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ABSTRACT 

In prostate cancer (PCa) the laminin binding integrin (LBI) 61 is involved in the 

extra capsular and muscle invasion of cohesive tumor clusters in part through 

dissemination via peripheral nerves expressing laminin. This invasion results in 

part due to the posttranslational modification (PTM) of the 61 integrin (6) by 

the serine protease urokinase plasminogen activator (uPA, PLAU) and its cognate 

receptor (uPAR, PLAUR). The cleavage results in a tumor specific variant form of 

the 6 integrin called 6p1 (6p). This leads to altered biophysical adhesive 

properties of the cohesive cancer clusters. This PTM occurs early in progression 

from indolent and confined tumors to aggressive and invasive phenotypes. Current 

strategies have the capability to detect aggressive cancers that have invaded, but 

are unreliable for identification of tumors that have an early signature of 

invasiveness. Therefore, an identification of a reliable diagnostic method that 

stratifies confined and indolent (low risk) tumors that lack migratory capability from 

one that will progress to early invasive phenotypes will aid informed and objective 

decisions for specific treatment strategies. 

Utilizing an emerging technique of multiplex immunohistochemistry (IHC) detection 

of primary antibodies specific for protein biomarkers within a single formalin fixed 

paraffin embedded (FFPE), LBI protein interactions and associations were 

detected within prostate tissue samples. The interaction of LBI biomarkers with 

uPAR, the essential cell-cell adhesion protein E-cadherin were detected. In 

addition, associations with the pathway regulating tumor suppressor protein PTEN 

in concert with the transcription factor ERG in human prostate tissue samples were 
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also detected. These interactions were detected in tissues exhibiting various 

stages of PCa disease progression. These protein interactions and associations 

were also the basis for generating image analysis algorithms to quantify protein 

expression. Using brightfield multiplex and standard DAB IHC image analysis, two 

separate quantitation algorithms were created and tested utilizing multiplex 

chromogen and IHC DAB detections. One quantitative algorithm allowed 

differentiation of individual chromogenic stain intensities and co-incidence of LBIs 

and E-cadherin biomarkers within focal regions of interest in PCa tissues. The 

results also displayed increased ratio of 6 integrin and E-cadherin cell-cell co-

distribution in early pre-malignant events compared to aggressive tumors. The 

other algorithm designed identified specific localization patterns of 6 integrin in 

association of PTEN and ERG status. This indicated that localization of 6β1 

integrin correlating to PTEN and ERG status could be used as an indicator of PCa 

aggressiveness.   

In this study, the role of the 6β1 integrin cleavage plays in cohesive tumor 

invasion through muscle was characterized.  A CRISPR Cas9 mouse model 

muscle invasion assay with DU145 prostate tumor cells injected with a transfected 

uncleavable 6 mutant (6AA) exhibited significantly reduced tumor onset and 

extravasation (6 weeks) while mice injected with cells with a transient knockout of 

31 integrin (3) increased tumor burden and invasion sites in xenograft tissues. 

Analysis of xenograft sample tissue confirmed a significant decrease in tumor 

burden and reduced muscle invasion. Overall, these results suggest a loss of 3 

integrin plays a role in aggressive tumor burden and muscle invasion in PCa via 
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the cleavage of 6β1 integrin. Also, the results indicate a blockage of the 6β1 

integrin cleavage demonstrate a promising mechanism to inhibit the progression 

of aggressive disease.  

 

I. Main introduction 

PROSTATE CANCER 

Prostate cancer (PCa) is the most common type of cancer in males and second 

leading cause of cancer deaths (after lung and bronchus) in males (Harryman et 

al., 2019; Chapter 10; Siegel et al., 2019). It has been estimated that 174,650 new 

cases of prostate cancer (20% of all cancer cases) will be diagnosed in 2019 

(Siegel et al, 2019). Of these cases 31,620 (10% of all cases) will result in death. 

It is a unique type of cancer that presents with two phenotypes, an indolent 

confined form and aggressive an invasive form. Cancer that is localized (confined 

to the gland) is considered curable with a 5-year survival rate of almost 100% 

(Kascinta et al., 2014; Harryman et al., 2016). This 5-year survival rate dramatically 

decreases to less than 30% with extracapsular tumor escape (Kasinta et al., 2014; 

Harryman et al., 2019, Chapter 10).  

Treatment for prostate cancer is dependent upon the early detection of aggressive 

disease. Although the diagnostic capabilities have improved over the past 

decades, the ability to identify invasive potential remains difficult. Most low-risk 

stage one confined prostate disease will involve watchful waiting and active 

surveillance. High-risk PCa is treated by radical prostatectomy, external beam 
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radiation or implanted radioactive seeds. Advanced stage and metastatic PCa is 

usually treated with prostatectomy, androgen deprivation therapy (ADT) and/or 

radiation therapy (RT). Although a study showing the combination of prostatectomy 

and ADT improved overall survival by about 40% (Rusthoven et al., 2016), the 

cancers will become unresponsive and lead to the highly aggressive castration 

resistant form in under 3 years and regression of cancer within 12-18 months 

(Marques et al., 2010; Karatanos et al., 2016). Currently, the inability to stratify low-

risk disease from high-risk metastatic PCa leads to overtreatment or misdiagnosis. 

Therefore, the need for more specific detection methods to identify the cancers 

with metastatic potential is critical for patient treatment decisions.  

Prostate tumor progression is complex process occurring in steps with transition 

from normal glands (Figure 1.1, A), to metastatic tumors. It begins with transition 

of normal secretory glands to early premalignant lesions called prostatic 

intraepithelial neoplasia (PIN) lesions (Figure 1.1, B). The process begins with the 

attenuation of basal cell layer and loss of critical laminin components in the 

extracellular matrix displaying gaps. Following this event, clusters of tumor cells 

escape through the gaps into the surrounding stroma and then to the laminin rich 

peripheral nerves for extracapsular escape in a process known as perineural 

invasion (PNI) (Figure 1.1, C). PNI is defined as the invasion of tumor clusters in 

and around the nerve and is identified as a known pathological feature of 

aggressive disease. After extracapsular escape via peripheral nerves, the primary 

metastatic site for prostate tumors is the bone, although ~20% of the time the brain, 

liver and lung are also common sites for metastatic prostate disease.  
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The expression of LBIs and other surface proteins play a significant role in invasive 

tumor migratory capacity through dynamic matrix and cell-cell adhesion 

modulations. The mechanotransduction of signal cues via interactions with the 

matrix environment regulate adhesion responses driving migration and directional 

polarization. Our group and others have previously demonstrated the blocking of 

integrin function mitigates PCa metastasis (Ports et al., 2009; Degrosellier and 

Cheresh., 2010; Landowski et al., 2014). Therefore, specific targeting of these 

functions in conjunction with compensatory signaling molecules may mitigate 

metastatic colonization. 

 

Figure 1.1. Hematoxylin and Eosin (H*&E) stained prostate tissue slides. Images representative of stages 

in prostate cancer progression. (A) Image of normal gland. (B) Image of early prostatic intraepithelial neoplasia 

(PIN) lesion. (C) Perineural invasion (PNI) with cancer cells (Ca) invading around peripheral nerves (N).   
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LAMININ BINDING INTEGRINS (LBIs): 6β4, 3β1, 6β1: Laminin binding 

integrins are cellular signaling and adhesion molecules that play a critical role in 

normal human developmental processes such as embryonic development, cellular 

migration, wound healing and repair, cellular signaling and also a substantial role 

in cancer progression. Laminin binding integrins are transmembrane cell-surface 

glycoprotein receptors comprised of non-covalently associated  and β subunits. 

There are 18  and 8 β subunits that combine to form at least 24 known integrin 

heterodimer combinations that demonstrate a ligand binding specificity to 

substrates in the ECM (Van de Flier et al., 2001; Ports et al., 2009; Barcyzk et al., 

2010) (Figure 1.2). The  and  integrin extracellular domains function as a 

receptor for components of the ECM and is required for binding to proteins such 

as fibronectin, fibrinogen, vitronectin, laminin, and collagen. The cytoplasmic tails 

connect to proteins of the cytosol (Delwel et al., 1995). They also have the 

capability to bind vascular and coagulator proteins such as thrombospondin, von 

Willebrand’s factor, factor X and other cellular adhesion molecules (CAMs) 

(Makrilia et al., 2009). Integrins are involved in bidirectional signal transduction 

when activated by intracellular and/or extracellular signals. Intracellular signals 

induce conformational alterations in the ligand binding properties and is known as 

inside-out signaling, whereas ligation with extracellular proteins constitute outside-

in signaling for activation of cellular processes. These integrin-protein associations 

are essential for integrin regulation of normal functions such as gene expression, 

cell polarity, cell survival and proliferation, cell cycle progression, cellular adhesion, 

development, stem cell homing, morphogenesis and wound healing (Makrilia et 
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al., 2009). Integrins are also key mediators of epithelial cell migration and 

metastasis (Landowski et al., 2014).  

 

Figure 1.2. Integrin receptor superfamily and associated extracellular ligands. The 18  and 8  integrin 

subunits and associated extracellular ligand or Ig-super family counter receptor specificities for the 24 

different heterodimer conformations. (Modified from Hynes, 2002). 

The 6 integrin subunit primarily forms a heterodimer with the 4 or 1 subunit 

respectively to form the laminin binding integrin conformations. The 6 integrin 

(P23229) is 1073 amino acids in length and contains two polypeptides linked by a 

disulfide bridge between the 110-kDa N-terminal heavy chain and 30-kDa light 

chain (Sonnenberg et al., 1987; Tamura et al., 1990., Hogervorst et al., 1991) 

(Figure 1.3). There are two known splice variants of 6, each containing similar 
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heavy chains and two variable light chains 6A and 6B (Hogervorst et al., 1991). 

The 6A isoform (Alpha6X1) is the most common form (Delwel et al., 1995), is 

found in prostate cancer and the isoform studied here.  The heavy chain has an 

875-amino acid extracellular region and a cytoplasmic domain that contains a 

highly conserved five amino acid residue GFFKR sequence motif that is necessary 

for heterodimerization to  integrin subunits for cell surface expression (De Melker 

and Sonnenberg., 1996; De Melker et al., 1997).   

 

Figure 1.3. Schematic diagram of the full-length α6 integrin and the tumor specific variant 6p. A 

schematic representation of the 6 integrin sequence with amino acid heavy chain region at 24-899 and light 

chain amino acid region at 903-1073 (Modified from Davis et al 2001). 

The LBIs 6β4 (CD104), 6β1 (CD49f) and 3β1 (CD49c) are required for normal 

cellular adhesion to laminin, a major component of the basal lamina (basement 

membrane), as their extracellular ligand. Laminins are members of a family of 800 

kDa heterotrimeric basement membrane glycoproteins that contain three chains; 

one ,  and ɤ subunit that are crosslinked by disulfide bonds that form the shape 

of a cross-like structure with two shorts arms and one long arm (Chang et al., 1995; 
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Durbeej., 2010) (Figure 1.4). The primary laminins recognized by these integrins 

are laminins 111, 332, 551, and 521 (laminins 1, 5, 10 and 11 respectively). The 

6β4 integrin is associated with the nucleation of hemidesmosomes and 

intermediate filaments (Kurpakus et al, 1991., Jones et al., 1991., Cress et al., 

1995). The 6β1 integrin is found to be a constituent of focal adhesions and is 

associated with cytosolic molecule vinculin (Hogervorst et al., 1993., Cress et al., 

1995).  Of the LBIs, a6b1 has the broadest specificity binding to all laminin isoforms 

with preference for laminin 111, laminin 332 and laminin 511 (Nishiuchi et al., 

2006) and can support the undifferentiated growth of human stem cells (Miyazaki 

et al., 2008). In normal tissue, the primary laminin for 6β4 is laminin 332 (LMN 5) 

which is expressed in basal lamina of normal prostate glands. In normal tissue the 

primary laminin ligand for 6β1 is laminin 551 (LMN 10), which is a key constituent 

of the normal basal lamina of the prostate gland and the muscle stroma. However, 

of all the LBIs, the a6b1 integrin has the ability to bind all laminin isoforms it may 

encounter, with laminin 511 as the most preferred ligand (Nishiuchi et al., 2006). 

These are crucial factors involved in aggressive tumor dissemination into 

surrounding tissues for successful metastasis through laminin lined 

microenvironments.  

Early PCa progression from normal glandular epithelium is considered by many to 

be initiated by early pre-malignant prostatic intraepithelial neoplasia (PIN) 

precursor lesions. This involves the attenuation of basal cells, the intermittent 

preservation of ECM laminin-5 expression in which remaining basal cells are 

bound, the loss of hemidesmosomes which coincide with the downregulation of 
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the 6β4 and 3β1. This has been suggested to potentially be of high predictive 

value for adenocarcinoma (Wang et al., 1999; Soares et al., 2002). Laminin-10 

expressed within the stroma becomes available for tumor cell interaction due to 

the intermittent expression of the laminin-5.    The gaps of laminin 5, provide access 

to laminin-10 ligation of 6β1. This event is then exploited by proliferating invasive 

tumor cells. Our understanding of these associations may ultimately lead to 

defining a signature for first step invasiveness and with that foundation, the ability 

to target and inhibit the invasion. 
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Figure 1.4. Structure of laminin.  Schematic representation of laminin-1. The heterotrimeric laminin structure 

with , β and γ-chains comprising of globular domains. The laminin structure encompasses the long α-chain 

contain three globular domains in the top region that associate with components of the ECM and a lower 

region containing 5 globular regions, three for integrin binding and two for dystroglycan binding. The -chain 

is associated by the β and γ-chains both with two globular domains coiled in a helical formation. Note: The 5 

and the 3 chains for laminin 10 and laminin 5 are different from the illustration depicted here. (Image courtesy 

of MilliporeSigma, the Life Science Business of Merck KGaA, Darmstadt, Germany. Sitterley, George. BioFiles 

2008, 3.8, 11). 

 

6 INTEGRIN AND UPA/UPAR IN PROSTATE CANCER 

Although 64 (β4) and 31 integrins play an integral role in progression from 

non-neoplastic to neoplastic lesions in PCa, events leading to progression of 

cancer is due to the absence of protein epitope expression. The 6β1 integrin role 

in tumor invasiveness is critical specifically due to the posttranslational 

modification event. Previous work by our group has demonstrated that an invasive 

PCa specific variant form of 6β1 integrin called 6p1 (6p) is mediated by the 

protease uPA when it is associated with its receptor called uPAR. This modification 

precedes the progression of indolent or confined tumors to a more cohesive 

aggressive phenotype with the propensity of capsular penetration and muscle 

invasiveness into surrounding tissues. 

6 Integrin. Along with 3β1 integrin, the 6β1 integrin is the common laminin 

binding integrin heterodimer receptor pair that remains expressed in prostate 

cancer (Cress et al., 1995., Nagle et al., 1995., Ports et al., 2009). In invasive 

prostate carcinomas, most of the integrin heterodimers are downregulated and not 
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expressed on the cellular surface (Cress et al., 1995). However, between 10% and 

69% of those invasive cancers express 3β1 and 6β1, respectively (Demetriou 

and Cress., 2004). A previous study by our lab incorporating 135 prostate cancer 

biopsies from 61 patients observed that approximately 80% of those cases 

expressed either 3 or 6 integrin (Schmelz et al., 2002; Demetriou and Cress., 

2004). Various other studies have implicated these integrins in other aggressive 

cancers such bladder cancers, colorectal cancers, glioblastoma and pancreatic 

adenocarcinomas (Weinel et al., 1995; Rabinovitz and Mecurio., 1996).  

The increased cell surface expression of 6β1 integrin is linked with progressive 

downregulation of β4 integrin in the natural history of prostate cancer involving 

prostatic intraepithelial neoplasia (PIN), carcinoma in situ, and adenocarcinoma 

invasion of adjacent structures and lymphoid involvement and metastasis to bone 

(Cress et al., 1995). The decreased expression of β4 integrin subunit coincides 

with the decreased expression of the associative laminin-5. There remains laminin-

10 in which the 6β1 has a preferred specificity (Nishiuchi et al., 2006). Although 

the 3 integrin subunit has been demonstrated to be functional receptor for 

laminin-10 in vivo, other studies have shown that laminin-5 was the preferred 

ligand (Kikkawa et al., 2000). The increased exposure of laminin-10 and the 

preference for laminin-5 binding is accompanied by downregulation of 3 subunit.  

Thus, an increased qualitative association of the 6 with the β1 and corresponding 

increased surface expression of 6β1 which activates downstream signaling 

pathways (Fornaro et al., 2001; Goel et al., 2008).  
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The increased surface expression of 6β1 (here by referred to as 6 integrin), 

results in integrin clustering. The pathways activated are involved in cancer cell 

survival, proliferation, adhesion, cytoskeletal reorganization and regulation of 

cancer cell motility such as the focal adhesion kinase (FAK) which is a non-

receptor tyrosine kinase (Ilic et al., 1995; Goel et al., 2009). Once phosphorylated, 

FAK interacts with various other signaling factors that are found altered in PCa 

such as Cas, Src kinases, paxillin and phosphatidylinositide 3-kinase (PI3K) that 

has been shown to promote prostate cancer cell invasion (Goel et al., 2009). 

uPA/uPAR. The serine protease uPA and its glycosylphosphatidylinositol (GPI) -

anchored receptor uPAR are key molecules in several normal developmental, 

wound healing and maintenance functions. These molecules also been discovered 

to have pleiotropic functions in pathogenesis of inflammation, fibrinolysis, innate 

and adaptive immunity and pathology (Modino and Blasi., 2004). They also 

function as key facilitators of ECM degradation and remodeling, intracellular 

signaling, migration, tumor invasion, and are attributed to the production of 6p1 

variant in prostate adenocarcinoma. The inactive precursor form of uPA (pro-uPA), 

secreted by cells, remains in an inactive soluble form until activation. The anchored 

uPAR is composed of three domains (D1, D2 and D3) that together have a high 

affinity for pro-uPA (zymogen), uPA and ECM protein vitronectin (Mondino and 

Blasi., 2004). The activation of uPA occurs once bound to the GPI anchored uPAR, 

which not only localizes uPA but regulates signaling activity and cellular 

differentiation and migration through the ECM (Busso et al.,1994; Shariat et al., 

2007). The activated uPA catalyzes the conversion of the inactive zymogen 
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plasminogen to the active plasmin form. The active plasmin form activates matrix 

metalloproteases (MMPs) that actively cleave protein components of the ECM to 

allow dissolution of the membrane (LeBeau et al., 2015). In turn, this process 

releases various growth factors, cytokines and other molecules from within the 

matrix.  The activated plasmin also feeds into the proteolytic positive feedback loop 

by the cleavage and activation of the pro-uPA resulting in increased expression of 

the uPA/uPAR complex. This is a key event during tumor growth, invasion and 

metastasis (Mahmood et al., 2018).  

Once the uPA is bound to the uPAR, this stimulates membrane receptor clustering, 

potentially within detergent-resistant cholesterol rich regions known as lipid rafts 

(Cunningham et al., 2003; Smith and Marshall., 2010). This clustering enhances 

vitronectin binding resulting in increased associations with integrins, particularly 

with 6β1 integrin. The uPA/uPAR complex can also activate downstream 

signaling pathways involved in proliferation, migration and invasion such as Ras-

mitogen-activated protein kinase (MAPK), Signal transducer and activator of 

transcription (STAT), FAK, Janus  kinase (JAK) and phosphatidylinositide 3-kinase 

(PI3K)-Akt (Ma et al., 2001; Li and Cozzi., 2007, Smith and Marshall., 2010). 

However, the signaling through the uPA/uPAR complex is independent of the uPA 

proteolytic activity but dependent upon transmembrane co-receptors such as 

integrins (Nusrat et al., 1991; Smith and Marshall., 2010).  

The proteolytic activity of uPA is regulated by members of the serine protease 

inhibitor (serpine) superfamily, plasminogen activator inhibitors type I and 2 (PAI1 

and PAI2) and by uPAR (Li and Cozzi., 2007). In return, uPA has the ability to 
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cleave the uPAR in the linker between the D1 and D2 domain regions resulting in 

soluble D1 fragment and leaving a membrane bound D2-D3 fragment (Smith and 

Marshall., 2010). This in turn inactivates the proteolytic activity of the complex by 

mitigating the uPA binding to the uPAR. The proteolytic cleavage of the GPI linker 

could also result in soluble full length and D2-D3 fragments (Smith and Marshall., 

2010). The activated uPA bound to uPAR is recruited to cells of the leading edge 

of migrating cells bordering the ECM for localized pericellular remodeling of the 

matrix molecules promoting the invasive potential (Friedl., 2004; Friedl et al., 2004; 

Friedl et al., 2009). The presence of the uPA/uPAR complex is highly increased in 

many malignant human cancers and expression is frequently prognostic of poor 

survival, predictive of invasion and metastasis (Smith and Marshall., 2010). The 

expression of uPAR has also been shown in populations of inflammatory cells such 

as tumor associated macrophages (TAMs) and also within stromal cells of 

interstitial tissues of PCa (Li and Cozzi., 2007). This demonstrates an intricate 

process by which normal cellular migration and movement proceeds within the 

complex environment. This exploitation of deregulated processes by invasive 

tumors is a major reason why specific targets indicative of early aggressiveness 

are extremely difficult to elucidate. 

Overall, the involvement of the uPA/uPAR complex as a mediator of tumor 

progression and dissemination through the ECM has been determined to involve 

the association of laminin binding integrins 6β1 and 3β1. It is noted that uPA 

and uPAR as well as 61 expression is increased in aggressive prostate cancer 

(Sroka et al., 2011). However, the specific role of 3β1 in this progression has not 
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been fully discerned. The increased expression of uPA/uPAR has been shown to 

be responsible for the significantly increased pericellular proteolysis in patients 

with advanced PCa (Lippert et al., 2016). Pericellular proteolysis includes the 

production of a tumor-specific receptor that is a laminin binding integrin variant, a 

novel form of the 6 integrin with altered biophysical adhesion properties. Our lab 

has previously characterized the production of the tumor specific variant 6pβ1 

resulting from PTM of the laminin binding domain of 6β1 due to the proteolytic 

activity of the uPA/uPAR complex. It is evident that although the mechanistic 

pathways that initiate this modification has yet to be uncovered, the association of 

these proteins “bear fruit” to phenotypic switches that precedes the metastatic 

potential and thus may be targeted as proteins of interest for early invasiveness.   

COLLECTIVE TUMOR INVASION AND MIGRATION 

Tumor invasion and migration of cohesive tumor cells through muscle to distant 

sites involves the laminin binding integrin association with various critical adhesion 

molecules such as Kindlin-2, Talin and integrin-linked kinase (ILK) and protein 

receptors E-cadherin, beta-catenin. Initial testing using formalin fixed paraffin 

embedded (FFPE) tissues involved developing a diagnostic assay to evaluate the 

uPA and 6β1 (6) association. This initially was to become a dual detection 

immunostain using antibodies against uPAR and 6 integrin. The purpose was to 

profile the potential posttranslational modification of 6 integrin in early invasive 

tumors by utilizing chromogen multiplex detection. However, the antibody utilized 

against the uPAR lost viability and was discontinued by the vendor leaving this 

particular pathway unavailable for further pursuit. Therefore, the integrin 
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association with cell-cell adhesion proteins, such as E-cadherin, became the 

prevailing focus.There are three hallmarks that characterize collective cell 

migration (Friedl et al., 2009). Collective tumor invasion through tissues involves 

cell-cell and cell-matrix proteins that allow physical and functional connectivity of 

the cohesive groups of cancer cells to retain integrity of the adhesive junctions for 

preservation of cellular motility and migration. These proteins transduce signals 

that initiate groups of cells to organize their actin cytoskeleton in a polarized 

fashion to generate traction and protrusion forces for migration. They migrate 

through the extracellular matrix (ECM) as collective sheets, chords or clusters that 

also involves structural tissue remodeling and modification of the ECM that may 

result in basement membrane deposition.  
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DISSERTATION OBJECTIVES 

The discovery and detection of a biomarker signature in prostate cancer tissues 

that is a definitive indication of aggressive disease that will disseminate to distant 

tissue remains and elusive undertaking. When prostate cancer invades, it 

breaches through the smooth muscle walls of the prostatic capsule and migrates 

in a single cell fashion or a cellular cohesive collective. Our initial focus was to 

utilize various antibody detection strategies such as standard 

immunohistochemistry, chromogen multiplexing and proximity assays on human 

prostate tissues to target the distribution of cell surface protein expressions. This 

would allow our lab develop an IHC assay to recognizing an early cohesive 

migratory cancer phenotype. This cohesive group utilizes several substrate and 

cell-cell adhesion proteins to remain pliable and intact during dissemination. The 

secondary objective of this research was to develop a model assay system that 

would interrogate the associations between these proteins and allow detection and 

quantification of protein expression levels to identify an early signature related to 

invasiveness. 
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II. Loss of 6β4 and 3β1 integrins in PCa track with early PCa progression 

ABSTRACT 

This chapter characterizes the roles of 6β1 and 3β1 integrins in early prostate 

cancer progression through IHC detection methods to visualize protein expression 

in human FFPE tissues. Immunohistochemistry assays utilizing antibodies specific 

for these receptors were developed to determine expression patterns associated 

with early PCa progression. The transformation of normal prostate glandular 

epithelium to neoplastic lesions initiates with changes to the microenvironment that 

include altered expression and function of the 6β4 and 3β1 integrin at the 

surface membrane of basal cells for most epithelia. The epithelium of normal 

glands consists of a contiguous layer of stable hemidesmosome structures 

accentuated by the expression of 6β4 (β4 integrin) at the cell-ECM contact and 

3β1 (3 integrin) localized to the cell-ECM focal adhesion sites. In early transition 

of these normal glands an attenuation of the basal cell layer is observed along with 

the loss in polarization of β4 integrin localized surface expression and subsequent 

loss of 3 integrin. These precursory lesions are called prostatic intraepithelial 

neoplasia (PIN) lesions and result in loss of homeostasis and are considered in 

situ carcinoma. In the progression from PIN lesions to high grade PIN (HGPIN) 

then onto aggressive PCa, the increasing loss of the β4 and 3 integrin is 

demonstrated in most PCa tissues. The protocols utilizing IHC with 3, 3’-

diaminobinzidine (DAB) were optimized for in situ detection of protein expression 

of the β4 and 3 integrin epitopes in human prostate cancer tissues. Utilizing these 
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detection strategies, it is evident that the loss of β4 and 3 integrin play a critical 

role leading to progression of invasive prostate cancer and with further 

understanding of mechanisms initiating this event that may lead to defining the 

factor specific for initiating the early transition to the aggressive phenotype. 

