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Abstract 
 

Cells continuously respond to external and internal cues that can initiate signalling cascades that 

influence cell functions such as cell size, division, proliferation, survival, motility and 

differentiation. The signal is generally transduced and amplified within the cells by small 

molecules (e.g., Ca2+
i) and proteins, that may also form complexes with other proteins. 

Dysregulation in cell signalling mechanisms play a key role in proliferative diseases such as cancer. 

Prostate cancer is the most common cancer in men worldwide with significant morbidity and 

mortality. Androgen deprivation therapy (ADT) is a first-line treatment for prostate cancer and 

initially regress the cancer, however, the cancer recurs and is termed castration resistant prostate 

cancer (CRPC). 

Androgens and their metabolites (testosterone and 5α-dihydrotestosterone, DHT) are ligands for 

the androgen receptor (AR), an important cell signalling pathway in prostate cancer. Upon 

binding with its ligands (e.g., DHT), AR dimerizes and translocate into nucleus to activate gene 

transcription resulting in evasion of apoptosis. Dysregulation in AR signalling is one explanation 

for the development of CRPC. Another key cell signalling network is the Wnt pathway. Wnts 

(Wingless Integration Site) are a large family of secretory glycoproteins that bind to cell 

membrane receptors and ion channels to initiate an intracellular signal cascade. Free intracellular 

Ca2+ and β-catenin, a 92kDa cadherin that acts as transcription factor co-activator of genes 

including proto-oncogenes, act as intracellular transducers of Wnt signalling, regulating 

proliferation, survival and differentiation.  Recently, Cx43 has also been shown as an accessory 

protein in Wnt signal transduction. Overactivation of Wnt signalling leads to cancer initiation and 

progression.  

Individually, AR and Wnt pathways contribute towards carcinogenesis in prostate and other 

tissues. Although it is known that AR signalling pathway may be modulated by Wnt signalling, 

suggesting a close relationship between these key cell signalling mechanisms, little is known 

about (i) the pattern of co-expression of AR and Wnt related proteins in human prostate (ii) 

reciprocal activation of AR and Wnt signalling by their respective ligands and (iii) if there is a 
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physical interaction between the transducers of these signalling pathways.  Close and reciprocal 

interaction and co-operativity between AR and Wnt pathways may have important implications 

for prostate carcinogenesis and therapy. 

Here, I have investigated the expression of AR and Wnt related proteins in human prostate tissue 

and aimed to elucidate the interaction between these two key pathways at molecular and 

functional levels.  I demonstrate, using in situ quantitative expression analysis, that AR expression 

decreases with increasing Gleason grade diagnosis (normal, Grade 3+3, Grade 4+4 and Grade 

4+5/5+4), which is used to signify the aggressiveness of prostate cancer. Conversely, the 

expression of Wnt related proteins (β-catenin, TCF-1 and PYGO2) increases with increase in 

Gleason grading. These results indicate an antagonistic co-regulation of AR and Wnt signalling 

proteins in prostate cancer development. Interestingly, Cx43 expression, like that of AR, 

decreased in higher grade cancer compared to normal prostate. The expression of both AR and 

β-catenin show an increase in CRPC tissue compared to normal of different grades of prostate 

cancer.  

Functional and molecular mechanisms of interaction between AR and Wnt signalling were 

investigated using in vitro cell culture and immunochemical techniques and prostate cancer cell 

lines LnCAP that expresses AR and PC3 which does not. I demonstrate for the first time that AR 

ligands induce stabilization and nuclear translocation of β-catenin and reciprocally, Wnt ligands 

induce translocation of AR into the nucleus. Wnt ligands also activated nuclear translocation of 

AR in PC3(AR+)  (PC3 cells transfected with AR gene), validating the observations in LnCAP cells. Using 

co-immunoprecipitation, I also show for the first time that there is a physical interaction between 

androgen receptor and β-catenin. 

The novel results presented here, show that in prostate cancer, AR and Wnt signalling pathways 

interact at functional and molecular levels and there is a reciprocity of signal activation that 

results in progression of prostate cancer and contributes towards the development of CRPC. 
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1. Introduction 

1.1. Prostate 

The vocable  ‘‘prostate’’ is derived from the  Ancient Greek word ‘"προστάτης: prohistani’ which 

means  “to stand in front of”, "protector," or "guardian" and has been attributed to Herophilus 

of Alexandra, who used this expression in 335 B.C. to delineate the small organ located in front 

of the urinary bladder (Kirby et al., 1999). Although recognition of prostate as an organ has been 

recognised only with illustration of prostate and seminal vesicles by Regnier de Graaf around 

1660 for over two decades, the accurate anatomical, physiological and pathological depiction of 

the gland did not seem to have appeared until the Renaissance (Kirby et al., 1999). 

 

Figure 1.1. Schematic diagram of sagittal and frontal sections of the male urogenital complex illustrating the 
anatomical position of the adult prostate and associated structures (adapted from https://universityhealth 
news.com/daily/prostate/what-is-the-prostate-gland/; accessed on: 12/03/2021).  

The human prostate is a small walnut-sized organ shaped like an inverted pyramid, in which the 

base is the superior surface to the bladder and the apex inferior. The prostate measures between 

3 and 4 cm at its widest portion and 4-6 cm long and weighs about 11 grams (range between 7 

and 16 grams (Leissner and Tisell, 1979). Despite its size, the prostate gland is the largest male 

accessory gland, located posterior to the lower portion of the symphysis pubis, anterior to the 

rectum, and inferior to the urinary bladder in the sub-peritoneal compartment between the 
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pelvic diaphragm and the peritoneal cavity thus allowing DRE (digital rectal examination, an 

important, initial, diagnostic method for proliferative diseases of the prostate (Leissner and Tisell, 

1979). The prostate surrounds the prostatic urethra, which runs through the prostate from base 

to apex.                   

1.2. Function of the prostate gland  

The principal function of the prostate gland is to store and extravasate a slightly alkaline, milky 

or white fluid which contributes to the volume of the semen. The proteins in prostatic fluid are 

considered to provide nutrition to the seminal fluid. The secretions from the prostate constitute 

approximately 30% of the volume of semen, together with other 70% of spermatozoa and 

seminal vesicle fluid (Huggins and Clark, 1940). The alkalinity of semen is thought to neutralize 

the acidity of the vaginal tract to prolong the lifespan of sperm (Alahmar, 2019). Prostatic fluid is 

exudate in the first ejaculate fraction along with spermatozoa and the fluid of the seminal vesicle. 

Furthermore, prostatic fluid ameliorates the motility of spermatozoa, promotes their survival and 

preserve the distinctiveness of DNA (Alahmar, 2019).           

1.3. Prostate anatomical features – a short history 

The anatomical illustration of prostate as a male accessory sex gland is old and starts in 1543 

(O'Malley and de CM Saunders, 1950). Gerard Blasius termed the mammalian accessory sex 

glands as ‘‘glandulae’’ surrounding the neck of the bladder in 1674 (Timms, 2008). William 

Cowper in 1699 first described the topology, structure and function and the glands were named 

after him as Cowper glands. Alkaline fluid secreted by this gland is thought to protect the sperm. 

After this, there is a long history of development and improvement leading to current 

understanding of the prostate and its pathologies (Timms, 2008).  Prostate enlargement causing 

bladder neck obstruction as was suggested by Samuel Collins (Timms, 2008), and re-stablished 

by Giambattista Morgagni (Franks, 1954), who  coined the term benign prostatic hyperplasia 

(BPH). As the prostate develops, paired bulbourethral glands (Fig. 1.1) sprout from the urethra 

just beneath the prostate. 

In the late 19th century, research began on the anatomical features of embryological 

development of the accessory sex glands and urogenital structures.  A novel procedure of tissue 
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section reconstruction called ‘‘plattenmodelliirmethode’’ described in 1883 by Born was applied 

for these anatomical studies. This method of employing wax models as a foundation for 

demonstrating prostate development has been depicted in different articles (Evatt, 1909) and 

(Dauge et al., 1986) reviewed by  Timms (Timms, 2008). This model was an accurate, influential 

and anatomical descriptive reconstruction of serial histological sections. This influential model 

was used as a standard for describing the prostate anatomy in contemporary medical textbooks. 

McNeal interpreted the history of all the divergent perspectives surrounding this concept 

(McNeal, 1988b). In addition to this model, several alternative models of prostate anatomy were 

revealed during last 50 years shown here (Figs. 1.2 and 1.3.A-C)  and reviewed extensively by  

Timms (Timms, 2008). The wider accepted concepts of prostate zones were eventually by McNeal 

(McNeal, 1988b). 

 

 
Figure 1.2. An illustration of a newborn male prostate derived from a wax model reconstruction. This sagittal view 
through the prostatic urethra shows the lobes described by Lowsley (1912). Anterior branches of lateral lobes (Lat.), 
posterior lobe (P.L.) and middle lobe (M.L.) indicated  (Timms, 2008). Image adapted from  (Timms, 2008) . 
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Figure 1.3. A. Sagittal sketching of human prostate showing regional classification of the gland described by (Vernet, 
1953). 1 Intrasphincteric submucosal glands; 2 Middle portions of cranial gland; 3 Anterior lobe of the cranial; 4 
Superior duct; 4´ Middle duct; 4´´inferior duct of the caudal gland; 5 glands of Littre; 6 ejaculatory duct (Timms, 
2008); B. Sagittal diagram of adult human prostate showing distal urethra (UD), proximal urethra (UP) and 
ejaculatory duct (E). These structures showing relationship of three major glandular regions of the prostate 
described by McNeal (McNeal, 1988b). Central zone (CZ), peripheral zone (PZ) and transitional zone (TZ); C. Graphical 
three-dimensional representation of McNeal’s three glandular zones of the prostate. Peripheral zone (yellow), 
central zone (red), transition zone (blue), anterior fibromuscular stroma (green) (Timms, 2008). Image adopted from  
(Timms, 2008). 

1.4. Prostate development                                                                                                                               

The susceptibility of prostate to oncogenic transformation is significantly higher than other male 

secondary reproductive tissues, for instance, seminal vesicles (McNeal, 1988b). As a 

consequence, statistical  investigation in man demonstrates that approximately one in seven will 

be diagnosed with prostate cancer during  their lifetime (Siegel, 2016).                                                        

1.4.1. Embryonic development of the prostate                                                                                                                      

The prostate emerges from the primitive endodermal urogenital sinus (UGS), which give rise to 

caudal extension of the hindgut during embryogenesis, reviewed in (Timms, 2008). 
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Figure 1.4. Division of the cloaca into the urogenital sinus, rectum and anal canal. A. Mid-sagittal view through the 
pelvis of a 5th week human foetus showing the cloaca, blind caudal extension of the hindgut. The cloaca has a ventral 
diverticulum, the allantois, extending up the anterior body wall and terminating in the umbilical cord. The urorectal 
septum grows caudally towards cloacal membrane to subdivide the cloaca. B. Mid-sagittal view through the pelvis 
of a 7th week human foetus showing division of the cloaca into the urogenital sinus ventrally and rectum and anal 
canal dorsally. C. The mesonephric duct is gradually absorbed into the wall of the urogenital sinus, and the ureters 
enter separately. D. Development of the urogenital sinus into the urinary bladder and definitive urogenital sinus. E. 
In the male the definite urogenital sinus develops into the penile urethra. The prostate gland is formed by budding 
from the urethra, and seminal vesicles are formed by budding from the ductus deferens (Cunha et al., 2004). Image 
adapted from (Sadler, 2018). 

The UGS and hindgut are amalgamated as a single excretory tract at the embryonic cloaca, but 

the cloaca then divides into separate urogenital and anorectal tracts during 8 weeks of gestation 

in human (Cunha et al., 2018). The primitive urogenital sinus is subsequently subdivided into the 

bladder at its rostral end, the urogenital sinus (UGS) in the middle and penile urethra, caudally. 

The prostate forms through epithelial budding from the UGS, starts to form at approximately 10 

weeks of gestation in humans (Cunha et al., 2018). The prostate organogenesis continues after 

the birth and prepubertal phases of development under the involvement of circulating androgens 

until the prostate approaches its mature stage during puberty.  
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Table 1.1. Stage of prostate organogenesis. Adapted from (Cunha et al., 2018).  

dpc: days post-conception, dpn: days postnatal, wks: weeks.  
Prostate organogenesis can be divided into four stages. Stage-1(Pre-bud stage); Stage-2 (Initial budding stage); 
Stage-3 (Bud elongation and branching morphogenesis stage):  Stage-4 (Ductal canalization).  

1.4.2. Cellular organisation  

The mature prostate epithelium accommodates at least 3 types of cells that are morphologically 

distinct (i) luminal cells are tall columnar epithelial cells; (ii) below the luminal layer are non-

secretory basal cells that line the basement membrane and functionally distinct neuroendocrine 

cells; (iii) neuroendocrine cells, which constitutes only a small proportion of total human prostatic 

epithelial cells originate from neural crest (Szczyrba et al., 2017). A layer of intermediate cells 

remains within the basal layer. 

 
Figure 1.5. Schematic diagram of differentiated cell types of epithelial layer stroma and epithelial layers in adult 
prostate. The epithelial layers comprise basal cells that line on the basement membrane in between taller secretory 
luminal cells and sporadically intermediate and neuroendocrine cell populations. The epithelial duct is adjacent to a 
stromal compartment which possesses smooth muscle cells, fibroblasts, and vascular and neural components 
(Toivanen and Shen, 2017). The image adapted from (Toivanen and Shen, 2017). 

There are a number of differentiated cell types in the mesenchyme (Fig. 1.5), for example, cells 

of the embryonic UGM form a layer of smooth muscle, lining the epithelium and show contractile 

activity facilitating the discharge of prostatic fluid into ejaculate (Hayward et al., 1996). Stroma 
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also includes blood vessels, smooth muscle fibroblast, macrophage, lymphocyte, extra cellular 

matrix, autonomic nerves, and immune cells. 

1.4.3. Zonal structure of Prostate  

The first studies of human prostate development described those epithelial buds emerge from 

the UGE in defined pairs, suggesting that the human gland consists of multiple lobes including 

anterior lobe (or isthmus), posterior lobe, lateral lobe and median lobe  by Lowsley, O.S as 

reviewed in (Timms, 2008). The model that is now largely accepted was developed by McNeal 

(McNeal, 1988a and McNeal, 1988b) and comprises of four zones, namely, (1) the peripheral 

zone, (2) the central zone, (3) pre-prostatic region or transition zone, and (4) the anterior 

fibromuscular stroma (Fig. 1.6).  

 

 

 

Figure 1.6. overview of prostate anatomy. (A) Coronal plane and (B) axial plane of an adult prostate showing the key 
structures and regions of the prostate are indicated (McNeal, 1969). Image adapted from Urology Care Foundation 
(https://www.urologyhealth.org/urology-a-z/p/prostatitis-(infection-of-the-prostate); accessed on 12/03/2021. 
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1. The peripheral zone: Constitutes ~70% of the glandular prostate volume. It forms a disc of 

tissue whose ducts originate laterally from the urethra lateral and distal to the verumontanum. 

The Peripheral zone is a common site of carcinoma.  

2. The central zone: Comprises ~ 20% of the prostate. Its ducts arise close to the ejaculatory duct 

orifices and follow these ducts proximally. This zone branches anteriorly from the prostatic 

urethra to surround the ejaculatory duct. Its lateral border fuses with the proximal peripheral 

zone border, completing in continuity with the peripheral zone. 

3. Transition zone or Periprostatic region:  This zone encircles the urethra and contributes 

approximately 10% of the prostate formation. The urethral segment proximal to the 

verumontanum is linked anteriorly at a 35-degree angle to the distal segment. The Transition 

zone is associated with benign prostatic hyperplasia (BPH). 

4. The anterior fibromuscular stroma: The above three categories are developed in epithelium. 

The human prostate also develops an anterior fibromuscular stroma that surround glandular 

tissue and fibrous capsule that protects the exterior of the organ. 

1.5. Prostate organogenesis 

Prostate organogenesis is a complex developmental process. Androgen dependent and other 

signalling pathways and those involved in mesenchymal-epithelial interactions. An overview of 

prostate development focusing on recent findings on sexual dimorphism, bud induction and 

branching morphogenesis and cellular differentiation is provided in the subsequent sections.           

1.5.1. Prostate induction: sexual dimorphism in the urogenital sinus  

The urogenital sinus can be transformed into either prostate in males or as a part of vagina in 

females (recently reviewed by (Toivanen and Shen, 2017). 

Androgens are steroid hormones (e.g., testosterone, dihydrotestosterone and androstenedione) 

that are important for the development and maintenance of male characteristics in vertebrates 

by binding to androgen receptors (AR, see section 1.11). A major trigger for prostate 

development is testosterone, which is secreted in male embryos at substantially higher quantities 

than in female embryos, reviewed in (Toivanen and Shen, 2017).  Leydig cells in the testes start 
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to release testosterone at approximately 9 weeks of gestation in humans. Testosterone is 

converted to dihydrotestosterone (DHT) by 5α-reductase in UGS which then bind to androgen 

receptor (AR), and translocate into the nucleus where it acts as transcription factor (Berman et 

al., 1995 and Ferraldeschi et al., 2015).  

It has been suggested that the essential role of androgens on UGS means that sexual dimorphism 

is independent of genetics (Toivanen and Shen, 2017). For instance, XY embryos that have no 

active AR develop external female genitals and do not form prostate gland (Toivanen and Shen, 

2017 and Lubahn et al., 1988). It should be noted that there are limitations to the ability of 

androgens to induce budding because UGS XX mice quickly lose androgen responsivity in grafts 

and organ culture on postnatal days P to P5, (reviewed in (Thomson, 2008).  

Prostate induction and differentiation require AR expression and activity and AR plays a key role 

in UGM to induce prostate formation (Cunha et al., 2004). Subsequently, AR is a vital part in the 

epithelium for the expression of prostatic secretory proteins and for accelerating the 

differentiation of the surrounding mesenchyme into smooth muscle (Hayward et al., 1998 and 

Cunha et al., 2004). 

 
Figure 1.7. Prostate organogenesis illustrating four stages: (A) sexual dimorphism, (B) prostate budding, (C) 
branching morphogenesis and (D) epithelial differentiation. (A) Whole-mount images of Nkx3.1lacZl+ male mouse UGS 
stained for β-galactosidase (β-gal) activity at 16.5 dpc showing lacking epithelial buds, (E) Immunofluorescence 
staining for cytokeratin 5 (CK5) and cytokeratin (CK8) showing expression of CK5 and CK8 in majority of urethral 
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epithelial progenitors. (B) Whole-mount images of Nkx3.1lacZl+ male mouse UGS stained for β-galactosidase (β-gal) 
activity at P2 showing induction of androgen during epithelial budding resulting in the ductal structures of the four 
prostatic lobes, (F) Immunofluorescence staining for CK5 and CK8 expression of in which higher co-expression of CK5 
and CK8 is observed. (C) Whole-mount images of Nkx3.1lacZl+ male mouse UGS stained for β-galactosidase (β-gal) 
activity at P14 showing continuation of extensive branching morphogenesis during prostate development, (G) in 
which basal segregation of basal and luminal cells are observed. (D) Haematoxylin & Eosin (H&E) staining of the 8 
weeks old mouse prostatic duct showing excretion in ductal lumen (H) displaying individual expression profile of 
cytokeratin in basal and luminal cells in spite of observation of subsets of intermediate cells. AP, anterior prostate; 
bas, basal; DP, dorsal prostate; LP, lateral prostate; lum, luminal; VP, ventral prostate. Scale bars: 50 μm. The Image 
adapted from (Toivanen and Shen, 2017). 

1.5.2. Epithelial budding and specification  

The outgrowth of the prostate tissue is initiated by the formation of UGE bud under the control 

of AR. While it is assumed that the expressed AR in the UGM induces UGE specification and 

differentiation (Toivanen and Shen, 2017). The mechanisms underlying mediating this inferential 

process are poorly described. The identity of the transitional signals from the UGM to the UGE is 

particularly ambiguous, and the mechanism of its control by AR signalling are not well 

understood.                                                                                                                                                                                            

There are two major hypothesis which describe the mechanism of androgens which mediate 

prostate epithelial induction and budding: the andromedin model and the smooth muscle model. 

These are illustrated below. 

