed levels of α6p for each cell line (Fig 26C). 

Knockdown of uPAR expression decreases α6 integrin cleavage.  To investigate if α6 

integrin cleavage was regulated by uPAR, siRNA knockout of endogenous uPAR 

expression was performed in several cell lines (DU145, PC3, PC3B1 and MDA-MB231) 

that generate the cleavage variant, α6p, in culture.  DU145 prostate tumor cells were 

transiently transfected with uPAR siRNA or non-targeting siRNA control (siCon) for a 

period of 72 to 96hrs.  Retrieval of α6 integrin from lysate with the mAb J1B5 recovered 

both full length receptor and its C and N-terminal cleavage products.  Immunoblot (IB) 

analysis (AA6A) of J1B5 IPs revealed that α6p levels were reduced in the absence of 

uPAR, while full length receptor was increased (Fig 27A, Left Panel).  Silencing of uPAR 

expression was verified by immunoblot (IB) analysis (R2) (Fig 27A, Right Panel).  

Knockdown of uPAR expression in PC3 prostate and MDA MB231 breast tumor lines 

resulted in a complete loss of α6p (J1B5 IP, AA6A IB ) (Fig 27B).  Flow cytometry analysis 

(J1B5), performed on DU145 and PC3B1 uPAR knockdown cells revealed that α6 integrin 

was still available on the cell surface (Fig 27C).  Analysis also confirmed the knockdown 

of uPAR (339R) on the cell surface (Fig 27C).  Corresponding IBs for cells analyzed by 

flow cytometry reveal loss of α6p (J1B5 IP, AA6A IB) (Fig 27C).   
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Figure 27.  SiRNA Transient Knockdown of uPAR Expression.  (A)  DU145 cells were 
treated with uPAR siRNA (40nM) or non-targeting siRNA (siCON, 50nM) for 48hrs.  New 
uPAR siRNA or siCon (25nM) media was then added for an additional 24 or 48hrs.  
Retrieval of α6 integrin from cell lysate was performed by J1B5 IP and analyzed by AA6A 
immunoblot (IB) to determine cleavage status (Left Panel).  Knockdown of uPAR 
expression was confirmed by R2 mAb via IB (Right Panel).  DF con is transfection reagent 
only control. (B)  To confirm if loss of uPAR expression reduced levels of α6p variant, 
siuPAR treatment was repeated on MDA-MB231 and PC3 cells.  Methods used were 
described for (A).  (C)  Flow cytometry analysis was performed on DU145 and PC3B1 
cells after 96hr siuPAR treatment.  Levels of uPAR surface expression were confirmed by 
anti-uPAR mAb, 399R (Left Panels).  Levels of surface expressed α6 were assessed by 
J1B5 mAb.  Corresponding AA6A IBs for α6 retrieved via J1B5 IP confirm a reduction in 
α6p levels for DU145 and PC3B1 cells analyzed by flow cytometry. 
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uPA Cleaves α6 Integrin in the Absence of uPAR.  To assess whether uPA could induce 

Integrin α6 cleavage in cells lacking uPAR expression, PC3 cells were transiently 

transfected with uPAR siRNA.   Complete uPAR knockout was observed at 96 hrs, at 

which point the cells were suspended in PBS with exogenously added uPA for 3 hrs at 

37°C.   Immunoblot analysis (AA6A) of α6 integrin retrieved via IP (J1B5) revealed that 

cleavage was induced in the presence of large quantities of uPA (50ug/L) in the uPAR 

knockout condition (Fig 28).  Therefore, α6 integrin is intact and still has the capacity to 

be cleaved in the absence of uPAR.  However, the levels of uPA required to induce 

cleavage exceed physiologically relevant range. 

Overexpression of uPAR increases α6 Integrin Cleavage.  To determine if uPAR 

overexpression enhanced α6 integrin cleavage, both the PC-3 and MDA MB231 cell lines 

were transduced with an uPAR lentiviral vector.  Cells were selected for high uPAR 

expression using FACS.  These lines were selected because both express low levels of 

endogenous α6 integrin cleavage when compared to DU145 prostate cancer cells.    

immunoblot analysis (AA6A) of α6 integrin retrieved via IP (J1B5) revealed that both PC3 

and MDA MB231 uPAR lines displayed a dramatic increase in the amount of α6p 

cleavage produce (Fig 29), when compared to GFP control and parental lines.  

Overexpression of uPAR in both PC3 and MDA-MB231 uPAR lines did not affect uPA  
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Figure 28.  Exongenous α6 Cleavage 
in the Absence of uPAR Expression.  
PC3B1 cells were treated with siUPAR 
or siCon for a period of 96hrs.  Cells 
were lifted from tissue culture flasks 
using 5mM EDTA and resuspended in 
500mL PBS supplemented with uPA 
(50ng/uL) for 3hrs at 37°C.  Cells were 
removed from the condition, washed, 
and lysed in RIPA buffer.  Samples of 
J1B5 mAb retrieved α6 integrin were 
analyzed by immunoblot (AA6A) to 
determine cleavage status (Top 
Panel).  Analysis of whole cell lysate 
samples by immunoblot (R2) was 
performed to confirm the status of 
uPAR expression (Bottom Panel).  All 
samples were resolved by SDS-PAGE. 
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secretion, but levels of uPA activity were slightly increased (data not shown). The uPA 

activity varied so greatly between the two lines that it did not account for increased α6p 

levels. 

Transient knockdown of α3 expression leads to a redistribution of uPAR to α6 integrin 

and increased α6p.  Conditional knockout of α3 integrin in mouse keratinacytes lead to 

a redistribution of β1 integrin to α6.  This compensation affect resulted in increased 

wound healing and migration of keratinocytes on laminin (170).  From this we proposed 

that loss of α3 integrin expression would also result in a redistribution of uPAR to α6 

integrin, leading to increased cleavage.  Transient transfections of α3 siRNA (siα3) were 

carried out for 96 hours in PC3 cells, to ensure knockdown would have time necessary 

to impact α6 integrin cleavage status.  P1B5 immunoprecipitation (IP) confirmed loss of 

α3 expression as determined by AA6A immunoblot (IB) (Fig 30, top panel).  Retrieval of 

α6 integrin via J1B5 mAb IP was performed and samples were resolved by SDS-PAGE.    