INTRODUCTION 

The laminin binding integrins 6β4 and 31 are transmembrane surface proteins 

that are expressed in abundance on epithelial cells to facilitate adherence to the 

basement membrane. The laminin specificity for either of these integrins is laminin-

332 (laminin-5) and laminin 511 (laminin 10) (Nishiuchi et al., 2006). Although they 

display a common functionality as laminin-5 receptors, these integrins are recruited 

to distinctly separate structures for cellular adhesion (DiPersio et al., 1997). The 

β4 integrin functions as a key factor in nucleation of hemidesmosomes to stabilize 

and anchor basal keratinocytes to the basement membrane in normal epithelia 

tissue. The 3 integrin, although is also found within the basement membrane in 

human epithelia in various tissues, is primarily recruited to focal contacts of the 

keratinocytes and other cells and plays a role in facilitation of linking the ECM to 

components of the cytoskeleton (Carter et al., 1990b; DiPersio et al 1995). 

Historically, in the lifetime of the average male, what typically occurs within the 

normal prostate during the 3rd and 4th decade of life is an observed histological 

contextual change to the microenvironment that continues to increase with 

advancing age (A. Sakr et al., 1996; Harryman et al., 2019). The evidence of that 

transformation has begun within these glands is visualized with loss of basal cells 
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lining the glands leading to PIN lesions. PIN lesions are associated with focal loss 

of the normal morphological associations of the epithelium to the environment of 

the stroma (Bonkhoff and Remberger., 1995; Montironi et al., 2002; Nagle and 

Cress., 2011).  PIN lesions demonstrate sporadic basal cell presence and 

disordered layers of luminal cells with incomplete differentiation.  Also, the nuclei 

become enlarged with prominent nucleoli and begin to demonstrate traits of loss 

of homeostasis with visual evidence of heterochromatic appearance and 

pleomorphic attributes (Figure 2.1). The loss of the normal basal cell component 

is a key factor initiating PIN that results in gaps in laminin-5 resulting in cellular 

exposure to a new environment of laminin-10 and growth factor enriched 

surrounding muscle stroma (Rosario and DiSimone., 2010; Harryman et al., 2019). 

There has been a growing evidence that confirm PIN lesions are the pre-malignant 

stage (Bostwick., 1996; Bostwick et al 2004., Wang et al., 2017). The continued 

genomic instability and loss of homeostatic environment of PIN lesions result in 

HGPIN lesions that are indicative of early invasive PCa development.  HGPIN 

lesions are defined by increased loss or attenuation of the basal cell layer and 

ECM (Bostwick et al 2004., Wang et al., 2017).  HGPIN also displays proliferation 

of the glandular epithelial cells with increasing cytological atypia (Zhou., 2018). 

This chapter investigates the ability to detect the loss of surface expression of β4 

integrin and 3 integrin in progression from normal prostate glandular epithelium 

in human prostate tissue that are associated with progression to invasive PCa. 



32 
 

 

Figure 2.1. High-grade intraepithelial neoplasia (HGPIN). Hematoxylin and eosin stained image of HGPIN 

showing large heterochromatic nuclei (black arrow), and prominent nucleoli (white arrow). (Reprinted with 

permission of MedReviews®, LLC. Bostwick DG, et al. High-grade prostatic intraepithelial neoplasia. Rev Urol. 

2004; 6:171–179. All rights reserved).  

6β4 Integrin. Normal human prostate glands exhibit an ordered layer of basal 

cells with continuous surface expression of β4 integrin that is necessary to anchor 

basal cells via laminin-5 present in the ECM to hemidesmosomes to stabilize the 

adhesion (Nagle et al 1995., Wang et al 2017). HGPIN lesions have a 

discontinuous layer of β4 integrin because of the attenuation of basal cell 

attachment to the basal lamina. The discontinuous layer of β4 integrin is also 

indicative of laminin-5 loss of expression. The loss in laminin-5 results in gaps in 
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the defective basal layer which promotes cellular budding and migration of 

dedifferentiated cell clusters. These gaps also give rise to exposure to laminin-10 

expressed in the muscle stroma, contributing to tumor escape and dissemination 

via 6 integrin. These results demonstrate the loss of β4 integrin is involved in the 

initial steps of tumor progression. 

3β1 Integrin. Similar to β4 integrin, 3 integrin also demonstrates an abundant 

cell surface expression on normal cells in the basement membrane of normal 

prostate glandular epithelium. The 3 integrin has also been described as a weak 

receptor for other ECM proteins such as fibronectin, collagen, laminin-1, 

thrombospondin and nodogen (Dipersio et al., 1995, Dipersio et al., 1997). 

Although 3 integrin exhibits overlapping functions with laminin-5 similar to β4 

integrin, 3 integrin is suggested to demonstrate a post-adhesion role in basement 

membrane integrity (DiPersio et al., 1997). It is also suggested that 3 integrin may 

be required to maintain strength and integrity of the basement membrane 

independently of initial assembly of the receptor (DiPersio et al., 1997). This 

strengthens the narrative that 3 integrin can act as a negative regulator of motility, 

which studies utilizing 3 null keratinocytes showed enhanced migration in vitro 

and faster wound healing (Margadant et al., 2009; Stipp ., 2010). 

One particular mechanism in which 3 integrin maintains strength and membrane 

integrity is by transduction of signals through Abl kinase family to restrain Rho 

GTPase activity (Figure 2.2). This restraint supports the activation of the Hippo 

pathway suppressor function of inhibiting proto-oncogenic transcriptional 
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activators YAP/TAZ, in turn restraining a transition to prostate cancers with anchor-

independent growth, migratory and invasive capabilities (Varzavand et al., 2016). 

The Hippo pathway has been shown to regulate extracellular inputs such as 

cellular adhesion, cellular detachment, cell-cell contact and growth factor signaling 

from cell receptor-ECM association (Johnson and Hadler., 2014; Piccolo et al., 

2014; Yu et al., 2015; Varzavand et al., 2016). It is also noted that the Hippo 

pathway is influenced by cell adhesion. In addition, the adherens junction 

homodimer E-cadherin, was identified as one of the few adhesion receptors with 

upstream inputs to influence the pathway. Varzavand et al. 2016 presented 

evidence that 3 integrin can also be included as one of those influential receptors. 

Interestingly, separate studies using HT-29 and CaCo-2 colon adenocarcinoma 

cells showed that 3 integrin adhesion to laminin-5 promoted E-cadherin 

localization to cell-cell adherens junctions (Schreider et al., 2002; Chartier et al., 

2006). This particular function is believed to be the result of collaborative signaling 

of 3 integrin and laminin-5 with E-cadherin to induce stabilized cell-cell adhesion 

complexes. This signaling reduces the downstream activity of Rho-GTPase and 

the induction of effectors such as Rho-associated kinase (ROCK) and Diaphanous 

related formin (mDia). These effectors initiate cellular migration. It should be noted 

that Rho activity is required for cell-cell adhesion but is tightly regulated since 

increased levels of Rho cause a disruption in cell-cell adhesions (Zhong et al., 

1997).  
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Other groups providing evidence that signaling from 3 integrin ligated to laminin-

5 inactivates RhoA. However, they demonstrated that this activity in squamous 

cells promoted migration and invasion through upregulated Cdc42/Pak1 activity 

whereas collagen bound 2β1 integrin strongly activated RhoA enhancing focal 

contact formation and impeding migration (Zhou et al., 2005). These results 

contrasted with the work by Nguyen et al., 2001 that showed 3 integrin ligation to 

laminin-5 would activate RhoA-dependent adhesion of human foreskin 

keratinocytes. These results, compared to results of our studies and various 

others, indicate that there is a clear difference in responses depending on the 

specific cell type utilized in testing models and type of integrin receptor ligation 

elicited.  

 

Figure 2.2. The 3 Integrin cooperative signaling with E-cadherin. The 3 integrin associated 

with tetraspanin CD151 allows collaboration with E-cadherin to inhibit activity of Rho-GTPases that 

may elicit anti-migratory activity counteracting the 3 integrin promigratory function (Adapted from 

Stipp, 2010). 



36 
 

RESULTS 

Loss of 6β4 in PCa Progression. A rat anti-human antibody (BD Pharmingen) 

specific for the β4 integrin subunit was initially formulated for immunostaining on 

FFPE human prostate tissue at a 1:100 dilution in several antibody diluents to test 

for specificity and non-specific immunostaining of endogenous proteins and 

structures. An immunostaining protocol was prepared for the Ventana Benchmark 

ULTRA platform (Benchmark ULTRA) utilizing high temperature (72oC) de-

paraffinization (de-waxing) step, a heat induced epitope retrieval (HIER) step at 

95oC and antibody incubation time of 60 minutes at 36oC. The detection kit used 

was a modified Ventana ultraView Universal DAB Detection kit (uV Detection) with 

a substitution of the (mouse) Universal Multimer linker dispenser with a 

DISCOVERY rat anti-human Ultramap HRP multimer. De-identified prostate tissue 

samples were sequentially sectioned and an H&E stained slide prepared from the 

initial sectioning for evaluation by a board-certified pathologist for normal and 

tumor histological content. The execution of the protocol resulted in selection of 

the optimal results in β4 integrin immunostaining with the 1:100 dilution in Tris HCL 

buffer with Brij-35. Membrane localization of the β4 integrin was observed in 

normal prostate basal cells. Furthermore, as expected, positive immunostaining 

was observed in endothelial cells of vessels and on the peripheral nerves (Figure 

2.3, A and D). Also, the loss of a continuous layer of β4 integrin expression in the 

basal lamina is indicative of early transformation to an invasive PCa in human 

prostate tissue. The loss of basal cells was evident in tissues containing pre-

malignant PIN lesions that demonstrated increased proliferation of staggered 
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patterns of luminal cells, enlarged nuclei and nucleoli in clusters of cells budding 

through gaps in the discontinuous layer (Figure 2.3, B and E).  The results also 

demonstrate the loss of β4 integrin in cohesive tumor collectives invading 

perineural spaces (via PNI) surrounding laminin coated myelinated nerves that 

exhibited positive β4 integrin expression (Figure 2.3, C and F). This optimized 

procedure allowed for the demonstration of membrane specific localization of the 

β4 integrin within each tissue sample and for reproducibility across multiple 

sampling sizes.  
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Figure 2.3. β4 Integrin expression is deregulated in human prostate cancer progression.  

Images A-C are 20x magnification. (A) De-identified FFPE prostate tissue resection IHC stained with 

anti-β4 antibody exhibits continuous basal expression in normal gland bordered by cancer (Ca) 

lacking expression. (B) HGPIN lesion depicted demonstrating discontinuous expression of 6β4 

integrin in attenuated basal cell layer (red arrowhead). (C) Lack of anti-β4 intensity in cancer (Ca) 

region of PNI. (D-F) Enlarged views of the indicated fields at 40x. (D) Positive controls Vessels (V) 

and nerves (white N) in normal glands, (E) cellular cluster budding through layer absent of β4 integrin, 

(F) Tumor demonstrates negative immunostaining for anti-β4 surrounding nerve (N) that is positive 

for β4 integrin expression. 
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Loss of 3β1 integrin in PCa progression. To demonstrate the expression of 3 

integrin in human FFPE prostate tissue samples, the rabbit polyclonal antibody 

(clone HPA008572) specific for the transmembrane domain was used. After 

optimizing the antibody formulation similar to β4 integrin testing, a 1:200 dilution of 

the anti-3 integrin antibody utilized in IHC testing on human prostate FFPE. The 

results revealed immunostaining localized to areas similar to β4 integrin in the 

basal cells of normal prostate glands (Figure 2.4, A and D). As expected, the loss 

of 3 integrin expression was evident in pre-malignant PIN lesions in a similar 

fashion to β4 integrin (Figure 2.4, B and E).  Although, previous work distinguished 

three prostate tumor phenotypes based on integrin expression. Type I co-

expressing 6 and 3 integrins, type II expressing only 6 integrin and type III 

expressing 3 integrin only (Schmelz et al., 2002). Since the 3 integrin was not 

observed in the tissue samples containing primary tumors, this may indicate that 

these tumors were of the type II phenotype observed in Schmelz et al., 2002. Also, 

it was noted that the 3 integrin expression was absent in endothelial cells of 

vessels and was not expressed in peripheral nerves or prostate tumor cells 

invading the peripheral nerve space via PNI (Figure 2.4, C and F).   
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Figure 2.4. 3 integrin expression is lost in prostate cancer progression. Images A-C are 20x 

Magnification. (A) De-identified prostate FFPE tissue sample slides immunostained with anti-3 antibody 

demonstrating continuous basal cell expression in normal prostate gland. (B) An observed pre-malignant PIN 

lesion with discontinuous 3 integrin expression (blue arrow). (C) Lack of 3 integrin expression exhibited in 

peripheral nerves of prostate, endothelial cells of vessels and tumor cells within PNI. (D-F). Enlarged views of 

indicated fields are 40x. (D) Normal glands with intact basal cell layer positive for 3 integrin (blue arrowhead). 

(E) Evidence of tumor cluster budding through discontinuous layer of 3 integrin (black arrow). (F) Nerves (N) 

and vessels (V) lack 3 integrin expression. 
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DISCUSSION 

The loss of β4 and 3 integrin expression in the normal cells of the basal cell layer 

in human prostate tissues indicate a clinically relevant event in which loss in 

homeostasis, impaired cell-ECM adhesion and attenuation of critical ECM proteins 

result in destabilization of epithelial morphology. This hallmarks the transition from 

normal to pre-malignant architecture. We investigated the expression patterns of 

these protein biomarkers utilizing antibodies in de-identified patient prostate tissue 

samples to determine if the downregulation of these biomarkers could be detected. 

Our results demonstrate that the specificity and sensitivity of these antibodies for 

in situ detection, in patient samples, could translate into a potent tool necessary 

for accurate diagnostic and predictive indicators of early invasive phenotypes.  

Because our lab (and others) have previously assessed how the loss of each of 

these integrin receptors impact the cellular adhesion to critical ECM components 

in mice (Raymond et al., 2004) and facilitates invasion via cord networks in model 

systems of 3D Matrigel, it was prudent that the expression levels were determined 

in human clinical samples.  

Studies showed that highly invasive subpopulations of PCa were selected by the 

decrease in β4 and 3 integrin expression leading to the propensity of metastatic 

invasion (Dedhar et al., 1993). Although, it has been stated that the relationship of 

3 integrin expression in PCa is complex because heterogeneous nature of the 

tumors result in several phenotypes that display either positive or negative 

expression of 3 integrin (Schemlz et al.,2002). The scientific community often 
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disagrees on the specific role that 3 integrin expression plays in the progression 

or inhibition of PCa. Some groups have suggested 3 integrin induces migration 

(Nguyen et al., 2001; Stipp., 2010, Zhou et al., 2014). Other groups have 

demonstrated shown that 3 integrin inhibits migration (Kim et al., 1992; 

Varzavand et al., 2013., Varzavand et al., 2016; Ramovs et al., 2019). 

Our lab has was postulated that the loss of 3 integrin would promote a migratory 

phenotype in prostate cancer by increasing 6 integrin internalization. In order to 

test this hypothesis, an in vitro model interrogating gene edited DU145 cell lines in 

SCID xenografts was used as the working model. For the testing, the cells used 

were DU145 WT, DU145 cells transfected with a small interference RNA (siRNA) 

to knockdown (KD) 3 integrin (si3) expression and DU145 cells transfected with 

siRNA to knockdown 6 integrin (si6). This working model showed the loss of 3 

integrin increased 6 integrin internalization rates and accumulation to Rab4 early 

endosome antigen 1 (EEA1) containing vesicles. This ultimately promoted 

recycling the 6 integrin to cell-cell lateral membranes increasing tumor cell 

migration by 1.8-fold (Das et al., 2017 unpublished). The increase in fold migration 

was dependent upon the 6 integrin function and cleavage regulated by uPAR.  
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III. 6 integrin and uPAR co-distribution in early aggressive PCa 

ABSTRACT  

This chapter describes the co-distribution of 6 integrin and uPAR in progression 

from normal prostate cells to invasive and metastatic prostate cancer. Metastatic 

cancer is a progressive cascade in which the invasion beyond primary tumor to 

colonize distant tissue occurs. The progression to metastatic disease is regulated 

by mechanisms that involve the change in the adhesive properties of 6 integrin 

due to modification regulated by uPAR. The co-distribution of these proteins 

initiates a phenotypic switch from non-malignant to aggressive and invasive tumors 

by co-opting a mechanism that is traditionally reserved for events in early 

embryogenesis. These include embryonic tissue and organ development, 

response to foreign agents, and tissue repair. This has been found to be an 

aberrant event that leads to aggressive tumors. An IHC detection assay was 

developed utilizing antibodies targeting the laminin binding N-terminal domain of 

the 6 integrin and the uPAR. The purpose was to characterize the expression of 

each of these target epitopes in human FFPE prostate tissue to further develop a 

chromogen multiplex assay with the potential of identifying a quantifiable signature 

for early invasion. The results indicated that the co-distribution of these two 

biomarkers can be detected and is linked with tumor grade and invasiveness. 
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INTRODUCTION 

Previous studies have demonstrated that during progression from normal prostate 

glands to perineural intraepithelial neoplasia (PIN), an attenuation of basal cells 

combined with the loss of 6β4 occurs along with gaps in LMN 5 deposition leading 

to the exposure of LMN 10 in the muscle stroma (Nagle et al 1995., Davis et al., 

2001., Nagle and Cress., 2011., Wang et al., 2017). This exposure of LMN 10 

(laminin 511) is significant since laminin 511 is the most preferred ligand for laminin 

binding integrins and has the highest affinity, as determined by dissociation 

constants, for 61 integrin (Nishiuchi et al., 2006).  The increased exposure of LMN 

10 enhances the association of 6β1 integrin with both the urokinase plasminogen 

activator (uPA) and its receptor (uPAR, CD87). The attenuation of the basal lamina 

and loss of laminin expression are both hallmarks of progressive prostate disease 

and coincide with the attenuation of 6β4. The 6 and 3 integrins are stated to 

be expressed in 80% of prostate cancers (PCa) with ~26% exhibiting loss of 3 

and increased expression of 6 (Schmelz et al., 2002). Both of these LBIs are 

considered to be crucial factors in cohesive prostate cancer migration and 

invasion. However, due the heterogenous nature of PCa the expression of 6 

and/or 3 is phenotypically dependent. Incidentally, recent studies suggest that 3 

integrin inhibits progression to aggressive PCa via transduced signals to the Abl 

kinase-Hippo tumor suppressor pathway to restrain Rho GTPase activity and 

inhibit activity of YAP/TAZ cell proliferation transcription factors (Varzavand et al., 

2016). The reduction in 3 integrin in promotion of aggressive disease, as also 
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shown by Ramovs et al., 2019 in the Her2 driven breast cancer, shows the 

importance of 3 integrin loss in the initiation and progression of various types of 

aggressive cancers.  

A switch to a more dynamic “quick-release” adhesion event occurs through the 

interaction of the 6 integrin and uPA which generates a tumor specific post 

translational modification (PTM) producing a variant of α6β1 called α6pβ1, lacking 

the laminin binding domain. The variant is produced on the tumor cell surface by 

PTM (cleavage) action of the uPA. The interaction is postulated to be a result of 

redistribution of 6 integrin to uPAR due to the loss of 3 integrin. The uPAR was 

shown to preferentially complex with 3 integrin in previous studies (Wei et al., 

2001). The uPAR was also shown to be increased in aggressive tumors, including 

prostate cancer (Miyake et al., 1999; Usher et al., 2005). Thus, the loss of 3 integrin 

not only increases 6 integrin surface expression (Das et al., 2017) but is postulated 

to result in increased interaction of 6 integrin with uPAR and increased production 

of the tumor variant in aggressive tumors. uPA is initially secreted in zymogen form 

(pro-uPA) that binds to uPAR and is then cleaved by plasminogen to its active 

single chain form. This interaction results in increased production of the 6p 

integrin variant due to uPA cleavage culminating into aggressive prostate cancer 

(Figure 3.1). This mechanism is responsible for the permissive migration within 

the ECM and within and around the laminin rich peripheral nerves. This has also 

been reported in the promotion of HER-2 driven breast cancer in vivo (Ramovs et 

al., 2019). 
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Figure 3.1. uPAR regulates cleavage of 6 integrin to 6p. Schematic representation of posttranslational 

modification of integrin 6 by proteolytic activity of uPA bound to uPAR. 

In addition to association of 6 integrin with uPAR (Wei et al., 2001; Kacsinta et al., 

2014), it has been reported that 6 integrin complexes with E-cadherin in 

metastatic liver disease (Marchio et al., 2012). E-cadherin and integrin crosstalk is 

a crucial factor in invasion and metastasis in various types of cancers (Marchio et 

al., 2012; Canel et al., 2013; Weber et al., 2011; Mui et al., 2016). This cross talk 

between integrins and E-cadherin mediates the dynamic interplay that contributes 

to the plasticity of tumor cells in response to environmental cues and allows 

effective migration (Canel et al., 2013). This plasticity is necessary for intact and 

functional cell-cell adhesion of these tumors to migrate through the muscle. Some 

of the reported modes of tumor migration are single cell, chords, sheets and as a 

cohesive collective. Collective migration of cohesive cells is a mechanism that is 

utilized in developmental events and embryogenesis (Llense and Martin-Blanco., 
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2008; Friedl and Gilmour., 2009).  E-cadherin and 6 are co-distributed 

intermittently within these cohesive tumor collectives. The expression of this 

complex is found on the lateral cell-cell associations within the migrating tumor 

clusters and is believed that integrin signaling may have a significant role in the 

destabilization of E-cadherin-mediated adhesion complexes (Giehl and Menke., 

2008). This loosening of the adhesive cell-cell association is sufficient to permit 

collective migration and invasion (Canel et al., 2013).  In prostate cancer, a major 

sign of disease progression is capsular escape of these groups via PNI or 

Endoneural invasion (ENI) (Figure 3.2). These cohesive groups surround the 

nerve (PNI) or invade into nerves (Harryman et al., 2016). Once these cohesive 

tumors have escaped via the nerves, this is called extracapsular extension (ECE).  

ECE, is associated with an increased risk of biochemical recurrence, distant metastases 

and lower prostate cancer-specific survival (Fleshner et al., 2016; Grignon et al., 2018).  

Since migration, invasion and colonization of distant tissues is likely to depend 

upon integrins as stated by Goel et al., 2008 (reviewed in Fornaro et al., 2001 and 

Felding-Habermann., 2003), mitigating aberrant integrin functionality may be 

critical for inhibiting extracapsular escape. 
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Figure 3.2. Aggressive prostate tumors invade within peripheral nerves. H&E image of FFPE human 

prostate tissue perineural invasion (PNI) of cohesive cancer cell cluster (Ca) invading in and nerves (N, 

annotated dashed lines) and nerve tissue containing vessels (V). [Magnification image 40x] 

RESULTS 

IHC detection of 6 integrin and uPAR in Human PCa tissue. The rabbit polyclonal 

antibody, anti-6 (AA6NT), recognizes the full-length 6 integrin and targets the 

laminin binding extracellular domain. This antibody also recognizes the cleaved N-

terminal fragment of the 6 remaining attached to laminin the ECM. The mouse 

monoclonal antibody (ADG3937) recognizes the receptor for urokinase 

plasminogen activator. The AA6NT was optimized at a 1:800 titration in Tris HCL 

diluent with Brij-35. The protocol for 6 integrin detection was executed with a 64-

minute heat induced epitope retrieval (HIER) at 100oC and antibody incubation 

time of 24-minutes at 36oC. This protocol resulted in the detection of the 6 integrin 
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expression in the membrane of basal cells in glands of normal prostate tissues 

(Figure 3.3, A). In contrast, the uPAR exhibited an apical cytoplasmic expression 

localized in the luminal cells of normal prostate glands (Figure 3.3, B).  The AA6NT 

also displayed membranous basal lateral expression in HGPIN lesions and primary 

tumors and membranous and/or cytoplasmic expression in higher-grade tumors in 

FFPE PCa tissues. 

 

Figure 3.3. 6 integrin and uPAR expression localization in normal prostate glands in FFPE tissue.  (A) 

IHC DAB immunostaining using anti-6 antibody demonstrates the expression of 6 integrin in basal cells of 

normal epithelial glands (black arrowhead). (B) Immunostaining with anti-uPAR antibody demonstrates the 

expression of uPAR in apical regions of luminal cells in normal gland (red arrow). [Magnification images, 40x] 

Dual Chromogen IHC of 6 integrin and uPAR reveal co-distribution: Serial 

sections were prepared from de-identified human prostate tissue samples blocks. 