																																																							
Figure 1.8. Models of prostate bud induction: (A) Andromedin model: This model showing AR expression through 
androgen signalling in the urogenital mesenchyme (UGM) results releasing one or more signalling factor 
(andromedins) to induce prostate budding in the adjacent urogenital epithelium (UGE). (B) Smooth muscle model: 
This model depicting constitutive epithelial budding induced by signal that is being controlled by androgen signalling 
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within mesenchyme. This model proposed androgen signalling regulates the differentiation of smooth muscle 
around the growing prostate ducts, thereby impeding further epithelial budding in the regions where smooth muscle 
has already formed (Toivanen and Shen, 2017). The Image adapted from (Toivanen and Shen, 2017). 

1.5.3. Mechanisms and regulation of ductal outgrowth and branching morphogenesis                                                

Following the formation of prostatic bud, ductal growth and branching morphogenesis are 

initiated with extensive proximal-distal outgrowth and branching of epithelium of a population 

of progenitor cells localized at the ductal tips, where the majority of proliferative cells are located 

and bifurcation of the branch points occurs (Sugimura et al., 1986). A number of cell signalling 

pathways have been implicated in this process including, e.g. Hedgehog (Hh) (Doles et al., 2006) 

and Activin (Cancilla et al., 2001).   

1.5.4. Differentiation of the prostate epithelium  

At an early phase of branching morphogenesis, the embryonic prostate is composed of solid 

epithelial cords, however, these eventually initiate ductal canalization to give rise to glandular 

formations, while the epithelial cells differentiate into basal, luminal and neuroendocrine 

lineages. 

1.5.4.1. Mechanisms of epithelial canalization  

The difference between adjacent seminal vesicle and prostate epithelium in prostatic emergence 

stage is that the seminal vesicle undergoes branching morphogenesis as hollow tubes and the 

prostate epithelium undergoes significant branching morphogenesis as solid buds, which then 

canalize during later stages of the development (Hayward et al., 1996). This has however not 

been well investigated in prostate although may involve process such as anoikis (Barker, 2014).  

1.5.4.2. Lineage specificity during organogenesis, homeostasis and regeneration   

Differentiation of stem cells is an important process in the development of an organ where stem 

cells give rise to specific lineages of cells within a tissue. For human prostate, there are not many 

reliable studies identifying the stem cells or their niche. Multiple stem/progenitor populations 

are thought to be localized in the prostate that give rise to specific distribution and functions 

during organogenesis and regeneration. A model of this is shown in Fig. 1.9. 
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Figure 1.9. Lineage relationships between cell types during prostate organogenesis depiction. Solid arrows, dashed 
arrows indicate known and potential relationships respectively. Initiation of prostate budding, the urogenital 
epithelial progenitor produces basal progenitors with multipotent and unipotent functions and unipotent luminal 
progenitors. The neuroendocrine and intermediate cells seem to derive from urogenital epithelial progenitors, 
additionally neuroendocrine could be originated from neural crest progenitor. Urogenital mesenchyme progenitors 
give rise to differentiated smooth muscles in the prostatic stroma but origination of fibroblast from EGM progenitors 
and is still befuddle. ChrA, chromogranin A; NSE, enolase 2 (Eno2); Syn, synaptophysin (Syp). The Image adapted 
from (Toivanen and Shen, 2017). 

1.6. Diseases of the prostate 

Diseases of prostate glands are categorized into three distinct types: Prostatitis, Benign Prostatic 

Hyperplasia (BPH) and Prostate Cancer. 

1.6.1. Prostatitis 

Prostatitis is, an ill-defined inflammatory or infectious condition affecting the area around the 

prostate, an extremely common condition worldwide; around 2% - 10% of men are diagnosed 

with it during their lifetime (Krieger et al., 2002). 

Prostatitis was primarily classified as acute bacterial prostatitis, chronic bacterial prostatitis, 

nonbacterial prostatitis and prostatodynia. In 1999, the National Institute of Digestive and Kidney 

Diseases (NIDDK) Chronic Prostatitis Workshop proposed a modified classification system of 

prostatitis syndromes (Krieger et al., 1999 and Krieger et al., 2002). The NIH categorizes these 

from I to IV: 
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I: acute bacterial prostatitis 

II: Chronic bacterial prostatitis  

III: Chronic nonbacterial prostatitis 

IV: Asymptomatic inflammatory prostatitis 

Pelvic region discomfort is a common symptom. Of these Category III is most prevalent 

(accounting for nearly 95% of all cases). 

1.6.2. Benign Prostatic Hyperplasia (BPH)   

 A non-malignant enlargement of the prostate in men due to the excessive proliferation of 

stromal and glandular epithelial cells in the transition of the prostate and characterized by 

urethral obstruction, and lower urinary tract symptoms (Roehrborn, 2008 and Homma et al., 

2011). 

 

 
Figure 1.10. Left. Gross anatomy of prostate showing BPH in the transitional zone. Hyperplastic lump indicated by 
arrow, is observed in the transition zone (TZ) that absence in the peripheral zone (PZ). Right. Hematoxylin and eosin 
(H&E) stained wholemount cross-section of a human prostate showing the effect of BPH in TZ (Aaron et al., 2016). 
The image adapted from (Aaron et al., 2016). 

Nearly 50% of men are diagnosed BPH by 50 years of age, and 90% of men are diagnosed with 

BPH when they are 70-79 years of age. Men with BPH experience great discomfort while urinating 

and often develop urinary tract infections (UTIs) and sometimes renal failure (Homma et al., 

2011). 
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1.6.2.1. Aetiology of BPH 

The detailed molecular aetiology of this hyperplastic disease is not yet known but may involve 

epithelial and stromal cell proliferation contributed by androgens, oestrogens, stromal-epithelial 

interactions, growth factors and cytokines, or to impaired programmed cell death or to impaired 

apoptosis leading to cellular accumulation (Roehrborn, 2008). 

1.6.2.1.1. The role of androgens in BPH 

Presence of testicular androgens is required during prostate development, puberty or aging (Sec. 

1.5) (McConnell, 1995). Dihydrotestosterone (DHT) and androgen receptor remain highly 

expressed in prostate with aging, despite the fact that level of peripheral testosterone is reduced 

with aging (Harman et al., 2001). Once BPH has developed, withdrawal of DHT can shrink the 

BPH. Withdrawal of  DHT, a ligand for AR, the androgen-sensitive tissue reduces protein synthesis 

resulting in an involution of BPH (Peters and Walsh, 1987). It is estimated that 90% of total 

prostatic androgen is derived from testicle is in the form of DHT while the rest from adrenal 

glands (Andriole et al., 2004). DHT bound AR translocates into the nucleus to activate gene 

transcription and eventually stimulation of the protein synthesis.  

1.6.2.1.2. The role of Growth factor            

Growth factors, e.g., bFGF (FGF-2), acidic FGF (FGF-1), Int-2 (FGF-3), keratinocyte growth factor 

(FGF-7), transforming growth factor (TGF-8) and epidermal growth have been associated in 

prostate growth. These are naturally occurring small peptide molecules that stimulate and in 

some cases inhibit cell proliferation and differentiations (Kyprianou and Isaacs, 1989). It has been 

proposed that cross interaction between growth factors and steroid hormones may alter the 

balance of cell proliferation versus cell death to produce (BPH) (Story et al., 1989).  
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Figure 1.11. Displaying cellular homeostasis interacted by growth stimulatory and inhibitory factors in prostate gland 
in activated by testosterone and DHT. Right, depicting the imbalance and abnormal growth in BPH (Roehrborn, 
2008). The figure adapted from (Roehrborn, 2008). 

1.6.3. Prostate cancer 

PCa was first described by the ancient Egyptians, while surgical procedures to remove the 

prostate were developed over 100 years ago (Capasso, 2005). A vast majority (~95%)  of prostate 

cancers are adenocarcinomas arising from epithelial cells, (Bostwick, 1989b); of these nearly 70% 

of PCa are developed in the peripheral zone, 15-20% in the central zone, and 10-15% in the 

transitional zone. Some cancer grows slowly and other grows fast (Cancer, 2003).  In the early 

stages, PCa is asymptomatic, however, patients with advanced PCa often suffer from painful 

urination, starting or stopping the urine flow, a frequent need to urinate, and blood in the urine 

(Cancer, 2003). Metastasized PCa commonly causes severe pain, mainly due because of 

metastases to the bone. PCa is a multifactorial disease, and several genetic and non-genetic 

factors are involved in its initiation and progression.  

1.6.3.1. Epidemiology of PCa  

PCa is the second most frequent malignancy and second leading cause of male cancer death 

worldwide. With an estimated 12,76,106 new cases and causing 3,58,989 deaths, 3.8%  death of 

all death caused by cancer in men, have been recorded globally (Bray et al., 2018 and Ferlay et 

al., 2018b).  There is a wide range in the incidences and mortalities of prostate cancer across the 

globe which increase with the increase of average age. The incidence rates are higher among the 



42 
 

African-American men compared to white men with 158.3 new cases diagnosed per 1,00,000 

men and their mortality is approximately twice as white men (Panigrahi et al., 2019). Social, 

environment and genetic factors are the reasons for the discrepancy. New cases of projection 

have been estimated at 22,93,818 until 2040 by  (Ferlay et al., 2019)  and showed that there will 

be small variation, an increase of 1.05%, in mortality. A detail analysis of worldwide prostate 

cancer incidence, mortality rates as well as their temporal trends and survival rates based on 

GLOBOCAN 2018 estimates are presented here (Rawla, 2019). 

1.6.3.1.1.  Incidence of PCa 

12,76,106 cases of global incidence of PCa representing 7.1% of all cancer in men was recorded 

in 2018 (Bray et al., 2018), but this incidence rate is highly variable (Bray et al., 2018) (Fig. 1.12). 

A major factor for this variability is likely to be the variability in PSA testing (Quinn and Babb, 

2002). 

 

 
Figure 1.12. Map showing the global registered age-standardised incidence rates of prostate cancer in 2018 in men 
with variable ages. The map was obtained from (Rawla, 2019) created with mapchart.net with data obtained from 
GLOBOCAN 2018 (Bray et al., 2018). 
 
The incidence age-standardized rate (ASR) appeared to be highest as 79.1/100000 people in 

Oceania, then 73.7/100000 people in North America and 62.1/100000 people in Europe followed 

by a lower incidence rate in Africa and Asia at 26.6 and 11.5 per 100000, respectively  (Ferlay et 

al., 2018a). The incidences also fluctuated with population density for instance, the incidence 

rates were 190-fold higher at 189.1 in Guadeloupe and France than at 1.0 in Bhutan. The rate of 

PCa incidence increases correlatively with increase of age (Ferlay et al., 2018a). Only 1 in 350 men 
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under the age of 50 is diagnosed with PCa (Perdana et al., 2016) but the rate increases to 1 in 

every 52 men for ages 50 to 59 and further increases to 60% in men over the age of 65 years 

(Howlader et al., 2013). 

1.6.3.1.2.  Mortality statistics for PCa 

Universal mortality rates for PCa also fluctuate worldwide (Fig. 1.13) (Ferlay et al., 2018c) . The 

PCa mortality rates were registered higher at 10.7 per 1,00,000 in Central America than Australia 

and New Zealand with 10.2 and Western Europe with 10.1 respectively (Ferlay et al., 2018c) . The 

lowest rate was reported in the countries of Asia (South-Central, 3.3; Eastern 4.7 and South-

Eastern 5.4) and Northern Africa (5.8) (Fig. 1.13) (Ferlay et al., 2018c). 

 

Figure 1.13. Map showing estimated age-standardised morality rates of PCa worldwide in 2018 in males including all 
ages. The map was obtained from (Rawla, 2019) created with mapchart.net with data obtained from GLOBOCAN 
2018 (Bray et al., 2018).  

1.6.3.1.3. Trends for PCa  

An increasing trend of prostate cancer incidence is predicted with 1,017,712 worldwide which 

changes +79.7% overall till 2040 (Table 1.2) (Ferlay et al., 2019) . In Africa, the projected number 

of incidences for prostate is projected in 2040 to be at high as 97,663, that constitutes +120.6% 

followed by Latin America and the Caribbean with +101.1% and Asia with 100.9% and in Europe 

with lowest incidence as +30.1%.  
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Table 1.2. Estimation of incidence trend to increase from 2018 to 2040 for PCa in Males in all ages   (Ferlay et 
al., 2019). The table adapted from  (Ferlay et al., 2019).   

 
 
From 2018 to 2040, it is estimated that mortality will be double with 3,79,005 worldwide (Ferlay 

et al., 2019). The highest mortality rate is estimated to be in Africa with +124.4% followed by Asia 

with 116.7% while the lowest incidence will be recorded in Europe with +58.3%  (Ferlay et al., 

2019). Figs. 1.14 and 1.15 show incidence and mortality and region-specific incidence and 

mortality from PCa. 

 

                                          
Figure 1.14. Bar charts of incidence and mortality at age-standardized rates in High/Very-High Human Development 
Index (HDI) regions vs Low/Medium HDI Regions among males in 2018. The most 15 common cancers world (W) in 
2018 are shown in descending order of the overall age-standardized rate for males (Source: GLOBOCAN 2018) (Bray 
et al., 2018). The graph adapted from (Bray et al., 2018).  
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Figure 1.15. Dual Bar chart showing Region-Specific Incidence and Mortality Age-Standardized Rates for the PCa in 
2018. Rates are shown in descending order of the world (W) age-standardized rate, and the highest national age-
standardized rates for incidence and mortality are superimposed. Source: GLOBOCAN 2018 (Bray et al., 2018). The 
graph adapted from (Bray et al., 2018). 

1.6.3.1.4. Survival rates after diagnosis of PCa 

The prognosis is best when the cancer is confined to the organ and the rate for 5 year survival in 

the USA was reported to be about 98% (Howlader et al., 2016a). The incidence of PCa from 2003 

to 2007 in Eurocare project (EUROCARE-5) showed that 5-year survival rates were 83% 

(Epidemiology of Prostate cancer in Europe, 2015). The survival rate fluctuates from 76% in 

Eastern countries to 88% in Southern and Central European countries. All over Europe the 

survival has increased over the period of 2003-2007,  specifically with the greatest improvement 

being registered in the Eastern European countries (De Angelis et al., 2014). 
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1.7. Aetiology and risk factors for PCa 

The aetiology of prostate cancer remains elusive, compared to other common cancers such as 

breast cancer (Shulewitz et al., 2006). The well-understood risk factors for PCa development are 

not limited to advanced age, ethnicity, genetic factors, family history (Bostwick et al., 2004a; 

Dagnelie et al., 2004; Bostwick et al., 2004b and Pienta and Esper, 1993). Other factors which are 

possibly associated with PCa including: obesity and physical inactivity, inflammation, 

hyperglycaemia, infections, environmental exposure to chemicals or ionizing radiation and diet 

involved in increased consumption of saturated animal fat and red meat, lower intake of fruits, 

vegetables, vitamins and coffee (Kolonel et al., 2004).  Some of these are discussed below.            

Age is considered a major risk factor for PCa. It is often suggested that PCa is a disease of older 

men (Bray et al., 2018). It is unusual in men younger than 40 years but PCa incidence increases 

in each decade after 40.  The average age for PCa diagnosis is over 75 years old in the UK (Cancer 

Research UK, 2014b), 65 - 74 years in the USA (Surveillance, Epidemiology and End Results (SEER) 

18, 2014). Around 30% of men who have died with different diseases other than PCa cancer,  

were found with histological diagnosis of PCa during autopsy (Scardino et al., 1992). Hence, it is 

often suggested that most men die ‘with’ PCa than ‘of’ PCa. The mortality rate can be reduced 

by clinical tests for the premalignant stage of PCa development and development of reliable, 

quantitative biomarkers for the prognostication of PCa are necessary to avoid unnecessary 

deaths due to PCa. 

Ethnicity can also be characterized as a risk factor due to differential rates of diagnosis and death 

amongst various ethnicities and PCa development  varies from one ethnic group to another (Ben-

Shlomo et al., 2008). The risk of PCa development in men of Caucasian ethnicity, who have no 

familial history of prostate cancer, is increased after 50 years of age, but in black men or men 

with a familial history of prostate cancer PCa occurs after 40 years of age (Prostate Cancer. SEER, 

2018). A significant ethnic variation occurs for the risk of PCa in United State, Africa and 

Caribbean (Parkin et al., 2014). In the UK, black men have a 3-fold higher risk of developing 

prostate cancer than white men (Ben-Shlomo et al., 2008), while Asian men have the lower risk 
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(National Cancer Intelligence Network and Cancer Research UK, 2009). Furthermore, in the USA 

the lowest incidence rate is observed in American Indian/Alaska men with 46.9, Native and 

Asian/Pacific Islander men with 52.4, followed by white men with 93.9 (Howlader et al., 2016b). 

The highest incidence rate is seen in African-American men with 157.6  (Howlader et al., 2016b). 

The incidence rates are quite varied from one region to other regions in the world which are 

associated with their socioeconomic conditions and biological factors  (Hosain et al., 2011).  

The blood levels of Prostate Specific Antigen (PSA), a protein encoded by KLK3 gene, are known 

to be significantly higher in black men with/without PCa than white men (Kyle et al., 2004 and 

Vijayakumar et al., 1998). Existence of higher androgen levels in plasma,  sensitivity of androgen 

receptors (due to reduced number of CAG or GGC repeats in exon 1) and altered insulin-like 

growth factor binding protein 3 (IGFBP-3) expressions in plasma may determine the biological 

differences among ethnicities (Ross et al., 1986). Furthermore, African-American men display a 

more aggressive form of the disease, which has also been associated with genetic and biological 

differences, although lack of adequate screening and delayed presentation was not excluded too 

(Wu and Modlin, 2012).  

A family history of prostate cancer is another common risk factor for the development of prostate 

malignancies. This factor has persistently been associated with an increased risk of prostate 

cancer that varies according to the degree of the relationship, the number of relatives affected, 

and the age of diagnosis (Johns and Houlston, 2003 and Kiciński et al., 2011). Around 5-10% of 

PCa incidences are associated to family history and the inheritance of genes which are involved 

in development of PCa (Hemminki and Czene, 2002). Men with a family history of breast, ovarian 

cancers, Hodgkin’s disease, leukaemia, liver cancer and melanoma are also at a higher risk of 

developing of PCa (Hemminki and Chen, 2005). Kral et al. reviewed the genetic determinants of 

prostate cancer and summarized the function of several candidate genes for the development of 

malignancy (Kral et al., 2011). The gene linkage studies reveal major susceptible genes for 

prostate carcinoma in younger men (<65 years) are located at seven different places on the 

chromosome. The HPC1 (hereditary prostate cancer 1) gene located on 1q24-25, encodes 

enzyme ribonuclease L (RNaseL) (Chen et al., 2003), which is involved in the innate immune 

defence mechanisms and the interferon (IFN)-mediated signalling (Malathi et al., 2007). It plays 
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an important role in reducing antiviral activity and regulation of apoptotic cell death (Zhou et al., 

1997). Mutation in RNase L in human prostate cancer samples become susceptible for retrovirus 

that reveal the importance of antiviral defences  to PCa development (Miller et al., 2009). 

Furthermore, PCa with retroviral infections demonstrated the potential connection of chronic 

retroviral infection and resulting tissue inflammation (Eeles et al., 2008 and Schlaberg et al., 

2009). The second HPC gene HPC2/ELAC2 located on chromosome 17p11 encodes for a protein 

with poorly understood  function (Camp and Tavtigian, 2002). ELAC2 protein is associated with 

PCa development by binding SMAD2 that up-regulate proliferation through activation of TGF-β 

signalling pathway (Noda et al., 2006). The third identified HPC genes is MSR1 (macrophage 

scavenger receptor 1) located on chromosome 8p22 (Xu et al., 2002), which is involved in the 

initiation of inflammation and affects the induction and course of infection. However, no clear 

correlation has been found between these genes (Hemminki and Chen, 2005),  and hereditary 

risk of prostate cancer (Andriole et al., 2004). 