IB analysis of J1B5 IPs for α6 integrin (AA6A) revealed increased α6p production and 

decrease in full length receptor when expression of α3 integrin was lost (Fig 30, middle 

panel).  Interestingly, IB analysis of J1B5 IPs for uPAR (Rabbit pAb) revealed a dramatic 

increase in the observed interaction between α6 integrin and uPAR in the α3 

knockdown condition compared to siCon (Fig 30, bottom panel).  The results show that 

uPAR interaction with integrins is dynamic and its distribution can be manipulated to 

influence regulation of α6 integrin cleavage.     



121 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29.  Cleavage status of α6 Integrin in uPAR Overexpression Cell Lines.  PC3 and 
MDA-MB231 cells were transfected with CMV driven uPAR and selected for high surface 
expression by FACS.  GFP cells were generated as the transfection control.  (A) To 
determine if uPAR overexpression altered α6p levels, α6 integrin was retrieved from cell 
lysate via anti-α6 mAb, J1B5.  Samples were resolved by 10% SDS-PAGE and analyzed by 
AA6A immunoblot.  (B)  Expression of uPAR was confirmed by anti-uPAR mAb, R2 
immunoblot.  Samples were resolved by 13% SDS-PAGE. 
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Figure 30.  Loss of α3 Expression Leads 
to a Redistribution of uPAR to α6 
Integrin and Increased α6p.  PC3 cells 
were transiently transfected with siRNA 
(siα3) targeting α3 integrin or a non-
targeting siRNA control (siCon).  
Transfections were performed for 
96hrs.  Loss of α3 expression was 
confirmed by AA6A immunoblot (IB) 
analysis of anti-α3 P1B5 mAb IPs (Top 
Panel).  Increased production of α6p in 
the α3 knockdown condition was 
confirmed by AA6A IB analysis of anti-
α6 integrin, J1B5 mAb IPs (Middle 
Panel).  Increased uPAR association with 
α6 integrin was observed by anti-uPAR 
rabbit pAb IB analysis of J1B5 IPs 
(Bottom Panel).  All IP samples were 
resolved by SDS-PAGE.  D2D3 is the uPA 
cleaved, C-terminal variant of uPAR.   
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Soluble uPAR does not restore α6 cleavage phenotype in uPAR knockout line.  

Evidence in the literature suggests that soluble uPAR (suPAR), cleaved from its GPI 

anchor by phospholipase C, restored integrin function in uPAR loss of expression cell 

lines (171).  Here we determined if exogenously added suPAR could restore α6 integrin 

cleavage in PC3 cells when uPAR expression was lost.  Transient knockdown of uPAR 

expression lasted 72 hrs to ensure that no α6 cleavage product remained.  8.5nM of 

suPAR was then added adding directly to transfection culture media for 24hrs.  This 

concentration was selected based on work that suggested DU145 cell invasion was 

modulated by suPAR at a concentration of 10nM (106).  Immunoblot analysis (AA6A) of 

α6 integrin retrieved via IP (J1B5) revealed that suPAR had no affect on restoring 

cleavage levels in the siUPAR treated condition (Fig 31).  This was repeated in several 

other cell lines to confirm the result (data not shown).  The siCon cells treated with 

suPAR demonstrated a decrease in α6p, suggesting that the suPAR may compete against 

endogenous uPAR for uPA interaction. 

α625 peptide does not disrupt uPAR-α6 interaction or uPA mediated cleavage.  

Peptides based on the homology for the αM integrin interaction site were generated for 

α3 integrin.  The α325 peptide was functionally active and led to the disruption of uPAR-

α3 interaction (164).  The authors of this paper also designed a peptide for α6 integrin 

based on sequence homology but did not report on the affects of the peptide.  We 

generated the α625 peptide (PRANHSGAVVLLKRDMK) (Chi Scientific, Maynard, MA) to  
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Figure 31.  Addition of Soluble uPAR to uPAR Knockdown Cells.  PC3 cells transiently 
transfected with siRNA targeting uPAR expression for 72 hours.  Soluble uPAR (suPAR) 
was added directly to siRNA treated cells to determine if α6 integrin cleavage could be 
restored in paracrine fashion.  Soluble uPAR (8.5nM) was incubated overnight for 24hrs.  
To assess the cleavage status of α6 integrin, the receptor was retrieved from cellular 
lysate via anti-α6 mAb J1B5.  Immunoblot analysis (AA6A) of samples resolved by 10% 
SDS-PAGE revealed α6p levels (Top Panel).  Knockdown of uPAR expression was 
confirmed by immunoblot analysis (R2) of whole cell lysate samples (Bottom Panel). 
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determine if disruption of an uPAR-α6 integrin interaction could be observed.  DU145 

cells were treated with 50 and 200µM of α625 or a scrambled peptide for 24hrs.  The 

following day media was replaced and new peptide added.  After second 24hr 

incubation, cells were lysed in Chaps buffer and α6 integrin was retrieved via IP (J1B5).  

Immunoblot analysis demonstrated that the α625 peptide had no affect on uPAR-α6 

interaction (anti-uPAR Rabbit pAb), or on α6 integrin cleavage (AA6A) (Fig 32, Left 

Panels).  Anti-α3 P1B5 IP’s were used as a peptide treatment control for uPAR-α3 

integrin interaction (Fig 32, Right Panels). 

uPAR expression in Human Prostate Cancer.  Α6 integrin expression was identified in 

regions of prostate tumor neural invasion in Chapter III.  Here we detected uPAR 

expression in tumor cells undergoing neural invastion on FFPE prostate tissue with anti-

uPAR mouse mAb, 3936 (Fig 33A).  The presence of uPAR and α6 integrin expression 

during tumor cell invasion provides physiologic evidence that these two proteins may 

interact in vivo to regulate laminin mediated migration.  Evidence in the literature is 

conflicting about whether uPAR expression can be detected in primary prostate tumors.  

Staining of uPAR in FFPE tissue required optimization of methods when using the 3936 

mAb.  Validation of 3936 anti-uPAR mAb was confirmed by flow cytometry using uPAR 

null and positive cell lines (data not shown).  In frozen prostate tissue, uPAR expression 

is not detected in cancer under acetone conditions with multiple antibodies.  However, 

staining is detected in peripheral stromal tissue outside of glandular structures (Fig 33B, 

upper panel).  Striking uPAR expression was observed on macrophage-like cells found in  
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Figure 32.  α625 Peptide Treatment does not Disrupt uPAR-α6 Interaction.  Α625 
peptide was generated against the α6 integrin sequence homologous to the α3 integrin 
sequence required for interaction with uPAR (ref).  DU145 cells were treated with 50 or 
200µM α625 for 48hrs and then assessed for α6p levels and uPAR-α6 integrin 
interaction.  Retrieval of α6 integrin from α625 treated cell lysate by mAb J1B5 allowed 
for analysis of α6 cleavage levels (AA6A) and uPAR interaction (anti-uPAR Rabbit pAb) by 
immunoblot (Left panels).  Expression of α3 and its interaction with uPAR were assessed 
to determine specificity of α625 peptide treatments (Right panels).  All samples were 
resolved by SDS-PAGE. 