H&E stained slides were prepared from the first sample slide in the series. A board 

certified pathologist evaluated the H&E stained slides for normal glandular 

structures, tumor composition and specific Gleason grades. Samples selected for 
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testing contained normal prostate glands, Gleason grade 3+3 primary tumor and 

Gleason 4+4 tumor (Figure 3.4, A). We performed a dual chromogen IHC 

immunostaining using the anti-6 and anti-uPAR specific antibodies. The normal 

prostate glands demonstrated polarized 6 integrin expression with chromogen 

detection (teal) in the basal cell layers in comparison to the apical localization of 

uPAR detected chromogen (yellow) in luminal cells, as expected (Figure 3.4, B). 

In the Gleason 3+3 sample, the loss of the basal layer (evident by the loss of 6 

integrin expression) was observed and expression of the 6 integrin associated 

with uPAR exhibited a co-associative chromogen mix (teal + yellow = green). The 

absence of the 6 integrin was observed in the Gleason 4+4 sample suggesting 

the laminin binding domain was not available for antibody detection. However, the 

uPAR expression remained evident. This may suggest the cleavage product (6p) 

could be the prevalent form in aggressive high-grade tumors which may account 

for the invasive potential. 

An image-merge was performed to compare the amount of 6 integrin and uPAR 

co-distribution within the regions of interest (Figure 3.4, C). The merge revealed 

little to no co-distribution of 6 integrin and uPAR in normal glands but an increase 

in co-distribution was demonstrated with the image merge of the Gleason 3+3 

primary tumor region (Figure 3.4, D). This result suggests the initiation of PTM of 

the laminin binding region of the full-length 6 integrin and a phenotypic switch to 

a more mobile tumor. 
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Figure 3.4. Multiplex IHC detection of 6 integrin N-terminal domain and uPAR co-distribution in 

human prostate tissue. Columns (A-B) Depicting architecture of human prostate in FFPE. (A) H&E stained 

slides of prostate tissue stages of Normal, Gleason 3+3 (low-grade tumor) and Gleason 4+4 (high-grade 

tumor). (B) Dual chromogen IHC using anti-6 and anti-uPAR antibodies. Normal demonstrates 6 integrin 

N-terminal polarized localization in basal layer (blue) as expected and uPAR expression in luminal region 

(yellow).  Low-grade tumor   (3+3) displays loss of basal polarity of 6 integrin and intracellular localization 

demonstrating chromogen co-distribution color (green) in with association uPAR. High-grade tumor (4+4) 

exhibits loss of 6 integrin N-terminal domain expression in tumor region and retention of uPAR luminal 

expression with comparative adjacent normal gland retaining 6 integrin expression in basal region. (C) Single 

channel merged images of normal and low-grade tumor image (Panel B) depicting co-distribution of 6 integrin 

N-terminal domain and uPAR. [Scale bars, 25µm] 
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DISCUSSION 

Integrins are considered key uPAR signaling co-receptors that have an intricate 

association that is critical for normal early processes such as tissue remodeling, 

organ development and wound repair (Smith and Marshall., 2010). Integrins 

mediate cell-ECM adhesion and regulate the signaling pathways that control cell 

proliferation, differentiation and ECM remodeling (Smith and Marshall., 2010). The 

uPAR is a key regulator of coordinated ECM proteolysis, cell-ECM interactions and 

cell signaling (Smith and Marshall., 2010). In addition, uPAR regulates the activity 

of the plasminogen activation system and proteolysis of a range of components of 

the ECM (Smith and Marshall., 2010). The uPAR association with uPA activates 

the plasmin proteolytic function of the plasminogen which reciprocally activates the 

uPA-uPAR axis. This activation of plasminogen activity by bound uPA-uPAR 

facilitates pericellular proteolysis directing cellular migration through the ECM 

(Smith and Marshall., 2010). Together, 6 integrin regulation of signaling pathways 

for cell-ECM adhesion and cellular migration and uPAR regulation of ECM 

remodeling are postulated to create the condition for invasive tumor dissemination. 

During the progression from normal prostate to aggressive and invasive prostate 

tumors, the increased surface expression of 6 integrin and uPAR results in 

subsequent co-distribution (as seen in Gleason 3+3 sample in Figure 3.4, B). The 

co-distribution may result in a PTM event that produces a tumor specific variant 

(6p), as detected by loss of the N-terminal epitope of 6 integrin in higher grade 

tumor.  Previous work has shown that loss of the N-terminal epitope is the same 
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as loss of the laminin binding domain of the receptor (Davis et al., 2001; Demetriou 

et al., 2004).  Since the ligand binding domains of both the  and subunits of 

integrins are required for activation (Hynes., 2002), it is expected that the PTM 

would result in aberrant cell signaling that drives progression signifying a specific 

switch from confined primary tumor to aggressive and invasive phenotype. Utilizing 

an antibody specific for 6 integrin detection in human prostate tissues 

demonstrates 6 integrin is expressed in a uniform polarized basolateral 

expression in basal cells in normal prostate epithelia. The immunodetection of 

uPAR using a specific antibody demonstrates an apical expression within luminal 

cells in normal prostate glands.  It remains to be determined if the conversion of 

low grade (indolent) to high grade (aggressive) lesions is accompanied by a 

conversion of 6 integrin (N-terminal domain):uPAR complexes to loss of the N-

terminal 6 integrin membrane signal.  Loss of the N-terminal ligand binding 

domain from the tumor cell surface is expected to mark aggressive disease since 

recent experimental systems using gene editing have shown preventing the PTM 

will prevent aggressive disease (Rubenstein et al., 2019). 
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IV. 6 integrin and E-cadherin co-distribution in early aggressive PCa 

ABSTRACT 

As the focal point of tumor cell dissemination shifts towards cohesive invasion, the 

discussion involving the role of cellular adhesions and crosstalk between integrin 

and cadherin-mediated adhesions has intensified. The current chapter 

characterizes how the co-distribution of 6 integrin and E-cadherin is involved with 

early PCa progression and how their association shows potential for indication of 

tumor stage. Individual IHC DAB assays were developed to investigate protein 

distribution and modulation in prostate progression. In FFPE prostate tissues 

containing various stages of prostate cancers, IHC assay showed localization of 

6 integrin lateral (cell-cell) and intracellular (cytoplasmic) expression within tumor 

regions and demonstrated co-distributive expression with E-cadherin. Deletion of 

3 integrin in aggressive tumor model resulted in downregulation of the E-cadherin 

protein, which correlated with low membrane expression of tumor cells. In addition, 

the deletion of 3 integrin resulted in production of the tumor specific variant 6p, 

as expected, indicating a role of PTM in 6 integrin expression with the loss of 3 

integrin. The inhibition of 6 integrin PTM resulted in a 1.8-fold increase in E-

cadherin protein density in tumor cells, in conjunction with inhibiting production of 

6p.  

These results indicate that coordination between 3 and 6 integrin expression 

exists and that deletion of 3 integrin, in aggressive tumor model, correlates with 

6p production. Reduction in 3 integrin protein expression in a migratory tumor 
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phenotype model also identified a role the reduction of E-cadherin plays in tumor 

progression. A co-distribution of 6 integrin and E-cadherin was also observed in 

aggressive FFPE tumors in tissue with IHC detection. A coordination between 6 

integrin and E-cadherin was demonstrated by upregulation of E-cadherin protein 

during 6 integrin PTM inhibition in an aggressive tumor model. This upregulation 

of E-cadherin increased tumor cell-cell adhesive clustering and may decrease 

migratory potential. A loss in E-cadherin can promote invasive and metastatic 

behavior in epithelial tumors (Birchmeier and Behrens., 1994). These data suggest 

phenotype switch to non-migratory phenotype via E-cadherin positive pathway 

activation.  

  

INTRODUCTION 

Early prostate tumor progression from confined to an invasive tumor phenotype 

employs dynamic cell-cell and cell-ECM interactions for migration through the 

surrounding environment and for dissemination to distant tissue environments. 

This is associated with a coordinated modulation of E-cadherin mediated cell-cell 

adherens junctions and integrin-mediated focal adhesions that are in contact with 

the ECM (Canel et al., 2013). 

E-cadherin is a calcium dependent transmembrane glycoprotein that is a crucial 

component of the adherens junctions, which is a structure that is necessary for the 

adhesive interactions of adjacent cells and the stability of the epithelium (Cousin 

et al., 2017). The extracellular domain of E-cadherin (and all cadherins) is 
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important for cell-cell adhesion due to a conserved tryptophan residue (Trp2) in 

the extracellular domain that forms a side chain that docks to a hydrophobic pocket 

in the extracellular domain of the partner cadherin (Huang et al., 2016). The 

extracellular domain contains five 100 amino acid sequence tandem repeats (E1-

E5) with Ca2+ binding domains between the repeats. The adhesive activity is 

retained in the biggest part of the N-terminal of the repeats (Pecina-Slaus., 2003). 

The extracellular domains form homodimers with parallel domains that interdigitate 

with the dimers of a neighboring cell to form points of adhesion and stabilize the 

cell-cell adherens junction (Pecina-Slaus., 2003). 

E-cadherin is linked to the actin cytoskeleton through a series of cytoplasmic 

adaptor proteins (Itoh et al., 1997., Ghadimi et al., 1999; Turner et al., 2009; Hwang 

et al., 2012). The most notable of these cytosolic adaptor proteins are β-catenin 

and p120-catenin, which link the E-cadherin to the actin cytoskeleton through -

catenin (Canel et al., 2013). It is reported that the β-catenin acts to chauffer a newly 

synthesized E-cadherin to the plasma membrane and remains in complex while 

the p120-catenin stabilizes the complex at the membrane (Chen et al., 1999; Ireton 

et al., 2002; Canel et al., 2013). The E-cadherin cell surface levels are controlled 

by the regulation of cadherin trafficking (Davis et al., 2003; D’Souza-Schorey., 

2005; Canel et al., 2013).  

Several studies have stated that the decrease of E-cadherin cell surface 

expression (or altered localization) in advanced high-grade tumors may be linked 

to higher incidence of metastasis and tumor recurrence (Birchmeier and Berhens., 

1994; Berx and van Roy.,2009; Canel et al., 2013). It is also noted that E-cadherin 
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and β-catenin remain expressed in lower grade PCa adenocarcinomas that result 

in survival advantage of the tumor cells (Nagle and Cress., 2011). But E-cadherin 

may also exhibit suppression of tumor invasion because it may decrease the 

cellular motility rate by polarizing the direction of cell migration (Nagle and Cress., 

2011). Overall, these studies indicate that the most common cause of the reduction 

of E-cadherin surface expression is the transcriptional silencing by the 

hypermethylation of its promotor or upregulation of the zinc finger family 

transcriptional repressors SNAIL, SLUG, SIP1 and ZEB1, which target the E-

cadherin promoter region (Berx and van Roy., 2009; Canel et al., 2013) and alter 

4 integrin expression (Drake et al., 2010). Histone deacetylation has also been 

suggested as a negative regulator of E-cadherin expression (Mareel and Leroy., 

2003; Giehl and Menke., 2008). This reduction of E-cadherin surface expression 

and the “weakening” of the cell-cell adhesion is a crucial step in epithelial-

mesenchymal transition (EMT) process (Kalluri and Weinberg.2009; Canal et al 

2013). However; this reduction in membrane expression may simply be associated 

with the increased rate of cycling of the protein from the surface to the cytoplasm 

and back to the surface as a result of the plasticity in collective tumor migration. In 

fact, previous studies observed that reduction in E-cadherin did not cause 

dissociation of cellular clusters in Xenopus cranial neural crest cells (Huang et al., 

2016). 

E-cadherin and 6 integrin crosstalk in prostate cancer. Multiple studies showed 

the evidence of integrin and E-cadherin crosstalk in cellular adhesion, migration 

and contraction (Yano et al., 2004; de Rooij et al., 2005; Martinez-Rico et al., 
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2010).  The crosstalk between the 6 integrin and E-cadherin occurs during the 

lateral cell-cell associations in which lateral expression of 6 integrin primarily 

occurs during tissue remodeling events, such as wound healing or early embryonic 

events of organ formation involving tubulogenesis, or during the progression of 

tumors. This 6 integrin lateral association occurs with the attenuation of basal 

cells. The objective was to determine if the loss of 3 integrin would modulate 6 

integrin and E-cadherin co-distribution. To test this, anti-6 (AA6NT), anti-3 

antibody formulations in addition to a ready to use E-cadherin commercial product 

(RTD) with subsequent dilution titers were immunostained on FFPE tissues. 

CRISPR Cas9 DU145 cell lines (WT, 3KO, 6KO, 6AA) were tested with anti-6 

and E-cadherin in western blot analysis and cell line pellets were immunostained 

with anti-E-cadherin for membrane surface expression. 

The initial titrations of E-cadherin antibody were prepared by opening a ready to 

use product dispenser (0.314µg/mL) and transferring calculated amounts from the 

standard dispenser into user fillable dispensers containing calculated volume of 

RTD proprietary Avidin antibody diluent containing a B5 blocker at 1:2 and 1:4 

dilutions. The 0.314µg/mL solution was considered the baseline for E-cadherin 

immunostaining intensity and the anti-6 antibody (or AA6NT) and anti-3 

antibody (CD49c) were tested on sequential sample slides as comparators for 

protein expression. The expression of both the 6 and 3 integrin is polarized in 

the basal layer in non-neoplastic tissue while the 6 expression will transition to 
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less polarized expression in HGPIN and upregulated primary adenocarcinomas 

while 3 integrin will exhibit downregulation of expression (Goel et al., 2008). 

RESULTS 

The immunostaining procedures executed on VENTANA Benchmark ULTRA 

instrument using protocols optimized for VENTANA OptiView and ultraView IHC 

DAB Detection Kits resulted in high intensity for E-cadherin. The results for the 

initial dilutions proved to be inconclusive as the 1:2 and 1:4 dilutions proved to 

demonstrate comparable immunostaining intensity to the 0.314µg/mL 

concentration with little to no visible drop in intensity (Figure 4.1, A). This result 

prompted an increase in titer range to identify a specific extreme in which to 

determine a threshold. The next range of titers therefore were 1:100 and 1:500 

titers. The previous experimental procedures were repeated utilizing the same de-

identified sample tissues (n=4). The results of the 1:100 titer concentration 

demonstrated only a diffuse blush within the tissue while the 1:500 titer 

demonstrated a completely negative result (Figure 4.2, B). Immunostaining 

intensities were plotted in Figure 4.1, C. These results suggested that the optimal 

titer that would demonstrate any substantial information concerning the E-cadherin 

membrane of cytoplasmic distribution would not be beyond the 1:100 titer from the 

0.314µg/mL concentration. 
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Figure 4.1. E-cadherin IHC expression in prostate with titration. Images are 20x magnification. E-cadherin 

expression was observed for decrease in saturated immunostaining intensity. (A) 0.314µg/mL concentration 

expression was compared to a 1:2 and 1:4 dilution titer. (B) Dilution titers of 1:100 and 1:500 demonstrated 

decrease in immunostaining intensity. (C) Immunostain intensities scores analyzed using one-way ANOVA 

GraphPad analysis (n=4). 

This prompted the investigation of dilutions of 1:10 and 1:50 to determine if the 

range was sufficient for visible immunostaining intensity. The process was 

repeated utilizing the same tissue samples and the results indicated the 1:10 

dilution formulation titrated from the ready to use dispenser to be the appropriate 

dilution to visualize differential expression localization of E-cadherin in PCa tissues 

containing aggressive tumors compared to HGPIN and normal glands. The 1:10 

dilution of anti-E-cadherin demonstrated an observable membrane localization in 

normal glands (Figure 4.2, A) and exhibited primarily peripheral membranous 
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intensity and membranous and cytoplasmic localization in a tissue sections 

containing cribriform lesion (Figure 4.2, B). This data would support the findings 

of previous studies reporting a reduction in E-cadherin staining within aggressive 

migrating collective tumors (Bronsert et al., 2014). This would indicate plasticity of 

lateral E-cadherin localization and redistribution within aggressive migrating 

collective tumors and may be an indication of poor outcome and disease 

advancement. This will also suggest that studies reporting the dependence on β1 

integrin function for invasive migratory collective tumors were correct in their 

assumption (Hergerfedlt et al, 2002). 

The comparative sample immunostained with the anti-6 antibody exhibited the 

expected basal expression within normal glands (Figure 4.2, C) and a pattern of 

localization in the cribriform lesion similar to E-cadherin with peripheral intracellular 

membrane expression and centrally cytoplasmic expression in the within the same 

sample on sequentially cut slides. This similar expression pattern may indicate a 

complex association of the 6 integrin with the E-cadherin and potentially the 

presence of the 6p tumor specific variant within focal areas of low membrane 

expression of 6 integrin (Figure 4.2, D). The study by Bronsert et al., 2014 using 

3D melanoma explant demonstrated that budding cell clusters exhibited 

decreased membranous staining and a shift to cytoplasmic staining of E-cadherin. 

Several studies targeting Xenopus Cranial Neural Crest (CNC) migration have 

suggested that while the downregulation of E-cadherin is necessary for the 

formation and migration action of the CNC, that some E-cadherin presence is also 

necessary of migration (Schafer et al., 2014; Cousin et al., 2017). The CNC is a 
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population of early embryogenic cells that require cadherin mediate cell-cell 

contact to migrate collectively to form the head of the Xenopus embryo. 

 

Figure 4.2. Optimized detection of cell-cell distribution of E cadherin and 6 integrin in prostate normal 

and cancerous tissue. Images captured are 20x magnification. Two different prostate tissue sections are 

captured, one with normal glands and one with prostate tumor. (A) Human prostate FFPE sample with 

prominent E-cadherin membrane expression with 1:10 antibody dilution in normal prostate gland. (B) E-

cadherin cell-cell distribution and membrane staining pattern (black arrows) in PCa aggressive cribriform 

lesion (Gleason Score 4+4) and cytoplasmic localization in central regions (red arrowhead). (C) 6 Integrin 

expressed in expected basal and suprabasal pattern in normal prostate gland. (D) 6 Integrin demonstrates 

peripheral membrane associated pattern, Black arrows and central cytoplasmic localization similar to E-

cadherin in cribriform lesion. 
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Inhibition of 6 integrin cleavage by 6AAincreases E-cadherin protein expression: 

Here, the important task was to further interrogate the findings of the anti-E-

cadherin antibody titration testing. The goal was to determine if loss of 3 integrin 

surface expression would alter the 6 integrin and E-cadherin distribution.  

Previous work in experimental models had shown that depletion of α3 integrin 

expression resulted in redistribution of α6 integrin to an observed cell-cell staining 

pattern that is consistent with a suprabasal distribution observed in epidermis and 

early PIN lesions in PCa and a two-fold rate increase in internalization (Das et al., 

2017). Since others had observed a cross-talk of 6 integrin and E-cadherin 

function (reviewed in Canel et al., 2013), we performed a protein expression 

analysis with the anti-E-cadherin antibody at a 1:10 dilution with DU145 CRISPR 

Cas9 cell lines. The cell lines tested were DU145 wild type, DU145 3KO, DU145 

6KO, and DU145 6AA. Western blot analysis revealed samples with the deletion 

of the 3 gene resulted in > 2-fold reduction from the DU145 WT in the protein 

expression of E-cadherin (Figure 4.3). These data are consistent with the view 

that loss of the 3 integrin surface expression correlates with a progression toward 

the loss of E-cadherin expression.  In contrast, blocking the PTM function of the 

6 integrin (DU145AA cells) significantly increased E-cadherin expression.  These 

data are consistent with previous observations that blocking the PTM function of 

the 6 integrin will block bone metastasis progression (Ports et al., 2009; 

Landowski et al., 2014) and more recently, the muscle invasion of prostate cancer 

cells (Rubenstein et al., 2019). An 6 integrin protein assessment was also 

accomplished using the AA6NT antibody with these cell lines demonstrating the 



64 
 

deletion of 3 integrin promotes 6 integrin cleavage to 6p.  As expected, the 

6AA mutant was unable to be cleaved and only expressed the full length 6 

integrin (Figure 4.4). The increased expression of E-cadherin support our findings 

(Rubenstein et al.,2019) in which gene editing of the 6 extracellular region to 

eliminate the PTM function will generate a new biophysical phenotype of increased 

cell-cell adhesive clusters and reduced invasiveness. This may be the result of 

activation of an unknown pathway initiated by the dominant activity of the 

uncleavable full length 6 integrin.  The dramatic phenotype switch and E-cadherin 

expression suggest a major point of regulation dictated by the 6 integrin 

ectodomain.  It remains to be determined which specific integrin signal 

transduction pathways are responsible. 
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Figure 4.3. E-cadherin expression in DU145 CRISPR Cas9 prostate cancer cells. Western blot total 

protein analysis of cell lysates with anti-E-cadherin antibody at 1:10 dilution and relative expression of E-

cadherin was quantified exhibiting downregulation with 3KO and significant increase with 6AA cleavage 

inhibition. Slight recovery of E-cadherin expression observed with 6KO. 



66 
 

 

Figure 4.4. 6 integrin expression in DU145 CRISPR Cas9 prostate cancer cells. Western Blot total 

protein analysis of DU145 cell lysates with anti-6 (AA6NT) antibody revealed production of 6 integrin 

cleavage product in 3KO cells and inhibition of the cleavage product with 6AA. 

6AA increases E-cadherin membrane expression and cohesive tumor cell 

clustering: The objective was to determine if the increased total protein expression 

that was demonstrated in the western blot analysis because of the 6AA gene 

editing would correlate to increased tumor cell membrane expression and 

upregulated cell-cell adhesiveness in tumor cells. The observations showing 

increased E-cadherin protein expression could have potentially been the result of 

the inhibition of protein degradation pathways which could have also accounted 

for upregulated presence of E-cadherin protein. Therefore, we investigated E-

cadherin membrane expression in the matching DU145 cells. We theorized the 

6AA induced a phenotypic switch that activated unknown signaling factors that 
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promoted E-cadherin recycling to the membrane surface for stronger adherens 

junctions and tighter cell-cell associations. 

To perform this testing, single slides containing DU145 cell pellets for WT, 3KO, 

6KO, and 6AA that had been paraffin embedded and serially sectioned were 

immunostained with anti-E-cadherin.  As expected, the DU145 WT exhibited 

variable E-cadherin cell surface expression but did not appear to demonstrate 

increased cell-cell adhesion as a result of the protein expression (Figure 4.5, A). 

The DU145 3KO cells exhibited a complete lack of E-cadherin membrane 

expression, using an ultra-sensitive detection system, as mentioned earlier. This 

is significant since the western blot only detected a decrease in total protein 

expression. (Figure 4.5, B). The DU145 6KO exhibited variable E-cadherin 

membrane expression that induced some cell-cell adhesion but did not display a 

significant amount of cells forming adhesive clusters (Figure 4.5, C). This may 

indicate a potential E-cadherin association with 3 integrin, or other cell surface 

receptors such as tetraspanin CD151 at lateral cell surface (Chattopdahyay et al., 

2003). Although the role of 3 integrin has been defined in cell-ECM focal 

adhesions, results from work characterizing the PTPµ (transmembrane protein 

tyrosine phosphatase) gene expression in cadherin-mediated adhesion, suggests 

a distinct pool of 3 integrin locates to the lateral membrane in complex with 

CD151. This complex can associate with proteins of cell-cell adhesion complex 

including E-cadherin (Fitter et al., 1999; Yanez-Mo et al., 2001; Chattopdahyay et 

al., 2003). Still, it did not appear the DU145 6KO were able to facilitate a significant 

increase in cell-cell adhesive aggregates (clusters). However, as expected, the 
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DU145 cells with 6AA inhibition of the cleavage event resulted in significant 

increase in E-cadherin membrane expression (Figure 4.5, D). The tumor cells also 

demonstrated a dramatic increase in cell clusters, creating pockets of cells that 

appeared to exhibit a tight adherence to neighboring cells. Also observed, were 

spaces in between the cell clusters that further suggested increased adhesion. 

 

Figure 4.5. E-cadherin membrane expression increased with inhibition of 6 cleavage. DU145 cell 

pellets for WT, 3KO, 6KO, and 6AA cells were paraffin embedded IHC immunostained with anti-E-cadherin. 

(A) DU145 WT exhibited variable membrane expression (green arrow). (B) E-cadherin surface expression 

was relatively absent in DU145 3KO cell pellets. (C) DU145 6KO cell pellets demonstrated focal membrane 

expression (red arrows). (D) DU145 6AA cell pellets show significant membrane localization of E-cadherin 

(black arrows) and increased tumor cell clusters with increased spacing between the cell clusters (*) indicating 

tight adhesions. Images are 40x magnification. 
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Proximal detection of 6 integrin and E-cadherin in PCa prostate tissue: To test 

the theory that 6 integrin and E-cadherin were truly complexed in tissues as 

Marchio et al., 2012 suggested, an innovative proximity detection assay (PDA) was 

employed. The PDA (from RTD) utilizes a “caged hapten” proximity readout that is 

followed by IHC detection. The PLA is described in the materials and methods 

section of this dissertation. The execution of the proximity assay was accomplished 

using three human prostate FFPE tissue samples consisting of normal and tumor 

elements. The assay was designed to detect proximal protein events with 

enzymatic biochemical conformational interactions if indeed proximal association 

occurs (Figure 4.6). In the sample with normal glands, the presence of proximal 

event was demonstrated with intense immunostaining because of the proximal 

association of 6 integrin and E-cadherin. (Figure 4.7, left panel). In contrast, the 

tissue containing aggressive PNI element, the punctate immunostaining was 

evident in focal areas (Figure 4.7, right panel). These results indicate that 6 

integrin and E-cadherin form complexes in prostate tissues that is associated with 

disease progression, confirming the findings in Marchio et al., 2012. In aggressive 

PCa, cleavage of 6 integrin occurs and the invading tumor cells utilize the tumor 

variant 6p lacking the laminin binding domain to migrate along the nerve. 
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Figure 4.6. Schematic of Caged Hapten Proximity Assay for 6 integrin and E-cadherin complex. 