Diet has been extensively studied as a risk factor (Shimizu et al., 1991). Various constituents of 

diet including saturated fat, red meat (Alexander et al., 2010) and dairy (Gupta, 2007) have been 

studied but no equivocal evidence for their contribution to prostate carcinogenesis have been 

found. A high intake of calcium in the diet is associated with a higher risk of PCa (Wilson et al., 

2015). Tomato and its constituent lycopene have controversial beneficial effects (van Breemen 

and Pajkovic, 2008).  However, lycopene was found ineffective to provide clinical benefits in 

advanced PCa as found in an open phase II study (Taitt, 2018). Similarly, the role of vitamins (D 

and E) and micronutrients (e.g. selenium) remain a matter of debate (Mullins and Loeb, 2012 and 

Grant and Peiris, 2012). 

Alcohol has also been associated with high risk of PCa (Hiatt et al., 1994). Intake of more than 

three drinks per day between wine, liquors or beer may be a possible risk factor for prostate and 

other cancers (Rizos et al., 2010). A weak correlation has been observed between alcohol intake 

and PCa mortality found in cohort studies (Schmidt and de Lint, 1972), but other studies did not 

find any correlation with increased risk (Adami et al., 1992). 

The risks of PCa posed by dietary risks are compounded by obesity, as obesity is related to an 

increased risk of advanced  and progressive PCa and increased PCa mortality (Discacciati et al., 
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2012). High body mass index (BMI) is associated with more aggressive disease and worse 

outcomes (Freedland et al., 2005). Several meta-analysis have shown that obesity increases the 

risk of developing prostate cancer by 1% to 5% (Guh et al., 2009). The interpretation of the 

mechanism is that obese men contain altered circulating levels of metabolic and sex steroid 

hormones, which are considered to be linked in prostate development as well as oncogenesis 

(McBride, 2012) .  

Obesity combined with physical inactivity promotes insulin resistance with reduced glucose 

uptake resulting in excessive insulin in the blood. The elevated insulin hormone is thought to 

promote prostate cancer initiation and/or progression (Kaaks and Stattin, 2010). A national data 

survey conducted in US populations showed that obesity is associated with more aggressive PCa 

and higher morality in spite of its lower incidence (Parekh et al., 2010). Exercise is supposedly 

one of the easiest modifiable risk factors to manage in a way to obtain many benefits and 

relatively few side effects when it comes to prostate cancer prevention. Indeed, Keogh and 

McLeod found that veterans who exercised had a significantly lower risk of prostate cancer 

(Keogh and MacLeod, 2012).                                                                                                                               

1.8. Prostate carcinogenesis 

The transition from normal glandular cellular structure to malignancy happens through 

histological and molecular transformation (Isaacs, 1997). It is essential to understand the 

molecular mechanisms to gain a meaningful insight into the process of carcinogenesis that may 

eventually lead to better therapies for PCa. 

1.8.1. Prostatic intraepithelial neoplasia (PIN): A route to prostate carcinogenesis                             

PIN is linked to progressive phenotypic and genotypic abnormalities between normal prostatic 

epithelial cells and cancer, suggesting a loss of cell differentiation and regulatory control as 

prostatic carcinogenesis progress (Nasir et al., 2002). 

Premalignant prostatic lesions were first described in 1926 although they were not distinguished 

from PIN like lesions (Oertel, 1926). McNeal suggested these lesions as “intraductal dysplasia of 

the prostate’’ theorising that prostate carcinoma originated from active ductal/acinar epithelium 

and not from atrophic acini (McNeal, 1988b). McNeal’s interpretation, although not recognized 
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initially, was an important milestone in the description of PCa. McNeal and Bostwick explicitly 

defined its morphological parameters and developed a grading scale that closely anticipated 

invasive carcinoma association (McNeal and Bostwick, 1986), they provided a repeatable criteria 

for the diagnosis of “intraductal neoplasia’’ and proposed its classification into 3 grades. Bostwick 

and Brawer (1987) later proposed the term Prostatic Intraepithelial Neoplasia (PIN) (Workshop 

on “Prostatic Dysplasia” (Bostwick and Brawer, 1987).  

Figure.1.16. A H&E diagnosis of PIN is established by 3 essential observations at low magnification: (A) PIN at low-
power view showing a cluster of glandular structures with hyperchromatic cells contrasting with adjacent normal 
glands (H&E, original magnification X40).  The lining of the ductal structures is darker and thicker than the 
surrounding normal ducts, and a complex intraluminal growth pattern may exist. (B) PIN at high-power displaying 
the maximum number of cells contain stratified nuclear, enlarged nucleus, prominent nucleoli. There is a cytological 
triad at high magnification including: different degrees of nuclear-stratification enlargement, cells are 
hyperchromatic with darker nucleus, nucleolar is prominent. (C) PIN of core biopsy showing partial engagement of 
a gland.  PIN is typically multifocal and includes clusters of glandular structures or can contain one particular gland 
in whole or in part. Image adapted from (Ayala and Ro, 2007).    

The grading system (Sec. 1.9) was further refined and Grade 1 was changed to Low Grade PIN 

(LGPIN) and combined the Grades 2 and 3 to new name as High Grade PIN (HGPIN) (Bostwick, 

1989a) on the basis of cytological characteristics of secretory cells (Fig. 1.17). LGPIN is 

characterised by cells with enlarged nuclei, variable size, normal or slightly increased chromatin 

content, small or inconspicuous nucleoli. HGPIN contains large nuclei of fairly uniform size, an 

increased chromatin content and prominent nucleoli that are similar to those of carcinoma cells. 

The basal-cell layer is usually intact in LGPIN but might have high degree of disruption in HGPIN.       
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Figure 1.17. Morphological features of normal prostate, LGPIN and HGPIN. (A) normal prostate. (B) LGPIN with 
enlarged nuclei, varied in size. (C) HGPIN cells with large nuclei of fairly uniform size and prominent nucleoli that 
are similar to those of carcinoma cells. Image adapted from (Montironi et al., 2007). 

LGPIN and HGPIN contain some similar cytological reproducible features whereas HGPIN show 

four different distinct histological architectural features (e.g., flat, tufting, micropapillary and 

cribriform (Bostwick and Cheng, 2008).    

                                                                                          
Figure 1.18. High Grade PIN with four distinct architectures: (a) tufting pattern: Epithelial cell crowding and 
stratification with prominent nuclei and nucleoli, (b) micropapillary, (c) cribriform pattern (d) Flat pattern. Image 
adapted from (Bostwick and Qian, 2004). 

During the developmental process a number of lesions observed in the prostate have been 

considered as potential precursor lesions for prostate cancer, for instance, adenosis (atypical 

adenomatous hyperplasia) and proliferative inflammatory atrophy (PIA). Adenosis occurs in 

transition zone and could be considered a potential precursor to malignancy. These lesions which 

are often low grade are not considered to possess strong malignant potential (Merrimen et al., 

2013). 
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Figure 1.19. A process and histological changes in PCa progression.  (A) A schematic diagram of the model of prostate 
cancer progression. PCa development from normal to LGPIN to HGPIN to carcinoma. Thicker black solid arrows 
represent canonical mechanism. Normal epithelium gives rise to PIA from where LGPIN or HGPIN and invasive 
carcinoma arises. The route from PIA to LGPIN or HGPIN is more common than directly to carcinoma. During the 
developmental process intraductal carcinoma is the final stage that arises after invasion but has been found to be 
present in prostates without invasion and thus may arise directly from HGPIN, however, not via invasive carcinoma. 
This suggests that lesions are morphologically not only identifiable as HGPIN arise prior to invasive carcinoma 
development, but also that lesions identifiable as HGPIN may also arise as retrograde spread from invasive 
carcinoma. (B) H&E images of morphologic entities. (A) normal tissue, (B) focal atrophy with PIA, (C) LG PIN, (D) HG 
PIN, (E) invasive adenocarcinoma (Gleason pattern 4+3=7, (F) intraductal carcinoma and adjacent invasive 
adenocarcinoma. Lu lumens of glands. Image adapted from (De Marzo et al., 2016). 
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Figure 1.20. A model for PCa progression and mCRPC (castration resistant prostate cancer) development. PIN is 
characterised by the luminal cell proliferation with dysplasia along the canals. PIN, however, progress towards 
localized prostate adenocarcinoma, and then, as the basal cell layer degraded and cancer cells invade the basal 
lumina, it becomes locally invasive carcinoma. Locally advance prostate cancer metastasizes to lymph nodes and 
then to remote organs including bones, liver and lungs. AR-dependent localised advanced prostate adenocarcinoma 
may primarily respond to ADT (androgen deprivation therapy) and then advances to CRPC. Advances prostate 
adenocarcinoma may also demonstrate de novo tolerance to ADT. Likewise, AR-dependent hormone-naïve 
metastatic tumours primarily react to ADT and transit into mCRPC. AR-indifferent hormone naïve metastatic 
tumours show de novo resistance. The treatment choices for PCa relies on tumour stage and earlier treatments. 
Figure adapted from (Wang et al., 2018). 

1.8.2. HGPIN as a PCa precursor                   

Association of HGPIN in relation to prostatic adenocarcinoma development is well documented, 

(Bostwick et al., 1996). The following discussion shows HGPIN may act as a precursor of PCa. 

1.8.2.1. Clinicopathological evidence for HGPIN  

The incidence of HGPIN increases with advancing age (Sakr et al., 1996), and its frequency in 

malignant prostate disease is significantly higher when compared with prostates without cancer 
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(Bostwick and Brawer, 1987). It has been reported that HGPIN was found in 82% prostate from 

patients suffering from cancer, whereas only 43% of benign prostate patients of similar age 

(Bostwick and Brawer, 1987). Other autopsy studies indicate that, similar to invasive carcinoma, 

the rates of HGPIN increase significantly with age. For instance, a prevalence of 7% to 8% has 

been seen in the third decade of life and upwards of 60% to 80% in the eight decades of life 

(Merrimen et al., 2013). PIN and PCa are mainly multifocal (multiple, distinct areas of malignancy 

exist within the prostate gland) (Arora et al., 2004) mostly in the peripheral zone (Haggman et 

al., 1997). Other authors documented a frequency of HGPIN in the transition zone above 1% 

(ranges 2-37%). Gaudin et al. suggested that the highest incidence of transition zone involvement 

(37%) was in cancer prostatectomy, the incidence in transurethral resection experiments was 

considerably lower (Gaudin et al., 1997).  

1.8.2.2. Genetic and molecular evidence of HGPIN    

HGPIN and PCa share similar genetic alternations (Qian et al., 1995) as a number of common 

molecular changes have been identified in these HGPIN and PCa. Micro-dissected HGPINs with 

identical incidence and pattern of chromosome loss of one allele from 8p12-21 (90%) in 

carcinoma and 63% in HGPIN relative to invasive adenocarcinoma were found by Emmert-Buck 

and colleagues (Emmert-Buck et al., 1995). They also suggested that 8p22 are displayed fewer 

LOH in PIN than carcinoma, suggesting that PIN is molecularly interlinked between normal and 

carcinoma. Qian et al. showed that PIN frequently harbours similar chromosomal alternations as 

invasive carcinomas (Qian et al., 1997). However, the idea is not universally accepted that PIN 

lesions also serve as a precursor due to similarity of molecular changes (Emmert-Buck et al., 

1995). Telomere shortening is another somatic and genetic alteration found in both HGPIN and 

cancer (Meeker et al., 2002). Activation of telomerase enzyme has been found in 16% of HGPIN 

lesions and in 85% of invasive prostatic carcinoma. Telomerase activity could serve as an 

important biomarker in prostate carcinogenesis (Koeneman et al., 1998). The fusion gene 

TMPRSS2-ERG has also been detected in HGPIN in 5%-20% of men in European descent. This 

contrasts with a much higher frequency in carcinoma (∽50%) (Bostwick and Cheng, 2008).    
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1.8.3. Clinical importance of PIN                                                                                                                        

The prevalence of HGPIN in prostatic transurethral resection specimens is an important risk 

factor in PCa diagnosis (Gaudin et al., 1997). A study was conducted on 14 patients with HGPIN 

and BPH who were then followed up for next 7 years (mean, 5.9 years); of these 14 patients, 3 

(21.4%) developed PCa (Moore et al., 2005). Patients that developed PCa were also found to have 

a higher PSA (8.1ng/ml), compared to those that did not (4.6ng/ml PSA). Because of the moderate 

development pace of prostate disease and considerable amount of time required for sufficient 

follow up in animal and human studies, the non-invasive precursor lesion HGPIN is an effective 

intermediate histological marker to indicate the possibility of cancer afterwards (Cheng et al., 

2004). 

1.9. Grading of PCa  

Donald F. Gleason in 1966 created a grading system for prostatic carcinoma based on the pattern 

and architecture of the tumour (Gleason, 1966). Five grades or patterns were proposed based on 

morphological and architectural features in tissue sections, but not on cytological atypia, cell 

counts or mitotic rates. The proposed five patterns are described as follows:       

 



56 
 

Figure 1.21. Gleason’s original grading pattern proposed in 1966-1967 (Epstein et al., 2016b). (Image obtained from 
online on 06/06/2020).  

Gleason proposed the following pattern based on studies of 270 patients (Epstein et al., 2005).  

Pattern 1: Very well differentiated small and closely packed glands forming a circumscribed 

tumour mass. 

Pattern 2: Similar to pattern 1 but with less well circumscribed glands showing greater variation 

in both size and shape. A mild degree of cribriform pattern may be present. 

Pattern 3:  This pattern shows a wide variation in morphology ranging from glands similar to    

those seen in pattern 2.  

Pattern 4: Closely packed, large, pale polygonal cells that resemble renal cell carcinoma. There 

are some features of glandular differentiation and there is typical diffuse stromal infiltration. 

Pattern 5: Undifferentiated carcinoma with little or no gland formation. 

These have been periodically modified over the years starting in 1974 and 1977 (Samaratunga et 

al., 2016). In 2014 the International Society of Urological Pathology (ISUP) consensus formulated 

the Gleason grading pattern and finalised the following grading system which provided some 

degree of validation of grading (Epstein et al., 2016b). 

An overall Gleason score is worked out by adding together two Gleason grades. The first is the 

most common grade in all the samples. The second is the highest grade of what’s left. When 

these two grades are added together, the total is called the Gleason score. The modified 

Gleason’s score are as follows: 

Gleason score = the most common grade + the highest other grade in the samples (Shah and 

Zhou, 2016 and Epstein et al., 2016a). 

Grade group 1: Gleason score 6 (3 + 3): All of the cancer cells found in the biopsy look likely to 

grow slowly. 

Grade group 2: Gleason score 7 (3 + 4): Most of the cancer cells found in the biopsy look likely 

to grow slowly. There are some cancer cells that look likely to grow at a moderate rate. 

Grade group 3: Gleason score 7 (4 + 3): Most of the cancer cells found in the biopsy look likely 

to grow at a moderate rate. There are some cancer cells that look likely to grow slowly. 

Grade group 4: Gleason score 8 (3 + 5): Most of the cancer cells found in the biopsy look likely 

to grow slowly. There are some cancer cells that look likely to grow quickly. 
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Grade group 4: Gleason score 8 (4 + 4): All of the cancer cells found in the biopsy look likely to 

grow at a moderate rate. 

Grade group 4: Gleason score 8 (5 + 3): Most of the cancer cells found in the biopsy look likely 

to grow quickly. There are some cancer cells that look likely to grow slowly. 

Grade group 5: Gleason score 9 (4 + 5): Most of the cancer cells found in the biopsy look likely 

to grow at a moderate rate. There are some cancer cells that are likely to grow quickly. 

Grade group 5: Gleason score 9 (5 + 4): Most of the cancer cells found in the biopsy look likely 

to grow quickly. There are some cancer cells that look likely to grow at a moderate rate. 

Grade group 5: Gleason score 10 (5 + 5): All of the cancer cells found in the biopsy look likely to 

grow quickly. 

1.10. Genetics of prostate carcinogenesis                                                                              

Cancer is considered to have ‘genesis in the genes’. Chromosomal aberrations, gene mutations 

and dysregulation of transcription that give rise to change in the function of genes such as 

inactivation tumour suppressor genes and activation of proto-onco and oncogenes (Paris et al., 

2004) that ultimately manifest as uncontrolled cell proliferation. These genetic aberrations are 

acquired during development of the cancer or sporadically inherited from an ancestor resulting 

in predisposition to cancer. A brief discussion of this follows.        

1.10.1. Hereditary Prostate Cancer  

Hereditary cancers are usually distinguished from sporadic cancers by the descent, multifocality 

and earlier occurrence of family clustering and autosomal-dominant (Schulz et al., 2003).  In most 

hereditary cancers, these cancers are characterised by an inherited mutation in one allele of a 

tumour suppressor gene. Somatic mutation of the second allele is then sufficient for tumour 

progressions. In sporadic cases, the inactivation of the same gene requires two successive 

mutations in the same cell. Many candidate genes and markers that co-segregate with prostate 

carcinoma have been identified for the families where prostate carcinoma occurs in multiple 

generations including one or more cases of early onset (Carter et al., 1992). 

It has been recommended that at least seven loci of the genome possess an autosomal dominant 

gene for hereditary prostate cancer namely: 1q24-1q25 (HPC1), 1q42-q43 (PCAP), Xq27-q28 



58 
 

(HPCX), 1p36 (CAPB), 20q13 (HPC20), 17p11 (ELCA2) and 16q23 (Nwosu et al., 2001 and Bratt, 

2002).  Studies of this regions, three candidates familial PCa susceptibility genes have been 

identified: HPC1 (hereditary prostate cancer 1) or RNase L gene (Carpten et al., 2002), HPC2 

(hereditary prostate cancer 2) or ELAC2 gene (Rennert et al., 2005) and MSR1 gene (Xu et al., 

2002). 

1.10.1.1. HPC1 or RNase L gene 

Three missense mutations, for instance Arg426Gln, Asp541Glu, and Ile97Leu were identified in 

the HPC1 that may contribute to familial or sporadic PCa (Carpten et al., 2002). In the Spanish 

population, mutations in Arg426Gln were associated with worse prognosis (Alvarez-Cubero et 

al., 2012), whereas Asp541Glu mutation has been shown to increase the risk of PCa in some 

Japanese men (Nakazato et al., 2003). Functionally, in vitro studies have shown that the 

Arg426Gln mutation diminishes enzymatic activity of RNase L thereby decreasing the function of 

tumour suppressors that may enable tumour cells to escape apoptosis.  

1.10.1.2. HPC2 or ELAC2 gene                                                                                                                                                                                       

Overexpression of this metal dependent hydrolase alters cell cycle progression (Korver et al., 

2003) and men who inherit the same variant alleles are at increased risk of PCa (Suarez et al., 

2001). 

1.10.2. Chromosomal Loss, Amplification and Translocation 

1.10.2.1. Chromosomal aberration        

Whereas prostate carcinomas frequently remain euploid (e.g., 2 sets of chromosomes: 2x23 

chromosomes) in the early stage, numerical and structural chromosome changes have been 

discovered. Chromosomal segment deletions as well as gains have been reported in advance 

cancers (Dong, 2001). Comparative genomic hybridization (CGH) has identified two primary 

characteristics in PCa. First, loss of the genetic material is more common than gains and 

amplifications (Visakorpi et al., 1995), indicating that tumour suppressor genes, thought to be 

within the deleted regions, are likely to play a significant role in prostate tumorigenesis. Second, 

many of the chromosomal losses can already be observed in the early stages of prostate cancer, 
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while gains and amplifications are found predominantly in CRPC, indicating that oncogenes are 

triggered at the late stage of the disease (Visakorpi et al., 1995). The identified gains and losses 

of chromosomal regions include gains at 8q and losses at 3p, 8p, 10q, 13q and 17p (Dong, 2001). 

Several key regulatory genes have been mapped within these chromosomal regions undergoing 

alteration and rearrangement which are associated with prostate carcinogenesis.     

1.10.2.2. TMPRSS2-ERG 

Gene fusion generated from chromosomal rearrangement are considered to play a key role in 

the initiation of tumorigenesis (Mitelman et al., 2007). An early example of this is the 

chromosomal rearrangements in prostate, TMRSS2-ERG, involving the 5’-promoter of 

transmembrane protease serine 2 (TMPRSS2), is fused with coding sequence of the 

erythroblastosis virus E26 (ETS) related gene (ERG) (Tomlins et al., 2005).                                                                                                                    

 

                                                          
Figure 1.22. Schematic diagram of mechanism of fusion gene formation: (A) TMPRSS2-ERG fusion gene is produced 
by an interstitial omission, where 2.8mb (red line) segment is lost. (B) The TMPRSS2-ERG fusion gene is produced by 
the incorporation of the interstitial region into another chromosome in the genome. Adapted from (Burdova et al., 
2014). 