  



127 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33.  uPAR Expression in Human Prostate Cancer.  (A)  Tumor cell neural invasion 
was analyzed in human prostate tissue.  Formalin fixed paraffin embedded tissue was 
reacted with primary antibody (anti-uPAR 3936) and detected by secondary antibody 
conjugated with HRP.   N indicates nerve structures.  Ca indicates cancer. (B)  Frozen 
human prostate tissue prepared in acetone and reacted with primary antibodies anti-
uPAR Rabbit pAb (Green, Top Panel), anti-uPAR 3936 (Green, Bottom Panel) and anti-α6 
mAb J1B5 (Red). Fluorescence was detected by species-specific secondary antibody 
conjugated to Alexa 488, or Alexa 594.  The top panel indicates uPAR stromal staining on 
the periphery of epithelial glandular structures.  Bottom panel indicates uPAR 
expression on macrophage-like cells in vessels (V).  S indicates stroma. 
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the prostate vasculature (Fig 33B, lower panel).  The differences observed for uPAR 

localization in FFPE versus frozen prostate tissue must be accounted for before 

definitive conclusions can be reached. 

 

Discussion 

     uPA has been shown to directly interact with integrins (172), however we propose 

that uPAR interaction with α6 integrin targets uPA to sites of laminin mediated 

adhesion, facilitating efficient cleavage of the integrin receptor.  This is a novel 

mechanism described for uPAR with regards to regulating integrin function.  Cleavage of 

α6 integrin has been shown to permit the migration and invasion of tumor cells in 

environments where laminin is a component of the extracellular matrix (62, 63, 148).  

Our group has demonstrated that full length α6 integrin can be completely converted to 

the cleaved form by uPA in vitro (148),  or can be partially cleaved by the addition of 

exogenous uPA to cells that lack uPAR expression.  These observations imply that uPAR 

is not required for cleavage.  However, the concentration of uPA required to induce 

cleavage of α6 integrin in the absence of uPAR is high (50ng/µL) exceeding physiologic 

relevance (173).  Therefore, cleavage of α6 integrin does not require uPAR, but we 

predict a dependency on its expression to facilitate this process. 
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   Direct uPAR interaction with β1 integrin heterodimers modulated cellular adhesion to 

fibronectin (α5β1), vitronectin (α3β1) collagen (α2β1), and laminin 332 (α3β1) (161, 

163-165).   Conformational alteration of α5β1 receptor when bound to uPAR accounted 

for increased fibronectin adhesion (167), while interaction observed between uPAR-

α3β1 was enhanced by concurrent binding of uPA to uPAR and by agents that activated 

β1 integrins (43, 164).  Sequences identified in an exposed loop of the β-propeller, 

ligand binding domain of αM integrin were shown to facilitate a direct interaction with 

uPAR (166).  Interestingly, this sequence shared a high level of homology between the 

laminin binding integrins α3 and α6.  For α3 integrin, a single amino acid point mutation 

in the β-propeller domain resulted in dissociation of uPAR interaction (174).  Based on 

the homologous α6 integrin sequence, we proposed that uPAR-α6 interaction could be 

disrupted using the α625 peptide that was described previously (164).  Unfortunately, 

this peptide elicited no response in culture with multiple cell lines shown to have an 

uPAR-α6 integrin interaction.  Other sites required for uPAR-integrin interaction have 

been identified on several domains of both uPAR and β1 integrin.  Genetic mutation, 

peptides, and small molecules can disrupt this lateral interaction, altering uPAR-integrin 

function. (88, 122, 163, 167-169).  Although we show a direct interaction between uPAR 

and α6 integrin through co-IP experiments, genetic analysis will need to confirm this 

result.  Due to the unique nature of uPAR mediated regulation of α6 integrin, it is 

possible that the sequence required for interaction could lie in a distinctive epitope 

when compared to previously described sequences for α3, α5 and β1 integrins. 
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     We demonstrate here that uPAR interaction with integrin α6 can be manipulated 

experimentally by altering uPAR localization.  Knockout of α3 integrin resulted in 

increased association of uPAR with α6 integrin.   This result was consistent with 

evidence in the literature that suggested uPAR-integrin interactions were weak and 

dynamic (163).  In certain cell lines, uPAR seems to have a preferred integrin partner.  In 

human 293 embryonic kidney cells, transfected uPAR preferentially associated with α3 

integrin over α5 integrin at a ratio of 9 to 1 (164).  Interestingly, recent evidence 

demonstrated that tetraspanin CD82 expression lead to a redistribution of uPAR to α5β1 

focal adhesions (145), thus promoting a direct interaction between uPAR and α5 

integrin.   The authors speculated that localization of uPAR may be dependent on 

tetraspanin enriched microdomains (42).  CD82 expression is  lost during prostate 

cancer progression (175) and could conceivably lead to a redistribution of uPAR to 

laminin binding integrins.  Unpublished data by our group and others suggests that 

knockout of certain tetraspanin proteins modulates the amount of endogenous α6p 

levels detected in culture. 

     uPAR is cleaved from its GPI anchor resulting in a soluble form of the receptor (171).    

Levels of suPAR were shown to negatively correlate with prostate cancer patient 

survival and may be biologically active in vivo (61).   SuPAR treatment restored uPAR 

dependent integrin function in cell lines that had loss uPAR expression.  We wanted to 

test if uPAR, provided in a paracrine context, could stimulate the cleavage of α6 integrin.    

The results here show that the addition of suPAR to uPAR knockdown lines could not 
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restore α6 cleavage.  Macrophages and other cells dispersed throughout the prostate 

stroma were shown here and by others to express  high levels of uPAR and are thought 

to aid in cancer progression to metastasis (176, 177).  Future analysis will determine if 

uPAR supplied by another cell (i.e. macrophage) can influence α6 integrin cleavage 

behavior.  To examine this hypothesis, K562 erythroleukemia cells have been 

transfected with uPAR to determine if the receptor can act in a paracrine fashion to 

stimulate increased production of α6p when co-cultured with the prostate tumor line 

PC3, known for its low endogenous levels of α6p.   