Proximal events, allow conformational change of secondary conjugated quinone methide precursor (NP) due 

to interaction with enzymatic alkaline phosphatase (AP) secondary to allow deposition of tertiary with anti-NP 

horseradish peroxidase (HRP) for detection (left region) (yellow and black arrows). Lack of proximity negates 

activation and results in lack of detection (right region). 
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Figure 4.7. 6 integrin and E-cadherin form complexes in prostate tissue. Proximity ligation assay using 

antibody for laminin binding region of 6 integrin and E-cadherin. Tumor clusters (Ca) invading around nerves 

(N) via perineural invasion (PNI), demonstrate low proximity expression with punctate immunostaining (black 

arrows) indicating laminin binding region of 6 integrin are unavailable (left panel). Normal prostate gland 

demonstrates intense immunostaining (black arrowhead), indicating proximal complexes of 6 integrin and E-

cadherin (right panel). [Images 10x magnification].  

DISCUSSION 

Tumor cells invading as a cohesive collective utilize activation of signaling 

pathways that control cytoskeletal dynamics and turnover of cell-matrix and cell-

cell junctions (Friedl and Alexander., 2011). In doing so, the collective adopts 

various morphological strategies to invade in to surrounding areas, although it 

depends on the cell type and environment being invaded (Friedl and Alexander., 

2011).  These multicellular collective tumors move as sheets, strands, clusters or 

ducts (Friedl and Gilmore., 2009). The collective tumors can recapitulate the types 

and mechanisms utilized by normal, non-neoplastic cell processes to migrate but 

lack the physiological “stop signals” that immobilize and anchor cells that inhibit 
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mobility (Cox et al., 2001; Friedl and Alexander., 2011). During collective migration, 

the cell-matrix integrin-mediate regulation of cell-cell adherens junction molecules, 

specifically E-cadherin, contributes to the plasticity of the collective to perpetuate 

translocation through the tissue structures. It is suggested that the alterations of 

the cell-cell and cell-matrix adhesion, through signal transduction, cytoskeletal 

signaling, cellular mechanics and protease activity determine the migration mode 

(Friedl and Wolf., 2010). 

The upregulation of 6 integrin in aggressive PCa has been well established. Our 

lab has previously defined the role that cleavage of 6 integrin to the variant 6p 

plays in progression to the invasive tumor phenotype (Demetriou and Cress., 2004; 

Demetriou et al., 2004; Pawar et al., 2007). Our group has also demonstrated that 

blocking the 6 integrin cleavage event could potentially offer a significant non-

toxic approach for to arrest progressive tumors in vivo (Ports et al., 2009; 

Landowski et al., 2014; Rubenstein et al., 2019). However, it was unknown what 

other mechanisms and molecular pathways affect the migratory capabilities of 

these tumors. 

Various groups have documented the deregulation of migratory suppressive E-

cadherin mediated cell-cell adhesion in many invasive tumor types. It is known that 

migratory cell clusters demonstrate plasticity through modulating E-cadherin 

membrane dynamics. In keratinocytes, β4 and 3 integrins stimulate E-cadherin 

hemophilic interactions that abrogated cellular motility (Hintermann and Quaranta., 

2004; Hintermann et al., 2005; Chartier et al., 2006; Martinez-Rico et al., 2010). 
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However, it has been determined that upstream signals through exposure to 

growth factors in ECM, such as TGFβ, EGF, FGF and Wnt, lead to activation of 

transcriptional repressors such as ZEB1, Snail, Slug and Twist that inhibit E-

cadherin transcription and thus protein translation (Yang et al., 2004; Friedl and 

Alexander., 2011). The aberrant signaling displayed in these tumor collectives 

underlie the mechanisms controlling the dynamic membrane and intercellular 

expressions of E-cadherin and drive these collective cohorts. Uncovering the 

mechanisms that mitigate the suppression of cell-cell adhesion regulated by E-

cadherin would be an attractive target for resolving tumor cohesive migration. 

In our results, the increased E-cadherin cell surface protein expression on the 

DU145 6AA cells was an intriguing surprise since the expected outcome was to 

phenocopy the DU145 6KO phenotype. The result indicated a potential activation 

of undetermined signaling pathways or a gain of function that initiated a cellular 

phenotypic switch phenotype as a result of expression of the 6AA uncleavable full 

length integrin. This gain of function activity may be due to induction of several 

endogenous kinases or molecular transcription factors responding to an 

unspecified transduction of integrin signaling initiated by the activation of the full-

length 6 integrin. It was previously determined by our lab that the 6AA functional 

cleavage inhibition of the 6 integrin to the tumor specific variant 6p form 

mitigating invasive chords to cohesive clusters was a reproducible outcome 

(Rubenstein et al., 2019). However, it had not been determined to an extent what 

other specific protein pathways had been surreptitiously involved. These data 

indicate that not only inhibiting the 6 integrin cleavage by uPAR can be a target 
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for impeding migratory tumors that have invaded but also that it may result in a 

phenotypic tumor switch to indolent disease.  

The results of the proximity detection assay supports the complexing of 6 integrin 

and E-cadherin role in normal prostate tissues similar to results of Marchio et al., 

2012. The result in aggressive PNI indicating only low intensity and punctate 

immunostaining would suggest increased PTM of the full-length 6 integrin to the 

6p tumor variant. This could mean the tumor variant may be constitutively 

activated to regulate E-cadherin cell-cell expression to create the plasticity 

necessary for tumor navigation through the ECM environment and along the 

nerves for dissemination. 

The next task would be to investigate what other critical factors and mechanisms 

are being activated to upregulate this cellular adhesive potential. The pathways 

and factors such as Twist activated in tumors are known antagonists of E-cadherin 

expression (Giehl and Menke., 2008; Schafer et al., 2014). These factors allow 

dissemination in most cancers and targeted therapies have been developed to 

mitigate their activity. Understanding the factors upregulating E-cadherin 

membrane expression in concert with 6 integrin cleavage inhibition leaves an 

attractive target for companion therapy that may increase the effectiveness. 
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V. Multiplex IHC detection of 6, 3 integrins and E-cadherin localization in 

PCa progression 

ABSTRACT 

The detection of protein molecules that are involved in directing specialized 

adhesions in cancer progression leading to dissemination is vital to being able to 

elucidate and target the mechanisms regulated by their co-distribution in 

aggressive transition. The development and optimization of a multiplex chromogen 

IHC detection assay interrogating the protein expression levels identified 

localization patterns of 3 integrin, 6 integrin and E-cadherin. Here, the primary 

antibodies targeting 6 integrin, E-cadherin and 3 integrin are used in a three-

color multiplex IHC panel (3-Plex) that was integral in determination of patterns on 

one sample slide associated with early disease transition in tissues. Interestingly, 

tissue regions of early progression demonstrating loss of 3 integrin, displayed co-

distribution of 6 integrin and E-cadherin. This observation, in theory, may show 

cellular response to physical stress in the attempt to maintain homeostasis and 

cell-cell and cell-ECM adherence. This multiplex panel allowed for a deployment 

of an innovative imaging analysis tool to design an algorithm to quantify regions of 

6/E-cadherin complexes to identify non-malignant regions from malignant 

regions.  In addition, this innovative assay shows capability to assess the required 

uniform protein expression levels of E-cadherin necessary for the formation of cell-

cell adhesive contacts and migratory inhibition. In addition, this assay also allows 

the identification of E-cadherin membrane levels associated with downregulation 
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in proliferative and invasive tumors. Overall, these results show that the multiplex 

detection of these protein associations in tissue allows identification of non-

malignant and malignant tumors. This may also identify a potential path to develop 

strategies mitigating the capability of aggressive prostate tumors to invade by 

activating factors that promote E-cadherin expression.  

INTRODUCTION 

The mechanisms that mediate progression from the early confined prostate cancer 

to invasive prostate tumors have remained elusive. The transition involves 

dynamic interplay between cell surface adhesion molecules that control cellular 

response to the sensing of cues from the surrounding tissue milieu that drive the 

biophysical functional activity.  The association of laminin binding integrins and 

cadherins involves a complex crosstalk driven by mechanosensing of signals from 

the microenvironment.  Mechanotransduction of these signals into intracellular 

action potentials likely regulate spatial localization of these receptors and may 

have an impact on focal adhesion traction forces, intracellular tension and cellular 

motility. The ability of tumor cells to interact with the microenvironment has a 

significant impact on behavior through cell-cell and cell-ECM adhesion (Giehl and 

Menke., 2008).  

The mechanisms associated with these tumor cell interactions involve complex 

activation or downregulation of molecular pathways and proteins that regulate 

phenotypic switch to aggressive types. Previous chapter (2) mentions the 

association of E-cadherin with inactivation the Rho family of GTPases (Rho, Rac 
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and Cdc42) to inhibit cellular migration. In addition, 6 integrin clustering requires 

Rho activation (Wei et al. 1997). Therefore, the co-distribution of 6 integrin and 

E-cadherin may regulate the Rho family activation. Other groups have reported 

that the stimulation of these factors result in adaptive remodeling of the actin 

cytoskeleton architecture in response to specific adhesions (Etienne-Manneville 

and Hall., 2002; Giehl and Menke., 2008; Watanabe et al., 2009; Parsons et al., 

2010; Mui et al., 2016). Whether the remodeling on the actin cytoskeleton results 

in increased lateral clustering of E-cadherin to reinforce cell-cell adhesion or 

activate de-polymerization depends on mechanical stresses applied. Liu et al., 

2010 demonstrated that cell-generated forces regulate the strength of cell-cell 

adhesions by inducing growth of the adherens junctions, similar to the findings of 

what occurs at focal adhesions (Maruthamuthu et al., 2011). Together, they 

provide quantitative data demonstrating an interdependence of cell-cell and cell-

ECM forces that regulate the mechanosensing, mechanotransduction that result 

in dynamic reorganization of these adhesions utilized in invasive cohesive tumors. 

Therefore, methods to detect and quantify regions of expression of 3 integrin in 

association with E-cadherin and 6 integrin are postulated to be important to 

distinguish between diagnosing confined or aggressive PCa. 

Educated decisions for stratifying patients for treatments traditionally have relied 

upon detecting biomarkers for targeting aggressive diseases. Primarily, those 

decisions have relied upon the detection of single biomarkers. Advances in 

multiplex immunostaining and multispectral imaging have allowed the 

simultaneous detection and analysis of multiple targets in FFPE that allow accurate 
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cell detection and spatial information (Gorris et al., 2017). This has given a 

potential advantage of assessment of potential aggressiveness of cancers in a 

single tissue slides as opposed to single biomarker labeling on sequential samples 

which may or may not retain the specific region of interest. 

Creating, optimizing and applying immunostaining detection protocols targeting 

multiple proteins in one sample is a complex task that some studies use primary 

antibodies (Abs) raised in separate species to prevent cross-reactivity (Gorris et 

al., 2017). However, procedures developed in this study utilized heated 

denaturation steps that may allow the use primary Abs of the same species. The 

use of tyramide signal amplification (TSA) is deployed to minimize limitations to 

detection with multiple markers in most cases but other biochemically designed 

amplifications such as Benzofuran haptenated secondaries can be employed. Still, 

careful optimization processes are still necessary to mitigate damage to epitope, 

tissue architecture or even primary antibody degradation due to exposure to 

multiple parameters during sequential immunostaining protocols.  

In prostate cancer progression, differential expression of the LBIs has been 

demonstrated (Chapter 1). The positive correlation between higher Gleason 

grades and pathological stage with the loss of cell surface expression of 3 integrin 

is an important finding (Schmelz et al., 2002).  However, the debate concerning 

the role of 3 integrin in cancer progression continues as some groups reporting 

data showing 3 integrin is involved in disease progression and promotion of 

migration (Zhou and Kramer., 2005; Zhou et al., 2014). In contrast, others have 



79 
 

demonstrated 3 integrin to be a negative suppressor of invasion, migration and 

malignant transformation (Owens and Watt., 2001; Varzavand et al., 2013; 

Varavand 2016). Results from our lab demonstrate the loss of 3 integrin coincides 

with increased expression of 6 integrin in these progressive PCa tumors that has 

been linked to reduced patient survival, and increased metastasis (Ports et al., 

2009). Increased expression of 6 integrin in PNI and PCa bone metastasis 

confirm that it is a significant factor for aggressive designation (Sroka et al., 2010; 

Landowski et al., 2014).  The 6 integrin cleavage results in the tumor specific 

variant that is has been demonstrated to be a key contributor to cancer metastasis 

(Demetriou and Cress., 2004; Demetriou et al., 2008; Ports et al., 2009; Kacsinta 

et al., 2014). Recently, it was indicated that 6 integrin and E-cadherin form a 

complex that interacts with hepatic angiopoietin-like 6 to promote aggressive liver 

metastasis (Marchio et al., 2012). This supports the work of several other groups 

indicating a specific cross talk involving the dynamic expression of integrin 

association with E-cadherin as an important factor in tumor progression, invasion 

and dissemination (Yano et al., 2004; Giehl and Menke., 2008; Martinez-Rico et 

al., 2010; Weber et al., 2011; Marchio et al., 2012; Canel et al., 2013; Mui et al., 

2016). 

RESULTS 

Four de-identified human prostate cancer FFPE tissue samples were selected and 

sectioned with initial slides stained with hematoxylin and eosin (H&E) for content 

assessment. A board-certified pathologist evaluated the H&E stained slides to 
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determine tissue architecture, morphology, histological elements and tumor 

content. The primary focus of this study was to evaluate the location of any 

elements of normal architecture, pre-malignant PIN lesions (carcinoma in-situ) and 

aggressive tumors with any notable elements of PNI (perineural invasion). 

Immunostaining protocols were initially developed utilizing each antibody 

individually with immunohistochemistry (IHC) detection with 3, 3’-diaminobinzidine 

(DAB) to maximize immunostaining intensity, sensitivity, specificity and to provide 

reproducibility. The serial sections were immunostained with the anti-6 antibody 

specific for the laminin binding region of 6 integrin, the HPA008572 antibody 

clone specific for the extracellular region of 3 integrin, and the anti-E-cadherin 

clone (36) for the transmembrane domain of E-cadherin to determine localization. 

Individual chromogen IHC detection: IHC of 6 integrin revealed cellular 

membrane localization in normal prostate glands exhibiting early progression and 

positive expression in endothelial cells of vessels (Figure 5.1, A, top left panel). 

Although, 6 integrin primarily displayed intracellular localizations with some 

membrane expression in tumors invading via PNI (Figure 5.1, A, bottom left 

panel). As expected, peripheral nerve and endothelial cells of vessels also 

exhibited membranous and cytoplasmic positive expression for 6 integrin (Figure 

5.1, A, bottom left panel). The anti-E-cadherin IHC immunostaining exhibited high 

level of intensity initially demonstrating membrane expression in samples with 

early progression (Figure 5.1, A, top middle panel) and in PNI (Figure 5.1, B, 

bottom middle panel). The 3 integrin was detected focally in the membrane and 

showed loss in prostate gland exhibiting early progression (Figure 5.1, A, top 
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right panel), and no expression was detected in the aggressive PNI (Figure 5.1, 

B, bottom right panel).  

 

Figure 5.1. 6 integrin, E-cadherin and 3 integrin expression in PCa and PNI. Individual chromogens 

were detected in human prostate tissue serial sections with anti-6 antibody (teal), anti-E-cadherin antibody 

(yellow) and anti-3 antibody (magenta). (A) Prostate gland demonstrating early progression. 6 integrin 

exhibiting membrane expression and positive intensity with vessel endothelial cells (top left panel). Anti-E-

cadherin demonstrating strong membrane intensity (top middle panel). Anti-3 demonstrating focal membrane 

expression (blue arrow) (top right panel). (B) Perineural invasion (PNI) with anti-6 exhibiting intracellular and 

some membrane expression in cancer (Ca) invading in and around nerves (N). Alteration in 6 integrin 

expression likely due to loss of epitope within in cancer cluster since normal structures exhibit immunostaining 

(bottom left panel). Anti-E-cadherin demonstrating expression in cancer (Ca) and lack of immunostaining in 

nerves (N) (bottom middle panel). Anti-3 showing lack of intensity in Cancer (Ca) or nerves (bottom right 

panel). [Images at 10x magnification]    

Chromogen multiplex IHC: The execution of the chromogen multiplex IHC detection 

yielded similar results as the individual chromogen IHC. The 3 integrin displayed focal 

immunostaining within the prostate gland with early progression features (Figure 5.2, A, 
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red arrowhead), while 6 integrin and E-cadherin demonstrate co-distribution within the 

transitioning area (Figure 5.2, A, black arrow). The co-distribution of 6 integrin and E-

cadherin likely indicates a response to increased stress. Similarly, the 3 integrin did not 

display signal in sample containing PNI. Although 6 integrin did show positive expression 

in nerves and vessels and minimal areas of co-distribution with E-cadherin, it was 

determined that the 1.5µg/mL anti-E-cadherin antibody was too high and saturated the 

intensity level reducing the ability to observe potential detail (Figure 5.2, B). Therefore, 

1.5µg/mL anti-E-cadherin antibody was optimized further to an optimal dilution of 1:10 

from 1.5µg/mL anti-E-cadherin antibody concentration (referenced from chapter IV).  

 

Figure 5.2. 6 integrin, 3 integrin and E-cadherin expression using chromogen multiplex IHC. Human 

prostate FFPE tissue immunostained with anti-3 antibody (magenta), anti-6 antibody (teal) and anti-E-

cadherin antibody (yellow). (A) Prostate gland with early cancer progression. Anti-3 demonstrates focal 

expression (red arrowhead). Anti-6 and anti-E-cadherin demonstrate co-distribution intensity (green) within 

the areas with early progression features (black arrows). (B) Perineural invasion (PNI). Anti-3 downregulated 

and showing lack of signal. Anti-6 showing positive expression in nerves (N) and endothelial cells of vessels 

(V) and demonstrates minimal area of co-distribution intensity (green) with E-cadherin in cancer cluster (black 

arrowhead). [Images at 10x magnification]. 
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Loss of 3 integrin correlates with aggressive prostate cancer: Serial sections of 

human prostate cancer tissue were immunostained with chromogen multiplex IHC 

using antibodies targeting 6, and 3 integrins and the optimized dilution of anti-

E-cadherin antibody. A difference in immunostaining pattern was observed in 

aggressive tumor samples compared to normal glands. In regions of normal 

architecture, membrane expression of 3 integrin, 6 integrin and E-cadherin were 

co-distributed. Areas of pre-malignant transition and areas of aggressive cancer 

demonstrated a loss of 3 integrin and E-cadherin while expressing 6 integrin 

(Figure 5.3, A).  

Single biomarker localization of 3 integrin, 6 integrins and E-cadherin 

expression with chromogen multiplex IHC: Image analysis was performed utilizing 

a hyperspectral research imager (HRI) capable of individual red green blue (RGB) 

wavelength channel selection. The research imager demonstrated the ability to 

detect individual colors within a chromogen multiplex array using darkfield unmixed 

absorbance images. The result demonstrated individual expression levels of 3 

integrin, 6 integrin and E-cadherin within co-distributed regions and within the 

tissue where only 6 integrin and E-cadherin were co-distributed (Figure 5.3, B). 

The co-distribution of 6 integrin and E-cadherin were distributed to pre-malignant 

lesions (area of transition) and tumor clusters within normal glands.  
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Figure 5.3. 6 integrin, 3 integrin and E-cadherin distribution in prostate cancer. Serial sections of 

human prostate cancer tissue were immunostained using chromogen multiplex assay (n=4). Normal gland 

within cancer area (Ca) with area of cellular transition representative of PIN (P) and cancer clusters within the 

lumen (**). (A) Brightfield image of antibody chromogen detection with anti-3 antibody (magenta), anti-6 

antibody (teal) and anti-E-cadherin (yellow). (B) Darkfield unmixed absorbance images of region of interest 

(ROI) at 10x magnification (green box) of 6 integrin (top left panel), E-cadherin (top middle panel) and 3 

integrin (top right panel). Bottom panel is magnified image of boxed section of ROI. [Magnification, 40x]. 
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6 integrin and E-cadherin co-distribution ratio correlate to aggressive status: 

Next, a quantitative analysis algorithm was developed to determine the ratio 

amounts of anti-6 and anti-E-cadherin antibody co-distribution within a specific 

ROI to determine stage of aggression. The ratio of antibody co-distribution would 

demonstrate the level in which 6 integrin and E-cadherin receptors co-distribute, 

indicating cellular cohesiveness. Each ROI was given an arbitrary designation of 

“PIN”, “high-grade” or “invasion” to categorize each. Absorbance wavelength 

channel selections, for 6 integrin and E-cadherin expression only, demonstrated 

co-distribution ratios of quantifiable pixel intensities in darkfield images (Figure 

5.4, A). Heat map conversions of pixel intensities indicated a greater than 40 

percent ratio of 6 integrin and E-cadherin in pre-malignant “PIN” region, less than 

40 percent ratio “high-grade” tumor cluster and low less than 20 percent ratio in 

the “invasive” cluster (Figure 5.4, B). In contrast, only intermittent ratios of low 

intensity were observed in the aggressive cancer areas outside the gland and were 

not analyzed. The analysis indicated a decreasing percent ratio of 6 integrin and 

E-cadherin co-distribution occurs as a result of cancer progression (Figure 5.4, C). 

Individual analysis showed that 6 integrin increases with tumor progression, 

whereas a decrease in overall E-cadherin surface expression occurs (Figure 5.4, 

D).  
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Figure 5.4. Percent ratio of 6 integrin and E-cadherin indicate stage of progression. Unmixed darkfield 

absorbance image of chromogen multiplex with channel selection for anti-6 antibody (teal) and anti-E-

cadherin antibody (red) only. (A) Image of 6 integrin and E-cadherin dual expression (co-distribution) in ROI 

with normal gland within cancer area (Ca) and annotated area representative of pre-malignant PIN transition 

(P) within normal gland, and annotated tumor clusters representative of high-grade (*) and invasive (**) within 

the gland. (B) Heat map of panel A depicting of pixel intensity of 6 integrin and E-cadherin co-distribution in 

annotated regions (see panel A) and cancer area (Ca). (C) Box chart analysis representative of 6 integrin 

and E-cadherin percent co-distribution ratios within ROIs. (D) Box chart analysis representative of individual 

and co-distributed 6 integrin and E-cadherin percentage of intensity level detected within each field of 

interest. 
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DISCUSSION 

Prostate cancer progression from a confined non-invasive cluster to aggressive 

and invasive cohesive phenotype requires dynamic regulatory modulation of cell-

matrix and cell-cell adhesion. The regulation necessary for generation of 

intracellular forces, signal transduction and transcriptional events for migration 

requires a coordinated crosstalk between integrins and E-cadherin (Canel et al., 

2013; Mui et al., 2016). This chapter identifies localization expression patterns of 

3 and 6 integrins in association with E-cadherin in tissues associated with PCa 

progression.  A multiplexed chromogenic assay was used to visualize these localization 

patterns and to develop a method to quantify protein co-distribution. 

The mechanotransduction of signals from the ECM to intracellular components 

drives the integrin-cadherin crosstalk, which organizes intracellular components 

for coordination of movement, transcriptional events, polarization and directional 

migration (Mui et al., 2016). Integrins are the cells signaling molecules and are a 

critical link between the ECM and the cytoskeleton of the cell (Barcyzk et al., 2009). 

The “outside-in” and “inside-out” signaling transduced by these receptors, in 

reaction to engagement of external and internal cues (respectively), affect the 

cellular physiology and activity. The regulation of integrin function is crucial for the 

formation of dynamic cell-matrix focal adhesive structures for cellular motility. The 

coordinated assembly and disassembly of these adhesive structures are required 

for cellular migration (Parsons et al., 2010). The crosstalk between integrins and 

E-cadherin is thought to be mediated by the physical disruption of cell-cell 
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adhesions that is driven by integrin-induced alterations in myosin contractility (de 

Rooij et al., 2005; Martinez-Rico et al., 2010).  

The cross talk that occurs between the dynamic interplay between cell-cell 

adhesion and cell-matrix adhesion signaling contributes to the plasticity of tumor 

cells allowing them to respond to external cues, driving optimal migration and 

invasion (Canel et al., 2013). Historically, this action is the process utilized in early 

embryogenesis and morphogenesis but is co-opted by invasive tumor collectives.  

Cell migration is complex due to the array of mechanochemical signaling events 

involving spatiotemporal coordination of cell-cell, cell-matrix and intracellular 

tension. Fine balance between substrate traction and intercellular adhesion 

controls tumor collective migration. One group described the crosstalk that occurs 

between cells, stating that an adherens junction proportional size increase due to 

increased endogenous stress (Liu et al., 2010; reviewed by Mui et al., 2016). It 

was also mentioned that increased traction forces from the ECM could affect cell-

cell adhesion and result in proportional increase in endogenous tension at cell-cell 

junctions (Maruthamuthu et al., 2011).   