TMPRSS2 is a prostate-specific, androgen responsive gene, constitutively expressed under the 

transcriptional control of androgen through androgen responsive elements (ARE) in its 5’UTR. 

ETS family members are oncogenic transcription factors consisting of 27 members sharing a 
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conserved DNA binding domain that permits binding to purine rich DNA sequences containing a 

5’-GGAA/T-3’ core sequence (Basuyaux et al., 1997 and Williams et al., 2011) and N-terminal 

regulatory domain. The fusion of the genes results in the production of ETS transcription factors 

which are governed by TMPRSS2 androgen-sensitive promoter elements.  This allows androgen 

receptors to bind these regions of TMPRSS2, resulting in the over expression of members of the 

ETS gene family. These ETS members can then induce their target gene expression (Tomlins et 

al., 2005). During TMPRSS2-EFG fusion, N-terminal of ETS is truncated but expression of C-

terminal of ETS remain intact in the fusion protein remains under the control of the androgen-

responsive promoter of TMPRSS2, because its C-terminal contains DNA binding ETS domain and 

transactivation domain (Clark et al., 2007). The frequency of these TMPRSS2-ERG fusions is 15% 

in high-grade PIN lesions and an approximately 50% in localized prostate cancer (Albadine et al., 

2009). This indicates that the formation of this fusion gene takes place after cancer initiation. The 

emergence of chromosomal rearrangement may be an indirect result of AR function  (Shen and 

Abate-Shen, 2010). Data from androgen-dependent LnCAP cells exhibit that AR binding induces 

chromosomal proximity between the TMPRSS2 and ERG loci that promote the generation of 

TMPRSS2-ERG fusions following DNA damage (Mani et al., 2009). 

ETS transcription factor is associated with diverse biological processes, including cell 

proliferation, apoptosis, differentiation, angiogenesis and invasion. The TMPRSS2 also shows 

fusion with ETS isoforms such as ETV1, ETV2 and ETV5 in PCa (Helgeson et al., 2008). An 

investigation consisting of 27 patients with hormone-refractory metastatic prostate cancer 

patient samples; ten (37%) of them showed TMPRSS2-ERG mRNA expression and exhibited that 

the metastatic sites possessed a TMPRSS2-ERG fusion generated through interstitial deletion. 

TMPRSS2-ERG gene fusion contributes with periodic gene fusion in PCa, with a frequency of 40-

70%   (Rubio-Briones et al., 2010). Taking into account the pervasiveness of TMPRSS2-ERG fusion 

in PCa, and an increase in the incidence of PCa, further research of these fusions is important for 

understanding PCa biology. The relationship between this fusion and prognostic markers and 

disease aggressiveness could provide clinicians with a more informed way to classify PCa for 

prognostic and therapeutic purposes.                                                                                                                       

 



61 
 

1.10.2.3. MSR1 gene            

MSR1 gene is found on chromosome 8p22 and encodes the macrophage scavenger receptor type 

A (Matsumoto et al., 1990). Linkage studies have implicated MSR1 in various diseases including 

growth of malignancy in prostate (Ostrander and Stanford, 2000). Various mutations have been 

depicted including Arg293X, Asp175Tyr, His441Arg, Val113Ala, and Ile54Val. Arg293X was first 

stated in the context of familial prostate cancer among the European descent while Asp175Tyr 

was found in a population of African-American origin (Xu et al., 2002).                                       

1.10.2.4. Nkx3.1                                                                                                                                        

Nkx3.1 located at 8p21 (He et al., 1997), encodes a prostate specific homeobox protein necessary 

for normal development of the prostate (Prescott et al., 1998). It is expressed in normal prostate 

epithelium and often show decreased expression in PIN lesions and in prostate cells (Bowen et 

al., 2000) and is the strongest candidate for the commonly observed 8p deletion in PCa. Although 

loss of Nkx3.1 locus is often found in prostate cancer, no mutations have been identified in the 

remaining allele (Voeller et al., 1997). Nonetheless, the depletion of Nkx3.1 expression has been 

found to be consistent with hormone-refractory and advanced tumour levels (Bowen et al., 

2000). However, the absence of mutations on the remaining allele of Nkx3.1 suggests 

haploinsufficiency (i.e., inactivation of only one allele) as the mechanism for removing the 

tumour suppressive activity of Nkx3.1. Many prostatic adenocarcinomas, including those of very 

high grade (Chuang et al., 2007) or metastatic, still exhibit substantial Nkx3.1 protein level 

suggesting that Nkx3.1 is not just a classical tumour suppressor gene. The fact that Nkx3.1 is 

found in most prostate cancers and not in most other forms of tumour indicates Nkx3.1 could be 

an excellent immunohistochemical marker for PCa (Ali et al., 2006).                                                                              

1.10.2.5. Cyclin-dependent kinase inhibitor 1B (CDKN1B) 

Cyclin-dependent kinase inhibitor 1B (CDKN1B) is a tumour suppressor gene that encodes p27 

which is considered to be a somatic gene target for alteration during prostatic carcinogenesis. 

Disruption of Cdkn1b in mice contribute to prostatic hyperplasia. Mice with mutated Pten and 

Cdkn1b alleles developed localized prostate cancer (Di Cristofano et al., 2001). Decreased p27 

expression is a characteristic of human prostate cancer cells, especially in prostate cancer cases 



62 
 

with poor prognosis (Cheville et al., 1998). Reduced expression of p27 has been reported in 

HGPIN (De Marzo et al., 1998) and in PIA lesions (Van Leenders et al., 2003). 

1.10.2.6. PTEN gene 

PTEN was recognised as a tumour suppressor gene located on chromosomal region 10q23 and is 

occasionally mutated and deleted in many cancers, including the prostate (Salmena et al., 2008).  

The PTEN gene encodes a dual-specificity phosphatase, converting phosphatidylinositol 3, 4, 5-

trisphosphate (PIP3) into phosphatidylinositol 4, 5-bisphosphate (PIP2) (Maehama and Dixon, 

1998). PTEN also acts as a direct antagonist of P13K enzyme which convert PIP2 into PIP3 which 

is accumulated on the cell membrane that leads to recruitment and activation of proteins 

containing pleckstrin homology (PH) domains 3-phosphoinositide-dependent protein kinase 1 

(PDK1) and its substrate AKT. Active phosphorylated AKT modulates a number of downstream 

targets, including mTOR signalling, which inhibit apoptosis, cell cycle progression, cell 

proliferation, cell differentiation and invasion (Song et al., 2012). PTEN converts PIP3 into PIP2 

and thus downregulate the function of AKT signalling pathway.  The PTEN loss in prostate cancer 

was primarily deduced from its location, which regularly encounters allelic loss in prostate cancer 

and also from its reduction or loss of expression in prostate cancer (Dong et al., 2007).  

1.10.3. Micro RNA: Role of miRNA in PCa 

MicroRNAs (miRNAs) are a large class of endogenous short (approximately 18-22 nucleotides) 

noncoding single-stranded RNA molecules that act as posttranslational gene regulators (Ambros, 

2004). Research findings have established that miRNAs play a crucial role in differentiation, 

proliferation, apoptosis and metabolic homeostasis in cellular pathways (Ruan et al., 2009). 

miRNAs may operate as either tumour suppressors or oncogenes, depending on whether they 

specifically target oncogenes or tumour suppressor genes (Volinia et al., 2006). The biogenesis of 

miRNAs follows a canonical multistep procedure that begins in the nucleus and ends in the 

cytoplasm and consists of three significant events: cropping, nuclear export and dicing is shown 

in Fig 1.23. Most mammalian miRNA genes are first transcribed into primary miRNAs (pri-

miRNAs) which are 5’ capped and 3’ polyadenylated in the nucleus by RNA polymerase II or III 

(Cai et al., 2004).  
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Figure 1.23. miRNA regulation in cancer. A schematic representation exhibiting the canonical miRNA biogenesis 
pathway. The miRNA biogenesis is composed of the following steps: transcription, nuclear cropping, export to 
cytoplasm and cytoplasmic dicing. MicroRNA genes are transcribed into capped and polyadenylated RNA transcripts 
(pri-miRNA) by RNA polymerase II and undergo a preliminary process by a nuclear enzyme of the RNAse III family, 
Drosha and produce hairpin loop RNAs (pre-miRNA) which are identified by the Exportin-5/Ran-GTP transporter and 
migrate into cytoplasm, where a second enzyme of the RNAse III family, Dicer catalyses the further processing named 
dicing, to generate miRNA duplexes. Dicer, TRBP and Argonaut (Ago) proteins mediate the processing of pre-miRNA 
and assembly of the RNA-induced silencing complex (RISC) in humans. One strand of each duplex remains on the 
Ago protein as the mature miRNA; the other strand is degraded. In both the dicing and RISC assembly phases, Ago is 
thought to be linked to Dicer. Image adapted from (Di Leva et al., 2014). 

miRNAs were thought to have no role in cell function and be degraded, but over the past few 

years this view has changed. Recent data revealed that it can be used as an active strand and may 

play important biological roles (Yang et al., 2013). Some examples of this are shown in Fig. 1.24.                                               
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Figure 1.24. A model for representation of the role of MicroRNAs in Prostate Cancer Pathogenesis. miRNAs govern 
migration, invasion and outgrowth at a second site by regulatory frameworks of Epithelium to Mesenchymal 
Transition (EMT) and Mesenchymal to Epithelial Transition states and PCa stem cells (PCSCs). (A) EMT can bestow 
PCa cells with invasive and metastatic properties, consequently cancer cells with surrounding tissues migrate to 
distant sites. EMT phenotype cells that exhibit stem cell features require the capacity of self-renewal, which is 
necessary for the development of micro-metastases into macroscopic metastases. miRs such as miR-320 and miR-
409 have been proposed to regulate EMT and PCSCs during this process. Numerous miRNAs that play an integral 
role in the EMT process and the cancer stem cell emergence are shown in (B) and (C). (B) miRNAs control 
transcription factors that suppress epithelial markers (E-cadherin, α-catenin and γ-catenin) and stimulate 
mesenchymal markers (N-cadherin, Vimentin, Fibronectin). (C) Modulating the process of stem cell creation and 
regulating stem cell markers, such as miRNAs (Wang et al., 2015). The image adapted from (Wang et al., 2015).       

miRNAs are associated with cell cycle deregulation resulting in the increased proliferation of cells 

that exemplifies PCa, and loss of control of the cell cycle checkpoint promotes genetic 

destabilisation through a decrease of cyclin-dependent kinase (CDK) inhibitor p21 and elevation 

of cyclin D1 influx in PCa. Several miRNAs govern the extrinsic cell death pathway and are known 

to contribute to apoptosis resistance particularly in prostate cancer cells (Patron et al., 2012).                                                                    
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1.10.3.1. Invasion and Metastasis 

The process of metastatic progression of the primary tumour into a metastatic lesion involves 

extracellular matrix changes, angiogenesis, tumour cell entry and exit from circulation (Nguyen 

et al., 2009). The tumour cell needs to overcome various physiological barriers to leave the 

tumour site and become metastatic either by aggregation of genetic and epigenetic modifications 

or through activation of proliferative cell signalling pathways. In a combinatorial example, miR-

34a represses the expression of the transcription factor 7 (TCF7), is a known tumour repressor, 

and is known to be decreased in PCa (Yamamura et al., 2012). TCF7 is a strongly expressed Wnt 

signalling gene in PCa tissues, and it was a primary factor in bone metastasis (Chen et al., 2015b). 

1.10.3.2. Androgen signal pathway and miRNA  

AR-inducible miRs are conducted by androgens through androgen response elements (ARE) in 

the promotor regions. AR functions as a direct transcriptional regulator to miR-21 through the 

androgen-induced AR binding to the identified miR-21 promoter, named miPPR-21 (Ribas et al., 

2009). Such miRs have been demonstrated to function as oncomirs, sometimes up regulated in 

PCa and promote tumour growth and proliferation, or to function as tumour suppressor, to 

display low PCa control and to prevent tumorigenesis.  

1.10.4. Epigenetics effect on PCa                                                                                                                                       

Genetically induced conditions such as mutations and epigenetic conditions lead to the 

malignancy of prostate cancer and its development. DNA methylation is one of the earliest 

reported features of epigenetic changes. Some other modification including histone modification 

is an epigenetically change that contributes to PCa development.   

1.10.4.1. DNA methylation in PCa 

DNA methylation is an epigenetic mechanism and plays a vital role in many molecular and cellular 

changes linked to the development and progression of prostate cancer  (Li et al., 2005). DNA 

methylation refers to the addition of a methyl group through covalent bonding to the fifth carbon 

position of the cytosine pyrimidine (CpG) via DNA methyltransferase (Baylin, 2005). DNA 

methylation contributes to gene-silencing, by either hindering the entry of the target binding 
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sites for the transcriptional activators (Prendergast and Ziff, 1991) or by stimulation of the 

binding of methyl-binding domain proteins, which may facilitate suppression through association 

with histone deacetylases (HDACs) (Nan et al., 1998). DNA modifications such as 

hypermethylation and hypomethylation also play an integral role in the development of prostate 

carcinoma. 

1.10.4.1.1. DNA hypermethylation in PCa  

DNA hypermethylation is one of the most frequently identified epigenetic phenomenon in many 

cancers including prostate carcinoma. In addition, putative signalling pathways which are related 

to DNA damage repair, hormonal reaction, tumour cell invasion and cell cycle control are 

interrupted by CpG island hypermethylation.                                                                              

Two examples of hypermethylation in prostate cancer are of Glutathione S-transferase class π 

gene (GSTP1) and oestrogen receptor.  Malignant prostate epithelium almost universally does 

not express GSTPI due to hypermethylation in CpG island in the promoter region of the GSTP1 

gene (DeMarzo et al., 2003). In atypical, PIN tissue and in the urine and ejaculation of men with 

prostate cancer, an elevated CpG was detected (Nakayama et al., 2003). GSTP1 methylation is a 

potential epigenetic biomarker for prostate cancer because it is present in body fluids at 

detectable levels (DeMarzo et al., 2003). 

Two forms of oestrogen receptors (ERs) are found in the prostate: ERα and ERβ. Missing or 

reduced expression of ERα and ERβ in PCa has been reported and their expressions were found 

unchanged to oestrogen therapy (Horvath et al., 2001). Hypermethylation has been shown to be 

the principal modification for the unresponsiveness of ER expression and also in advancement of 

PCa.  

1.10.4.1.2. DNA hypomethylation in PCa 

Demethylation (removal of methyl group) of normally methylated DNA is known as 

hypomethylation, prompting structural and functional alteration of a genome. Hypomethylation 

of a promoter region results in increased transcription and overexpression of downstream target 

genes. 
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Although DNA hypermethylation is well researched, hypomethylation also appears to play a 

critical role in PCa. For examples, hypomethylation of PLAU gene (urokinase plasminogen 

activator or uPA) which is associated with tumour invasion in PCa (Keer et al., 1991). The 

progressive expression of uPA from benign epithelium to primary organ-specific PCa, to PCa 

outside the prostatic capsule and to skeletal metastases is increased in immunohistochemical 

studies (Hoosein et al., 1991). PLAU promoter hypomethylation is significantly related to higher 

expression in hormone-independent prostate cancer cells, a greater in vitro potential and rising 

in vivo tumorigenesis (PAKNESHAN et al., 2003). CAGE (a new cancer/testis antigen gene), 

heparanase (HPSE), CYP1B1 and XIST are some other hypomethylated genes for PCa. HPSE, an 

endo-β-d-glucuronidase, and CYP1B1 are abundantly expressed but significantly hypomethylated 

in PCa opposed to the BPH samples (Tokizane et al., 2005 and Wang et al., 2007b). 

A critical piece of early evidence driving this project in our laboratory was the discovery  that 

Wnt5A is regulated by hypomethylation in prostate cancer tissue (Wang et al., 2007b). Using 

methylation specific PCR they confirmed the hypomethylation of the 5ʹUTR-regions of WNT5A 

and also CRIP1 and S100P. This results in over-expression of Wnt 5A protein in prostate cancer 

(Wang et al., 2010a). These data suggested that hypomethylation may be an important factor in 

prostate cancer as it targets key cell signalling pathways such as the Wnt network. 

1.10.4.2. Histone modification 

Histone acetylation is associated with transcriptional enhancement and histone deacetylation is 

connected to gene silencing (Hu and Lazar, 2000). PSA appears to be affected with histone 

methylation at its androgen response elements in 5’-regulatory regions. The H3-K4 methylation 

is connected to the transcriptional activation of the PSA gene in the prostate cell line LnCAP, with 

rapid reduce of H3 di- and trimethylated at lysine 4.  

The following figure and table showing genes which contribute in PCa progression through 

epigenetic changes. 
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Figure 1.25. Overview of epigenetic alteration in the development of prostate cancer. Epigenetic factors link in 
different steps in carcinogenesis by modifying genome with DNA methylation and histone modification. In the 
progression DNA methylation may be an early event causing inactivation of DNA repair genes such as GSTP1 and 
MGMT. Next phase of inactivation occurs in cell cycle control genes which contribute to advanced local prostate 
cancer. Then methylation in promoter region leads to loss of CD44 expression in PCa. DNA hypermethylation in AR 
resulting in inactivation that transform the PCa to androgen insensitive PCa and become metastasis. Adapted from  
(Li et al., 2004). 

1.11. Androgen Receptor (AR) signalling in PCa 

Huggins and his colleague first attributed the central role of androgen signalling in prostate 

cancer by showing that orchiectomy induces considerable regression of tumours  (Huggins et al., 

1941). Their discovery was recognised with a Nobel Prize in Physiology or Medicine in 1966. PCa 

depends upon androgen signalling. Indeed, a first line of therapy for PCa is termed Androgen 
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Deprivation Therapy (ADT). After this therapy PCa regresses but generally recurs after 4-5 years 

of ADT and termed CRPC (discussed in Chapter III in detail). In the following sections I discuss the 

structure and function of AR and signalling. 

1.11.1. DHT synthesis in Leydig cell in testes 

Testosterone and DHT are produced in Leydig cells in testes. It required more than a century to 

understand the principal steps associated in steroidogenesis in Leydig cell. Leydig cell 

investigation was initiated  by a German zoologist and anatomist Franz von Leydig who identified 

the existence of interstitial cells in several mammalian experiments in 1850 (Leydig, 1850). Later 

it was proposed that the interstitial Leydig cells contain androgens. This was further investigated, 

and Baillie showed that 3β-hydroxysteroid dehydrogenase enzyme existed in those cells (Baillie, 

1964). Around the same time the production of androgens was demonstrated in vitro and ex vivo 

cultures stimulated by pituitary gonadotropic hormones (Ewing and Eik-Nes, 1966). Hall and 

colleagues showed that cholesterol in the interstitial Leydig cells was converted to testosterone 

(Hall et al., 1969).  A scheme of steroidogenesis in Leydig cells is shown in Fig. 1.26.  
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Figure 1.26. Schematic representation of Leydig cell displaying the steroidogenesis 

Steroidogenesis in Leydig cells is critical phases of development and essential for homeostasis of 

key physiological functions. Steroidogenesis is a multi-step mechanism which is initiated with the 

secretion of Luteinizing hormone (LH) by the anterior pituitary gland in response to 

gonadotropin-releasing hormone (GnRH) from hypothalamus  (Al-Agha and Axiotis, 2007). LH 

binds to its 7-transmembrane G-protein coupled receptor called LHCGR (luteinizing 

hormone/choriogonadotropin receptor) or LHR (luteinizing hormone receptor) on the cell 

membrane of Leydig cells and stimulates adenylate cyclase activity, resulting in increased cyclic  

adenosine 3’, 5’  monophosphate (cAMP) production (Dufau, 1998). cAMP activates the cAMP-

dependent protein kinase (PKA) that phosphorylates serine, threonine amino acids on particular 

protein substrate (Hansson et al., 1999). Steroidogenesis is triggered by cAMP by temporally 

separate methods such as acutely (minutes) or chronologically (hrs). The translocation of 

cholesterol molecules from intracellular source into the inner mitochondrial membrane is 

normally considered to be the rate-determining step in steroidogenesis (Stocco and Clark, 1996). 
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The translocation mechanism of cholesterol involves an interaction between steroidogenic acute 

regulatory (StAR) protein and peripheral-type benzodiazepine receptor (PBR) (Stocco, 2000 and 

Papadopoulos, 2004). PBR has strongly affinity with the binding and movement of cholesterol 

from cytosolic donors into the inner mitochondrial membrane. StAR and PBR are strongly 

associated while translocating cholesterol into mitochondria where StAR acts as a cholesterol 

transport originator and PBR as a gateway to the entry pf cholesterol in mitochondria (Hauet et 

al., 2005). As soon as cholesterol is entered into mitochondria, it is transformed into 

pregnenolone catalysed by the C27 cholesterol side-chain cleavage cytochrome P450 enzyme 

(CYP11A1) and certain electron transferring proteins located on the matrix side of the inner 

mitochondrial membrane  (Payne and Hales, 2004). Pregnenolone then leaves the mitochondria 

to the smooth endoplasmic reticulum, where it is converted by 3β-HSD to progesterone. This 

steroid is then metabolised by P450c17 to androstenedione, which is converted to testosterone 

by 17β-HSD  (Payne and Hales, 2004). The testosterone is then converted into 

Dihydrotestosterone (DHT) by SRD5A2. 