      Finally, indirect observations suggest that uPA mediated cleavage levels of uPAR 

(D2D3) were similar to cleavage levels observed for α6 integrin (Fig 26).  uPAR cleavage 

has been shown by others (171, 178) and is thought to be utilized as negative feedback 

regulatory loop for uPA and plasmin activity.  It might be interesting to see if uPAR 

cleavage correlates to α6 cleavage or if it is just a function of uPA activity as previously 

described.   

     Expression of uPAR has been observed at metastatic lesions and is required for 

intravasation of blood vessels (162).  This evidence is consistent with α6 integrin 

cleavage permitting extravasation from circulation and colonization of osseous 

environments by tumor cells (148).  Disruption of uPAR-integrin association in tumor 

cells reduced growth in an orthotopic osseous injection model (165).  Additional work 

from our group has shown that direct injection of tumor cells expressing an uncleavable 
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variant of α6 integrin blocked invasion through bone but did not affect tumor cell 

viability (63).  Taken together, we conclude that uPAR regulates uPA mediated cleavage 

of a6 and propose that this mechanism is utilized for the enhanced detachment of 

laminin adhesions during migration/invasion.  Levels of cleaved α6 integrin have no 

value as an individual prognostic indicator for tumor invasion or metastatic potential as 

suggested by in vitro observation; rather cleavage is thought to contribute to a 

multitude of coordinated processes that dictate migration.  It is significant that when α6 

integrin cleavage is blocked, the tumor cell migratory phenotype is hindered.  The 

dominant negative outcome for cleavage inhibition suggests that persistence of α6 

adhesions could be detrimental to tumor cell survival during the metastasic cascade.  

Efficient α6 cleavage coordinated by uPAR could facilitate timely detachment during 

extravasation from circulation, shortening the exposure to harsh environmental 

conditions like shear forces and immune surveillance.  Further studies to determine the 

therapeutic benefit of disrupting uPAR-α6 integrin interaction specifically in tumor cells 

will be pursued with much interest. 
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VII. α6 INTEGRIN CLEAVAGE IS A PERMISSIVE METASTATIC EVENT THAT 

ENABLES PROSTATE TUMOR CELL EXTRAVASATION TO THE OSSEOUS 

ENVIRONMENT. 

 

Introduction 

     In 1889, Paget described the “seed and soil” theory of metastasis, suggesting that 

environmental factors at the metastatic site are conducive to disseminated tumor cell 

growth (179).  In 1928, Ewing elaborated further on the topic, suggesting that 

metastatic lesions at a particular site can be approximated by direction of blood and 

lymphatic flow (180).  Ewing’s theory accounted for cancer growth in lymph nodes, liver 

and lung, but Paget’s theory described organ specific, distal mestatases, like those 

observed in the bone of prostate and breast cancer patients (21).  A successful 

metastasis requires tumor cell survival the circulatory environment, extravasation out of 

the vasculature, and invasion and colonization a new environment.   Cellular adhesion, 

migration and invasion facilitate these metastatic processes and are dependent on 

integrin receptors.  

     The α6 integrin, a laminin receptor, is expressed on tumor cell surfaces and is 

associated with poor patient prognosis, reduced survival and increased metastasis in a 
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variety of tumors (144, 181-183).  Integrins are type I transmembrane heterodimers 

composed of α and β subunits. The heterodimer confers ligand binding specificity to a 

particular extracellular matrix substrate (32).  Integrins α6β1 or α6β4 are receptors for 

laminin 111 (laminin 1), laminin 511 (laminin 10) or laminin 332 (laminin 5), respectively.  

Human prostate cancer escape from the gland occurs in part via laminin 511 coated 

nerves (18, 184) followed by dissemination and subsequent escape from circulation, 

resulting in clinically significant bone metastasis (185, 186).  Additionally, mouse and 

human bone marrow have both been shown to be rich laminin environments (54, 55, 

187).    

     The two most persistently expressed integrin heterodimer pairs in human prostate 

cancer are the laminin binding α6β1 and α3β1 receptors (49, 143, 188).  In addition,  the 

basement membrane component, laminin 332 is not expressed while laminin 511 

persists, creating an environment selective for α6β1 function (51).  We previously 

reported a novel form of α6 integrin, called α6p, generated by cleavage of the laminin 

binding domain from the tumor cell surface by urokinase (uPA), a pro-metastatic factor 

(59, 189).  Expression levels of both uPA and its cognate receptor were shown to be 

negatively correlated with prostate cancer patient survival (60, 61).  The uPA dependent 

cleavage of α6 integrin increased cellular migration in vitro and was proposed as a 

mechanism for tumor cell release from adhesion to laminin (62).  We initiated the 

current study to determine whether inhibiting cleavage of the α6β1 integrin would alter 

the ability of tumor cells to reach the bone from the circulation.    
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     Integrins provide linkage from the extracellular environment to intracellular 

cytoskeletal components that focally interact at the internal portion of the receptor.  

This integrated function is necessary for cellular adhesion, migration, survival and 

differentiation (49).  Integrin function is dictated in part by changes in receptor 

conformation that results in the alteration of ligand affinity and “outside-in” signaling 

(36, 37).  This was initially inferred by the generation of monoclonal antibodies that 

could bind extracellular domains and alter integrin conformation and activity.  

Experimentally, integrins can be activated, or functionally blocked from adhesion by 

externally applied antibodies (190).  Circulating levels of immunoglobulins that engage 

and block adhesion function of the α6β1 heterodimer, in patients with oral pemphigoid, 

resulted in formation of blisters and erosive lesions in the oral mucosa (191, 192).   

          The uPA dependent cleavage of α6 integrin increased cellular migration in vitro 

and was proposed as a mechanism for tumor cell release from adhesion to laminin (62).  

Here, we determined whether inhibiting cleavage of the integrin would alter the ability 

of tumor cells to reach the bone from the circulation.  It was reasoned that engagement 

of extracellular epitopes on the receptor with α6 integrin antibodies would block uPA 

mediated cleavage.  The previously characterized J8H antibody, that does not affect 

cellular adhesion on laminin (80), is shown here to block integrin cleavage.  J8H was 

used to test the influence of blocking integrin cleavage on the appearance of bone 

metastasis.  A separate genetic approach, i.e. tumor cells expressing an uncleavable α6 
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integrin mutant (62, 63) was used as an independent technique to determine if 

extravasation required integrin cleavage 

 

Results 

SCID Mouse Model of Prostate Cancer Extravasation.  Injection of human tumor cells 

into the left ventricle of the mouse heart ensured broad dissemination of tumor cells 

into the circulation.  The model is relevant to human prostate cancer progression since 

metastases develop from the arterial distribution of tumor emboli in circulation (193).  