Our results in PCa tissues utilizing multiplex chromogen IHC with antibodies for 3 

and 6 integrins along with an E-cadherin antibody corroborated these findings, 

which was demonstrated in the co-distribution of 6 integrin and E-cadherin in 

early progressive events. The loss of 3 integrin would appear to be a key event 

associated with early tumor progression. Since previous chapters have 

established that the loss of 3 integrin plays a role in production of 6 integrin 
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tumor variant and regulation of E-cadherin expression, it’s likely a factor in 

mediating crosstalk.  Loss of 3 integrin expression in pre-malignant lesions in 

PCa tissues may suggest increased endogenous stresses leading to signals 

upregulating 6 integrin and E-cadherin co-distribution and formation of tumor-

associated complexes, such as those found in Marchio et al., 2012. 

The development of a multiplex detection assay that is quantifiable for localization 

patterns of protein biomarkers relevant to tumor progression could be important 

for patients. This allows for detection utilizing one slide, which reduces the need 

for invasive patient tissue sampling. In addition, it allows interrogation of several 

targets at one time potentially to assess biophysical associations relevant to 

disease progression. Additionally, the development of an algorithm applied to the 

detection of multiplex images is beneficial in assigning numerical value to 

biological marker co-distribution and creating data sets to categorize tumor 

aggressiveness. Future research utilizing chromogen IHC (and quantitative 

algorithms) on proximity detection assays with antibodies for 6 integrin and the 

tumor specific variant 6p may provide more information to differentiating tumor 

aggressiveness. 
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VI. Cohesive collective tumor invasion in PCa 

ABSTRACT 

Prostate cancer is a unique disease that has two different phenotypes, a slow 

growing confined form (indolent), and an aggressive form involving invasive 

cohesive collectives of tumor cells. However, little is known as to which early 

mechanisms are responsible for initiating an indolent tumor to switch and become 

aggressive and disseminate. Using gene edited DU145 prostate cancer cell lines 

in mouse models, we investigated how these tumor collectives invade through the 

muscle of the diaphragm to model the environment of the ECM. We demonstrated 

the deletion of 3 integrin results in increased invasion, suggesting the removal of 

3 integrin plays a role in initiating a more efficient invasive subclass of aggressive 

tumor collective. We also showed that the deletion of 3 integrin promotes 

production of 6 integrin cleavage product 6p with altered biophysical adhesive 

properties. The perturbation of the 6 cleavage integrin, by creating an 

uncleavable product (6AA) with the substitution of arginine for alanine (R594A-

595A) using CRISPR Cas 9 gene editing, reduced tumor collective invasion 

through the muscle. Interestingly, the inability to cleave the integrin also promoted 

an increase of E-cadherin protein expression, suggesting a gain of phenotype 

switch that activates pathways to increase cell-cell adhesion. Together, these data 

suggest that loss of 3 integrin in human tumors will promote a metastatic 

phenotype of cohesive tumor collectives. These collectives utilize the 6 integrin 
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cleavage product that enhances migration, but can be inhibited by a function block 

of the 6 cleavage that in turn, increases cell-cell adhesion to block invasion. 

INTRODUCTION 

Prostate cancer is a neurotrophic disease that arises from the peripheral zone of 

the prostate gland (reviewed by Harryman et al., 2016). These cohesive tumor-cell 

clusters develop as intraepithelial neoplasia that migrate through muscle and 

escape the gland via perineural invasion for hematogenous spread to distant 

tissues (Harryman et al., 2016). The intratumoral heterogeneity of prostate cancers 

makes it extremely difficult to identify which tumors may switch and develop the 

propensity to invade as a cohesive collective. Previous chapters have shown that 

6 and 3 integrins play a critical role in progression of these invasive tumor 

clusters. Invasive prostate cancer clusters uniformly express 6 integrin, and 

laimnin-10, which is the predominant laminin form in muscle and nerve 

microenvironments (Harryman et al., 2016). The 6 integrin primarily associates 

with laimin-10, which is utilized for focal adhesions during cellular migration. 

Depletion of the 3 integrin significantly increased dissemination of cohesive tumor 

clusters to distant tissue.  

The current strategies for early stage detection and diagnosis of disease have 

improved the 5-year survival rate to ~100% and has resulted in a 40% decrease 

in mortality rates for those with localized prostate cancer. However, the 5-year 

survival rate of patients presenting with extracapsular escape remains at less than 

30% (Siegel et al., 2019). In addition, statistics show that the incidence of 
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metastatic PCa disease increased 72% between 2004 and 2013 in a sample of 

more than 700,000 men diagnosed with prostate cancer (Weiner et al., 2016; 

Harryman et al., 2016).  Therefore, in spite of improvements in detection, the 

incidence of metastatic disease remains a significant issue. The principle modes 

of tumor dissemination that have long been the focus study of researchers for 

decades are single cell and collective tumor migration. Single cell migration is the 

best studied mechanism for cell movement in vitro and contributes to in vivo 

physiological motility processes such as tissue development, immune surveillance 

and cancer invasion and metastasis (Ridley et al., 2003; Friedl and Gilmore., 

2009). However, collective cell migration is prevalent in many cancer types and is 

emerging as a major driver of embryonic development, organogenesis, tissue 

homeostasis and tumor dissemination (Friedl and Gilmore., 2009; Mishra et al., 

2019).  

Most research models suggest that metastases are seeded by single cells that 

have originated from the primary tumor, but increasing evidence is demonstrating 

that collective tumors traveling together is required for successful seeding (Chueng 

and Ewald., 2016). Collective cell migration is considered the second mode of 

cellular movement (Vaughn et al.,1966; Friedl, Hergefedlt and Tusch., 2004; Friedl 

and Gilmore., 2009). The migration of cohesive cell collectives is an event that 

occurs in early embryonic development that is necessary for development of 

complex tissues and organic systems. This early morphogenetic event is the 

hallmark of tissue remodeling and development.  It is this mechanism of the normal 
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developmental process that is co-opted by aggressive tumors and is a focus of this 

study. 

One of the most popular hypotheses of tumor cellular invasion and migration 

postulates the involvement of cellular epithelial-mesenchymal transition or EMT. 

The concept maintains single cells that are undergoing EMT detach from the 

primary tumor and disseminate to metastatic sites (Friedl and Wolf., 2010; Bronsert 

et al., 2014). According to some researchers, metastasis by EMT may primarily 

occur in epithelial carcinomas, however; this has not been observed among clinical 

pathologists studying human material (Talmadge and Filder., 2010) and 

metastasis has been proposed in prostate cancers to occur by tubulogenesis 

(Nagle and Cress., 2011). EMT is associated with the loss of E-cadherin from the 

adherens junction and involves the switch from keratin to vimentin, a mesenchymal 

filament (Hurst and Welch., 2011; Nagle and Cress., 2011). However, it is 

recognized that the reduction of E-cadherin is not uniform in carcinomas. This was 

due to findings in a study in which complete deficiency of E-cadherin was found in 

some cancers whereas only the membranous localization is lost in the 

dedifferentiated region of the invasive front of tumors (Giehl and Menke., 2008). In 

addition, some models state that when EMT inducing signals are lost, tumor cells 

may reverse the process and elicit a mesenchymal to epithelial transition (MET) 

(Chaffer et al., 2006; Hugo et al., 2007; Nagle and Cress., 2011). Invasive prostate 

cancer collectives remain epithelial and do not require the transition to an epithelial 

phenotype making it an EMT-independent event (Nagle and Cress., 2011). 
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Collective tumor migration requires integrin signaling for migration of cells while 

simultaneously cell-cell adhesion is necessary for motile cells (Yano et al., 2004). 

This cell-cell based collective adhesion is necessary for cohesive tumor invasion 

through the prostate muscle. Friedl and Gilmore have described three key hallmark 

properties of collective cell migration that are considered basics of the mechanism: 

(1) cell clusters remain physically connected and cell-cell junctions are preserved; 

(2) multicellular polarity along with cytoskeleton organization producing adhesive 

friction and protrusion of the crawling edge of the cluster while preserving cell-cell 

junctions; (3) cohesive collectives of cells modify the tissue structures of vessels 

by which they travel, clearing a pathway or by the deposition of elements of the 

basement membrane (reviewed in Friedl and Gilmore., 2009; Harryman et al., 

2016).  

These cohesive cellular units are bound together laterally by maintaining what 

Friedl and Gilmore describe as ‘supracellular properties’ fostered by the cell-cell 

protein adhesions at the adherens junctions. These properties offer the tumor 

cohesive unit the pliability to transverse the extracellular milieu with the use of 

cellular polarization, directionality and modification. Cellular cues and biochemical 

signals from the surrounding stromal environment are transduced into action 

potential that induce cell state plasticity. The cell-ECM presence of β4 and 3 

integrins supports stronger cell-cell affinity in normal cells. However, these 

receptors are downregulated in cohesive tumor collectives. This leads to increased 

expression of 6 integrin and co-distribution with E-cadherin, which involves 
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“receptor crosstalk” that modulates the cell-cell adherens junctions that allows 

migration of these cohesive collectives.  

Here the loss of 3 integrin is identified as a key event that leads to the 

development and exacerbates dissemination of PCa cohesive tumor collectives 

through muscle. This relies on increased production of the 6 integrin tumor variant 

6p and modulation of E-cadherin surface expression. Interestingly, this pinpoints 

a detectable occurrence of that may define a subclass indicating metastatic 

potential. While there are several biomarkers available to identify aggressive 

clusters that have already invaded, there has yet to be specific biomarkers 

characterized to differentiate between those that remain static and those that 

present with early invasive potential.  Detection of this early event may be critical 

to diagnose those that are at risk for invasive disease and allow objective decisions 

for appropriate therapy. 

RESULTS 

Tumor Muscle Invasion Assay: The initial objective of this research was to 

investigate the ability of the 6AA to inhibit the onset of cohesive collective tumor 

muscle invasion and to elucidate the significance the role 3 integrin loss plays in 

tumor invasion and extravasation through muscle. According to previous 

publications, tumor onset is independent of the presence of 3 integrin but 

depletion results in reduced survival and increased tumor growth and 

vascularization (Ramovs et al., 2019). Similar results were reported with a PCa 

study in Varzvand et al., 2013 in which 3 integrin was silenced in prostate 
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carcinoma cell lines.  In order to facilitate a model for collective prostate cancer 

muscle invasion, DU145 cells were utilized. A CRISPR Cas9 3 integrin gene 

deletion was performed to generate a DU145 cell line lacking 3 integrin surface 

expression. In addition, a non-cleavable 6 integrin (6AA) mutant cell line was 

generated and transfected into DU145 cells to inhibit cleavage of the 6 integrin 

at amino acid (aa) region 594A-595A (alanine residues). These cell lines were 

allowed to culture and were harvested for injection into severe combined 

immunodeficient (SCID) mice for tumor dissemination.   

SCID mouse xenograft models: To demonstrate the role that the loss of 3 integrin 

and the cleavage of 6 integrin plays in the formation of tumor colonies and 

collective tumor muscle invasion, we injected DU145 CRISPR Cas9 prostate tumor 

cultured cell lines into SCID mice. According to previous testing, DU145 cells 

introduced into male SCID mice will readily produce tumors (Rubenstein et al., 

2019). The purpose was to generate invasive tumors targeting diaphragm 

invasion. The murine diaphragm mimics the muscle stroma of the prostate, 

containing an ample vascular supply, sensory and motor nerve endings, stromal 

fibroblasts and muscle cells and contains both smooth and skeletal muscle 

features (McCandless et al., 1997; Rubenstein et al., 2019).  These mice contain 

a loss of function homozygous mutation on the PRKDC gene that results in 

absence of mature T and B lymphocytes, as well as natural killer (NK) cells, and a 

Null mutation in the allele of the IL2 gamma chain (ILR2γ) to eliminate cytokine 

signaling pathways. Therefore, these mice are severely immunocompromised and 
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unable to mount a sufficient immune response making them a prime candidate for 

model tumor invasion assays. 

Three tumor cell lines, along with a normal cell line, were selected for the study. 

The tumor cell lines were DU145 6WT, DU145 3 knockout (3KO) and the 

DU145 6AA mutant representing the non-cleavable full-length 6 integrin. Five 

mice from each were selected to represent the cell line category for observation. 

The DU145 cell cultures were administered via injection through the peritoneum. 

The time point for sample harvest was 8 weeks. However, some of the animals 

began to exhibit ascites at 5 weeks indicating distress due to tumor burden in which 

a fluid drain was accomplished and the subjects were allowed to continue to reach 

a 6-week and 8-week interval before harvest. All the cell lines demonstrated tumor 

colonies on the diaphragm surface at the end of the 8-week period. At each target 

time point, subjects from each category were sacrificed and portions of the small 

bowel were removed and placed into 50ml vials containing 10% Neutral Buffered 

Formalin (NBF) and stored for a twenty-four-hour period to allow tissue fixation. 

After removal of the small bowel sections, the subjects were placed with open 

peritoneal cavities into a container with approximately 20mls 10% NBF for twenty-

four hour to allow tissue fixation. 

After completion of the twenty-four-hour tissue fixation, the fixed diaphragm 

samples were removed from the 10% NBF and placed in laminar flow hood. The 

diaphragms samples were excised from the subjects and the superior (top) side 

was blotted with cotton tipped swabs to remove excess moisture for application of 
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India ink to demarcate superior from inferior (bottom) side of the diaphragm. 

Samples were then placed into separately labeled 50ml vials containing 70% 

ethanol (EtOH) for overnight incubation. For each subject, the 10% NBF fixed 

sections of the small bowel were removed and also placed into separately labeled 

50mL vials containing 70% EtOH for potential tumor dissemination and genomic 

testing. Images of the sample diaphragms were captured to demonstrate the 

amount of tumor burden and any potential evidence of superior side dissemination. 

Both the DU145 6WT and DU145 3KO samples were observed to exhibit high 

amount of tumor burden throughout the peritoneal cavity whereas the DU145 6AA 

mutant samples demonstrated a lower amount of burden (Figure 6.1). 

 

Figure 6.1. DU145 diaphragm tumor burden. Gross images of diaphragm sample harvest. (IP side) 

Intraperitoneal side (diaphragm side) showing tumor burden for DU145 WT, 3KO, and 6AA. (Lung side) 

(Superior side) evaluating tumor invasion through the diaphragm to the lung side. DU145 WT and DU145 3KO 

demonstrate substantial amount of tumor burden (black arrows) on IP side compared to DU145 6AA exhibiting 

minute tumor burden amount (black arrows). 
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After 70% EtOH storage, each sample tissue (small bowel and diaphragm) were 

sliced into approximately 3-4 sections (strips) and paraffin embedded for serial 

sectioning. The sample diaphragms were each placed on the side to orient the 

samples with the superior side (with India ink) in the same direction. Unstained 

FFPE serial section slides were prepared for immunostaining. The sectioned slides 

were allowed to dry in a laminar flow hood for a 24-hour period and afterwards the 

first slide of the series in each sample category was stained with hematoxylin and 

eosin (H&E). H&E stained slide images of 1x, 4x, 10x and 20x were captured to 

evaluate any tumor invasion through the diaphragm.  

The H&E stained slides demonstrated visual evidence of tumor burden for each 

category of cell line with the DU145 6WT and DU145 3KO displaying an increased 

incidence of collective tumor muscle invasion with more frequency compared to 

the DU145 6AA (Figure 6.2).  The 6-week incidence of tumor invasion sites was 

counted and the total amount was tabulated for each 4mm sample diaphragm strip 

for each test category, both diaphragm (Table 2) and small bowel (Table 3). The 

6-week sample mice tested with DU145 6WT resulted in approximately forty-nine 

invasion sites on the diaphragm strips, this totaled to be an average of 

approximately four invasion sites per section of diaphragm with the maximum 

depth of penetration exhibited at 604 units. The DU145 3KO 6-week specimens 

resulted in an approximate thirty-nine tumor invasion sites averaging 

approximately three per section of diaphragm with the maximum depth of invasion 

presenting at 363 units. In contrast, the DU145 6AA sample mutants exhibited 

only five invasion sites averaging less than one invasion site per section of 
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diaphragm with the maximum depth of penetrant muscle invasion recoded at 270 

units.  

 

Figure 6.2. Hematoxylin and eosin stained xenograft PCa tissue slides. Sample slides with collective 

tumor invasion through muscle diaphragm indicated by dotted white line. DU145 WT tissue slides 

demonstrating collective tumor invasion through each muscle diaphragm (Top row). DU145 3KO tissue slides 

demonstrating collective tumor invasion through each muscle diaphragm (middle row). DU145 6AA tissue 

slides demonstrating tumor colonies remaining on the surface of muscle diaphragm (bottom left and middle 

panel) and tumor chord invasion through muscle diaphragm (bottom right panel). [Images, 10x magnification] 
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The average number of invasion sites for each cell line was tabulated and analyzed 

for comparisons for any significant differences or parallels. The data indicates no 

significant difference in amount of tumor sites between the DU145 WT and the 

DU145 3KO, but significant difference between DU145 6AA and DU145 WT and 

DU45 3KO (Figure 6.3). Suggesting significant inhibition of invasion by the 6AA.  

The depth of tumor invasion on the H&E stained slides was measured (in µm) 

utilizing the Aperio AT2 software and analyzed with GraphPad analysis to 

determine the maximum depth per each sample type. The analysis of the 6-week 

DU145 samples indicated that a slightly significant difference existed between the 

DU145 WT and 3KO but did not indicate a significant difference in depth of 

invasion between the DU145 3 and 6 samples (Figure 6.4, A and B). However, 

this may be an artifact of the diaphragm size and shape since each diaphragm 

exhibited variable thicknesses even within each sample.  It must also be noted that 

there were fewer sites of diaphragm invasion for the 6AA, which may have also 

skewed the average. The DU145 WT 8-week specimen demonstrated 

approximately forty-five tumor invasion sites within the diaphragm sections and 

incurred a maximum depth of approximately 518 units (supplemental data, 

Figure S1). 
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Figure 6.3. Inhibition of 6 integrin cleavage reduces tumor invasion sites. (A) Average number of tumor 

invasion sites per diaphragm section charted for DU145 WT, 3, and 6 integrin xenografts. (B)  Comparison 

of invasion sites across each xenograft cell line. Statistical significance calculated for mean differential 

between each cell line as two-way ANOVA GraphPAD analysis, (n=4). 
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Loss of 3 integrin results in highly metastatic phenotype. Interestingly, at 6 weeks, 

the mice injected with the DU145 3KO tumor cells displayed the highest incidence 

of tumor dissemination to the small bowel with a total of fifteen sites compared to 

five totaled for the DU145 6WT and just one tumor incidence with mice burdened 

with DU145 6AA mutant tumors (Figure 6.4). However, visual evidence suggests 

that the tumor clusters did not invade through the muscle of the small bowel but 

only colonized on the muscle surface. Nevertheless, the tumors did exhibit 

invasion through the pancreatic space (Figure 6.5.). This was intriguing result and 

appeared similar to the results in previous experiments accomplished by other 

groups utilizing WT, 3 integrin silenced (3si), 6 integrin-silenced (6si) and 3 

and 6 integrin silenced (3/6si) GS689.Li prostate carcinoma cell lines 

inoculated via tail vein into SCID BALB-c mice (Varzavand et al., 2013).  Their 

bioluminescence imaging (BLI) results showed after 5 weeks, the tumor burden 

caused by 3si cell dissemination to the lungs appeared greater than burden 

caused by the WT. 
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Figure 6.4. Maximum depth of tumor invasion in mouse diaphragms. (A) Average of maximum tumor 

invasion depth for observed diaphragm charted for DU145 WT, 3KO, 6AA xenografts. (B) H&E stained slide 

images with maximum tumor depth measurement for DU145 WT (left panel), DU145 3KO (middle panel), and 

DU145 6AA (right panel). (C) Comparison of maximum tumor depths across each xenograft cell line. 

Statistical mean difference calculated as two-way ANOVA GraphPAD analysis, (n =3) 
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Figure 6.5. Loss of 3 integrin increases tumor dissemination to the small bowel and 6AA reduces 

dissemination. (A) Table containing number of tumor sites per observed disseminated to the small bowel. 

(B) Charted number of tumor sites to the small bowel per DU145 cell type. (C) H&E stained slide of DU145 

3KO collective tumor colonization on the small bowel infiltrating the pancreas. [Image, 10x magnification]. 

6 integrin and E-cadherin co-distribute in cohesive tumor collectives: 

Immunostaining with antibodies for 6 integrin and E-cadherin demonstrated 

specific regions in the invading tumor clusters that exhibited similar expression 

patterns for both proteins (Figure 6.6, A). However, the tumors displayed 

heterogeneity such that the biomarkers exhibited various localization patterns in 

areas of invasion. In regions indicative of migration both membrane and 

intracellular (cytoplasmic) localization of 6 integrin and E-cadherin was observed 

(Figure 6.6, B). This observation corroborates the theory of integrin and E-

cadherin crosstalk mediating tumor invasive migration through the muscle stroma. 
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Figure 6.6. DU145 3KO xenograft 6 and E-cadherin IHC expression. Xenograft serial sections were 

immunostained with IHC DAB for antibodies for 3 integrin, 6 integrin and E-cadherin. (A) Images 

demonstrating lack of 3 integrin with deletion of gene (top left panel), expression of 6 integrin in tumor 

clusters (*) invading through muscle diaphragm (dotted line) (top middle panel), and expression of E-cadherin 

in tumor clusters (*) invading through muscle diaphragm (dotted line) top right panel). [Images 10x 

magnification]. (B) Image magnification of annotated region of tumor showing heterogeneous localization with 

membrane (black arrows) and cytoplasmic (red arrows) expression of 6 integrin and E-cadherin in co-

distributed region in which 3 integrin is lost. [Magnification, 40x].  
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DISCUSSION 

Tumors invading as a cohesive collective have been observed in various types of 

aggressive cancers including prostate. Aggressive prostate cancers initiate 

invasion with the budding of clusters of cohesive cells from pre-malignant HGPIN 

lesions (as seen in chapter 2). These observations challenge the prevalent theory 

that invasion into the surrounding stromal environment primarily occurs as single 

tumor cells. We have demonstrated earlier that aberrant events leading the loss of 

β4 and 3 integrins indicate the early stages of oncogenesis. We further 

demonstrated that the absence of the 3 integrin expression increases both 

production of the tumor specific cleavage form of 6 integrin, (6p), and results in 

decreased cell surface expression of E-cadherin. 

The tumor burden with the loss of 3 integrin was comparable to the WT, but 

interestingly resulted in a 3-fold increase in collective tumor dissemination sites to 

distant tissue compared to the WT. We suggest that loss of the 3 integrin 

promotes a phenotypic switch to a subclass of tumor with a more aggressive 

migratory capability with the potential to metastasize.  This may be a direct result 

of the increase in 6p production in conjunction with the downregulation of the 

surface expression of E-cadherin, which exacerbates the pliability of the tumor 

collective through the stroma.  

The IHC detection with antibodies specific for 6 integrin and E-cadherin 

demonstrated similar regions of localization in the DU145 3KO sample diaphragm 

invasion but also exhibited areas on heterogenous expression in which the E-
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cadherin demonstrated cytoplasmic localization. The co-distribution of these 

proteins in specific regions would support previous studies that indicate an 6/E-

cadherin complex in association with aggressive tumor dissemination (Marchio et 

al., 2012). This would also suggest that 6 integrin crosstalk with E-cadherin plays 

a role in regulating the cell surface or cytoplasmic expression. 

Also as expected, the inhibition of the 6 integrin cleavage (with 6AA) proved a 

benefit with a reduction of invasive cohesive tumor collectives in almost 60% (7/12) 

of DU145 6AA sample diaphragms at the 6-week time period. Although it did not 

completely mitigate the formation of tumors, it reduced the number of invasive sites 

and dramatically inhibited cohesive dissemination to distant tissue (one site) 

compared to the DU145 WT (five sites) and DU145 3KO (fifteen sites). The most 

intriguing result observed was the increased E-cadherin total protein expression 

as a result of the cleavage inhibition by the 6AA. We demonstrated the increase 

in total protein expression corresponded to an increase in E-cadherin membrane 

localization and thus increase in tight cell-cell junctions creating cohesive clusters.  

It is possible that the abrogation of the 6 integrin cleavage induces a constitutive 

activation state in the 6 integrin that enacts signal transduction to a positive 

transcription pathway for E-cadherin upregulation. This result may indicate that a 

specific switch in phenotypic functionality may occur leading to decreased plasticity 

and therefore reduced migratory capability.  Future testing to identify the specific 

factors or pathways that are directly involved in upregulating E-cadherin will be an 

important endeavor to possibly designing therapeutics possibly targeting tumor 

clusters before they invade. 
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VII. 6 integrin correlative localization with PTEN and ERG expression 

ABSTRACT 

The phosphatase and tensin homolog (PTEN) tumor suppressor is frequently 

found mutated or deregulated in various cancers. The inhibition of the PI3K/AKT 

pathway by PTEN modulates downstream cellular signaling molecules that have 

roles in regulating the cell cycle, cell survival and invasion such as mammalian 

target of rapamycin (mTOR). Over the past decade, the loss of PTEN expression 

has been an indicator of prostate cancers associated with poor prognosis and high-

risk metastatic disease. In human prostate cancers PTEN loss is also associated 

with increased intracellular expression of 6 integrin. Recently, there has also 

been increased correlation of aggressive prostatic disease with extracapsular 

escape relating to PTEN status with the ETS-related gene (ERG) overexpression. 