1.11.2. AR protein 

The AR encoding gene is located on the chromosome Xq11-12 and consists of 8 exons. This gene 

spans 186587kb that encodes a 110kDa androgen receptor protein which consist of 919 amino 

acids (Heinlein and Chang, 2004). AR shows high structural homology with other steroid 

receptors such as progesterone receptor (PR), glucocorticoid receptor (GR), oestrogen receptor 

(ER), and thyroid receptor (TR) (Kuiper et al., 1989). The AR protein (termed AR) has four 

functional domains (Fig. 1.27) including: (1) N-terminal domain (NTD) - this domain is the most 

variable and poorly conserved domain. The NTD is encoded by exon 1 and accounts for more 

than half of the size of the AR. The NTD has an activation function 1 (AF-1) domain which includes 

two overlapping transcription activation units (TAUs) - TAU-1 (amino acids 1-370) assists AR 

transcriptional activity upon incitement by full agonist, and TAU-5 (amino acids 360-528) gives a 

constitutive movement to the AR without its ligand biding domain (LBD) (Fig. 1.27) (MacLean et 

al., 1997). Tau-1 possesses FQNLF motif (aa 23-27) and TAU-5 possesses WHTLF motif (aa 433-

437), which are vital for modulating the ligand-dependent and interdomain interaction between 
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Figure 1.27. Schematic representation of AR gene and protein indicating specific motifs and domains. The AR gene 
on X chromosome contains 8 exons. The encoded AR proteins includes NTD, DBD, Hinge region and LBD as well as 
AF-1 and AF-2 and two transcription activation units (TAUs): TAU-1 and TAU-5. Adapted from (Pakula et al., 2017). 
 

the NTD and LBD. Interplay of NTD-LBD is key for the sustainability of the AR dimer complex (Tan 

et al., 2015). (2) DNA-binding domain (DBD) is the most conserved region and is encoded by exon 

2 and 3 and contains two zinc finger motifs which bind to androgen response elements of the 

target gene (Pakula et al., 2017). (3) Ligand binding domain (LBD) is encoded by exons 4-8 that 

binds to its ligands, testosterone and dihydrotestosterone (DHT). LBD domain along with 

activation function 2 (AF-2) domain is located in the carboxyl-terminal end of AR (Ferraldeschi et 

al., 2015). A majority of AR point mutations in PCa have been identified in the LBD implying their 

significance in aberrant AR signalling. (4) Hinge region is a short amino acid sequence located 

between the DBD and LBD. This region assists in the nuclear transport of the AR and in regulation 

of the transactivation potential resulting in post-translational modification. Interestingly, it 

performs as an integrator for signals coming from different pathways (Clinckemalie et al., 2012). 

1.11.3. Variants of AR 

Chang and colleagues cloned the full-length transcript of the AR gene (AR transcripts variant 1) 

(Lubahn et al., 1988). Two further variants were identified i.e., 110kDa and 87kDa AR proteins in 
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human genital skin fibroblast (Wilson and McPhaul, 1994), the former missing the N-terminal of 

the full length transcript. Endogenous AR variant in the prostate cancer cell lines was  identified 

using immunoblotting of a lower molecular weight band when blots were screened for full-length 

AR (Gregory et al., 2001). Further finding demonstrated that the variants in the lower molecular 

weight band lacked the binding ligand domain (Tepper et al., 2002). It has been shown that 

aberrant expression of AR such as  AR-Vs (AR-variants) is regulated by androgens (Nakata et al., 

2016), which are found in PCa cells (e.g., LnCAP, VCAP, 22v1 and CWR-R1), human xenografts 

including LuCaP 86.2, LuCaP 136 and clinical PCa specimens. Several mechanisms have been 

described for the synthesis of AR-Vs including (1) Genomic alteration, (2) RNA alternative splicing, 

(3) Cofactor and signalling pathway.     

1.11.3.1. Genomic alterations of AR 

AR-GSRs (AR genomic structural rearrangements), sometimes on the same allele, underlie the 

generation of some of the AR-Vs (Kallio et al., 2018). A study conducted on tumours from multiple 

metastatic sites in the same patients showed similar patterns of deletion and duplication within 

the LBD of Arv567es variant that interpreted the dominant expression of Arv567es (Henzler et 

al., 2016). Androgen-dependent CWR22Pc cells harbour AR-GSR which is increased during 

castration and its existence is associated with elevated expression of AR-Vs (Li et al., 2011).     

1.11.3.2. Alternative RNA splicing of AR transcript     

RNA splicing of AR-Vs takes place at the transcriptional level (Paschalis et al., 2018). RNA splicing 

in AR-V7 involves inclusion of cryptic exon 3 (CE3) spanning intron 3. CE3 contains the canonical 

splice as well as 3’polyadenylation signal sequence and is recognised to be last exon of the AR-

V7 transcript. A general splicing factor HNRNPA1 (heterogeneous nuclear ribonucleoprotein A1) 

was also reported to regulate AR-V7 expression in prostate cancer cells (Nadiminty et al., 2015). 

Activation of NFκB2/p52 and c-Myc signalling resulted in recruitment of HNRNPA1 to the splice 

site of AR pre-mRNA to promote AR-V7 expression (Nadiminty et al., 2015).     

1.11.3.3. Cofactors regulating AR-Vs expression                                                                   

The AKT, protein kinase,  pathway regulates AR-V expression by modulating AR function and 

mediating survival signalling in CRPC (Szafran et al., 2017). Several kinases including Akt, Abl and 
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Src family kinases were shown to control the expression of AR-V7mRNA and the nuclear 

translocation of proteins (Szafran et al., 2017). 

1.11.4. Overview of AR variants (AR-Vs) in PCa     

More than 20 unique AR-Vs have been identified (with mRNA sequence cloned) from both 

prostate cancer cell lines and clinical CRPC specimens (Fig. 1.28) (Cao et al., 2016). AR-Vs have 

been categorized based on their transcriptional activity, including constitutively active AR-Vs 

(e.g., AR-V7, Arv567es), conditionally active AR-Vs (e.g., AR-V1, AR-V9), and inactive AR-Vs (e.g., 

AR-V13, AR-V14) (Hu et al., 2011). Every variant has an intact N-terminal domain but lack 

segments of the ligand-binding domain (LBD) whereas AR45 contains truncated N-terminal 

domain. Due to the truncated N-terminal domain (that generally contain two trans-activating 

regions, Tau1 and Tau5/AF5), AR45 does not to show its trans-activating ability and functions as 

a dominant-negative variant to nullify the function of the full-length AR (AR-FL) by forming a 

heterodimer with AR-FL (Ahrens-Fath et al., 2005).            
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Figure 1.28. Schematic representation of the structure of AR-FL (AR full length) and AR-V transcripts and proteins. 
(A) genetic feature of AR gene with canonical exons and cryptic exons (CE). (B) AR-FL mRNA structure exhibiting 
exons encoding the N-terminal domain (NTD; exon 1), DNA-binding domain (DBD; exon 2 and 3), hinge region (part 
of exons 3 and 4) and ligand binding domain (LBD; exons 5-8). AF-1, Tau 1, Tau5/AF-5 and AF-2 are activation function 
domains. D-box indicated with black filled triangle mediating AR-V/AR-V, AR-V/AR-FL and AR-FL dimerization. (C) AR-
Vs representing mRNA and protein structures. AR-V-specific peptides sequences are indicated in red, and the ‘-‘ in 
Arv56es indicates a unique junction. Inverted triangle indicating translation stop. Exon 9 contains four cryptic 3’ 
splicing regions, the relating cryptic exons are indicated as 9a, 9b, 9c and 9d. Adapted from (Cao et al., 2016). 

A majority of AR-Vs have a conserved DBD. Nevertheless, AR8 and AR-V3 (aka AR6) lack a 

functional DBD and second zinc finger in DBD respectively (Yang et al., 2011). As a consequence, 
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AR8 cannot act as a transcription factor because of the missing DBD (Yang et al., 2011), rather, 

AR, at the plasma membrane, stimulates EGF-induced Src activation and AR-FL phosphorylation 

and transactivation (Yang et al., 2011). Conversely, AR-V3, which still has the AR DNA-binding 

interface located in the first zinc finger of DBD may constitutively activate AR-responsive 

promoters in PCa cells (Dehm et al., 2008). The variant AR23 has in-frame insertions between the 

two zinc finger motifs, whilst preserving the intronic sequences portion. AR23 has been shown 

to exemplify cytoplasmic interaction, exclusively, enhancing transcriptional activity of the nuclear 

factor -kB while reducing activator protein-1 activity (Jagla et al., 2007). The insertion of intronic 

sequence is likely to abolish the DBD. The hinge region is encoded by exon 3 and 4 that has been 

shown to have the canonical signal of nuclear localization. For the variants to perform their trans-

activation function, the nuclear localization property is essential. Some variants have no nuclear 

localization signal, but they remain primarily in the nucleus or have a basal level sufficient to 

achieve ligand independent transcriptional activity (Chan et al., 2012). Certain mechanisms for 

their nuclear localisation have been suggested, such as presence of a signal-like sequence, lack 

of nuclear export signal (Chan et al., 2012) or tyrosine phosphorylation in the the N-terminal 

domain (Karaca et al., 2015). However, these mechanisms seem unsuitable for all variants with 

predominant nuclear localisation and this was one motivation for conducting this project. 

1.11.5. AR-Vs contributing to CRPC  

The exact mechanism of the AR-Vs in development of CRPC remain to be elucidated. AR-V 

appears able to reactivate the AR transcriptional program in the absence of androgens and full-

length AR (Liu et al., 2014). A number of findings suggest that every AR-V has a distinct 

transcriptional target in PCa cells (Hu et al., 2012). Studies found a set of genes including a 

number of cell-cycle-related genes are upregulated during overexpression of AR-V7 and AR-

V12/ARv567es. Another report, using specimen of post hormone therapy PCa patients, showed 

that the expression of AR-V7 is correlated with expression of one of the cell-cycle-genes, UBE2C 

(Hu et al., 2012). These findings suggest that AR-Vs mediate a distinct profile of cell-cycle gene 

expression which is separate from full-length AR. Furthermore, similar studies have also shown 

that cell-cycle genes were upregulated in sample with AR variant expression (Hörnberg et al., 

2011). AR-V7 resides in the nucleus under androgen-depleted conditions and is constitutively 
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active in response to androgens. This is similar to the mechanism of another key cell signalling 

pathway, namely Wnt signalling (see below) with β-catenin performing a function similar to AR 

as a transcription factor co-activator. Nearly 60% of colorectal cancer samples contain mutations 

in APC gene, coding for a β-catenin sequestering protein in the cytosol, resulting in β-catenin 

desequestration (release from the so-called destruction complex, see below) and nuclear 

accumulation and resulting activation in transcription of proto-oncogenes that drive the tumour 

(see below for details) (Kypta and Waxman, 2012). 

The most common variant is AR-V7 with a 20 times higher expression in CRPC compared to 

hormone-naïve PCa. Prostate cancer cells that express full-length AR (AR-FL) and AR-Vs are 

independent of androgen and resistant to enzalutamide. Knockdown of AR variants in these cells 

suppress androgen-independent growth and confer enzalutamide responsiveness (Li et al., 

2013). The AR-FL and AR-Vs are resistant to specific chemotherapeutic agent in CRPC such as 

abiraterone. A study on CRPC xenograft treated with abiraterone showed higher expression of 

AR-FL and AR-Vs (e.g., AR-V567es and AR-V7) (Mostaghel et al., 2011). Expression of AR-V1 and 

AR-V7 is higher in CRPC than in hormone-naïve bone metastasis. AR-V567es is expressed in CRPC 

bone metastasis but absence in hormone-naïve bone metastasis. Therefore, expression of AR-

V567es and /or AR-V7 is correlatively associated with poor survival (Hörnberg et al., 2011). These 

changes of AR-V7 in circulating tumour cells could represent selective pressure from treatments 

on prostate cancer cells. The expression of AR-V7 in hormone-naïve prostate cancer is associated 

with a lower PSA from patients treated by androgen deprivation therapy. Therefore, AR-V7 could 

be used as a biomarker for the progression of hormone-naïve prostate cancer into CRPC (Li et al., 

2018)                                                                                                                                                                         

1.11.6. AR signalling in normal prostate  

Testosterone is an endogenous androgen which is generated via hypothalamus-pituitary-Leydig 

cell axis (Radmayr et al., 2008). The hypothalamus releases LHRH (luteinizing hormone-

releasing hormone) which in turn promotes the pituitary gland to release LH, which binds to 

Leydig cells of testes and enhance testosterone production (Radmayr et al., 2008). The secreted 

testosterone circulates in the blood stream where it binds to albumin and sex-hormone-binding 

globulin (SHBG), and the small fraction of it is dissolved freely in the serum. The free circulating 
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testosterone enters prostate cells; around 90% of testosterone is converted by 5α-reductase 

enzyme into its fivefold higher affinity form, dihydrotestosterone (DHT) than testosterone for AR 

binding (Radmayr et al., 2008). DHT binds to cytosolic AR where it remains sequestered binding 

with heat shock protein complexes consisting of Hsp70 (hsp70), Hsp(p60), Hsp90 and p23.  

                             
Figure 1.29. Preceptor and receptor-level modulation of androgen receptor (AR) action within the prostate cell. 
Mechanism is described in the text. Adapted from (Feldman and Feldman, 2001). 

The key function of the complex is to maintain AR in a ligand binding conformation and to shield 

it from proteolysis (Prescott and Coetzee, 2006). Binding with DHT or testosterone induces a 

conformational change in the AR that leads to dissociation from the heat-shock proteins causing 

phosphorylation (Brinkmann et al., 1999), in part mediated by protein kinase A. The ligand-

induced conformation shift promotes the formation of AR homodimer complexes which then 
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translocate into the nucleus where it binds to androgen response elements (AREs) in the 

promoter region of the target genes (Brinkmann et al., 1999). The activated DNA-bound AR 

homodimer complex deploy co-regulatory proteins, co-activators and co-repressors to the AR 

complex. The co-activators and co-repressors govern the AR complex to interact with the general 

transcription apparatus to enhance and inhibit transcription of target genes leading to biological 

responses including growth, survival and also the production of PSA (Lubahn et al., 1989 and Lee 

and Chang, 2003).  

AR signalling is critical for normal prostate cell function and is also required for the growth and 

development of PCa cells. Prostate cancer prognosis depends on the balance of cells proliferating 

versus those dying. Androgens are the main controller of this ratio by both promoting 

proliferation and inhibiting apoptosis. So, prostate cancer is dependent on a level for androgenic 

escalation for growth and survival. Androgen depletion therapy (ADT) causes regression of cancer 

because without AR signalling, the rate of cell proliferation is lower and the rate of cell death 

increased, resulting in extinction of these cells (Denmeade et al., 1996). However, over time, 

some cancerous cells acquire specific molecular and cellular changes in order to activate AR 

signalling regardless to whether there a blockade of androgens. A number of mechanisms have 

been described in order to develop androgen independent PCa (AIPC). 

1.11.7. Mechanism of development of AIPC  

Intermittent androgen ablation is considered to cause selective pressure resulting mutation that 

cause AIPC. During androgen deprivation therapy (ADT), prostate cancer cells develop a variety 

of cellular pathways to survive and flourish in the androgen depleted environment. Postulated 

and documented mechanisms are as follows: 
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Figure 1.30. Five possible pathways for AIPC development. (a) hypersensitive pathway: AR stimulate sensitivity to 
balance low androgen levels. (b) promiscuous pathway: the ligand binding specificity of AR is extended to allow for 
the activation by non-androgenic compound present in the circulation. (c) outlaw pathway: Receptor tyrosine kinase 
(RTKs) are activated, and the AR is either phosphorylated by the AKT (protein kinase B) or by the mitogen-activated 
protein kinase (MAPK) pathway for generating a ligand-independent AR. (d) bypass pathway: parallel survival 
pathways which includes that containing the BCL2 (B-cell lymphoma 2) anti-apoptotic protein, avoid AR and its 
ligand. (e) lurker cell pathway: androgen-independent malignant cells that are evident in the prostate throughout 
its life. Image adapted from (Feldman and Feldman, 2001). 

1.11.7.1. Hypersensitive pathway 

The prostate cancer cells circumvent the effect of androgen ablation therapy by increasing its 

sensitivity to very low level of androgens (Chen et al., 2004a and Weber and Gioeli, 2004). 

Actually, in the classic sense the cancer cells do not become androgen independent, but rather 

become castration independent. Three mechanisms are proposed to explain how the cell could 

survive at lower level of androgen: 
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The first mechanism is increased expression of AR that facilitates increased ligand binding.  

Hormone refractory tumour cells not only increase expression of AR compared with androgen-

dependent tumours (Chen et al., 2004a), but also androgen-independent cells are capable of 

surviving with 80% lower concentration of androgen than androgen-dependent cells for growth 

(Chen et al., 2004a).  

The second mechanism is the increased sensitivity of AR to androgen during castration (Gregory 

et al., 2001). A study on AR mutated LnCAP demonstrated high levels expression of the AR, 

increased stability of the AR and enhanced nuclear localisation of AR in recurrent prostate 

tumours associated with an increased sensitivity to the growth promoting effects of DHT. A 4-

fold lower concentration of DHT is required for growth stimulation of androgen independent cells 

than androgen dependent LnCAP cells (Gregory et al., 2001). 

The third mechanism is increased local growth of androgens by PCa cells themselves. This may 

occur by an increased rate of conversion of testosterone to DHT by increasing 5α-reductase 

activity (Feldman and Feldman, 2001). This mechanism could be supported with evidence that in 

ethnic groups with higher level of 5α-reductase activity they have a higher rate of prostate cancer 

(Makridakis et al., 1997). 

1.11.7.2. Promiscuous pathway 

The AR signalling is activated by binding AR to its specified ligands testosterone or DHT. The 

specificity of AR is extended by mutations. Most mutations documented leading to binding 

promiscuity are aggregated in the ligand-binding domains of AR (Taplin and Balk, 2004). These 

mutations enable AR to interact with non-androgenic steroid molecules normally present in the 

circulation as well as antiandrogens (Debes and Tindall, 2004 and Chen et al., 2004a). As a 

consequence, the malignant cells continue to proliferate and avoid apoptosis by using other 

circulating hormones as substitute androgens when the level of androgen is low. The first 

identified AR gene mutation was in the hormone-dependent LnCAP cells (Veldscholte et al., 

1992). The mutated AR binds to other steroid hormones as well as the androgen antagonist 

flutamide to activate the AR signalling to stimulate cell proliferation. The LnCAP cell line 

possesses a unique missense mutation of amino acid at position 877, which is located in the 
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ligand-binding domain. The result of this mutation is alanine replacement with threonine at 

position 877 (T877A), which is relatively common in patients with AIPC (Veldscholte et al., 1992). 