We developed a model for generating reproducible and aggressive bone metastases by 

comparing the effectiveness of PC3 cells versus PC3B1 cells (Fig 34A).  Human tumor 

within the bone expressed α6 integrin on the cell surface (Fig 34B).  Radiograph images 

of the entire skeleton were surveyed on all animals and a metastasis in any bone 

resulted in a positive score.  All bone metastases detected were lytic lesions located 

primarily within the metaphysis and abutting the epiphyseal plate (Fig 34C, Arrows), 

and all were progressive (data not shown).  This model system enabled testing of how 

tumor cell properties influence extravasation and development of bone metastases.  

The α6 Integrin Antibody, J8H inhibited uPA mediated cleavage of α6 Integrin.  

Prostate cancer cell lines PC3, PC3N, DU145 and PC3B1 produced varying amounts of 

α6p under normal growth conditions (Fig 35A).  The PC3N cell line was chosen for 
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further study since α6 integrin expressed on the cell surface was primarily in the full 

length form.  Α6 integrin was retrieved via immunoprecipitation using either J1B5 or J8H 

antibody and its ability to be cleaved was tested by addition of uPA.  α6 integrin 

retrieved by J1B5 was converted to α6p integrin in the presence of uPA, as shown by the 

decrease in the full length form (α6) and a corresponding increase in α6p form.   In 

contrast, α6 integrin retrieved by J8H remained in the full length form (α6) in the 

presence of uPA (Fig 35B).  We next tested if J8H antibody blocked integrin cleavage on 

the cell surface.  PC3N cells were pre-treated with or without J8H before incubation 

with uPA.  In the absence of J8H and uPA or the absence of uPA alone, the α6 integrin 

remained in the full length form on the cells.  The addition of uPA without the J8H 

antibody resulted in α6 integrin converted to α6p, as shown by the decrease in the full 

length form (α6) and a corresponding increase in the cleavage product, α6p (Fig 35C).  

Importantly, pretreatment of cells with J8H antibody prevented the production of the 

cleaved form (α6p) via uPA (Fig 35C).  These results indicated that induction of α6p by 

the exogenous addition of uPA can be blocked by either engaging the α6 integrin in an 

immunoprecipitation reaction or by engaging α6 integrin on the cell surface with the 

antibody, J8H.   
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Figure 34. Characterization of a SCID mouse Model of Extravasation and Bone 
Metastasis. (A) Comparison of PC3 cells and PC3B1 cells of extravasation ability.  PC3B1 
cells were isolated from bone lesions created after intracardiac (i.c.) injection of PC3 
cells in SCID mice. (B)  Immunohistochemistry analysis (AA6NT pAb) of α6 integrin 
expression on PC3 cells invading mouse trabecular bone following i.c. injection. (C)  
Representative digital radiographs of mouse bone.  Top panel displays normal bone, 
bottom panel indicates presence of osteolytic metastases in the distal femur and 
proximal tibia (arrows) at week 4 (148). 
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We next tested if J8H could block the production of α6p in DU145 cells.  DU145 

cells were selected for this experiment because they do not require exogenous addition 

of uPA to generate α6p integrin.  Previously published data indicated that the biological 

half life of α6p on the cell surface was approximately 72 hrs (84).  Therefore, 

experiments were designed to test the ability of J8H to block endogenous α6p 

production over several days.  J8H treatment of DU145 cells for 48 hrs dramatically 

decreased the endogenous production of α6p (Fig 35D).  Inhibition of α6p production 

was also observed after 96 hrs. 

Characterization of anti-α6 mAb J8H.  In an effort to characterize the anti-α6 mAb J8H, 

IPs were performed with DU145 lystate.  J1B5 or J8H mAbs retrieved α6 integrin from 

lysate by immunoprecipitation (IP).   Immunoblot analysis (left panel AA6A, right panel 

AA6NT) revealed both antibodies pulled down full length α6 integrin, α6p and α6N (Fig 

36A).  Neither J8H nor J1B5 were able to preferably pull down a single cleavage product 

further supporting the notion that the cleaved 6 integrin N-terminal fragment is not 

released.  To determine if J8H inhibition of α6 integrin cleavage was due to a 

conformational shift in the receptor K562 α6 cells were labeled with Alexa-488 9EG7 

after J8H treatment. 9EG7 mAb detects the β1 activated epitope of β1 integrin.  Flow 

cytometry results revealed that J8H treatment had no affect on the “activation” status 

of α6β1 integrin (Fig 36B).  The rationale for this approach was explained in Chapter IV. 
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Figure 35.  J8H engagement of α6 integrin blocked uPA mediated cleavage.  In all four 
panels, α6 integrin was retrieved from cell lysates by immunoprecipitation (IP) with anti-
α6 integrin antibody followed by immunoblot (IB) detection of full length α6 (α6) or 
cleaved α6 (α6p) using AA6A antibody. (A)  IB analysis of constitutive levels of α6 and 
α6p from four prostate cancer cell lines.  (B)  IP of α6 integrin from PC3N lysate using 
J1B5 or J8H antibodies and treatment of the IP with activated uPA (20ng/500µL) for 18 
hours.  (C)  PC3N cells were pre-treated with or without the antibody J8H before being 
incubated with uPA (25µg/500µL) for a period of 3 h.  IP, J1B5. IB, AA6A.  (D)  DU-145 
cells, a prostate cancer cell line with high levels of endogenous α6p, received daily 
treatments of J8H for periods up to 96 h. IP, J1B5. WB, AA6A (148). 
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J8H mAb diminished invasive potential of PC3B1 cells.  The data thus far indicated that 