This chapter investigates the potential to correlate 6 integrin membrane or 

cytoplasmic localization to PTEN/ERG positive or negative expression in 

aggressive prostate cancer. Here, we immunostained FFPE human prostate core 

needle biopsies (CNBs) with anti-HMWCK+p63 antibody to identify normal regions 

of prostate and anti-PTEN, anti-ERG and anti-6 for assessment of aggressive 

disease. We utilized an innovative image capture platform to develop a novel 

quantitative algorithm by employing the QuPATH image analysis tool to evaluate 

and quantify immunostain localization patterns to correlate with aggressiveness. 

In the CNBs tested, we establish a relationship in which a shift in 6 integrin 

localization, identified within samples evaluated for PTEN and ERG status, could 

allow categorization of tumors as aggressive or non-aggressive. 
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INTRODUCTION 

PTEN loss has been shown to be a critical pathway involved to disease 

progression in specific tumor types (Hollander et al., 2011). Multiple studies have 

concluded that PTEN loss is a major contributing event in prostate cancer 

progression. For instance, PTEN is demonstrated to be lost in 40% of metastatic 

prostate cancer (Suzuki et al., 1998, Han et al., 2009; Taylor et al., 2010), and is 

critical in progression to castration-resistant prostate cancer (CRPC) 

(Jamaspishvili et al., 2018). PTEN acts as a lipid phosphatase converting 

phosphatidylinositol 3, 4, 5-triphosphate (PtdIns 3, 4, 5 or PIP3) into 

phosphatidylinositol 4, 5-biphosphate (PIP2) regulating membrane 

phosphoinositide composition (Sun et al., 1999). This function occurs by 

antagonizing PI3K activity by dephosphorylating FAK and Shc adaptor proteins 

involved in integrin-mediated signaling. Both FAK and Shc are involved in integrin 

clustering in focal adhesions during cellular migration (Gillmore and Romer., 1996). 

In epithelial cells, E-cadherin-mediated cell-cell interaction (and possibly integrin-

mediated cell-matrix interaction) lead to PIP3 production, which involve 

downstream Rho GTPases, actin rearrangements and changes in membrane 

traffic (Gassama-Diagne et al., 2006). 
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PTEN can facilitate direct interaction with these adaptors resulting in their 

dephosphorylation suppressing downstream effectors that mitigate the cell cycle, 

apoptosis, differentiation, cellular architecture and invasion (Gu et al., 1998; 

Tamura et al., 1998; Tamura et al., 1999; Lee et al., 1999; Yamada and Araki., 2001; 

Song et al., 2012; Nagle et al., 2013; Jamasphili et al., 2018) (Figure 7.1).  In 

polarized cells, PTEN localizes to the apical membrane where the function as a 

phosphatase prevents PIP3 accumulation by converting it to PIP2 (Martin-Belmonte 

et al., 2007). By restricting PIP3 localization to the basolateral membrane, PTEN 

plays a role in regulating cellular polarity (Gassama-Diagne et al., 2006).  

 

Figure 7.1. PTEN regulates PIP3, FAK and Shc. Schematic representation of PTEN regulation of cellular 

survival, proliferation and migration through inhibition of PIP3 activation of the Akt pathway. In addition, PTEN 

phosphatase domain (red) dephosphorylates and inhibits Shc and FAK which may mediate integrin membrane 

expression modulating adhesion and migration (Adapted from Yamada and Araki., 2001). 
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The Rab11 family of small GTPases play a role in directing lipid, receptor and 

transporter traffic from endocytic vesicles to the plasma membrane (Lindsey and 

McCaffery., 2004; Campa and Hirsh., 2017).  A Rab11 family of interacting proteins 

(FIPs) contain a C2 phospholipid-binding domain that serves as a docking site to 

target phosphoinositide in the cell membrane for membrane translocation (Lindsey 

and McCaffery., 2017). In theory, the PTEN regulation of PIP3 may influence the 

trafficking 6 integrin to cell surface and thus impact the capability of tumor 

aggressiveness and mobility. Integrin trafficking to the surface promotes tumor cell 

invasion and metastasis through laminin-rich matrices (Bridgewater et al., 2012), 

and this may be mediated by PTEN and Rab11 function.   
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The TMPRSS2/ERG fusion gene (which is associated with the protein expression 

of ERG) is shown to be present in approximately 50% of PCa and promotes 

progression in vivo (Ayala et al., 2015). It is hypothesized that PCa negative for 

these gene fusions may still harbor rearrangements of other ETS family members 

(Tomilins et al., 2006).  Studies have demonstrated the TMPRSS2/ERG fusion 

gene can enhance prostate epithelial cell proliferation, motility and invasion (Wang 

et al., 2008).  Multiple proteins and pathways involved in prostate oncogenesis are 

activated in response to ERG expression including SOX2, EZH2, TGFβ, Wnt 

pathway and SOX9 (Tomlins et al., 2008; Brase et al., 2011., Wu et al., 2013; Ayala 

et al., 2015). This links ERG to pathways mediating invasive properties (Becker-

Santos et al., 2012). Interestingly, in human prostate cancer development, 

TMPRSS/ERG fusions are stated to occur in context of early lesions such as with 

the loss of single NKX3-1 and/or PTEN alleles (Tomlins et al., 2008). In theory, this 

could mean the presence of ERG in prostate cancer development, indicates 

invasive potential. 
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The presence of ERG along with PTEN expression status (positive or negative), 

has been demonstrated in various types of aggressive cancers. The 

overexpression of the ERG protein in prostate tumors is considered by some a 

hallmark of advanced disease and relates to poor prognosis (Yoshimoto et al., 

2008; King et al., 2009; Nagle et al., 2011; Leinonen et al 2013; Ayala et al., 2015). 

However, some found that ERG expression associates with prostate cancers that 

demonstrate lower stage and longer progression free survival (Petrovics et al., 

2005; Saramaki et al., 2008). Other studies measuring biochemical recurrence 

demonstrated that regardless of ERG status the patients did poorly when PTEN 

was lost (Khron et al., 2012; Lotan et al., 2016). The variability of results shown by 

different groups highlight the difficulty that the heterogeneity of aggressive PCa 

poses in determination of aggressive phenotypes.  

The heterogeneity within these tumors results in shifting phenotypes that 

contribute to diverse patterns and mechanisms (Geraschenko et al., 2019). These 

phenotypes present with variable expression of cell surface molecules that make 

it problematic to identify molecules that may be utilized as predictive biomarkers. 

This uncertainty creates an obstacle in the identification and treatment of patients 

at risk for tumors capable of invasion and metastatic dissemination. Previous 

chapters showed the ability to quantitate the 6 integrin co-distribution with uPAR 

and E-cadherin in human prostate tissues to the categorize tumors with invasive 

and aggressive potential. The hypothesis tested in this chapter is that the 

membrane and cytoplasmic localization status of 6 integrin correlates with PTEN 

and ERG expression in human prostate characterizations.  
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This chapter investigates if 6 integrin localization (membrane, cytoplasmic or 

both) correlates with PTEN and ERG expression status in prostate tumor cells and 

could be quantified with an image analysis algorithm. The combination of IHC 

along with a quantitative image analysis was used in the identification and 

stratification of aggressive PCa. The results reported here indicate the ability to 

associate the 6 integrin expression with PTEN and ERG status in human prostate 

FFPE tissue samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 
 

RESULTS 

6 integrin localizes to the membrane with PTEN loss and ERG expression: 

Human prostate cancer FFPE tissue CNBs (~435) were serial sectioned and 

immunostained with antibodies specific for PTEN, ERG, 6 integrin and HMWCK 

+ p63. H&E stained slides were prepared with the first slides of the series. The 

H&E stained slides were then evaluated by a board-certified pathologist (RBN) for 

tissue morphology, architecture, normal elements and tumor content (Figure 7.2, 

A). Serial sections of evaluated CNB samples were immunostained with the 

specified antibodies previously mentioned and assessed for positive or negative, 

Gleason grades, and localization of 6 integrin (membrane, cytoplasmic or both). 

Sample observations revealed very interesting protein localization patterns of 

expression. The first observation occurred with samples containing tumors with the 

loss of basal cells (identified by the lack of HMWCK+p63 expression) (Figure 7.2, 

B and C, lower right panel). Region of tumor with negative PTEN expression 

demonstrated ERG positive expression within the identical region of the sequential 

slide, even at the cellular level (Figure 7.2, B and C, left and right top panels). 

Secondly, PTEN negative and ERG positive cancer exhibited 6 integrin 

membrane expression in a cell-cell membranous pattern resembling a “fish net” 

(Figure 7.2, B and C, left bottom panels). Interestingly this was repeated in 

specific tumor regions in five samples demonstrating this specific pattern (PTEN 

negative and ERG positive) (supplemental data, Figure S2-S4). PTEN positive 

and ERG negative tumors demonstrated either cytoplasmic 6 integrin localization 

or a combination of cytoplasmic and membranous expression (supplemental 
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data, Figure S2-S4).   

 

Figure 7.2. PTEN, ERG, 6 integrin and HMWCK+p63 protein expression in prostate cancer. Serial 

sections of human prostate cancer CNBs were immunostained for PTEN, ERG, 6 integrin and HMWCK+p63 

(n=435). (A) H&E stained slide of FFPE prostate tissue. (B) FFPE IHC DAB detection with antibodies for 

PTEN (top left panel), ERG (top right panel), 6 integrin (left bottom panel), and HMWCK+p63 (right bottom 

panel). Regions with positive PTEN expression (green arrows) with identical region in sequential slides with 

negative ERG result (red arrows). PTEN negative tumor (**), demonstrates positive ERG expression (red 

arrowhead). The 6 Integrin in PTEN negative/ERG positive region demonstrates membrane expression 

(black arrows) (Images are 10x magnification). (C) Enlarged images of indicated immunostained regions (20x 

magnification).  
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Quantitative analysis of 6 integrin expression: To evaluate if a correlation 

between 6 integrin localization with PTEN and ERG expression status could 

determine sample category (benign, low grade or high grade), a quantitative 

machine-learning algorithm was applied to the scanned images of 6 integrin 

immunostained slides using QuPATH™ image analysis tool. The algorithm 

employed a classifier to detect cells positive or negative for DAB immunostaining. 

A set of measurements were made for each detected cell and a filter is 

incorporated that allowed selection of positive DAB immunostained cells from 

negative cells. The algorithm differentiated between cytoplasmic and membrane 

immunostaining by utilizing an arbitrary distance ratio (2µm) from the nuclei of each 

cell detected to annotate individual cells. The results ratios were obtained by 

calculating the cytoplasmic optical density (OD) mean divided by membrane OD 

mean of the 4656 positive DAB cells detected from the annotated region of interest 

(ROI) (Figure 7.3, A). The ratios were plotted on a histogram with membrane OD 

mean of 0.823 and cytoplasmic OD mean of 0.659 calculated (Figure 7.3, B).  The 

OD mean ratios plotted indicated the initial ROI tested contained a more 

membrane expression of 6 integrin. The determination of cytoplasmic vs 

membrane distribution status depended on how far the mean ratio shifts from the 

standard of one (Figure 7.3, C). 
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Figure 7.3. 6 integrin localization is quantifiable on immunostained human prostate FFPE slides. A 

scanned prostate CNB IHC DAB slide immunostained with anti-6 antibody was quantified with QuPATH 

image analysis. (A) Image of annotated prostate CNB (top panel) and magnified ROI with individual cells 

identified by algorithm (bottom panel). (B) Histogram plot of calculated ratios cytoplasmic DAB OD mean to 

membrane DAB OD mean in total cells detected in ROI. (C) Table of cells detected with positive DAB 

immunostaining in ROI and total averages OD mean of cells with cytoplasmic and membrane expression of 

6 integrin. (D) Box and whisker plot of cellular distribution in the ROI with cytoplasmic OD mean over 

membrane OD mean (dots are outliers that are more than 1.5 standard deviations from the mean). 
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6 integrin membrane and cytoplasmic staining correlates with aggressive tumors: 

After the preliminary evaluation of the algorithm on the test sample, we next 

analyzed nine prostate samples immunostained with anti-6 representing two PNI 

samples, two high-grade tumor (Gleason 3+4), three low grade (Gleason 3+3) and 

one PIN lesion. To accomplish this testing, one core from each CNB was selected 

for annotation and analysis of the entire core. The results with the two high-grade 

tumors demonstrating cytoplasmic to membrane OD mean (C/M OD mean) of 0.92 

showed a distribution shift to membranous. One sample exhibited PTEN negative 

tumor with positive ERG expression and the other with PTEN and ERG negative 

expression. The three Gleason 3+3 tumor samples demonstrated slight variability 

in PTEN and ERG expression and C/M OD mean. One tested core presented 

tumor with negative PTEN and ERG expression with C/M OD mean of 0.91. 

Another sample exhibited both PTEN and ERG positive immunostaining with C/M 

OD mean of 0.86 (rounded). The final Gleason 3+3 sample demonstrated positive 

PTEN immunostaining and had negative expression of ERG with C/M OD mean 

of 0.90. Interestingly, the samples with PNI displayed variable PTEN expression. 

One sample expressed positive PTEN and negative ERG intensity with PNI 

(Figure 7.4, A) and demonstrated a C/M OD mean of 0.91 (rounded) (Figure 7.4, 

D, left panel), while the other exhibited a lack of PTEN expression and displayed 

weak ERG positive expression (Figure 7.4, B) demonstrating a C/M OD mean of 

0.80 (Figure 7.4, D, middle panel). This result would suggest the distribution 

indicated a shift to membranous expression while showing some cytoplasmic 

expression in this sample.  The sample with PIN lesion that demonstrated positive 
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PTEN expression and negative ERG expression. (Figure 7.4, B) As expected, PIN 

sample displayed a C/M OD mean of 0.84 (Figure 7.4, C, right panel).  The 

distribution results from the PIN sample would indicate more cells exhibited 

membrane staining.   

Overall, these results suggest that 6 integrin membrane localization in aggressive 

cancers is associated with the loss or mutation of PTEN in concert with 

overexpression of ERG. Prostate cancer presenting with positive PTEN 

expression and negative ERG appears to result in cytoplasmic with some 

membrane expression of 6 integrin, whereas prostate tumors with both PTEN 

and ERG Negative expression displays 6 integrin cytoplasmic localization.   
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Figure 7.4. 6 integrin cytoplasmic and membrane IHC expression in PNI and PIN. Human prostate CNB 

serial sections were immunostained with antibodies specific for PTEN, ERG, 6 integrin for presence of tumor 

and HMWCK+p63 for normal element comparison. (A) 6 integrin exhibits cytoplasmic (*) and membrane 

expression (black arrow) in cancer cells (Ca) invading the perineurium (P and red arrow) of nerves (N) in PNI 

sample with positive PTEN and negative ERG and HMWCK+p63 expression. (B) Membrane expression of 

6 integrin (black arrow) and cytoplasmic (*) observed in PNI sample with negative PTEN and HMWCK+p63 

intensity and weak ERG expression. (C) 6 integrin demonstrates mostly membrane and some cytoplasmic 

expression in PIN lesion with positive PTEN, negative ERG and discontinuous HMWCK+p63 expression. (D) 

Histogram plots of QuPATH algorithm ratio analysis of cytoplasmic to membrane OD mean in PNI (left panel), 

(middle panel) and PIN lesion (right panel). (Images are 10x Magnification). 
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DISCUSSION 

The detection of PTEN with ERG expression status in prostate cancers has 

become an intriguing discussion in the attempt to investigate reliable biomarkers 

to identify tumors with propensity for invasion. These tumors express a high degree 

of variability in protein expression associated with aggressive potential. Although 

our understanding of the downstream effector pathways directly or indirectly 

related to PTEN function has improved, it still has not definitively led to a signature 

of invasive potential. This current chapter associates the localization of 6 integrin 

with PTEN and ERG protein expression status to identify prostate cancers with 

aggressive capacity. 

Human prostate cancers demonstrate multiple proteins that display upregulated or 

downregulated expression status, variable localization pattern within the tumor 

cells and variable co-distribution patterns, even within one tumor. Many of the 

observed prostate cancers and some PIN lesions with PTEN loss and ERG 

expression presented with an 6 integrin membranous “fish net” immunostaining 

pattern. Tumors with PTEN positive and ERG negative expression displayed 

mostly cytoplasmic but some membrane 6 integrin immunostaining. Tumors with 

both PTEN and ERG positive expression (although rare) exhibited slightly more 

membrane localization of 6 integrin. Prostate cancer demonstrating a lack of 

PTEN and ERG expression presented with mostly diffuse cytoplasmic localization.  
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Studies have shown that PTEN can inhibit cellular invasion, migration and growth 

by negatively regulating integrin function (Gu et al., 1998; Tamura et al., 1998; 

Tamura et al., 1999). Although the PTEN phosphatase function modulates 

PIP3/PI3K pathway activity and phosphoinositide composition regulating vesicular 

membrane trafficking, the activation of other kinase mediated effector proteins may 

also be able to perform this function. For instance, other groups have shown that 

PTEN negatively regulates ERK1/2 signaling (although indirectly) in prostate 

cancer (Bouali et al., 2008; Chetram et al., 2011; Chetram and Hinton., 2012). 

Studies have shown ERG as a specific target of ERK for phosphorylation and 

activation in prostate cancers (Selvaraj et al., 2015; Kedage et al., 2017). This may 

explain the specific membrane localization patterns with 6 integrin with PTEN 

loss and ERG expression. This also suggests that further investigation of non-

canonical pathways influenced by alterations in PTEN/PI3K status associated 6 

integrin regulation is critical in assessing tumor aggressiveness. 

Prostate cancer is an extremely heterogeneous type of cancer that displays an 

indolent and aggressive phenotype. During progression, these tumors exhibit 

phenotypic transitions that enhances cellular plasticity and exacerbates the 

inability to identify tumors that will acquire invasive capability. Alterations and 

mutations in specific gene and proteins have long been designated as focal points 

for initiation of oncogenesis; here the alterations in PTEN with respect ERG 

functionality have come to the forefront. 
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PTEN loss and ERG status in relevance to aggressive PCa behavior has been a 

debate for some time. The variable expression for both (or either) within PCa 

tumors is an evident display of tumor intratumoral heterogeneity. The fact that 

these tumors can exhibit varying status of these protein expressions indicates the 

potential existence of subclasses of tumor within just one primary region. Here, we 

have determined a relevance in the detection of specific 6 integrin localization in 

PCa tissues in correlation with PTEN and ERG expression status. The patterns 

displayed have indicated a potential connection with deregulation of PTEN and 

increased expression of 6 integrin. The membrane presence of 6 integrin in 

concert with PTEN negative and ERG positive expression may indicate a transition 

to an aggressive tumor subtype. Previous chapters have established the 

upregulation of 6 integrin (specifically to the cell-cell region) results in interaction 

with uPAR and PTM to the tumor specific variant form associated with invasion. In 

addition, our results demonstrate inhibition of the 6 integrin cleavage activates 

unknown pathways to upregulate E-cadherin expression and mitigate tumor cell 

migration. It will be critical to determine if inhibition of the PTM of 6 integrin will 

also activate pathways re-establishing PTEN expression in tumor with mutation of 

inactivation. 
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ABSTRACT 

The potential to reuse archived Hematoxylin and Eosin (H&E) stained slides with 

various immunostaining detection strategies present a unique opportunity for not 

only for interrogating past tissues with new biomarkers but also as an alternative 

for samples with limited tissue availability. Archived Hematoxylin and Eosin (H&E) 

stained pathology slides are routinely stored to index FFPE sample tissue blocks. 

The FFPE blocks are clinically annotated human tumor specimens that can be 

valuable in studies decades after the tissue was collected. If stored properly they 

have the potential to yield a valuable number of serial sectioned slides for 

diagnostic or research purposes. However, some retrospective studies are limited 

in scope because the tissue samples have been depleted or not enough material 

is available in stored blocks for serial sections. The goal of these studies was to 

determine if archived H&E-stained slides can be directly reutilized by optimizing 

methods to de-stain and then re-stain the H&E stained slides to allow detection of 

several biomarkers of interest using a conjugated antibody with chromogen 

multiplex immunohistochemistry procedure. This simple but innovative procedure, 

combined with image analysis techniques, demonstrates the ability to perform 
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precise detection of relevant markers correlated to disease progression in initially 

identified tumor regions in tissue. This may add clinical value in retaining H&E 

slides for further use. 

INTRODUCTION 

In immunohistochemistry several types of tissue immunostains are utilized to 

analyze morphological features, cellular structures, cell type, and presence or 

absence of microorganisms. The most popular of the staining methods for 

diagnostic potential is the utilization of hematoxylin and eosin (H&E) staining 

(Bancroft and Layton., 2013). H&E stains reveal structural information, with 

specific functional implications. H&E staining of tissue is used to assess cellular 

and morphological structures, identify type of tissue, morphological variability, cell 

type, and pathological changes. The use of H&E staining has been the most 

effective and utilized procedure for pathological diagnosis of patient neoplasia for 

over a century (Fischer et al., 2008; Chan., 2014) It has allowed pathologists to 

pinpoint focal areas of a specimen containing aggressive tissue and foster a proper 

diagnosis (Titford., 2005). Therefore, developing procedures to re-utilize these 

archived samples to determine individual biomarker expression levels (and 

potential protein-protein association) could assist in determining disease 

progression and directions for appropriate treatments. 

H&E staining is used in conjunction with a variety of tissue fixatives and allows the 

display of various cellular and tissue components including the extracellular matrix, 

the cellular cytoplasm, and the nuclear structures (Fischer et al., 2008). The 
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hematoxylin is converted into its oxidization product hematein, which is a basic dye 

that stains acidic (basophilic) tissue components (ribosomes, nuclei, and rough 

endoplasmic reticulum) a darker purple color while the acidic eosin dye stains other 

protein structures of the tissue (stroma, cytoplasm, muscle fibers) a pink color 

(Chan., 2014; Titford., 2005; Feldman and Wolfe., 2014). They are also valuable 

in distinguishing normal structural components from neoplastic regions. However, 

with current procedures, H&E staining is utilized along with sequential sections 

stained with antibody. Serial sectioning may cut through the region of intent and 

may result in loss of regions necessary for critical diagnosis. This is particularly an 

issue with smaller core needle biopsies (CNBs), that are of limited size and 

number. These samples are considered “precious” in regard to availability and 

require the utmost accuracy in testing procedures to result in proper diagnoses. 

A major advantage of a method that allows reuse of the H&E-stained slide is that 

it will alleviate the need for additional sequentially-sectioned slides, particularly 

with the diminutive CNBs. Due to the of size of CNBs, they are also subject to 

tissue sample exhaustion with loss of the diagnostic lesion. This method would 

present a major practicality when a particular region of interest is no longer 

available in the sample block due to sequential cuts. The ability to resuse the initial 

H&E containing the lesion could be critical. De-staining these H&E-stained tissue 

slides could also potentially reduce the need for re-biopsy. 

Another advantage for restaining archived H&E-stained slides is due the rapidly 

expanding use of whole-slide imaging (WSI), also known as digital pathology (DP) 

or virtual pathology. DP is a technology that involves high-speed, high-resolution 
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digital acquistion of images representing entire stained tissue sections from glass 

slides in a format that allows them to be viewed by a pathologist on a computer 

monitor (Mukhopadhyay et al., 2018). This streamlines the ability of surgical 

pathologist to make a primary diagnosis utilizing digitized images of the H&E-

stained slide, allowing digital preservation while the H&E and other stains are fresh 

(Zarella et al., 2018). As the validation of this technology becomes widespread, the 

method reported here could be used for analysis of stored H&E-stained slides for 

subsequent diagnosis of tumor subtypes within a patient sample or future 

discovery of novel target proteins. 

For our research, prostate cancer was initially chosen due to frequent limitations 

of tissue in sample biopsies and the requirement for biomarker study. PCa is also 

known to express variable levels of several markers associated with disease 

progression, such as PTEN ERG, making it a viable target for testing this 

procedure. A link between the PTEN pathway and ERG protein expression has 

previously been evaluated in previous chapters and various prostate cancer 

studies [Yoshimoto et al., 2008; Han et al., 2009; Leinonen et al., 2013; Nagle et 

al., 2013; Ayala et al., 2015; Jamaspishvili et al., 2018). In studies investigating the 

trend of PTEN loss in tumors of prostatectomies and locally recurring castrate-

resistant prostate cancers (CRCPs) with ERG overexpression, the data showed 

that the loss of PTEN was significantly associated with ERG positivity (Leinonen 

et al., 2013). Another study indicated that the combination of ERG overexpression 

and PTEN deletion is common in aggressive capsular penetrating lesions (Ports 
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et al., 2009). Therefore, we decided that using antibodies targeting PTEN and ERG 

would be the validated markers in this study. 