Though the presence of mutation in AR contracted its ligand specificity for DHT or testosterone 

thus broadening its specificity for progestins, oestrogens and many anti-androgens for activation 

of AR signalling (Veldscholte et al., 1992). This mutation would be of great benefit to a cancerous 

cell during ADT. Therefore, activation of this signal does not require androgens, but instead can 

utilize other common circulating hormones or molecules for its downstream signalling cascade. 

1.11.7.3. Outlaw pathway 

The AR signalling pathway involves AR and its androgen or non-androgen ligand activation. Apart 

from canonical ligand binding pathway, AR signalling elements can be activated for growth and 

proliferation in an alternative pathway, called outlaw pathway (Debes and Tindall, 2004). 

Cytosolic AR has been shown to interact with many molecules in a nongenomic role and activate 

various pathways. Deregulated growth factors, including insulin-like growth factor-1 (IGF-1), 

Keratinocyte growth factor (KGF), epidermal growth factor (EGF) and cytokines such as 

interleukine-6 (IL-6) have been reported to phosphorylate and activate the androgen receptor 

and thus activate downstream cascade (Culig et al., 2005). Receptor tyrosine kinases (RTK) are 

important signalling molecules that have been shown to be altered in various pathological 

conditions specially in cancers. The receptor-tyrosine-kinase pathway has been associated with 

the AR signalling pathway. For instance, overexpression of the receptor-tyrosine-kinase HER-

2/neu has been reported to activate androgen receptor target genes in the absence of a ligand 

(Gioeli et al., 2002). 

1.11.7.4. Bypass pathway 

Administering ADT results in depletion of androgen supply to activate the AR signalling pathway 

for growth and proliferation. In such unfavourable circumstances, the PCa cells develop the 

ability to survive independent of ligand-mediated or non-ligand-mediated pathways for the 

activation of AR signalling pathway in AIPC cells. Additionally, complementary or alternative 

routes which can completely bypass AR may also be triggered. The best-known bypass 

mechanism involves modulation of apoptosis (Lorenzo et al., 2007). In androgen-dependent 
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prostate cancer cells, androgen receptor activation promotes cell proliferation and depletion of 

androgen leads to apoptosis of the cells. In spite of depletion of androgen, it has been observed 

that PCa cells gradually up-regulates antiapoptotic molecules (Raffo et al., 1995). The BCL2 gene 

is considered to be a candidate bypass gene which can block apoptosis. BCL2 is not generally 

expressed in secretory epithelial cells of the prostate. But BCL2 is expressed quite often in 

premalignant Prostatic Intraepithelial Neoplasia (PIN) and in AIPC (Colombel et al., 1993). 

Moreover, A study showed an emergence of BCL2 expression which was not expressed in the 

initial stages of PCa tumour development in xenografts from castrated mice. But the emergence 

of AIPC in a LnCAP xenograft was delayed while blocking the BCL2 with antisense oligonucleotide 

(Gleave et al., 1999). 

1.11.7.5. Lurker cell pathway 

The efficacy of the ADT fails because of the dependence of cell growth on androgen supply turns 

into androgen independent growth. A study shown AIPC still develop after ADT (Isaacs et al., 

1991). The reason could be that a subpopulation of androgen-independent tumour cells was 

present even before therapy was started. The putative epithelial stem cells of prostate are 

recognised to be autonomous of androgen for their proliferation and death (Isaacs et al., 1991). 

Based on the description provided above, early detection of PCa that remain confined in prostate 

can be treated using drugs for a successful therapy. Transition of PCa from inert into aggressive 

forms require depletion of androgen production by radical prostatectomy called ADT.  

administration of ADT results in activation of other signalling pathway to compensate androgen 

supply to activate AR signalling pathways. This becomes more aggressive and metastasize to 

distal sites, eventually results in fatal outcome  (Saraon et al., 2014). Identification of molecular 

aberration in APIC is extremely significant to perceive the disease and generate therapeutic 

target to enhance patient care. 

1.12. Wnt signalling  

The term Wnt is an amalgam of Wg (Wingless) and Int1 (integration 1) (Nusse et al., 1991). The 

gene Wingless (Wg) gene was genetically identified as a segment polarity gene in Drosophila in 

1980 by (Nüsslein-Volhard and Wieschaus, 1980). The gene Int1 was originally identified as a 
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proto-oncogene in 1982 by Nusse and Varmus as a susceptible site for retroviral integration of 

the mouse mammary tumour virus (MMTV) in a mouse mammary cancer model (Nusse et al., 

1991). The genes Wg and int1 were found homologous in Drosophila and mouse respectively 

(Rijsewijk et al., 1987). 

1.12.1. Genes of Wnt signalling ligands 

Nineteen Wnt genes have been discovered which are distributed over 10 chromosomes with an 

additional isoform described for human (Miller, 2001). A few, e.g. Wnt6 and Wnt 10A are 

positioned adjacently on the chromosome in the genome (Nusse et al., 1991). Wnt1 and Wnt10b 

are on chromosome 12 (~8.1kb), apart from each other. This is further illustrated in Table 1.3 and 

a phylogenetic tree showing evolutionary conservation is shown in Fig. 1.31. 
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Table 1.3. Representation of chromosomal locations of WNT genes in human and mouse. Location of genes distance 
from telomere indicating with cM (centimorgan). Accession number for Genebank GenBank 
(http://wwwx.ncbi.nlm.nih.gov/Genbank/index.html). Adapted from  (Miller, 2001). 
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Figure 1.31. Phylogenetic tree predicted evolutionary relationships among the Wnt genes. (a) Anticipated 18 of 19 
known human Wnt proteins sequences relationship in which Wnt15 was excluded due to unavailability of full 
sequence. (b) Predicted relationships between selected human Wnt proteins displaying each large grouping shown 
in (a) and Wnt proteins from mouse, Xenopus, Drosophila and Caenorhabditis elegans. Image adapted from (Miller, 
2001). 

Gai et al. reported 19 genes in mouse genome distributed over different chromosome 

demonstrated in the following figure (Fig. 1.32) 
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Figure 1.32. Distribution of mouse genes on chromosome. 19 Wnt genes located on certain chromosomes. Genes in 
blue boxes are tandem duplication genes. The unit of the length for all chromosome displayed here in megabases 
(Mb). The image adapted from (Gai et al., 2021). 
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1.12.2. Structure of Wnt Protein 

Wnt proteins are secreted lipid-modified, cysteine-rich palmitoleated glycoproteins and 

predominantly connected with cell membrane and the extra-cellular matrix (ECM) (Reichsman et 

al., 1996). The molecular weight of human Wnt proteins varies from 39kDa (Wnt7a) to 46kDa 

(Wnt10a) (Miller, 2001). The proteins are composed of an N-terminal signal sequence of 350-400 

amino acids, most of which forms intramolecular S-S bonding, including 22-24 of preserved 

cysteine residuals (Fig. 1.33). Following translation, the majority of the proteins are modified by 

glycosylation and lipidation.  

 
Figure 1.33. Schematic representation of secondary structure of Wnt. Orange colour: The conserved 22 cysteine 
residues are numerated to show the pairs forming disulfide bridge. Dashed line: The approximate position of linker 
region in which Wg (Wingless) insert approximately 80 amino acids. The image  adapted from  (Willert et al., 2003). 

Although Wnt signalling is physiologically important, the bio-chemical understanding of Wnt 

protein function was poorly distinguished because of inherent difficulties in purifying its native 

forms  (Willert et al., 2003 and Willert and Nusse, 2012). Although these obstacles have also 

prevented the analysis of the crystallography, co-expression of Xenopus Wnt8 protein with the 
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ligand binding domain, cysteine-rich domain (CRD), of the human Frizzled (Fzd) 8 receptor has 

allowed the crystallisation of these protein and some knowledge of the structure of  Wnt proteins 

(Janda et al., 2012).  This research concluded that Wnt proteins consist of two separate domains, 

a larger N-terminal domain (NTD) or D1, and a C-terminal domain (CTD) or D2. The NTD consists 

of six α-helices and two protruding β-hairpins, one of which has a preserved serum residue 

(Ser187 of Xenopus Wnt8) fastened to a chain of fatty acids which interacts with the Fz CRD in a 

lipid-in-groove manner (Willert et al., 2003). On the other hand, the Wnt8 CTD, consisting of one 

helix and two β-sheets, partially resembles the cysteine-knot growth factor hairpin loop; and Fz 

CRD also reacts with the tip of this hairpin. As a result, the Fzd CRD appears to be captivated by 

two distinct β-hairpin expeditions from the core of the Wnt protein (Willert et al., 2003).   

1.12.3. Wnt protein Secretion  

Subsequent to their translation, Wnt proteins are processed in the ER (endoplasmic reticulum) 

for post translational lipidation (Willert et al., 2003 and Takada et al., 2006).  Nearly all Wnts are 

transformed by acyltransferase known as Porcupine (porcn), a member of the MBOAT family of 

transmembrane-bound O-acyltransferases (Takada et al., 2006). Following this modification, Wnt 

proteins are linked to a Wnt transporter protein, namely Wntless (Wls) and Evi or sprinter and 

then guided to a plasma membrane (Bänziger et al., 2006; Bartscherer et al., 2006; Goodman et 

al., 2006 and Coombs et al., 2010). However, there is some controversy about the necessity of 

secretory mechanisms for Wnt; for example, secretion and lipidation of ectopically expressed 

Wnt5b are inhibited in porcn-deficient zebrafish embryos, while the Wnt3a expression is less or 

not affected (Chen et al., 2012).  Furthermore, ectopically expressed Wnt11 and Wnt3a are 

secreted apically and basolaterally in polarized epithelial culture cells, but recycling of Wls is 

required only for the basolateral secretion of Wnt3a but not for the apical secretion of Wnt11 

(Yamamoto et al., 2013). These findings indicate that the pathway mediated by Porcn/Wls 

continues to secret Wnt according to the subtype of Wnt and cellular environment. Also, N-

glycosylation often governs the route of Wnt secretion in polarised epithelial cell cultures 

(Yamamoto et al., 2013).  However, once the proteins have been secreted, these can be 

integrated in secretory vesicles whereby Wls proceeds to connect Wnt proteins with their 

cognate Frizzled receptors (Routledge and Scholpp, 2019). 
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1.12.4. Wnt signalling ligands investigated in prostate cancer 

The functional role of the ligands discussed below has been investigated in this thesis and the 

role of these and some other Wnt ligands has been previously investigated in PCa cells in our 

laboratory (Wang et al., 2007b; Wang et al., 2010a; Thrasivoulou et al., 2013 and Ashmore et al., 

2019) discussed in detail in later chapters. 

Wnt-3A                                                                                                                                                                                                      

The human Wnt-3A consists  of 352aa of which 24aa act as signal sequence  and other 328aa are 

mature segments (Saitoh et al., 2001). It has 87% sequence identity to human Wnt-3. The mature 

region contains 24 cysteines and two sites of N-linked glycosylation. Mouse mature regions also  

contains 328aa and is recognized as secreted glycoprotein of 44kDa (Smolich et al., 1993). Both 

of the mature segments are 96%aa identical (GenBank Accession # Q9QXQ5) but these two 

proteins have individual expression patterns (Saitoh et al., 2001). 

Wnt5A                                                                                                                                                                                                                           

Wnt5A, 343 amino acid long and arises from a 365aa precursor protein that makes a secreted 

glycoprotein of 49 kDa (Burrus and McMahon, 1995). Wnt5A contains 25 cysteine residues and 

4 potential N-linked glycosylation sites and a 10aa Wnt-1 family (Wnt-1, 2, 5a) signature that 

composed of CKCHGVSGSC motif (Clark et al., 1993). Wnt-5a of mature mouse region consists of 

342aa and is 99% identical to human. The signalling sequence of human Wnt-5A is 22aa which is 

shorter than the mouse signalling sequence of 37aa (Clark et al., 1993). Chromosomal location of 

human Wnt-5A and mouse Wnt-5A is different. Human Wnt-5A gene resides on chromosome 3 

whereas mouse Wnt-5A is on chromosome 14 indicating chromosomal rearrangement at this 

locus during evolution (Lejeune et al., 1995). Wnt-5A is expressed in endometrial epithelium (Bui 

et al., 1997), stomach mesenchyme (Lickert et al., 2001) and embryonic fibroblast (Clark et al., 

1993).  

Wnt9B 

Wnt9B has been cloned in both human and mouse, in which human Wnt9B composed of 357aa 

containing 22aa signalling sequence and a 335aa mature region (Kirikoshi et al., 2001). The 
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mature segment contains 24 cysteines residues and one potential N-linked glycosylation site. The 

human and mouse Wnt9B share 64% sequence identity and differences exist in the C-terminal 

only (Qian et al., 2003). Wnt9B is present in embryonic muscle, epidermis, and intestinal, enamel, 

and salivary gland epithelium (Lawson et al., 2001).  

The secondary protein structure of other human Wnts shares high sequence homology and is 

given below: 
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Figure 1.34. Sequence alignment of human Wnt (HWnt) proteins with ClustalW alignment algorithm using 
commercially available software (DNAstar). HWNT protein sequences were obtained from National Center for 
Biotechnology Information website (http://www.ncbi.nlm.nih.gov): Wnt3A, GenBank ID: BAB61052.1; Wnt4, 
BAC23080.1; Wnt5A, AAH74783.2; Wnt7A, BAA82509.1; Wnt8A, BAB60960.1; Wnt8B, CAA71994.1; Wnt9B, 
AAQ88584.1; Wnt10B, AAB51685.1; Wnt11, CAA73223.1. Aligned HWNT protein sequences (HWNTX.PRO) are listed 
from Wnt3A to Wnt11. Consensus amino acid sequence is given underneath the sequence similarity spectrum (no 
identity [-] = dark blue and consensus, complete identity [+] = red) is given on the top of the figure. Yellow boxes 
highlight conserved motifs in HWNT protein sequence. Blue boxes display the consensus motifs, identical in all HWNT 
protein sequences, with a circle signifying the amino acid substitution in Wnt11 sequence. Image adapted from 
(Thrasivoulou et al., 2013) 

1.12.5. Classification of Wnt signalling pathways  

Wnt signalling is a highly conserved cell signalling network. Wnt signalling is considered as an 

important mediator of vertebrate and invertebrate development to control cell proliferation, 

migration, cell polarity and cell fate determination and stem cell maintenance during embryonic 

development and tissue homeostasis (Nelson and Nusse, 2004 and Lien and Fuchs, 2014). 

Deregulation in Wnt signalling leads to carcinogenesis and progression of malignancies including 

intestine (White et al., 2012), skin (Sherwood and Leigh, 2016), breast (Shulewitz et al., 2006) and 

prostate (Davies et al., 2001 and Hu et al., 2016). 

In the off state (Fig. 1.35A) where Wnt ligands are not bound to their receptors, levels of β-

catenin in the cytoplasm remains low due to activity of ubiquitin-dependent proteasomal 

degradation process which is regulated by a molecular apparatus called β-catenin destruction 

complex  (Stamos and Weis, 2013). The so-called destruction complex consists of scaffolding 

proteins Axin, APC, casein kinase-1-α (CK1α) and GSK3α/β. Recent evidence also indicates that in 

prostate cancer cell lines Connexin 43 may also form part of the destruction complex  (Hou et al., 

2019). The destruction complex acts in catalyzing the serine/threonine phosphorylation of a 

strongly preserved phosphor-degron at the N-terminus of β-catenin, preparing it for recruitment 

to the SCF-TRCP E3-ubiquitin ligase (Hart et al., 1999) and subsequent proteosome-mediated 

degradation (Hart et al., 1999). 

The Wnt protein, as mentioned earlier, is a secreted glycoprotein that activates a signalling 

cascade by binding to the N-terminal extra-cellular cysteine-rich domain of a seven-pass 

transmembrane Frizzled (Fzd) receptors in the presence of co-receptor low-density-lipoprotein-

related protein 5/6 (LRP 5/6). After binding of Wnt to the receptor complex, the signal transduces 
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to cytoplasmic Dishevelled (Dsh/Dvl). At the level of Dsh, the Wnt signal branches into two major 

cascades: 1. Canonical Wnt signalling pathway: Wnt/β-catenin dependent pathway and (2) Non 

canonical Wnt signalling pathways. Depending on activation domain of Dsh protein, the non-

canonical is further divided into two, namely, planar cell polarity pathway and Wnt/Ca2+ pathway. 

1.12.6. The canonical Wnt signalling pathway: Wnt/β-catenin pathway 

This canonical pathway is the first intensively studied pathway and delineated from genetic 

screen in Drosophila, fly, worm, Xenopus and fish. 

	
Figure 1.35. A schematic display of canonical Wnt signalling pathway. (A) left panel “Wnt off” state. In the absence 
of Wnt ligand the signal become inactivated. A destruction complex consists of Axin, APC, GSK3- β, and CK1 and β-
catenin located in the cytosol. In this state β-catenin is dually phosphorylated by CK1 and GSK-3β and ubiquitinated 
by β-TrCP and targeted for proteasomal degradation. (B) Right (“Wnt on state”): Wnt ligand binds to Fzd receptor 
and LRP5/6 co-receptor complex. LRP5/6 receptors are then phosphorylated by CK1 and GSK-3β which recruits 
Dishevelled (DVL) proteins to the plasma membrane for polymerization and activation. Axin containing protein 
complex also migrate from cytosol to plasma membrane. DVL interacts with Fzd and Axin binds to phosphorylated 
LRP5/6. The newly formed complex induces in stabilization and accumulation of β-catenin in cytosol and 
subsequently translocates into nucleus where it complexes with Lef/Tcf proteins to mediate transcriptional 
induction of target genes. Image adapted from (Chae and Bothwell, 2018).  

The central role of the pathway is the accumulation and translocation of the adherent’s junction 

associated-protein, β-catenin, into the nucleus where it acts as a transcription factor co-activator 

in conjunction with proteins such as TCF and LEF (Huber et al., 1996). In the absence of the Wnt 
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signalling, cytoplasmic β-catenin is degraded by a β-catenin destruction complex, and comprises 

of scaffolding protein Axin, the tumour suppressor adenomatous polyposis coli gene product 

(APC), protein phosphatase 2A (PP2A), glycogen synthase kinase-3β (GSK-3β) and casein kinase 

1α (CK1α) (Gordon and Nusse, 2006). Once the Wnt ligand (e.g., Wnt2, Wnt3, Wnt3A, and 

Wnt8A) binds to its receptor Fzd and co-receptor LRP5/6, this pathway become activated and 

triggers a series of steps that lead to inhibition of Axin-mediated β-catenin phosphorylation and 

consequently the stabilization and accumulation of β-catenin in cytoplasm (Davidson et al., 

2005).  β-catenin subsequently translocates into the nucleus where it interacts with members of 

the TCF/LEF DNA-binding transcription factors (Clevers, 2006) that binds to the promoter region 

of target genes such as c-MYC (He et al., 1998), CyclinD1 (Shtutman et al., 1999), CD44 (Bisson 

and Prowse, 2009), AR gene (Wan et al., 2012). These Wnt target genes, involved in organiser 

formation during embryogenesis such as c-MYC and Cyclin D1, are also important during 

carcinogenesis (Reya and Clevers, 2005). 

Apart from the extracellularly residing Wnt ligands that activate the canonical Wnt signalling 

pathway, there are some extracellular proteins including sFRP family (secreted frizzled related 

protein; sFRP1, 2, 4 and 5) (Mii and Taira, 2011), WIF (Wnt inhibitory factor) (Bovolenta et al., 

2008), the DKK family of proteins (e.g. DKK1-4 and DKKL1) (Niehrs, 2006), and the cysteine knot 

family proteins SOST (Semënov et al., 2005) and WISE (Lintern et al., 2009). These inhibitors 

attach to different receptors of the Wnt signalling pathways such as, sFRP bind to the Fzd 

receptor, DKK1 and SOST/WISE to LRP5/6 co-receptor, thus meddling with the complex ligand-

receptor formation and blocking of Wnt. 

1.12.7. The non-canonical Pathway 

Whilst biomolecular and biochemical investigations were carried out on the canonical Wnt 

signalling pathway, non-canonical Wnt signalling e.g., Wnt/Ca2+ pathway was less concentrated. 