J8H prevented α6p production.  Previous work suggested that preventing α6p 

production would decrease cell migration on laminin (62, 63).  Since tumor invasion of 

laminin coated nerves was observed (Fig 37A), we next determined whether J8H altered 

cancer cell invasion on laminin.  We utilized a Matrigel invasion assay in the presence of 

purified laminin 111, a ligand of α6 integrin.  PC3B1 cells were selected for this 

experiment due to their aggressive nature in the mouse metastasis model and because 

they produce α6p.  We first confirmed through flow cytometry that PC3B1 cells have 

surface expressed α6 integrin recognized by the J8H antibody (Fig 37A).  Cells were 

applied to Matrigel coated inserts in the presence of J8H to determine if invasion was 

altered.  After 20 hours of incubation, the ability of PC3B1 cells to invade (control) was 

inhibited significantly in the presence of J8H antibody (Fig 37B).  The image results were 

quantified and approximately 80% of the cells were inhibited from reaching the 

underside of the Matrigel coated insert in the presence of J8H (Fig 37C). 
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Figure 36.  Characterization of mAb J8H.   
J8H blocked α6 integrin cleavage by direct 
engagement of the extracellular domain, but 
it is unclear how this affect is elicited.  (A)  
J8H retrieves both α6p and α6N by 
immunoprecipitation (IP) from DU145 lysate 
as determined by immunoblot (IB) analysis 
(AA6A, AA6NT).  Samples were resolved by 
10% SDS-PAGE. (B)  J8H engagement of α6 
integrin does not alter conformation of β1 
heterodimers on the surface of K562 α6 
cells.  Flow cytometry analysis of cells 
treated with J8H was performed with 
Alexa488-9EG7, β1 activated eptiope, mAb 
(148). 
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Pre-treatment of PC3B1 cells with J8H significantly delayed bone metastasis.   Utilizing 

the SCID mouse model of extravasation, we tested whether engagement of the α6 

integrin with J8H, the cleavage blocking antibody, would inhibit bone metastasis.  

Previous work by others showed that tumor cells within the circulation can extravasate 

to bone within 1-2 hrs of i.c. injection (194-196).  Titration analysis of the J8H antibody 

was performed by flow cytometry on PC3B1 cells to determine maximal surface labeling 

(data not shown).  PC3B1 cells alone or J8H treated cells were introduced into the 

circulation of SCID mice (9 mice per group) via i.c. injection.  The percentage of mice 

containing bone metastases was determined by digital radiographs of live animals 3, 4, 5 

and 6 weeks later (Fig 38A).  Injection of PC3B1 cells resulted in approximately 40% of 

the animals containing bone metastases within 3 weeks and by 4 weeks 80% of the 

animals contained bone metastasis (Fig 38A).  By week 5, 80% of the animals required 

termination (Table 1).  In contrast, injection of PC3B1 cells pretreated with J8H resulted 

in no metastases within 3 weeks and at 4 weeks, 80% of the animals were free of bone 

metastasis (Fig 38A).  Interestingly, by week 5, 80% of the animals displayed bone 

metastases.  By week 6, 80% of the animals required termination (Table 1).  The lesions 

detected in both groups of animals were osteolytic, progressive and arose primarily 

within the distal femur or proximal tibia (Table 1).  Of particular note, no lesions were 

detected in the vertebral column, the pelvic girdle, mandible or skull (data not shown). 
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Figure 37.  J8H Inhibited the Invasive Potential of PC3B1 Cells through Matrigel. (A)  
Flow cytometric analysis of α6 integrin surface expression on PC3B1 cells using J8H 
antibody. (B) Matrigel invasion assay detected cells that invaded through to the 
underside of inserts by DAPI staining. Top panel, untreated PC3B1 cells (Con); bottom 
panel, PC3B1 cells in the presence of J8H antibody (+ J8H) (1mg/ml). (C)  The inhibition 
of invasion by J8H antibody.  Results are expressed as the mean of three independent 
experiments.  Percent inhibition of J8H treated cells was based on PC3B1 control 
untreated data.  Error bars calculated as standard error about the mean (148).  
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Mutation of α6 integrin cleavage site prevented PC3B1 bone metastasis. Our next step 

was to validate the J8H blocking results and determine if expression of an uncleavable 

α6 integrin in tumor cells would prevent extravasation to bone.  We expressed the 

mutant form of α6 integrin, called RR, in PC3B1 cells.  Endogenous levels of α6 integrin 

were not altered in this experiment.   We had previously shown cellular expression of 

the integrin RR mutant results in a fully functional receptor expressed on the cell 

surface, laminin dependent adhesion, and viable tumor xenografts in a mouse model 

(62, 63).   PC3B1 cells were transfected with either wild type α6 integrin (PC3B1-WT) or 

α6 integrin containing alanine substitutions for arginine at amino acid positions 594 and 

595 (PC3B1-RR).  The expression level of the α6 integrin on the cell surface was 

comparable between the groups as determined by FACS analysis (data not shown).  

Injection of PC3B1-WT cells resulted in detectable bone metastasis in approximately 

10% of the animals within 3 weeks and 80% of the animals by weeks 4, 5 and 6 (Fig 

38B).  In contrast, injection of the PC3B1-RR cells resulted in no lesions within 3 weeks, 

and only 10% of the animals demonstrated lesions by weeks 4 and 5 (Fig. 5B, RR).  By 

week 6, less than half of the animals had detectable metastatic lesions (Table 2).  

Radiographically, lesions that developed in the PC3B1-RR group were sharply 

circumscribed and not strikingly expansile as compared to the PC3B1-WT.  Of particular 

note, no lesions were detected in the vertebral column, the pelvic girdle, mandible or 

skull (data not shown).  Necropsy analysis detected no lesions in the lung, liver or 

adrenal gland (data not shown). 
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Figure 38.  J8H Antibody or Genetic Inhibition of α6 Integrin Cleavage Inhibited Bone 
Metastases. (A)  SCID mice received intra-cardiac injections of PC3B1 cells either 
untreated (PC3B1) or cells containing surface bound J8H (PC3B1 + J8H). (B)  SCID mice 
received intra-cardiac injections of PC3B1 cells expressing a cleavable α6 integrin (WT) 
or an uncleavable α6 integrin mutant (RR).  In both panels, the entire skeleton of the 
mouse was inspected for metastases using digital radiographs collected at 3, 4, 5, and 6 
weeks after injection.  The presence of an osteolytic lesion in any bone was scored as a 
positive metastasis and all metastatic lesions were progressive (data not shown).  The 
analysis was done without knowledge of the treatment groups.  Sample size contained a 
minimum of eight mice per treatment group (148). 
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Table 1.  Radiographic Detection of Bone Metastases   

Mouse/PC3B1 Week 3 Week 4 Week 5 Week 6 

1 Normal RDF RDF, LDF Terminated 
2 Normal LDF, LPT Terminated Terminated 
3 RPT RDF, RPT, LPT Terminated Terminated 
4 Normal RF, LT, LF Terminated Terminated 
5 Normal Normal Normal Terminated 
6 RDF RDF, RPT Terminated Terminated 
7 RPT RPT, LPT Terminated Terminated 
8 RPT RPT Terminated Terminated 
9 Normal RPT Terminated Terminated 