RESULTS 

Archived H&E stained slides from PCa resections or CNBs stored for at least one 

year (with film coverslips) were initially used to demonstrate proof that the H&Es 

could be reutilized for biomarker stain using an H&E de-staining procedure with 

standard equipment and reagents. De-identified patient tissue samples were 

provided with no link to information that can be used to identify patients. FFPE 

prostate tissue multi-array (TMA), adenocarcinoma, lung, colon, and skin tissue 

slide samples were used (Table 5). The initial antibodies chosen for the proof-of-

concept testing were ready to use products from Ventana/RTD such as anti-p40 

(B28) mouse monoclonal antibody (data not shown), anti-cytokeratin 5/14 

(CK5/14) (EP1601Y/LL002) rabbit and mouse monoclonal antibody cocktail from 

Cell Marque (Figure 8.1). In addition, the rabbit polyclonal antibody against the 

laminin-binding extracellular domain of 6 integrin (CD49f) was also tested. 
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Figure 8.1. Malignant primary prostate adenocarcinoma tissue sample. The first image shows the 

prostate tissue stained with H&E (A). The areas with tumor and normal prostate gland tissue are labeled. The 

H&E stained tissue slide was de-stained and anti-CK5/14 mouse monoclonal antibody cocktail was applied to 

determine feasibility of the proposed protocol (B). A sequential sample slide was stained with the same anti-

CK5/14 marker using a standard protocol procedure (right panel), for comparison of stain intensity to initial 

de-stain/re-stain procedure results (C). [10x magnification] 

The method described in this study utilized forty-nine sample H&E-stained 

resection and CNB slides that were analyzed and commented on by a board-

certified pathologist (Dr. Ray Nagle) for normal or neoplastic status, Gleason 

grade, preservation status, and any distinguishing features for categorization of 

potential aggressiveness (Table 4). The initial testing was accomplished using 

DAB IHC detection kits to determine retention of marker stain intensity. During the 

initial stages of this study, multiple test samples demonstrated lower intensities as 

a result of utilizing an un-optimized protocol (data not shown). However, continued 

editing and updates to the initial procedure on re-utilized H&E index slides resulted 

in viable stain intensity demonstrating the feasibility of the procedure and potential 

for optimization to culminate in stain intensity comparable to that of sequential 

slides utilizing standard procedures (Figure 8.2). 
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Figure 8.2. Sequential slides of human prostate tissue exhibiting cancer (Ca) invading into normal 

glands and high-grade prostatic intraepithelial neoplasia (HGPIN).  There is an aggressive carcinoma 

invading glandular structures that have retained normal basal cells. The retained basal cells are positive for 

HMWCK + p63 (A) [grey arrowheads], positive for PTEN (B) [black arrows], and negative for ERG (C) [green 

arrowheads]. The cancer is negative for HMWCK + p63 (A) [red arrowheads], PTEN (B) [red arrows], but 

positive for ERG (C) [black arrowheads]. [Images, 10x magnification]. 

The initial testing procedures resulted in moderate but visible stain intensity 

providing proof-of-concept. At this stage, further optimization and repeat testing 

was warranted to increase the stain intensity to comparable levels of those 

occurring using the standard antibody staining methods and to ensure 

reproducibility. The procedure methods were improved by four steps: 1. Applying 

timed reagent rinse procedures at the xylene, ethanol (EtOH), and Ventana/RTD 

proprietary reaction buffer steps (1-minute rinse times between each hold); 2. 

Increasing EtOH and reaction buffer reagent rinses from 1 rinse to 5-6 and 3-4 

manual rinses respectively for optimal efficiency; 3.  Including an approximate 5-

minute drying step after the reaction buffer rinse to limit residual excess reagent 

interference in the online application of biomarkers; and 4. Editing online cell 

conditioning steps (for heat induced antigen retrieval) to reduce potential epitope 

destruction. 
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This procedure optimization was considered the standard when applied to any 

H&E-stained slide stored up to 2 years but needed further optimization for tissues 

stored for periods 2 years or longer. The subsequent experimentation steps 

employed the use of antibodies targeting PTEN and ERG biomarkers, VENTANA 

anti-PTEN (SP218) mouse monoclonal antibody, and anti-ERG (EPR3864) rabbit 

monoclonal antibody respectively. These validated markers were used since they 

demonstrate 1. the heterogeneous variability of aggressive prostate cancer and 2. 

the comparative expression of PTEN loss and ERG expression in aggressive 

tumors. In this procedure, steps (1-8) represent the optimized H&E de-staining 

procedures. However, during the testing, unforeseen scheduling resulted in slight 

deviations (extended reagent HOLD times) in steps 4 and 7 that lead to 

determination that certain steps, which were the xylene and reaction buffer HOLD 

times, could be amended without incurring damage to samples. The updated 

procedure, which only involved an extended xylene hold time and is essentially the 

same optimized procedure, resulted in comparable stain intensity to the standard 

protocol and allowed the ability of distinct determination of aggressive tumor areas 

(Figure 8.3). After the successful completion of a sequential round of 

experimentation using IHC DAB, we tested if antibodies targeting multiple 

biomarkers could be applied for detection with the use of chromogenic detection 

reagents. Again, prostate adenocarcinoma CNBs were used as experimental 

specimens for the de-stain and re-stain procedure. The antibodies chosen were 

specific for the 6 integrin laminin-binding domain and HMWCK + p63. These 

markers were chosen due to known membranous expression levels (CD49f) and 
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cytoplasmic and nuclear (HMWCK + p63 respectively) positive expression levels 

in non-neoplastic basal cells of prostate tissue. In PCa, 6 integrin expression is 

membranous and aggressive and invasive disease exhibits an intracellular 

expression pattern (Ports etal., 2009; Sroka et al., 2010; Sroka et al., 2016; 

Harryman et al., 2016; Das et al., 2017).  It is also associated with poor patient 

prognosis, reduced survival, and increased metastasis (Friedrichs et al., 1995; 

Landowski et al., 2014; Stewart et al., 2016). These markers were not expected to 

colocalize but to demonstrate the expression pattern of both non-neoplastic and 

neoplastic structures and focal areas in tissue after marker application, following 

the de-stain procedure. 
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Figure 8.3. Prostate cancer CNBs sample H&E slides with PTEN and ERG IHC DAB stained slides. The 

first slide for each sample was H&E-stained (A) Each sample H&E was de-stained and re-stained with either 

PTEN or ERG antibody depending on the pathologist analysis for biomarker loss or positivity to demonstrate 

tumor heterogeneity (B) The additional sequential slides for each sample were stained with anti-PTEN 

antibody or anti-ERG antibody (C) Each sample H&E was de-stained and re-stained with either PTEN or ERG 

antibody depending on the pathologist analysis for biomarker loss or positivity to demonstrate tumor 

heterogeneity [10x magnification]. 
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The expected outcome was to demonstrate definitive areas of non-neoplastic vs. 

tumor regions with the application of antibodies and chromogen detection. This 

would allow the simultaneous detection of normal and aggressive structures in one 

tissue sample after pathologist analysis of the H&E-stained slide, allowing for the 

potential utilization of one slide. The results demonstrated strong stain intensities 

for both targets and well-defined areas of demarcation of non-neoplastic vs tumor 

structures. As expected, both markers are visible in normal basal cells of normal 

prostate glands (although the HMWCK + p63 stain intensity primarily masks the 

6 integrin signal in those areas), but anti-6 antibody displays an intracellular and 

cytoplasmic expression in the areas of budding tumor (Figure 4). 

 

Figure 8.4. Prostate adenocarcinoma sample CNB H&E and Chromogen IHC. The initial H&E-stained 

slide with dotted line indicating prostatic intraepithelial neoplasia (PIN) lesion and tumor area (left panel) (A) 

The de-stained H&E that was stained with HMWCK + p63 mouse monoclonal antibody cocktail and anti-CD49f 

rabbit polyclonal antibodies using Dual Chromogen detection (right panel) (B) The anti-HMWCK + p63 

antibody cocktail (purple) stains the basal cells of normal prostatic glands, and the anti-CD49f (teal) antibody 

stains normal basal cell membranes (masked by the HMWCK + p63) but demonstrates an intracellular and 
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cytoplasmic expression in aggressive tumors (area demonstrating budding tumor outlined in H&E-stained slide 

in left panel and right panel). [Images, 20x magnification with 60x instep]. 

These positive results from testing samples archived up to 2 years warranted the 

evaluation of the potential ability of this procedure to be utilized with other tissue 

types, for H&E stained slides archived 2 years or more, and samples archived 

utilizing glass coverslips. Therefore, five archived PCa CNBs (2 years 11 months), 

a normal colon (2 years 1 month), liver and lung samples (4 years) along with 4-

plus year (4+) PCa resection (4 years 11 months) H&E stained sample slides 

sealed with thin film coverslip were tested. For the testing of H&E stained slides 

sealed with glass coverslips, archived PCa CNBs (2 years 11 months), skin 

samples (5 years) and a PCa TMA sample (12 years) were tested. During the 

execution of this procedure the removal of the coverslip was determined to be a 

limiting factor therefore the parameters involved with the removal was tracked and 

recorded in this report (Table 5). After the removal of the H&E stain, the sample 

slides were re-stained with selected antibodies utilizing optimized protocols 

adapted for IHC on de-stained H&E slides (Table 6). 
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The testing of the H&E stained slide samples archived 2 years or more involved 

extended coverslip removal and reagent rinse times (2+, 4, 4+, 5, and 12-year 

archived samples) which indicated that archival time, storage condition and 

coverslip type may play a factor in slide processing with the procedure. The 

processing of 2-year archived H&E stained slides sealed with thin film (all PCa 

CNBs) only required minimal extension time of coverslip removal (to ~ 60 minutes) 

but resulted in H&E stain removal and comparable antibody immunostaining 

intensities compared to the corresponding sequential slides (Figure 8.5, A-6E). 

The reused H&E and corresponding sequential slides were evaluated by a board-

certified pathologist in a side by side comparison for immunostaining intensity 

(Table 7). The histopathologic analysis focused on any present tumor or normal 

regions for intensity. The data analysis indicates that there was a significant 

matching in the immunostaining intensities between the reused H&E stained slides 

and sequential comparator slides immunostained with the various antibodies 

(Figure 8.5, F). 

The processing of the 4 and 4+ year archived H&E stained slides (PCa resections) 

sealed with thin film coverslip required extended time of coverslip removal (~38 

and 47 hours) but resulted in H&E stain removal.  The archived H&E stained slides 

sealed with glass coverslip for 2+, 5 and 12-year (PCa resection, two skin and PCa 

TMA) required 1-2 days and 4-5 days for coverslip removal. The 4+ year archived 

sample resulted in comparable intensity (CK 8 &18) to the sequential comparator 

slide (Figure 6). The reused 12-year archived PCa TMA H&E stained slide 

immunostained with Ventana anti-ERG resulted in immunostaining but intensity 
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was variable across different cores but demonstrated feasibility (data not shown). 

The reused 5-year archived H&E stained slides (skin resections) sealed with glass 

coverslips also required extended time for coverslip removal and reagent rinses. 

The resulting H&E stain removal exhibited residual H&E stain on the slides 

resulting in incomplete immunostaining (ERG) (data not shown). The resulting 

retention of the hematoxylin and eosin on the slides may have potentially impacted 

the results and will need further inquiry on storage conditions to ascertain steps to 

mitigate any issue. We have found that storage conditions of older H&E stained 

slides (particularly with glass coverslips) causes extensive adhesion of the 

coverslip to the tissue slide due to the extended time in storage, requiring a slight 

extension of extraction procedures. Also, we observed that pre-analytics will 

impact H&E removal resulting in some residual retention. Unfortunately, due to age 

of the slide, pre-analytical data was not available. 
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Figure 8.5. H&E stained slide image and reused H&E slide selected antibody immunostain comparison 

with sequential slides in PCa CNBs. (A through 6E). H&E stained Slides. (A-E) Antibodies: HMWCK+p63 

(1A-5A), [Note: uneven data points for Sequential slide 5 due to lack of immunostain for HMWCK+p63]; CK 8 

&18 (1B-6B); CD49f (1C-6C); E-cadherin (1D-6D); ERG (1E-6E). Scatter plot assessment of side by side 

comparison of pathologist analysis scores and comments for sequential slide and reused H&E antibody 

immunostaining. Note: red inverted triangles represent ERG internal controls and open inverted triangles with 

black outline represent CD49f internal controls (F). Data presented as SEM with Chi square, df (18.12, 1). The 

results determined by RM one-way ANOVA matching across rows (see Table 5) showing significant matching 

with p value (<0.0001). Analysis performed using GraphPad Prism version 8.2.1. [Images 4x Magnification] 
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Figure 8.6. H&E stained slide archived 4+ years subjected to de-stain and re-stain procedure compared 

to sequential sample slide. Initial H&E stained slide containing region of tumor (A). CK 8 &18 antibody re-

stained slide retaining region of interest and exact architecture (B). Sequential slide comparison immunostain 

with CK 8 &18 exhibiting comparable stain intensity. [Images, 10x Magnification]. 

DISCUSSION 

When patients are suspected of having PCa, a tissue sample is required for 

diagnosis. The sampling of the potentially neoplastic area may be assisted through 

means of ultrasound (US) or multiparametric magnetic resonance imaging 

(mpMRI) guided techniques. Sample resections and needle biopsies are routinely 

formalin-fixed and processed and embedded for histological sampling then stained 

for H&E and IHC, allowing pathologists to analyze an excised patient tissue sample 

from the affected area after diagnosis to differentiate between cancer and non-

neoplastic events, such as benign prostatic hyperplasia. The H&E-stained slide 

plays a critical role in assisting the diagnosis of the pathologist in corroborating the 

initial findings with MRI and US procedures. Traditionally, after pathologist analysis 

and diagnosis, the samples can then be processed with biomarkers targeting 

detection of epitopes that are overexpressed in aggressive tumors. Currently this 
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is the standard procedure deployed in companion diagnostics that allows for the 

stratification of patients who may benefit from a specific therapeutic intervention. 

The accurate evaluation of biomarkers with these samples is critical for patient 

diagnosis, particularly with smaller samples, such as CNBs, fine needle aspirates, 

and potentially transurethral resection of prostate samples (TURPS). The smaller 

size of these tissue samples limits tissue availability and requires precise testing 

for important results. Loss of available tissue slides is a risk that could be mitigated 

with the use of H&E slide de-stain and re-stain procedures. The potential to detect 

multiple markers using chromogenic multiplexing on a single indexed tissue slide 

that had been analyzed and diagnosed by a pathologist to definitively contain 

aggressive tumor, leaves open the possibility of predictive companion diagnostics 

with minimal sampling. This may provide the opportunity for a one sample/one 

result diagnosis limiting the invasive nature of tissue specimen collection, which 

benefits the patient greatly. 

There are few reports that provide instructions for removal of the H&E staining that 

leaves the target epitopes intact for potential reuse of the slide for selective 

biomarkers. Current existing protocols (and forums) only discuss de-stain 

procedures for slides that have stained inadequately, or have been stained with 

excessive hematoxylin and have lengthy protocol steps that may extend the 

procedure hours to days. Others may require the use of more corrosive reagents 

(% HCL solutions). Procedures utilizing either beta-mercaptoethanol/sodium 

dodecyl sulfate (2ME/SDS),  6 guanidinium hydrochloride (GnHCL)  or 6 M Urea 

have been demonstrated to elute antibodies from immunostained tissues on 
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positively charged glass slides (or glass coverslips) for sequential antibody re-stain 

(Gendusa et al., 2014;  Bolognesi et al., 2017). However, these methods focused 

on the removal of the bound primary antibody and the reagents used were not 

indended to remove the H&E stain.  For this report, an innovative method utilizing 

non-corrosive reagents was created and applied in a particular procedure using 

these reagents in sequence that optimized the H&E slide de-stain. This procedure 

removed the majority of the visible stain while retaining tissue integrity and 

morphology and allowed preparation of specified IHC protcol to restain the sample 

sides. The primary tissue sample used for initial testing was prostate 

adenocarcinoma, however, this will translate to other tissues. 

This study utilized liver, colon, skin and PCa resections and CNB samples for 

procedure testing. The study included the addition of antibodies detecting clinically 

relevant biomarkers such as PTEN, ERG, E-cadherin, Racemase (p504s), 

cytokeratin 8 &18 and the CD49f protein for potential indication of aggressiveness 

and antibodies against HMWCK cocktailed with a p63 marker (a p53 homologue 

containing the N-terminal transactivation domain) as well as the variant p40 marker 

(lacking the N-terminal domain), that will detect the presence of normal basal cells 

of prostatic glands. These antibodies were critical in detection of differentiating 

prostatic adenocarcinomas vs detection of non-neoplastic prostatic tissue, as well 

as determination of intracellular marker activity and basal cell attenuation, 

respectively.  Also, during this study the positive outcome from testing various 

tissue samples archived beyond 4 years utilizing thin film and 12 years with glass 

coverslips yielded promising results indicating tissue epitopes remain stable on 
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H&E stained slides archived at a minimum of 4 years. This indicates that the 

procedure may be useful for interrogating other clinically relevant proteins in 

tissues other than prostate and for H&E-stained slides stored for longer periods of 

time. However, the conditions of the slide storage and the type of adhesives 

applied to seal the slide may have an impact on results. Another factor may be the 

specific antibody selected for each specific study. The antibodies used for this 

study yielded promising results but each antibody demonstrates various qualities, 

therefore continued optimization may be warranted for this procedure. 

Further experimentation will be repeated involving archived specimen slides 

utilizing film coverslips that have been stored for 4 years and more, as well as 

continued interrogation of samples sealed with glass coverslips. This will 

determine the robustness of the procedure to encompass reproducible testing of 

samples from decades past to incorporate newly discovered targets to test protein 

expression that may offer answers to questions that may have remained unsolved. 

Also, with the development of newer chromogen dyes, the possibility of utilizing 

one slide for multiple markers may now become a distinct possibility saving 

valuable time and resources. The results demonstrated in this report can be 

considered the first step towards a more extensive study incorporating much larger 

cohorts that may ultimately utilize this procedure as a viable tool in cancer 

diagnosis and treatments. 
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IX. Concluding statements and future research 

 

Prostate cancer (PCa) progression to metastatic disease involves a complex 

process of cascading steps. The first steps begin with development of 

premalignant PIN lesions with continuity gaps in basal cell layer. Next, a malignant 

cluster of tumor cells invade through continuity gaps into surrounding tissues. 

These clusters then escape via laminin-expressing peripheral nerves, migrate into 

and survive the circulatory system, enter and colonize distant tissue causing death. 

The cleavage of 6 integrin by the uPA facilitates the altered adhesive status, 

increasing the cellular rate of migration on laminin. This uPA-mediated cleavage 

of 6 integrin is regulated by the uPA receptor (uPAR) through direct co-distributive 

interaction as confirmed in previous co-immunoprecipitation experiments 

(Rubenstein et al., 2019). The co-distribution of 6 integrin with uPAR was found 

to be dependent on the expression of 3 integrin. A deletion of the 3 integrin gene 

produced increased levels of the cleavage product 6p. This result indicates the 

loss of 3 integrin is a critical event that occurs in early PCa and promotes 

progression to aggressive disease. In addition to influencing the cleavage of 6 

integrin, the loss of 3 integrin also promoted the reduced expression of the cell-

cell adhesion protein E-cadherin. The lost surface expression of E-cadherin 

reduces stable connectivity and promotes cellular plasticity. Taken in concert with 

the 6 integrin cleavage, this creates progressive tumors with the ability to 

disseminate as highly motile collectives.  The ability to detect these cascading 
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events early in disease progression could potentially lead to a preventative 

measure that would prove beneficial to patients at risk for aggressive cancer.  

Advancements in diagnostic strategies and early screening for detection of 

aggressive disease have lowered the prostate cancer mortality rate 40% and 

increased the 5-year survival rate for confined disease to nearly 100%. The 

primary tests are direct rectal examination and PSA serum tests for evidence of 

cancer. Current tests target newer molecular and protein biomarkers, such as 

PTEN and ERG, for expression status in patient samples relevant to aggressive 

disease. However, multiple proteins and other molecular determinants are 

involved in processes that occur simultaneously that promote progression from low 

risk to aggressive tumors. This results in patient misdiagnosis and overtreatment 

of low risk cancers that lack invasive capability and has still yet to curtail the <30% 

5-year survival rate of patients with tumors presenting extracapsular invasion.  

Consequently, the characterization of more a reliable detection signature 

indicating the early transition to invasive disease will provide the crucial information 

for objective decisions for patients truly at risk. Therefore, this research aimed to 

develop and utilize multiple strategies to characterize various protein associations 

related to early invasive disease transition. Based on the detection and quantitative 

analysis of human PCa tissues, it can be concluded that when the loss of 3 

integrin is observed, the increased production of 6p associated with enhanced 

migration. In addition, there is increased coincidence of 6 integrin with E-cadherin 

and a correlation to PTEN and ERG status that is an important signature 
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determining early invasiveness. The results suggest that together, the associations 

of these surface protein molecules indicate a signature of phenotypical aggressive 

tumors that are initiating the first steps of invasion. 

The research here utilized primary antibody detection strategies on patient tissues 

and cell lines to target proteins of interest relating to disease progression. The use 

of antibodies to detect proteins involved in early stage progression of prostate 

cancer has been a problematic due to the unique and heterogeneous nature of 

tumors. During different stages of cancer progression, proteins will demonstrate 

variable expression within a tumor. Furthermore, proteins will also show variable 

expression within the same focal regions of the same tumors. This means that a 

cancer can exhibit different subtypes and demonstrate the ability to perform a 

phenotypic switch from non-aggressive to invasive. It is within this switch to 

invasive cancer that protein localization patterns and associations can determine 

a precursor to metastatic potential. Another issue is that tumor regions of interest 

can be lost due to serial sampling. A viable method to reuse H&E stained slides 

was developed and tested to mitigate this. The resulting data indicated that the 

method demonstrated comparable intensities to standard IHC and can be used 

with multiple targets and allow quantitation.  
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The optimization of multiplex IHC antibody assays for multiple biomarkers in 

patient tissue samples resulted in observable patterns of protein localizations 

indicative of such associations. First, the dual chromogenic detection of 6 integrin 

and uPAR exhibited increased co-distribution in increasing Gleason grade tumor 

samples compared to normal and aggressive. In theory, the resulting pattern would 

be an early signature of potential invasion. However, discontinuation of the uPAR 

antibody did not allow further testing. Therefore, E-cadherin became a viable 

option to test co-distribution. Additional chromogen multiplex detection 

demonstrated distinct co-distribution patterns of 6 integrin and E-cadherin with 

focal loss of 3 integrin. Furthermore, a quantitative analysis of separate nodes 

expressing 6 integrin and E-cadherin co-distribution exhibited distinct ratios 

percentages that could coincide with potential invasive capability. Although the 

analysis of the 6 and E-cadherin co-distribution was accomplished by comparing 

mappings of chromogen expression in unmixed images, the analysis of the pixels 

relative to the chromogen intensities were an approximation of protein expression. 

The process of PCa cell invasion and migration is a co-opted embryonic 

developmental process that incorporates cell-matrix and cell-cell adhesion. 

Cohesive collective migration is a mechanism of cellular mobilization utilized in 

differentiation of tissues and tissue repair. Adhesive interactions among cells, 

between cells and the ECM are important during this morphogenetic process 

(Burdsal et al., 1993). 6 Integrin and E-cadherin are key cell-matrix and cell-cell 

factors (respectively) involved in collective cell migration. They are also necessary 

for the dynamic dissemination of these cohesive clusters through adjacent tissues. 
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The co-association of these two receptors in early cancer progression and 

migrating clusters indicate the coordination of signaling pathways that control 

cytoskeletal dynamics in tumor cells regulating the turnover of cell-cell and cell-

matrix adhesions allowing tumor plasticity throughout migration. In previous work, 

we have shown that inhibition of 6 integrin cleavage prevents invasive cord 

networks and cellular migration (Rubenstein et al., 2019). However, it was 

unknown how the inhibition promoted adhesion and what specific pathway was 

mediated by the loss of 3 integrin that promoted the invasive process.  

Results described in Chapter VI showed that tumor cells expressing a deletion in 

3 integrin demonstrated significant collective migration through muscle and 

greatly increased dissemination to distant tissue. The collective migration was 

slightly comparable to the tumor cells expressing endogenous wild type receptors 

but the dissemination was increased 3-fold. In addition, this exhibited stark contrast 

with tumor cells expressing an uncleavable full-length 6 integrin, which 

demonstrated reduced collective invasion sites and minor dissemination. 

Interestingly, the results indicate that deletion of 3 integrin not only promotes the 

production of the tumor variant 6p, but also increases E-cadherin cell membrane 

localization. This would play a significant role in the regulating the plasticity of 

invading tumor collectives through tissues. The most profound discovery was that 

the inhibition of 6 integrin cleavage not only mitigated production of 6p, but also 

significantly increased E-cadherin protein expression and cell membrane 

localization on tumor cell pellets. Proximity detection assay confirmed the 

formation of 6 integrin an E-cadherin dynamic complexes in human prostate 
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tissues. The comparison between normal tissues and aggressive PNI lesions 

demonstrated differential localization patterns that would indicate the 6 integrin 

cleavage event in aggressive samples and stable, intact 6 integrin, complexes in 

normal. Therefore, inhibiting the 6 integrin PTM has revealed a pathway 

regulating a phenotypic switch to inhibit tumor migration by promoting E-cadherin 

surface expression. Future experiments to elucidate the unknown activated factors 

promoting E-cadherin expression will provide a promising development for 

potential intervention of metastatic disease. 

The localization of 6 integrin was also associated with status of PTEN and ERG 

in human PCa specimens. PTEN is a regulator of intracellular vesicular trafficking 

that inhibits integrin mediated cell migration. ERG, which is associated with the 

TMPRSS2: ERG gene fusion, is expressed in ~50% of prostate cancers and 

correlates with prostate cancer progression. Correlative studies have shown a 

relationship between PTEN loss and ERG expression in promoting prostate cancer 

progression (Yoshimoto et al., 2008; King et al., 2009; Carver et al. 2009; Guedes 

et al., 2017). Integrins internalize and sort through the intracellular pathway system 

and then recycle to the surface membrane in focal adhesions for cellular migration. 