The best characterised non-canonical pathways included Wnt/Ca2+ signalling pathways, first 

described in vertebrate (Kühl et al., 2001) and  PCP (Planar cell polarity) was first identified in 

drosophila (McEwen and Peifer, 2000). The WNT/JNK and WNT/Rho signage are other non-

canonical pathways (Veeman et al., 2003). 
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1.12.7.1. Wnt/Ca2+ signalling pathway  

This pathway plays diverse roles during embryogenesis including regulation of tissue separation 

and regulation of dorsal axis formation. This pathway (Fig. 1.36) is also activated by binding Wnt 

ligands (e.g., Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a, and Wnt11) to receptor that recruits 

Dishevelled (DVL) and G protein that activate phospholipase C (PLC), leading to production of 1,2-

diacylglycerol (DAG) and then activate protein kinase C (PKC) and inositol 1,4,5-triphosphate (IP3) 

which stimulate intracellular [Ca2+]i from endoplasmic reticulum (ER) (Kohn and Moon, 2005). 

Excessive release of [Ca2+]i activates calcineurin (CAN) and Ca2+/calmodulin-dependent protein 

kinase II (CAMKII) and subsequently enhance overexpression of nuclear factor of activated T cells 

and obstruct Wnt/β-catenin dependent pathway through nemo-like kinase (NLK) (Ishitani et al., 

2003).   
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Figure 1.36. A schematic diagram of Wnt/Ca2+ signal transduction cascade. Activation of Wnt signal initiates by 
binding of Wnt ligands with Fzd receptor which directly interacts with DVL and activate specific domains such as PDZ 
and DEP of DVL (Komiya and Habas, 2008), additionally Fzd interacts with trimeric G-protein. DVL and G-protein may 
be co-stimulated in order to activate PLC or cGMP-specific PDE. Activated PLC cleaves PIP2 into DAG and IP3. IP3 
binding with ER receptor releases Ca2+. Increased Ca2+ and DAG stimulates PKC activate Cdc42 which is associated in 
ventral patterning. Furthermore, increased Ca+2 activates calcineurin and CamKII. CAMKII stimulates the 
transcription factor NFAT which regulates the gene that is associated in cell adhesion, migration and tissue 
separation  (Komiya and Habas, 2008). Image adapted from (Chae and Bothwell, 2018). 

1.12.7.2. Wnt-PCP signalling pathways 

Wnt-PCP (planar cell polarity pathway, Fig. 1.37) is β-catenin independent pathway which has 

emerged from genetic studies in Drosophila in which mutations were discovered in Fzd and Dsh 

in Wnt signalling to reorganize the orientation of epithelial structures including cuticle hairs and 

sensory bristles (Seifert and Mlodzik, 2007). The activation of this signalling is mediated through 

Fzd, independent of the co-receptor LRP5/6 (He et al., 2004), using NRH1, Ryk, PTK7  and ROR2 

to transduce the signal to Dsh protein which utilizes its PDZ and DIX domains to activate two 

parallel pathways that activate small GTPases Rho and Rac (Wallingford and Habas, 2005). The 

Rho pathway is activated by induction of Dsh-DAAM1 complex leading to activation of DAAM1 

and consequently activation of the Rho GTPase through at least one Rho guanine exchange factor 

identified thus far, WGEF (Guanine Nucleotide Exchange Factor) (Habas et al., 2001 and 

Tanegashima et al., 2008).  
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Figure 1.37. An overview of Wnt/planar cell polarity signalling pathway. The PCP is activated by binding to Fzd and 
ROR, then DVL is appointed, and DVL-Daam-1 is activated. Subsequently JNK and ROCK are activated, and 
cytoskeletal rearrangement occurs. Image adapted from (Gajos-Michniewicz and Czyz, 2020). 

The Wnt/β-catenin dependent and Wnt/Ca2+ pathways were considered as non-interacting, 

linear and independent (Kohn and Moon, 2005) or antagonistic signalling pathways (Kühl et al., 

2001). This view changed from a study in our laboratory (Thrasivoulou et al., 2013), describing 

the ‘convergent model’ in which interaction of these two pathways was proposed. 

1.12.8. The convergent Wnt pathway in mammalian cells 

Thrasivoulou et al. proposed a convergent model in which they demonstrated that Wnt/Ca2+ and 

Wnt/β-catenin pathways may act in a coordinated manner in mammalian cells (Fig. 1.38), 

dispelling the idea of canonical and non-canonical Wnt pathways, although this division still 

persists in some literature and has been used here in context.  
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Figure 1.38. A study of convergence in mammalian cell lines for canonical (Wnt/β-catenin) and non-canonical 
(Wnt/Ca2+) Wnt signals. The following are the Wnt signalling proposed steps in mammalian cell:(1) Activation of 
Wnt signalling initiate by binding Wnt ligands (e.g., 3A, 4, 5A, 7, 9B, and 10B) binding to its known receptors (Frizzled, 
FZDs, LRP and SUMO) resulting in activation of intracellular [Ca2+]i stores (2) that rises concentration of store 
operated free [Ca2+]i in cytosol (3). 1-3. The rise of free moving [Ca2+]i  depolarizes the nuclear membrane and as Ca2+ 
enter the nucleus (4), The NE is depolarized. (5) Free Ca2+ activates CamKII to stimulate cytoskeletal propagation in 
prostate cancer cells  (Wang et al., 2010c). In canonical showed Wnt signalling activation (6) rescues the β-catenin 
from degradation in phosphorylation and ubiquitination and resulting in accumulation of β-catenin in cytosol (7) The 
β-catenin translocation is facilitated through depolarized NE (8) and Ca2+ is also increased in nucleus (9). β-catenin is 
co-localized in the nucleus where it binds to LEF/TCF proteins to inaugurate transcription of target genes. The image 
adapted from (Thrasivoulou et al., 2013). 

A key question they were interested in was how does β-catenin, a 92kDa, negatively charged 

protein enter the nucleus as it lacked the conventional nuclear localization signal (NLS) or RAN 

GTPase activity? Their rational for proposing the convergent model was as follows: the nuclear 

envelope (NE) impedes macromolecular exchange between nucleoplasm and cytoplasm which 
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are larger than invagination of nuclear pore complex (NPC). The invaginations of NPC allow 

exchange of macromolecules with an upper limit of 10kDa (Mazzanti et al., 2001). 

Macromolecules (<10kDa) (Stehno-Bittel et al., 1995) are transported through the NPC into 

nucleoplasm but molecules greater than >10kDa require energy expenditure mechanisms such 

as GTPase RAN/transport receptor pathways to enter the nucleus. The transport of β-catenin (92-

kDa) into nucleoplasm through NPC is not associated with simple diffusion (Suh and Gumbiner, 

2003) or the RAN GTPase pathway (Eleftheriou et al., 2001) indicating that entry of β-catenin may 

encounter a considerable hurdle to transverse the NE. There is a trans-NE electrical potential 

which regulates Ca2+ and K+ concentration between cytoplasm and nucleoplasm (Mazzanti et al., 

2001). [Ca2+]i in cytoplasm regulates the concentration of [Ca2+]i in nucleoplasm. An increase in 

nucleoplasmic [Ca2+]i  facilitates large macromolecules (>10kDa) to transverse NE (Sarma and 

Yang, 2011), whereas a decrease in nucleoplasmic [Ca2+]i  inhibits tans-NE macromolecular 

transport (Stehno-Bittel et al., 1995). Mazzanti et al. termed the nucleus as a ‘‘negatively charged 

sink’’ as it is largely composed of negatively charged DNA and nucleosome core protein  

(Luger et al., 1997 and Mazzanti et al., 2001). Incidentally, β-catenin is negatively charged at pH 

7.0. So, the NE act as a physical as well as an electrical barrier for β-catenin transport into the 

nucleus, implying a physico-electrochemical mechanism for β-catenin translocation through the 

NE. Thrasivoulou et al. showed that the activation of the Wnt/β-catenin dependent pathway 

leads to increased cytosolic β-catenin, and simultaneously, Wnt mediated activated Wn/Ca2+ 

pathway release [Ca2+]i which leads to an increase in the nucleoplasmic [Ca2+]i and depolarises 

the NE that facilitates the passage of β-catenin across the NE. Upon translocation into the 

nucleus, β-catenin complexes with LEF/TCF family members (e.g., TCF1, TCF7) to mediate 

transcriptional induction of target genes (Thrasivoulou et al., 2013). 

The convergent model was also further refined by work in our laboratory to suggest that a 

primary target for Wnt binding at the cell membrane in addition to its known Fzd and LRP 

receptors is an ion channel which is critical for initiating of the activation of Wnt mediated Ca2+
i 

release and may be a target for MPRCs (membrane potential regulating compounds) (Ashmore 

et al., 2019). This is discussed in later chapters in more detail. 
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1.13. Wnt signalling in diseases 

The Wnt pathway is widely recognised for its participation in a variety of biological mechanisms. 

This pathway is involved in inherited familial adenomatous polyposis (FAP), where a mutated APC 

suppressor gene is unable to control β-catenin performance, enabling tumour cells to advance 

towards malignancy (Fodde, 2002). Mutations in the Wnt pathway interferes with the segment 

polarity in Drosophila embryos (Nüsslein-Volhard et al., 1984), which control cardiac 

development in mice and others developmental mechanisms in vertebrates and invertebrates 

(Logan and Nusse, 2004). Additionally, the Wnt pathway has been recognised as a major 

contributor to Alzheimer’s and metabolic diseases. For instance, amyloid-β (Aβ) neurotoxicity in 

Alzheimer’s disease leads to the downregulation of the Wnt signalling, which asserts that 

downregulated Wnt may have an important role in Alzheimer’s disease pathogenesis (De Ferrari 

et al., 2003). Wnt signalling is  also thought to be associated with metabolic disorders in which 

dysregulated Wnts are considered to be responsible for obesity and resistance to insulin (Sethi 

and Vidal-Puig, 2010).  

Wnt signalling is also a crucial element for heart development, but dysregulation in Wnt signalling 

leads to heart and vascular disease (van Gijn et al., 2002). In addition, liver diseases such as, loss 

of β-catenin and other elements of the Wnt signalling pathways causes delayed liver 

regeneration following partial hepatectomy (Tan et al., 2006; Yang et al., 2014 and Planas-Paz et 

al., 2016), kidney disease (Zhou et al., 2012), lung disease (Tamamura et al., 2005), oral diseases 

(Queimado et al., 2007 and Foulkes, 1995), skin diseases (Adaimy et al., 2007; Bornholdt et al., 

2009 and Gudjonsson et al., 2010). 

Conversely, Wnt signalling pathway can also have positive effects on mammalian health as 

suggested by a number of studies. Chen and colleagues  have highlighted the significant role of 

β-catenin in the early stage of fracture healing treatment (Chen et al., 2007). A number of Wnts 

including Wnt4, Wnt10B and LRP6 were expressed throughout the fracture recovery which 

showed that Wnt/β-catenin signalling was activated during fracture repair by a TCF-depended 

transcription reporter in bone and cartilage formations during fracture repair; others, however, 

concluded that activation of Wnt signalling is essential to regenerate hair follicles in wounded 

mice (Ito et al., 2007). 
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1.14. Wnt signalling in cancer 

Wnt signalling pathway plays a complex role in cancer development. Mutation in major elements 

in Wnt signalling are strongly associated with various cellular processes including inexplicable 

and unmanageable cell proliferation, epithelial-mesenchymal transition (EMT) and metastasis 

(White et al., 2012). 

1.14.1. Colorectal cancer (CRC) 

The APC protein plays a crucial role in the formation of the destruction complex. Furthermore, 

APC is required for the swift transition of Axin immediately after Wnt stimulation and makes the 

combination of Axin with the LRP6/Arrow co-receptor in Drosophila (Tacchelly-Benites et al., 

2018). Since APC adversely controls the canonical Wnt pathway, it probably can function as a 

tumour repressor (Senda et al., 2005). Against this background, the most common APC mutations 

within codon 1285 and 1513, termed mutation cluster region, representing just 10% of the entire 

coding region (Mori et al., 1992) with loss of  functions and/or truncation was found in about 60-

70% of colorectal cancer and adenomas (Christie et al., 2013 and Powell et al., 1992). 

In addition to APC, mutations in the R-spondin/Lgr5/RNF43 modules are associated as drivers of 

Wnt-dependent tumour growth. Deleterious RNF43 mutations are mutually exclusive to APC 

mutations  revealed in  ~19% cases of colorectal cancer (Giannakis et al., 2014). Furthermore, R-

spondin 3 mutations and fusion proteins expressed at a high level have been reported in 10% of 

cases of CRC (Seshagiri et al., 2012). 

1.14.2. Breast cancer 

Wnt signalling is activated in more than 50% of breast cancer patients and associated with 

reduced overall survival (Lin et al., 2000). The involvement of canonical Wnt signalling in the 

development and progression of triple negative breast cancer has been investigated intensively  

(Khramtsov et al., 2010 and Xu et al., 2015). Breast cancer subtypes contain higher level of β-

catenin in the nucleus. Only a small proportion of tumours possesses somatic mutations of key 

Wnt signalling transducer such as β-catenin, while ligands and receptors of canonical Wnt 

signalling are frequently overexpressed in breast cancers, whereas secreted antagonists remain 

silent (Klarmann et al., 2008). Wnt signalling dysregulation and mutations have also been shown 
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Adrenocortical carcinoma (Chapman et al., 2011), ovarian cancer (Sauriol et al., 2020) and 

leukemia (Lento et al., 2013) , melanoma (Stolz et al., 1989) and hepatocellular carcinoma (Satoh 

et al., 2000). 

1.15. Wnt signalling in prostate cancer 

As suggested above, dysregulated Wnt signalling has been linked to the pathogenesis of many 

cancers and prostate cancer is no exception (Galluzzi et al., 2019 and Duchartre et al., 2016). β-

catenin is the principal transducer of the canonical Wnt signalling pathway. β-catenin protein 

expression remains high in the cytoplasm and nucleus in prostate tumours (Kypta and Waxman, 

2012). Genetic and epigenetic changes that activate Wnt/β-catenin signalling have been revealed 

to lead towards the progression of prostate cancer. A study revealed that 12% of CRPC samples 

showed recurring alteration in CTNNB1 (Beltran et al., 2013).  A multi-institutional analysis of 150 

metastatic CRPC tumours reported genomic alterations affect APC and CTNNB1 in 18% of 

samples (Robinson et al., 2015). Furthermore, the Wnt signalling gene analysis e.g. single 

nucleotide polymorphisms (SNP) exhibited links between APC genetic variations and decreased 

PSA-free survival and PCa advancement (Huang et al., 2010). Furthermore, various genes of the 

Wnt signalling pathway (CTNNB1 or β-catenin, APC, Fzds) show a high frequency of mutations in 

prostate cancer (COSMIC) (Grasso et al., 2012). Multiple studies show that Wnt/β-catenin 

signalling is involved in late-stage PCa and this signalling pathway is oncogenic, allows for 

castration-resistant growth, develop EMT (epithelial-to-mesenchymal transition) and stimulates 

NE (neuroendocrine)  differentiation in PCa cells (Yokoyama et al., 2014 and Kypta and Waxman, 

2012). Symes and his colleagues showed that protein targets of Wnt signalling were up regulated 

in human prostate cancer tissue (Symes et al., 2013). 

Mouse and human cell systems were used to determine the  consequences of stabilisation of β-

catenin in non-malignant and malignant prostate cells and prostate cancer cells (Yokoyama et al., 

2014 and Kypta and Waxman, 2012). Research in mouse showed that the Wnt/β-catenin 

activation leads to high-grade prostate intraepithelial neoplasia (PIN) while β-catenin remained 

stabilised, and APC was removed. The development of invasive carcinoma requires a second 

occurrence such as over expression of serine protease hepsin or deletion of phosphatase and 

tensin homologue (PTEN) (Francis et al., 2013). 
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Expression of the Wnt5A gene is significantly higher in prostate tissues and related cancer cell 

lines (Wang et al., 2007b). Wnt5A plays an important role in controlling cytoskeleton in prostate 

tissues through the Wnt/Ca2+/CaMKII path and has been suggested to impede cell motility and 

wound healing process through inhibition of CaMKII (Wang et al., 2010b). Recent studies showed 

that increased non-canonical pathways activation of Wnt5a/Fzd2 is the most common mode of 

activation of WNT pathways in prostate cancer, causing increased EMT and metastasis. It 

emphasized the importance of the Wnt signalling pathway and EMT for prostate cancer 

development (Sandsmark et al., 2017). 

1.16. Interaction between AR and Wnt signalling in PCa and emergence of CRPC                                                          

The individual roles of the Wnt and AR pathways in PCa have been described earlier (Secs. 1.11 

and 1.12). Intracellular signalling pathways are often interconnected with considerable cross-talk 

between key cellular pathways (Schweizer et al., 2008a and Wang et al., 2008). Interaction 

between Wnt/β-catenin and AR signalling cascades has been proposed, particularly to play a role 

in the development of CRPC from hormone dependent PCa (Schweizer et al., 2008a). It has been 

suggested that the physical interaction between the elements of these two pathways are likely 

to take place in the first 6 of 12 armadillo repeats in a highly conserved central region of the β-

catenin protein and N-terminal domain (NTD) and activation function 2 (AF2) in the ligand binding 

domain (LBD) (Ferraldeschi et al., 2015) of AR. Indeed, it has been suggested that β-catenin could 

directly bind to AR to boost its transcriptional activity by the stimulation of androgen. Yang et al. 

demonstrated that β-catenin preferentially and directly binds to the LBD of AR in the presence 

of DHT over several other steroid hormones such as estrogen receptor α, a progesterone 

receptor (Yang et al., 2002). β-catenin also binds to the AF2 region of the AR LBD and modulated 

the transcriptional effects of the AR N-terminal domain. Binding of β-catenin to ligand-engaged 

AR also facilitates the movement of β-catenin into the nucleus. 

In addition, the Wnt/β-catenin signalling has been demonstrated to enhance AR gene expression 

through TCF/LEF-1 binding region in the AR promoter (Li et al., 2009). Wnt/β-catenin signalling, 

may therefore, acts as a synergistic regulator of androgen signalling in an androgen dependent 

manner in hormone-naïve PCa (Fig. 1.39). Conversely, the impact of the AR signalling on Wnt/β-

catenin is more challenging. Preliminary studies in gonadotropin-releasing hormone neural cells 
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revealed that binding of DHT with AR suppressed β-catenin/TCF-responsive reporter gene activity  

(Pawlowski et al., 2002b). Treatment of  AR+ LnCAP cells with androgen (DHT/testosterone) 

suppress the expression of Wnt/β-catenin target genes while AR activity inhibition increases the 

Wnt/β-catenin-responsive transcription;  this finding indicates that AR signalling suppresses the 

β-catenin/TCF-mediated transcription after activation with androgens (Lee et al., 2015) (Fig. 

1.39.A). Generally, β-catenin act as a transcription co-activator of TCF4 to regulate transcription 

of Wnt/β-catenin target genes. But in hormone-naïve PCa cells, β-catenin may prefer AR 

interaction to that of TCF4. An increased interaction of β-catenin with TCF4 by avoiding AR leads 

to promote Wnt/β-catenin-target gene expression. Further study revealed that Wnt/β-catenin 

signalling could increase AR gene expression via the TCF/LEF-1 binding sites in the AR promoter 

(Li et al., 2009).  

 
Figure 1.39. A representation of a standardized model of interaction of Wnt and AR signalling pathways in PCa 
initiation and progression. (A) In androgen dependent cells, AR signalling pathways suppress the Wnt/β-catenin 
signalling to hinder the expression of its target genes. Wnt (blue) and AR (red) signalling indicate the relative levels 
(equilibrium). (B) In CRPC, AR and Wnt/β-catenin signalling pathways mutually promote the activation of specific 
target genes for encouraging androgen-independent development and advancement of PCa. Wnt (blue) and AR (red) 
signalling implying relative level (e.g., synergistic relation). Image adapted from (Pakula et al., 2017). 

The progression of PCa and conversion to CRPC has been associated with increased levels of AR 

gene and protein expression and their effects are transduced AR translocation to the nucleus and 

activation of gene transcription (Koivisto et al., 1997 and Schweizer et al., 2008a). Various studies 

have shown a close and functional interaction between AR and Wnt signalling pathways that 

accelerate the development of prostate tumours via over expression of AR (Schweizer et al., 
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2008a; Takahashi et al., 2011 and de la Taille et al., 2003). AR may also activate a Wnt reporter 

gene  to enhance promoter activity for Wnt target genes such as c-MYC, and cyclin D1 (Schweizer 

et al., 2008b). In addition, there is an increased growth in tumours in the transgenic mouse with 

overexpression of AR and stabilization of β-catenin (Lee et al., 2015).  