Mouse/PC3B1 +J8H      

10 Normal Normal RPT  Terminated 
11 Normal Normal LPT, RPF Terminated 
12 Normal LDF, LPT RT, LDF, LPT Terminated 
13 Normal LDF, LDT LDF, LPT,  Terminated 
14 Normal Normal Normal Terminated 
15 Normal Normal RDF, LDF, LPT Terminated 
16 Normal Normal RT, LT Terminated 
17 Normal Normal LDF Terminated 
18 Normal Normal PRF Terminated 

Location of detected metastatic bone lesions: RDF, right distal femur; LDF, left distal 
femur;  LPT, left proximal tibia; RPT, right proximal tibia; RF, right femur; LT, left tibia; 
RT, right tibia; LF, left femur;  RPF, right proximal femur. (148) 
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Table 2.  Radiographic Detection of Bone Metastases   

Location of detected metastatic bone lesions: RDF, right distal femur; LDF, left distal 
femur;  LPT, left proximal tibia; RPT, right proximal tibia; RF, right femur; LT, left tibia; 
RT, right tibia; LF, left femur;  RPF, right proximal femur.  Progressive indicates an 
increase in lesion size from previous week (148). 

 

 

  

Mouse/PC3B1-WT Week 3 Week 4 Week 5 Week 6 

1 Normal Normal Normal Normal 
2 Positive LDF Progressive LDF Progressive LDF Progressive LDF 
3 Normal Positive RDF Progressive RDF Progressive RDF 
4 Normal Positive RDF Progressive RDF Progressive RDF 
5 Normal Normal Normal Normal 
6 Normal Positive RDF Progressive RDF Progressive RDF 
7 Normal Positive LDF Progressive LDF Progressive LDF 
8 Normal Positive LDF, 

R Fibula thin 
Progressive LDF 
R Fibula thinner 

Progressive LDF 
R Fibula gone 

Mouse/PC3B1-RR     

9 Normal Normal Normal Normal 
10 Normal Positive RT Progressive RT Progressive RT 
11 Normal Normal Normal Normal 
12 Normal Normal Normal Normal 
13 Normal Normal Normal Positive RDF 
14 Normal Normal Normal Normal 
15 Normal Normal Normal Normal 
16 Normal Normal Normal Positive RDF 



149 
 

Discussion 

     In this study, we show that inhibiting α6 integrin cleavage on the tumor cell surface, 

either through antibody engagement or integrin mutation, will substantially delay the 

appearance of osseous metastases in a mouse xenograft model.  The results reported 

here support the hypothesis that α6 integrin cleavage permits extravasation of tumor 

cells from the circulation since subcutaneous injection or direct injection of PC3N-RR 

mutant cells into bone has no affect on tumor growth at either location (63, 95).  This is 

significant in the course of the human disease since extravasation from the circulation is 

a critical factor of metastatic spread (185, 193).      

     A6 integrin is utilized by hematopoetic stem cells to target the bone (56).  The ability 

of the α6 integrin RR mutation to reduce the metastatic potential of tumor cells homing 

to bone occurs in the presence of endogenous, wild type α6 integrin.  This leads to 

speculation that cleavage of the receptor has a dominant role in the process.  The 

results indicate that both the time to metastasis and the number of mice developing 

bone lesions were substantially reduced in the PC3B1-RR group.  In contrast to the 

antibody blocking experiments, the majority of the animals did not develop bone lesions 

over the 6 week course of the study.  Necropsies of the animals receiving i.c. injections 

did not reveal other common sites of metastasis (i.e. lung, liver or adrenal gland), 

suggesting that circulating tumor cells were either eliminated from the mouse or 

achieved a level of dormancy (197, 198) in the animal.  Further experiments utilizing  
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labeled cells and sensitive imaging technology as developed by other groups (199), 

could distinguish these possibilities.  It is also interesting to note that after week 6, 

approximately 40% of the animals injected with PC3B1-RR mutant cells developed a 

detectable metastatic lesion in bone.  Although these lesions were progressive, the rate 

of progression compared to PC3B1-WT was slow as determined by the radiographic 

features of observed lesions.   Termination of these animals was not required because 

metastases did not produce aggressive lesions leading to pathologic fractures.  This 

suggests that tumor cells that possess uncleavable α6 integrin may eventually adapt to 

and colonize an osseous microenvironment to produce lytic lesions, but remain less 

aggressive in nature.  This result is consistent with the reported less aggressive 

phenotype of the RR mutant tumor cells directly injected into the distal end of a mouse 

femur (63). 

     The influence of antibody engagement to delay the metastatic phenotype suggests 

that providing circulating levels of the integrin specific antibody may be beneficial in 

preventing bone metastasis.  The ability of J8H to reversibly delay the appearance of 

metastases by one week is significant since this corresponds to the expected half life of 

therapeutic type antibodies in the SCID mouse (200).  Toxicity of  J8H in the normal 

tissue is not expected since this antibody does not block cell adhesion to laminin (80).  

The use of agents to block uPA dependent cleavage of the α6 integrin also may be of 

benefit.  It will be of interest to pursue future pharmacological studies, including 
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pharmacokinetics, toxicity and bioavailability measurements coupled with sustained 

administration of the agents to investigate these possibilities. 
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VIII. CONCLUDING STATEMENTS 

 

     The role of α6 integrin during cancer progression is complex and highly regulated.  

This receptor does not act independently; rather it relies on a host of cellular 

components to determine metastatic potential of tumor cells.  First, α6 integrin must be 

decoupled from the β4 subunit, a proposition that is easily accomplished by loss of β4 

expression during prostate cancer progression (143).  The α6β4 heterodimer facilitates 

the formation of stable adhesion structures known as hemidesmosomes, structures that 

are associated with epithelial integrity and differentiation (201).  Loss of β4 expression 

promotes α6 association with its other binding partner β1, a result that is consistent 

with loss of prostate epithelial differentiation during cancer progression.  The 

heterodimer α6β1 facilitates adhesion to laminin and the formation of focal multi-

molecular complexes, which integrate the ligation of the ECM molecule, laminin, to the 

intracellular actin cytoskeleton.  Focal contacts linked to actin promote cellular 

locomotion in response to chemotactic signals derived from the microenvironment (33).  