The results in this research showed that a number of tumor sample specimens 

with focal PTEN loss and ERG expression demonstrated membrane expression of 

6 integrin. This suggested that loss of PTEN promotes increased recycling of the 

6 integrin to the surface in more aggressive tumors. This notion was tested with 

the development of a quantitative algorithm to determine if the membrane or 

cytoplasmic positive localization of 6 integrin in PCa CNB samples (n=9) 
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correlated to aggressiveness.  The results showed that tumors with negative PTEN 

and positive ERG expression exhibited shift to more membranous localization of 

6 integrin whereas cytoplasmic localization was observed in samples PTEN 

negative and ERG negative.  

Overall, the results observed in this research demonstrate the heterogenetic 

nature of tumor progression.  While relying on the detection of relevant proteins to 

identify tumors initiating aggressive events, it does elucidate the genomic causal 

determinants of invasive transition. This research demonstrates several protein 

associations either mediate or are indicative of transition from non-aggressive to 

aggressive disease. The expression of 3 integrin regulates the expression and 

cleavage of 6 integrin and the expression of E-cadherin. The status of PTEN and 

ERG correlate with low risk or aggressive disease. Hence, either the loss or co-

incidence of these in association with 6 integrin localization in a sample can be 

predictive of tumor invasiveness in patients. Our ability to detect these protein 

associations in patient tissue samples have given the capability to stratify tumors 

with aggressive potential. Therefore, it has predictive value and brings further 

insight into evaluating other protein associations in other aggressive cancers for 

interventional means of therapeutics. Further evaluations of cellular adhesion 

factors, such as these described in this study, may lead to understanding how 

these factors relate to clinical progression of disease and metastasis across 

various cancer types including prostate, colorectal and breast cancers. 
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X. Tables 

 

Table 1. List of antibody diluents 

Diluent Buffer, pH 

95119 Tris, 7.7 
90039  

Phosphate, 7.3 95028 
90040 
90103 Tris, 7.5 

 

 

 

Table 2. 6-week diaphragm invasion sites 
 

DU145 
Diaphragm ID 

Tumor invasion sites-strip number  
 

Overall total 

1 2 3 4 Total 
WT Diaphragm 1 1 6 3 6 16  

49 WT Diaphragm 2 4 5 3 2 14 
WT Diaphragm 3 3 5 7 4 19 

3KO Diaphragm 1 1 3 5 3 12  
39 3KO Diaphragm 2 1 4 5 5 15 

3KO Diaphragm 3 4 3 3 2 12 

6AA Diaphragm 1 1 1 1 0 3  
5 6AA Diaphragm 2 1 0 0 0 1 

6AA Diaphragm 3 0 0 0 1 1 
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Table 3. 6-week small bowel tumor incidence 

 
Small Bowel DU145 ID 

Tumor incidence-
specimen number 

 
Overall Total 

1 2 3 Total 

WT Sm. Bowel 1  0 0 0 0  
 

5 
WT Sm. Bowel 2 0 0 0 0 
WT Sm. Bowel 3 0 0 0 0 
WT Sm. Bowel 4 0 1 2 3 
WT Sm. Bowel 5 1 0 1 2 

3KO Sm. Bowel 1 0 2 1 3  
 

15 
3KO Sm. Bowel 2 0 1 1 2 
3KO Sm. Bowel 3 1 0 0 1 
3KO Sm. Bowel 4 1 6 0 7 
3KO Sm. Bowel 5 1 1 0 2 

6AA Sm. Bowel 1  0 0 0 0  
 

1 
6AA Sm. Bowel 2 0 0 0 0 
6AA Sm. Bowel 3 0 0 0 0 
6AA Sm. Bowel 4 0 0 0 0 
6AA Sm. Bowel 5 0 0 1 1 
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Table 4. List of initially assessed sample H&E stained slides with specimen 
parameters, de-stain results and antibodies tested. 
 

Tissue Specimen H&E De-
stain 

result 

Antibodies used Initial H&E Analysis 

Prostate 
Resection + p40 

Malignant Primary_Adenocarcinoma, Gleason 

3+3 = 6 
Prostate Resectiona + CK5/14: PTEN NA 

Prostate Resectiona + CK5/14: p504s 
Malignant Primary_Adenocarcinoma, Gleason 

3+3 = 6 
Liver (Pancreas 

Met)* 
CNBa + PTEN/p504s/CK5/14 Mock CNBs (due to the cut) 

Liver Resection +/- HMWCK+p63 NA 
Lung Resection +/- HMWCK+p63 NA 

N. colon Resection + HMWCK+p63 NA 

Skin Resection - E-cadherin NA 
Skin Resection - E-cadherin NA 

Prostate TMA + ERG NA 

Prostate CNB + CD49f 3+3 
Prostate CNB + CD49f no cancer 
Prostate CNB + CD49f no cancer 

Prostate CNB + PTEN/ERGb High grade growing into normal glands 3+3 
Prostate CNB + PTEN/ERGb little bit of tumor grade 3+3 
Prostate CNB + PTEN/ERGb 3+3, area of tumor, fragmented tumor 
Prostate CNB + PTEN/ERGb no tumor 

Prostate CNB + PTEN/ERGb grade 4 and 5 cancer, High grade 
Prostate CNB + PTEN/ERGb low grade 3, Lot of PIN 
Prostate CNB + PTEN/ERGb atrophy, inflammation 

Prostate CNB + PTEN/ERGb no cancer, small nerve area 
Prostate CNB + PTEN/ERGb a little fragment tumor 
Prostate CNB + PTEN/ERGb HGPIN, few basal cells left, some cancer 

Prostate CNB + PTEN/ERGb 
Atypical adenomatous hyperplasia and 

atrophic glands, Central zone lesion 
Prostate CNB + PTEN/ERGb 1 mm grade 3 tumor 

Prostate CNB + PTEN/ERGb small tumor area 
Prostate CNB + PTEN/ERGb small tumor area 

Prostate CNB + CD49f/HMWCKb 
high grade cancer 4 and 5 trying to make 

glands invading into norm glands 
Prostate CNB + CD49f/HMWCKb grade 5 cancer (high grade), PIN 
Prostate CNB + CD49f/HMWCKb small amount of tumor no basal cells 

Prostate Resection + CK 8 &18 NA 
Prostate CNB + CD49f little bit of tumor grade 3+3 
Prostate CNB + HMWCK+p63 grade 4 and 5 cancer, High grade 

Prostate CNB + p504s low grade 3, Lot of PIN 
Prostate CNB + CK 8 &18 cancer (3+3 with normal) 
Prostate CNB + PTEN 3+3 ERG positive, tumor folded over 

Prostate CNB + CD49f 3+3 lesion: 3 cores 
Prostate CNB + ERG 3+3 involving 2/2 cores 
Prostate CNB + CD49f 2 cores: 3+3 involving 2/2 cores 

Prostate CNB + CK 8 & 18 
3+3 lesion in one frag 1mm heterogeneous 

chromatin 
Prostate CNB + HMWCK+p63 tumor 3+3 Atrophic glands, edge normal 

Prostate CNB + HMWCK+p63 no tumor 
Prostate CNB + HMWCK+p63 atrophy inflammation 
Prostate CNB + CK 8&18 atrophy, inflammation 

Prostate CNB + CD49f no cancer 
Prostate CNB + ERG 3+3 fragmented tumor lost basal cells 

Abbreviations: Met, Metastasis; CNB, Core needle biopsy: NA, Not applicable: a Multiple H&Es prepared. b Dual chromogen 
immunostaining. *Mock needle cores: Appropriate H&E de-stain, (+); Moderate de-stain, (+/-); retention of H&E, (-). 
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Table 5. Time tracking and coverslip parameters 
 

Sample Archive 
time 

Coverslip removal 
time 

Type of Coverslip 

1 month 10 min Thin film 
1 year  10 min Thin film 
2 year 10 min-60min Thin film 
4 year ~38 hrs Thin film 

4+ year** ~47 hrs Thin film 
2+ year# 1-2 days Glass 

5 year 4-5 days Glass 
5 year 4-5 days Glass 

12 year 4-5 days Glass 

Abbreviations: hrs, hours; ** Sample Archived 4 years 11 months; # 
Samples Archived 2 years 11 months ~Approximation due to time 
at removal 

 

 

Table 6. Immunohistochemistry (IHC) Antibodies and Adapted Staining Protocols 
 

Antibody 
(clone) 

HMWCK+p63 
(34βE12) 

p504s 
(SP116) 

CK 8 &18 
(B22.1 
&B23.1) 

PTEN 
(SP218) 

E-
cadherin 
(36) 

CD49f 
ERG 
(EPR3864) 

Species 
mouse 
monoclonal  

rabbit 
monoclonal 

mouse 
monoclonal 

rabbit 
monoclonal 

mouse 
monoclonal 

rabbit 
polyclonal 

rabbit 
monoclonal 

Antibody 
Vendor 

Ventana 
Medical 
Systems, 
Inc., Tucson, 
Arizona 

Cell-
Marque, 
Rocklin, 
California 

Ventana Medical Systems, Inc., 
Tucson, Arizona 

N/A 

Ventana 
Medical 
Systems, 
Inc., 
Tucson, 
Arizona 

De-stained H&E slide Immunohistochemistry adapted protocol 

IHC 
platform 

Ventana Benchmark ULTRA 

Detection 
Kit 

Ventana OptiView DAB IHC 
Ventana 
UltraView 
DAB IHC 

Ventana OptiView DAB IHC 

Deparaffin none 

HIER 
64 min CC1 
(pH 8.5) 

32 min 
CC1 (pH 
8.5) 

36 min 
CC1 (pH 
8.5) 

56 min 
CC1 (pH 
8.5) 

63 min 
CC1 (pH 
8.5) 

64 min 
CC1 (pH 
8.5) 

32 min 
CC1 (pH 
8.5)  

Blocking  Peroxidase block 

Ab 
incubation 
parameters 

36oC, 16 min 
36oC, 32 
min 

37oC, 16 
min 

37oC, 16 
min 

36oC, 24 
min 

36oC, 24 
min 

36oC, 32 
min 

Abbreviations: Ab, antibody; CC, cell conditioning; DAB, 3, 3’- diaminobenzidine HIER, heat-induced epitope 
retrieval; min, minutes, N/A, Not Applicable. 
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Table 7. Comparison of H&E re-used and sequential comparator immunostaining 
intensity scores 

 

Marker Re-used 
H&E 
stain 

intensity 

Sequential stain intensity: 0-3 
(int ctrl) 

 

Initial H&E 
assessment 

 

HMWCK+p63 3 2 2 2 0 3 atrophy inflammation 

CK8&18 
3 3 3 3 3 3 

Atrophy + inflammation: 
whole glands 

CD49f 
3(2) 3 (1) 3 (1) 3 (1) 

3 
(1) 

3 (2) 
no cancer, int ctrls 

E-cadherin 
3 3 3 3 3 3 

not much cancer but 
weird well differentiated 

ERG 

3 (3) 0 (3) 0 (3) 0 (0) 
1 

(3) 
0 (3) 

lots of infiltrating 
lymphocytes, grade 3+3 
fragmented tumor lost 

basal cells, int ctrls 

Abbreviation: int ctrls, internal controls. 
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XI. Materials and methods 

Cell culture: A human prostate DU145 cell line was obtained from the American 

Tissue Type Collection (ATCC, Manassas, VA).  The cell line was cultured in 

Iscove’s modified Dulbecco’s medium (IMDM) from Invitrogen (Grand Island, NY) 

supplemented with 10% fetal bovine serum (FBS) Hyclone Laboratories (Novato, 

CA) and incubated at 37° in a 5% CO2 humidified chamber.  Non-enzymatic 

Cellstripper (CelGro, Manassas, VA) was used for cell harvesting.  

 

Whole cell lysate and cell pellet preparation. The DU145 cell lines were washed 

in a saline buffer and cell lysis was performed with CHAPS lysis buffer (50 mmol/L 

Tris HCL, 110 mmol/NaCl, 5 mmol L EDTA, 1% CHAPS) with a complete mini 

protease inhibitor and phosphatase 1 and 2 inhibitor additives from Roche and 

Sigma, respectively.  

 

Gene editing. Homozygous knock-out cell lines for ITGA6 gene (6KO), ITGA3 

gene (DU145 3KO) and homozygous amino acid substitutions for the ITGA6 

R594A and 596A (DU145 6AA) were created using CRISPR/Cas9 technologies in 

the University of Arizona Cancer Center (UACC) Genome Editing Facility.  For the 

production of DU145 6AA the facility produced double strand breaks on either side 

of exon 4 of ITGA6 transcription unit at predicted sites 2: 172,466,252 and 2: 

172,468,987 with the guide RNAs corresponding to the sequences 5’-

TAGACCGAACATATCAAACG-3’ and 5’-ATATTTGCTGGTCTGGGATC-3’. 
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Colonies were screened by an AA-specific polymerase chain reaction (PCR) 

primer and agarose gel electrophoresis. Clones positive for the AA amplification 

were sent for sequencing.  

Parental prostate cancer cells DU145 were transfected with Cas 9 protein, 

crRNAs, and tracrRNA (Integrated DNA Technologies) using the Lipofectamine 

RNAiMAX reagent (Thermo Fisher Scientific).  Two days after transfection, cutting 

efficiency was estimated based on DNA prepared from a portion of the transfected 

cell population using a T7 endonuclease assay (New England BioLabs) employing 

PCR primers flanking the predicted ligation-junction product (5’-

GTTCTGCAGGAGGTTGTGGA-3’ and 5’-TCGCCCATCACAAAAGCTCC-3’).  

Single cells were deposited in ten 96-well plates by UACC Flow Cytometry Shared 

Resource.  Colonies were expanded and screened by PCR and agarose gel 

electrophoresis.  Clones that were negative for fragment internal to the targeted 

deletion (5’-ACTCAGAGTCGAGGCCATTTG-3’) and 5’-

TAGGTTGTGTGATTGCTTCTAAGT-3’) but positive for ligation-junction fragment 

were potentially homozygous for the deletion.  Absence of 6 integrin or presence 

of 6 integrin AA mutant was confirmed by flow cytometry and western-blot 

analysis.  All cells were authenticated by the University of Arizona Genetics Core 

(UAGC). 

SCID Mouse Muscle Invasion Model. For the mouse xenograft muscle invasion 

assay, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (or NOD-scid IL2Rgamma) (3 mice 

per group) from Dr. Leonard D. Shultz from The Jackson Laboratory, were 



159 
 

interperitoneally (IP) implanted with human DU145 wildtype (WT), 3KO, 6KO or 

6AA tumor cells (1 X 107). Tumor colonies were allowed to grow on the diaphragm 

and within the peritoneal cavity for 6 and 8 weeks (formation of ascites dictated 

harvest at 6 weeks). Diaphragm samples from each subject was harvested, fixed 

and embedded in a lateral manner to orient the tumor colony on top of the muscle. 

Sequential transverse sectioning will demonstrate tumor displacement of the 

myoepithelium and invasion into and through the muscle to the superior side of the 

diaphragm.  

The experimental mouse studies were reviewed and approved by the Institutional 

Animal Care and Use Committee (IACUC), Protocol Number: 07029. The protocol 

was conducted in accordance with all applicable federal and institutional policies, 

procedures and regulations, including PHS policy on Human Care and Use of 

Laboratory Animals, USDA regulations (9 CFR parts 1, 2, 3), the Federal Animal 

Welfare Act (7 USC 2131 et Seq.), the Guide for the Care and Use of Laboratory 

Animals, and all institutional regulations and policies regarding animal care and 

use at the University of Arizona. The mice were anesthetized by placement into a 

CO2 chamber. 
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Advanced staining and detection platforms:  Processing of FFPE tissue sample 

slides was performed on either the Roche Tissue Diagnostics/ Ventana 

BenchMark ULTRA (BenchMark ULTRA) IHC/ISH system or DISCOVERY Ultra 

(DISCVERY) automated system platform. The optimization of initial antibody 

protocols was accomplished on the BenchMark ULTRA. The migration of these 

procedures for antibody Chromogenic Multiplex, and protein biomarker proximity 

detection assays was performed using the DISCOVERY platform.   

Reagent Detection Kits: The reagent detection kits utilized for these studies were 

all acquired from Roche Tissue Diagnostics. The kits used where Ventana 

OptiView DAB IHC Detection Kit, ultraView IHC DAB Detection Kit and 

DISCOVERY Chromomap Detection kits. The proximity detection assay is a 

research use only, in research development detection system applied to samples 

on the DISCOVERY ULTRA platform for interrogation of protein co-distribution.  

Ready to use Antibodies. The ready to use antibodies used for this study 

included anti-high molecular weight cytokeratin  (HMWCK) + p63 mouse 

monoclonal Basal Cell Cocktail (Ventana, clone 34βE12+4A4), anti-E-cadherin 

mouse monoclonal antibody (mAb) (0.314µg/mL, Ventana, clone 36), anti-E-

cadherin rabbit mAB (Cell-Marque, EP700Y), anti-p120 Catenin muse mAb 

(Ventana,  clone 98), anti-PTEN rabbit mAb (1:300, Ventana, clone SP218), anti-

ERG mouse mAb (Ventana, clone EPR3864). The ready to use antibodies used 

sparingly in this study were anti-p40 (BC28), CK 5/14 and anti-Desmin mouse mAb 

(DER). These antibodies were used primarily for IHC of de-identified archived 

FFPE tissues.  
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E-cadherin antibody titration: It had been determined the antibody dilution of ready 

to use anti-E-cadherin resulted in saturated immunostaining intensity. Therefore, 

it was decided to formulate dilution titers of E-cadherin from a ready to use 

dispenser. The standard concentration of ready to use dispensers is 0.314 µg/ml. 

A 1:10 dilution of the standard dispenser concentration was optimal and also 

utilized in chromogen multiplex IHC and protein gels. 

Experimental Research Antibodies: The anti-6 (CD49f) or AA6NT rabbit 

polyclonal antibody (pAb) was characterized by our lab and used at a dilution of 

1:800. The anti-3 (CD49c) rabbit pAb (Sigma Aldrich, clone HPA008572) was 

used at 1:200. The anti-β4 integrin rat monoclonal antibody (BD Pharmingen, clone 

439.9B) was used at 1:100. The anti-uPAR mouse monoclonal (Sekisui 

Diagnostics, clone ABG3937) was used at 1:100. Each of these were used in the 

analysis of protein expression in FFPE tissues and the AA6NT was also used in 

western blot. Each primary antibody was initially formulated at 1:100 dilution in 

various RTD proprietary Tris or Phosphate based antibody diluents (Table 1) to 

determine specificity of epitope binding, non-specific binding of endogenous 

proteins and background deposition. A dilution “guard-banding” was performed to 

determine the appropriate antibody dilution for optimal immunostaining intensity.  

Two titrations above and below the 1:100 dilution was tested with each research 

antibody and the dilution exhibiting appropriate immunostaining intensity was 

selected.  
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Human Prostate Tissue Immunohistochemistry. Prostate tissue resections 

from various vendors that had been formalin fixed and embedded in paraffin were 

acquired from Ventana Medical Systems, Inc. / Roche Tissue Diagnostics (RTD). 

In addition, ~435 prostate core needle biopsies (CNBs) were obtained from the 

University of Arizona Medical Imaging Department with permission from Dr. Hina-

Arif Tawari. Prostate resection samples slides were micro-sectioned at 4µm 

thickness and mounted to positively charged Matsunami TOMO or superfrost 

(Thermo Fischer Scientific) glass slides for hematoxylin and eosin staining (H&E) 

and immunohistochemistry by RTD integrated (iCORE) services 

histotechnologists. The University of Arizona TACMASR department prepared the 

prostate CNB sample slide sections. H&E stained slides were prepared from the 

initial sectioning of each sample tissues and evaluated for content by a pathologist 

(Dr. Ray Nagle). Immunohistochemical (IHC) staining was conducted manually or 

with automated protocols on the VENTANA BenchMark ULTRA or DISCOVERY 

ULTRA platforms following antibody package insert protocols for publicly released 

(on market) antibodies or optimized protocols for experimental antibodies. The IHC 

staining protocols performed for each antibody used is listed in Table 5. 

Chromogen Multiplex Assays: To perform chromogen multiplex IHC (cmIHC) 

using brightfield microscopy, anti-species secondary and tertiary antibodies 

conjugated with hydroxy quinazoline (HQ), horseradish peroxidase (HRP), 

nitropyrazole (NP) and alkaline phosphatase (AP) were acquired from RTD. All 

chromogen multiplex IHC assays were performed on the DISCOVERY ULTRA 

platform. 
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Proximity Detection Assay: The Proximity Detection Assay (PDA) is a 

proprietary, in research development detection system of RTD. Execution of the 

PDA was performed on the DISCOVERY ULTRA. Antibodies for 6 integrin and 

E-cadherin were utilized with the PDA for the proximal detection of protein 

complexes.  

Imaging Platforms and Image Analysis: Tissue slide imaging was performed 

using the following imaging platforms: the Aperio AT2 slide scanner (Leica 

Biosystems), VENTANA DP200 slide scanner, a hyperspectral research imager 

(HRI) and Axio Scan 2.1™ (Axio™) slide scanner. The Aperio AT2 and DP200 

imagers were utilized for IHC DAB and chromogen multiplex IHC detection. The 

HRI was utilized for image un-mixing and quantitative image analysis of individual 

chromogen intensities and protein co-distribution quantitative values after 

chromogenic multiplexing. The Aperio AT2 image software was used for image 

analysis for measurements of tumor invasion depth. The Axio™ was used with 

QuPath™ image analysis software for quantitative analysis of 6 integrin protein 

localization on slide images. 
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Statistical Analysis: GraphPad Prism 8.2.1 was utilized to perform Two-way 

ANOVA and RM one-way ANOVA analysis throughout. MATLab analysis software 

was used to develop a quantitative image analysis for HRI imaging. QuPath™ 

image analysis software was used in development of membrane/ cytoplasmic 

localization algorithm with the Axio™ scanner. For muscle invasion assays, two-

way ANOVA statistical significance was tested for differences in number of tumor 

sites and invasion depth. For H&E de-stain and re-stain, RM one-way ANOVA 

statistical significance was tested for differences in matching intensities assuming 

equal variance. P-values lower than 0.05 were considered statistically significant. 
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XII. Supplemental figures 

 

 

Figure S1. H&E stained slide of DU145 WT 8-week mouse diaphragm. Sample slide images with maximum 

tumor cluster depth measurement showing invasion to the lung side (left panel, 4x). Image magnification of 

the annotated region (right panel, 10x). 
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Figure S2. 6 integrin localization with PTEN and ERG expression. Prostate cancer immunostained with 

antibodies for PTEN, ERG, 6 integrin and HMWCK+p63 (HMWCK). Cancer region with PTEN loss (*) (top 

left panel). ERG positive (top right panel), 6 integrin membrane expression (black arrow) (bottom left panel) 

and lack of HMWCK intensity (bottom right panel). 
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Figure S3. 6 integrin localization with PTEN and ERG expression. Prostate cancer immunostained with 

antibodies for PTEN, ERG, 6 integrin and HMWCK+p63 (HMWCK). Cancer region with PTEN loss (*) (top 

left panel), ERG positive (top right panel), 6 integrin membrane expression (black arrow) (bottom left panel) 

and lack of HMWCK intensity (bottom right panel). 
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Figure S4. 6 integrin localization with PTEN and ERG expression. Prostate cancer immunostained with 

antibodies for PTEN, ERG, 6 integrin and HMWCK+p63 (HMWCK). Tumor invading into normal glands with 

PTEN loss (*) (top left panel), ERG positive (top right panel), 6 integrin membrane expression (black arrow) 

(bottom left panel) and positive expression of HMWCK in normal basal cells of the glands (bottom right panel). 
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Singh, M.D., Raymond B. Nagle, M.D., Ph.D., Sarah J. Parker, Ph.D., 

Beatrice S. Knudsen, M.D., Ph.D., Anne E. Cress, Ph.D. “The Cohesive 

Metastasis Phenotype in Human Prostate Cancer.” Biochimica et 

Biophysica Acta (BBA) – Reviews on Cancer 1866 (2016): 221-31. 

 
2. Cynthia S. Rubenstein, Jamie M.C. Gard, Mengdie Wang, Julei E. McGrath, 

Nadia Ingabire, James P. Hinton, Kendra D. Marr, Skyler J. Simpson, 

Raymond B. Nagle, Cindy K. Miranti, Noel A. Warfel, Joe G.N. Garcia, Hina 

Arif-Tiwari and Cress, Anne E. Cress. “Gene Editing of 6 Integrin Inhibits 

Muscle Invasive Networks and Increases Cell-Cell Biophysical Properties 

in Prostate Cancer.” Cancer Research (2019); 79: 4703-14. 

 
3. Mengdie Wang, James P. Hinton, Joe G.N. Garcia, Beatrice S. Knudsen, 

Raymond B. Nagle, and Anne E. Cress. “Integrin 6β4E variant is 

associated with actin and CD9 structures and modifies the biophysical 

properties of cell-cell and cell-extracellular matrix interactions.” Molecular 

Biology of the Cell (2019): 838-850. 

 
4. James P. Hinton, Katerina Dvorak, Esteban Roberts, Wendy J. French, 

Jon C. Grubbs, Anne E. Cress, Hina-Arif Tawari, Raymond B. Nagle. “A 

Method to Reuse Archived H&E Stained Histology Slides for a Multiplex 

Protein Biomarker Analysis.” Methods and Protocols. (2019); 2: 4, 86. 
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