During migration a cell forms protrusions of broad lamellipodia, or projectile-like 

filopodia that are driven forward by actin polymerization.  Adhesions serve as traction 

sites for migration as the cell moves forward over them, and must be dissasembled or 

released at the trailing edge (64).  For some cell types the rate of integrin release from 

the ECM actually determines the rate of migration (202, 203).  
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     Cell migration is an essential process that is disregulated in cancer.   The process of a6 

integrin cleavage offers a potentially efficient mechanism to allow for tumor cell 

migration on laminin.  Here it is proposed that cleavage of α6 integrin facilitates 

detachment of adhesions at the trailing edge of a cell, enhancing the rate of migration 

on laminin.  I predict that uPA mediated cleavage results in a conformational release 

from high affinity ligand binding status of α6 integrin.   Integrins are known to be 

conformational sensitive receptors as was illustrated in Chapter IV.  Theoretically, the 

receptor disconnect initiated by the extracellular cleavage/nicking event would promote 

a low affinity status, reducing adhesive ligation with laminin.  The reduced affinity for 

laminin would in turn allow for the release of focal contacts initiated by α6 integrin, 

enabling forward migration of the cell.    

     The research here has furthered our understanding of regulatory processes that 

contribute to α6 cleavage.  The urokinase receptor regulates uPA mediated cleavage of 

α6 integrin through a direct interaction as determined by co-immunoprecipitation 

experiments.  uPA was shown to initiate cleavage of α6 integrin in the absence of uPAR, 

but the concentration required to do so was beyond physiologic relevance.  

Interestingly, the interaction observed between uPAR and α6 integrin was dynamic and 

directly dependent on α3 integrin expression.  When α3 integrin expression was silenced 

uPAR redistributed to α6 integrin and promoted a higher level of receptor cleavage.  

This was an important observation because it confirmed the prediction that a direct 

interaction with uPAR was indeed required for cleavage of α6 integrin.  The direct 
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interaction between uPAR and α6 integrin required for the initiation of cleavage also 

explained why uPA activity did not correlate to the observed α6 cleavage levels in 

culture.  I predict that uPAR is required for the targeting of uPA directly to the 

extracellular stalk domain of α6 integrin.  Previous work identified α3 integrin in 

epithelial tumor cells as the primary integrin associated with uPAR (164).  Future studies 

will need to determine why uPAR prefers a default association with α3 over α6 integrin.  

Early observations indicate that a novel cross-talk mechanism may exist between α3 and 

α6 integrins that can modulated via interaction with the urokinase receptor.  Some 

research has implicated the tetraspanin family of proteins (i.e.CD82) in the organization 

of membrane micro-domains and uPAR localization, making them attractive targets for 

future research.  The tetraspanin CD151 research performed here (Chapter V), indicates 

that cleavage regulation of α6 integrin will unlikely be determined by competition of 

lateral interaction between uPAR and tetraspanin proteins with α6 since the data 

demonstrates that CD151 was bound to cleaved α6 integrin variants. 

     α6 cleavage is not a singular event that can permit metastasis on its own; rather, it is 

an event which likely is coordinated with hundreds of other processes implicated in 

cellular invasion.  When cleavage was inhibited, migration/invasion on laminin was 

compromised like an anchor keeping a ship at port.  We have shown the dominant 

negative effect of inhibiting cleavage in three functional assays where cells express the 

uncleavable variant of α6 integrin in the presence of endogenous wild type receptor; in 

vitro migration on laminin (62), in vivo invasion through trabecular bone (63), and in 
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vivo extravasation and colonization of osseous environments (Chapter VII).   The 

strength of the dominant negative phenotype may be indicative of a downstream 

signaling cascade that is a result of the adhesion promoting events.  As previously 

mentioned, α6 cleavage may not be important for early progressive events where tumor 

cells participate in local invasion at the primary tumor site, but it is potentially a critical 

mechanism for tumor cells in circulation.  The harsh conditions and shear forces limit 

survival time and life expectancy for each cell (92, 204), so the ability to invade at a 

faster rate may be of the utmost significance to extravasate successfully.  Cells can 

selectively alter adhesions by post-translational modification of already expressed 

proteins, enabling vascular adhesion (205), consistent with our prostate tumor cell 

model of extravasation.  If tumor cells with the inherent ability to extravasate are 

manipulated so that α6 integrin cleavage is blocked, it is predicted that detachment 

from laminin adhesions will be hindered, altering the course of metastatic 

dissemination.  Results with tumor cells expressing the uncleavable α6 variant used in 

the mouse extravasation model support this theory because inhibition of the formation 

of bone metastases was observed.  

     Previous studies demonstrated that the laminin binding integrin receptors α3β1 and 

α6β1 are persistently expressed during human prostate cancer progression.  

Interestingly, patients with Gleason sum grade scores greater then 7 demonstrated 

variation in their integrin expression profiles.  Some patients heterogeneously expressed 

both α6 and α3 integrin, while others expressed only α6 or only α3 (96).  Early analyses 
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of human prostate cancer tissue have also indicated that uPAR is ubiquitously expressed 

in advanced stages of the disease where pathologic invasion was observed (i.e. peri-

neural invasion) (Chapter VI).  The question is can different profiles of the laminin 

receptors be predictive of metastatic incidence?  Based on the findings in this 

dissertation I show that α3 integrin actually inhibits α6 integrin cleavage by 

preferentially associating with uPAR.  Based on our knowledge that α6 integrin cleavage 

permits metastasis of prostate tumor cells (Chapter VII), this would indicate that 

patients who lack α3 expression but persist in the expression of α6 integrin may have a 

greater probability of developing metastatic lesions.  This could be a clinically significant 

finding that would be beneficial for patients deciding whether they should undergo a 

radical prostatectomy versus maintaining a watchful waiting strategy.  It is important to 

note that the mechanism of α6 integrin cleavage was not unique to prostate tumor 

cells.  The regulation of adhesion function through the urokinase axis has the potential 

to be involved with many tumor types and their eventual metastatic dissemination.  It 

will be of great interest to see the outcome of this project and the implications the 

research may hold for those who suffer from the burden of the metastatic condition. 

     It is recommended that levels of α6 cleavage not be used as a singular prognostic 

factor for determining cellular migratory/invasive potential, as cultured tumor cell 

expression profiles of α6p do not correlate with these motility functions.  As mentioned 

previously, many processes contribute to the cellular function of migration.  Evidence 

has indicated that the N-terminal ligand binding domain is not released during cleavage 
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but remains bound to the heterodimer complex on the cell surface.  This differs from 

ectodomain shedding described for a majority of adhesion receptors cleaved by 

proteolytic processes where protein fragments are released (64).  It is unclear as to how 

strong the interaction remains between the N-terminal α6 cleavage fragment and its 

laterally interacting associates.  Future studies will need to investigate whether α6N 

could be used as a biomarker in vivo, where circulatory shear forces or other mechanical 

disturbances may release it from the cell surface.       
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