It was discovered in our laboratory that in addition to the nuclear translocation of β-catenin, Cx43  

protein (a gap junction protein which is associated with PCa development and progression) is 

also translocated into the nucleus in response to Wnt signalling activation (Hou et al., 2019). 

Therefore, as part of the investigations into the mechanisms of Wnt and AR interaction, I 

rationalized that the role of Cx43 should also be studied. 

1.17. Connexin 43: A Gap Junction protein 

Connexin 43 (Cx43) is a member of the GAP junction protein family that traverse the cell 

membrane and form complexes composed of hexamers that conduct the passage of ions, small 

metabolites and signalling molecules (of approximately 1 kDa, e.g., calcium and other ions, cyclic 

nucleotides, inositol phosphatase, ATP and prostaglandins) between adjacent cells (Goodenough 

et al., 1996). The communication is termed gap-junction-mediated intercellular coupling or 

communication (GJIC) (Wei et al., 2004 and Trosko, 2007). Gap junctions are involved in a wide 

range of physiological activities including, cellular development, growth and differentiation, cell 

apoptosis, tissue homeostasis  (Sheridan and Atkinson, 1985), embryonic development (Guthrie 

and Gilula, 1989) and tumour suppression in maintaining cell differentiation and preventing 

transformation  (Cronier et al., 2009).  

1.17.1. Structure of Gap junction 

Gap junctions and other structures (e.g., tunneling nanotubes (Tarakanov and Goncharova, 

2009)) that connect the cytoplasmic chambers of adjacent cells allow the exchange of 

cellularinformation.  Gap junctions are semicrystalline bundles of intercellular channels 

generated by alignment and docking of two hemi-channel counterparts belonging to adjacent 

cells and such connections allow the formation of multicellular networks. The hemichannel of 

each cell is known as a connexon which binds to a neighbouring connexon through non-covalent 

bonds of cysteine residues of the extracellular loops (Yeager and Nicholson, 1996).  
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Each connexon is composed of six molecules of the membrane spanning connexin proteins, 

encoded by a multigene family (Willecke et al., 2002). The connexin protein profile of the 

connexon determines the gap junction channel as homomeric or heteromeric and homotypic or 

heterotypic. Homomeric/homotypic are normally composed of the same type of connexin, 

whereas heteromeric channels are formed of two different connexins and heterotypic channels 

are composed of two different connexons. 

1.17.2. Structure of connexin protein 

The members of connexin family share a similar structural topology (a conserved tertiary 

structure). Connexins have cytoplasmic amino-terminal and carboxyl-terminal (CT) ends, four 

membrane-spanning domains (M1, M2, M3 and M4) that constitute the wall/pore of the channel 

and these domains are connected by two extracellular loop domains (E1 and E2) that partake in 

cell-cell identification and docking, and one cytoplasmic loop domain. The E1 extracellular loop 

connects transmembrane domains M1 and M2, and E2 connects M3 and M4 domains. The 

cytoplasmic loop links the M2 and M3 membrane domains. Even though the amino acid 

sequences of the 21-connexin isoforms are highly similar, variations in the cytoplasmic loop and 

CT domains exist. The CT domains is shown to act as a scaffold, interacting with and integrating 

signalling from protein kinase C, MAPK, β-catenin, integrins, proto-oncogene tyrosine-protein 

kinase Src and tight junction protein ZO-1 (Toyofuku et al., 1998 and Plotkin et al., 2002). These 

interactions may affect the role of the binding partner; for example, the binding of Cx43 to β-

catenin may reduce β-catenin translocation into the nucleus. 

 

 
 
 



108 
 

 
Figure 1.40. Gap junction with connexons and connexins. A. Hexamers of connexin form connexons which can be 
homomeric, consist of six monomers of same connexins, or heteromeric, composed of different connexins. B. 
Connexin contains four transmembrane domains (M1, M2, M3 and M4), two extracellular loops, a cytoplasmic loop 
and an intracellular carboxyl terminus interact with proto-oncogene tyrosine-protein kinase Src, MAPK, PKC, β-
catenin and integrins. C. Connexon/hemichannels assist the flux of small molecules to pass through plasma 
membrane. D. Gap junction: Hemi-channels of each adjacent cell form gap junctions by interacting in homotypic or 
heterotypic joining. E. Gap junction construct passage for intercellular communication. Adapted from (Donahue et 
al., 2018). 

 
The connexin protein is denoted Cx and designated according to the species from which the 

protein was derived and its theoretical molecular mass (in kDa). For instance, hCx43 or mCx43 

means Cx43 was derived from human (h) or mouse (m) and the protein of about 43 kDa.  

Connexins are categorized into α, β or γ in regarding to the extent of sequence similarity and size 

of the cytoplasmic loop (Eiberger et al., 2001). Connexins are abbreviated with “Gj” for gap 

junction and numbered according to the order of discovery. For instance, mCx43 was the first  

discovery of the α-group (Gja1) and mCx32 was the first discovery of the β-group (Gjb2). So far, 

21 genes in the human genome and 20 genes in the mouse genome have been discovered. The 

discrepancy between each nomenclature has to be clarified once all the connexin genes have 

been unambiguously recognized. 
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Table 1.4. The members of the connexin gene family and its chromosomal location in mouse and human. The table 
shows the current state of the sequence information available from the NCBI database 
(http://www.ncbi.nlm.nih.gov/genomes/static/ euk_g.html) (Eiberger et al., 2001). 

 
 

1.17.3. Genomic structure of connexin 

The 5’-untranslated region (5’-UTR) lies in exon 1 which is separated from the complete connexin 

coding region and the subsequence 3’-UTR located in exon 2. Based on the splicing, this structure 

is categorized into two: (i) this category includes variations when different 5’-UTRs are spliced in 

a consecutive or alternative manner. This could be related to variation in the transcription 

pattern caused by different promoter utilization. (ii) the second category belongs to connexins 

when coding regions are interrupted by introns, e.g., mCx36, hCx36, mCx39, Cx40.1 and mCx57. 
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Figure 1.41. Structures of mouse connexin genes. (A) conventional gene structure. 5’-UTR is separated by an intron 
of different length from complete coding regions containing exon 2 (shaded box) and the subsequent 3’-UTR. (B) 
Various 5’-UTRs can be spliced alternatively and/or consecutively to the exon containing the region. (C) The coding 
region is spliced in mCx36, hCx36, mCx39, hCx40.1 and mCx57. Adapted from (Willecke et al., 2002) 

1.17.4. Gap junction in disease                                                                                                                                                          

Gap junction channels formed by different connexins are functionally unique in terms of gating, 

conductance and permeability characteristics. Almost all cell types produce more than one 

connexin at a particular time, as demonstrated by keratinocytes expressing Cx26, Cx30, Cx30.3, 

Cx31, and Cx43. Dysregulation of connexins is associated with numerous genetic diseases. 

Mutation in Cx26 results in eight disorders and mutation in Cx43 in six diseases (Table 1.5). 
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Table 1.5. Genetic disorders caused by human connexin mutations (Srinivas et al., 2018). 
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1.17.5. Cx43 in disease 

Cx43 is the most ubiquitous connexin, expressed in many organs, tissues, and cell types, including 

heart, brain and kidney. Mutation in GJA1 gene causes autosomal dominant oculodentodigital 

dysplasia (ODDD) (Paznekas et al., 2003), and is inherited in an autosomal recessive pattern. 

ODDD is characterised by syndactyly (webbing of skin between fingers), microphthalmia (small 

eyes), craniofacial and dental abnormalities. Mutations in Cx43 are also associated with 

craniometaphyseal dysplasia (CMDR) and major symptoms include thickening of bones in the 

skull and abnormalities at the end of long bones of the limbs (Hu et al., 2013). Symptoms of ODDD 

are absent in patients with CMDR (Elçioglu and Hall, 1998), however, CMDR symptoms include 

distinctive facial features including a prominent forehead, wide nasal bridge, wide-set eyes and 

a prominent jaw. 

1.17.6. Cx43 and Wnt signalling 

Connexons interact with submembrane assemblies of cytoskeletal and signalling molecules, 

which are cumulatively referred to gap junction proteins (Mroue et al., 2011). ). Cx43 interact 

with structural proteins, such as tubulin, N-cadherin, α-catenin and β-catenin and tight junction 

proteins, all of which stabilize the gap junction structure (Mroue et al., 2011 and Xu et al., 2001).  

These interactions also mediate channel-independent effects of connexins and connexon on cell 

adhesion and directed motility (Francis et al., 2011).  

Cx43 is also modulated by interaction of β-catenin. β-catenin is an intracellular transducer protein 

in the Wnt signal transduction cascade (Chap-I, Sec. 1.12.6). β-catenin is a multi-functional 

protein whose activity depends on its subcellular localization. β-catenin at the plasma membrane 

is a component of cell adhesion junctions, while cytosolic accumulation leads to increase nuclear 

localization and transcriptional activity (Xing et al., 2008, and Spagnol et al., 2018). Hou et al. 

showed that subsequent to Wnt signalling activation Cx43 is translocated into the nucleus in a 

similar manner to that of β-catenin. It was further shown that Cx43 interacts with proteins 

associated with the so-called β-catenin destruction complex (Hou et al., 2019). It is therefore 

likely that there is cross talk between Wnt signalling and Cx43, with Wnt signal activation 

modulating intracellular Cx43 movement. It is clear that there is a close and physical interaction 
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between β-catenin, a transducer of Wnt signalling, and Cx43. For these reasons it was critical that 

the expression and functional relationship between Wnt and AR was also investigated from the 

perspective of gap junctions with Cx43 as a paradigm protein (in some experiments, another 

member of gap junction proteins, namely Cx31, was also investigated (Chap-V, Sec. 5.4.1.4-7). 

1.18. Prostate cancer cell lines 

In situ expression in human tissue is a first important step in understanding what molecular 

changes are occurring during the development of disease. However, human tissue obtained at 

biopsy or surgery cannot be used to understand detailed mechanisms of signalling. To elucidate 

mechanistic information, it is essential to use cell based models. Furthermore, an important first 

step towards the development of successful therapies is to understand the molecular 

perturbations regulating the oncogenesis and associated tumorigenesis in in vitro cell models of 

disease.  

Cell based models also offset significant drawbacks including ethical concerns regarding use and 

treatment and housing costs in adopting an animal model for research have forced researchers 

to develop in vitro models that mimic tumorigenesis. As a consequence of the efforts, several 

cancer cells lines have been developed and used for determining mechanisms underlying cancer 

tumorigenesis and for identifying markers of therapeutic response (Masters, 2002). Cancer cell 

lines have several benefits, including the ability to proliferate and screen for high-performance 

medications (McDermott et al., 2007). A number of PCa cell lines from primary PCa tumours, PCa 

metastases and PCa xenograft models have now been generated.  

In addition to using human prostate tissue (Chap-III and IV) I used prostate cancer cell lines which 

are in common use in this type of research. A summary of original PCa cell lines generated from 

PCa tumours, metastases, xenograft tumours and treatment resistant PCa sublines are given 

below.  LnCAP and PC3 are considered to constitute gold standard of PCa cell culture lines. Two 

of these, LnCAP and PC3 were used extensively in my research (Chap-V). 

PC3 cell line 

In 1979, PC3 cell line was first extracted from a 62 year-old white man’s metastatic lumbar 

prostate tumour which entirely consisted of carcinoma cells (Koochekpour et al., 2004). This cell 
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line is similar to DU-145 cells in that this cell is hormone-insensitive and does not express AR and 

PSA mRNA and protein but expresses TGF-α and EGFR mRNA (Ching et al., 1993). This cell line 

has 4 sublines which were generated from a PC3 xenograft tumour in athymic mouse and are 

more metastatic than the parental PC3 cell line (Kozlowski et al., 1984). The sublines are PC-3 ML 

cell line that preferentially metastasizes to the lumbar vertebrate, PC-3 MC cell line that 

metastasizes to mandibular region of the right cheek, PC-3 MR cell line that metastasizes to rib 

cartilage and PC-3 MK cell line what metastasize to right front knee bone in SCID mice (Wang and 

Stearns, 1991). Latest investigations have demonstrated that PC3 cells have neuroendocrine or 

small cell carcinoma characteristics in comparison with adenocarcinoma (Marchiani et al., 2010 

and Tai et al., 2011). 

LnCAP cell line 

LnCAP cell line was first established in 1980 from a needle aspiration biopsy of a lymph node 

metastatic lesion obtained from a 50-year-old Caucasian male patient with stage D PCa 

(Horoszewicz, 1980). LnCAP cells grow well in media supplemented with 2.5-10% foetal calf 

serum (FCS) which regulates the mean population doubling time which is approximately 60hrs. 

The LnCAP cell is androgen dependent because the cell express AR and PSA mRNA as well as 

protein (Horoszewicz et al., 1983). The cell demonstrates aberrant response to steroid ligand due 

to possession of point mutation at T877A in the ligand-binding domain of AR. In addition, the 

LnCAP cells also express CK-8, CK-18 and CK-20 and contain a wild-type (WT) TP53 gene (Isaacs 

et al., 1991 and Carroll et al., 1993). The LnCAP cell line was further subcultured (e.g., LnCAP-abl) 

parental LnCAP cells through long-term androgen deprivation, anti-androgen and 

chemotherapeutic agent treatment, stable transfection and selection of metastatic cell lines by 

serial passing in mice.  

A detailed description of other prostate cancer cell lines in the literature is given in Appendix. 

1.19. Hypothesis 

AR and Wnt signalling pathways are known to play a central role in cancer. Despite our knowledge 

regarding the roles of AR and Wnt signalling in prostate cancer, there is little information on how 

these pathways may interact and how such an interaction may impact development of prostate 
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cancer. Key questions remain, for example (a) is there any co-regulation of protein and RNA 

expression for AR and Wnt signalling targets in low and high Gleason grade human prostate 

cancer tissue and does it alter in castrate resistant disease? At a cellular, functional and molecular 

level (b) is there any reciprocity at the ligand binding and activation between AR and Wnt 

signalling pathways in prostate cancer cells and do transducers of these critical carcinogenic 

pathways interact with each other? Such and interaction may result in amplification of the 

carcinogenic signal. 

The following hypotheses were tested in this research project:  

(i) There is co-regulation of AR and Wnt signalling targets in cancer and this could be assessed by 

quantitatively measuring protein and RNA expression in normal, low and high Gleason grade 

prostate cancer and CRPC tissue obtained from prostate cancer patients. 

(ii) There is close interaction and co-operativity between AR and Wnt signalling mechanisms in 

prostate cancer cells.  

1.20. Aim 

The overall aim of the project was to investigate the expression of Wnt and AR related proteins 

and mechanism of interactions in normal, low and high grade and castration resistant human 

prostate cancer tissue and cancer cell lines. 

1.21. Objectives                                                                                                                                                                   

In this thesis, I wished to address two key areas that in my view have not been tackled previously: 

1. To elucidate the role of Wnt and AR pathways in PCa, it is crucial to determine the level of 

expressions and interactions of Wnt and AR signalling genes and proteins in situ. Our laboratory 

has developed and refined unbiased, quantitative immunohistochemistry (qIHC) to identify and 

characterize various biomarkers and proteins in PCa and other cancers (Symes et al., 2013; 

Arthurs et al., 2020; Arya et al., 2015 and Cao et al., 2018).  

(i) To determine the expression of Wnt and AR target proteins in normal, low and high Gleason 

grade cancer using single label chromogenic staining and quantitative immunohistochemical 

techniques 
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(ii) To determine the RNA expression of Wnt and AR signalling genes and proteins and also 

quantitative protein colocalization in non-CRPC and CRPC in order to understand the interaction 

of AR and Wnt signalling in situ using single molecule RNA measurement and multi-label qIHC 

techniques 

2. To investigate functional and molecular interaction between AR and Wnt signalling at the 

cellular level. The role of Wnt and AR signalling in PCa and the interaction of Wnt and AR signalling 

in PCa were carried out. To better understand the roles and interaction between Wnt and AR 

signalling in prostate cancer, I have conducted functional analysis using Western blot, 

immunocytochemistry, co-immunoprecipitation and quantitative PCR  ±DHT ±Wnt in LnCAP, PC3 

and PC3(AR+) prostate cancer cell lines, to determine: 

(i) the expression of Wnt related (e.g., β-catenin, c-MYC and Cx43) and AR target proteins (e.g., 

AR, TMPRSS2, KLK3, PSA and Nkx3.1)  

(ii) the translocation into the nucleus and co-localization of β-catenin, Cx43, AR  

(iii) the physical interaction between β-catenin, AR and Cx43 

(iv) gene expression for Wnt and AR signalling targets 
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2.Materials and Methods 

2.1. Chemicals                                                                                                                                                                                     

Chemicals and antibodies used for immunohistochemistry and immunocytochemistry (IHC/ICC) 

in this project were purchased from various suppliers. The list of these antibodies along with their 

suppliers and catalogue numbers is provided in Table 2.1. 

2.1.1. Immunohistochemical reagents     

The following reagents were used in immunohistochemical technique 
 
Table 2.1. Reagents for immunohistochemical staining. The reagents with catalogue and manufacturer’s name are 
given the following table. 

Name of the reagents Catalogue Name of the manufacturer 

Ethanol Cat: 458600 Sigma-Aldrich 
Methanol Cat: 34860 Sigma-Aldrich 

Eosin Y solution Cat: 318906 Sigma-Aldrich 
SDS Cat: 71729 Sigma-Aldrich 
HCL Cat: 258148 Honeywell Fluka 

Tween® 20 Cat: P2287 Sigma-Aldrich 
Triton™X-100 Cat:  T9284 Sigma-Aldrich 

Glycerol Cat:444485B VWR BDH chemical 
DPX Mountant 06522 Sigma-Aldrich 

Acetic acid 34254 Honeywell Fluka™ 34254 
Hematoxylin Solution GHS332 Sigma-Aldrich 

Acetone 32201 Honeywell 
H2O2 216763 Sigma-Aldrich 

Paraformaldehyde 158127 Sigma-Aldrich 
Embedding media   
Isopropyl alcohol W292907 Sigma-Aldrich 

Paraffin wax 12634077 Thermo scientific 
Xylene 534056 Sigma-Aldrich 

3,3ʹ-Diaminobenzidine (DAB) D3939 Sigma-Aldrich 
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2.1.2. Cell culture reagents  

The following cell culture reagents were used. Details of usage are provided in individual 

sections below. 

Table 2.2. Reagents for cell culture 

Name of the reagents Catalogue Name of manufacturer Specificity/Composition 
RPMI 1640: Roswell 
Park Memorial Institute 
(RPMI) 1640 Medium 

31870074 ThermoFisher Scientific w/o: L-glumanine, Phenol red 

FBS: Foetal Bovine 
Serum 

 

A4766801 ThermoFisher Scientific Endotoxin level: ≤ 1 EU/mL      
Hemoglobin level: ≤ 15 mg/dL 

L-Glutamine (200 mM) 25030123 ThermoFisher Scientific 100x 

PBS (Phosphate Buffer 
Saline) 

10728775 Gibco, ThermoFisher 
Scientific 

1x 

Trypsin (10x) 59427C Sigma-Aldrich  10x 

Versene 15040066 
 
 

ThermoFisher Scientific 1x Gibco Versene Solution (0.48 
mM) is formulated as 0.2 g 
EDTA(Na4) per litre of 
Phosphate Buffered Saline (PBS) 

DMSO (Dimethyl 
sulfoxide) 

D4540 Sigma-Aldrich  Linear Formula: (CH3)2, ≥99.5% 
(GC), suitable for plant cell 
culture 

Trypan Blue Solution 15250061 ThermoFisher Scientific 0.4%, 2,7-Naphthalenedisulfonic 
acid, 3,3-[(3,3-dimethyl [1,1-
biphenyl]-4,4 diyl) bis(azo)] bis 
[5-amino4-hydroxy tetrasodium 
salt 72-57-1(0.1-1) 

 

2.1.3. Ligands of Wnt and AR signalling pathways 

The following protein ligands were used in this project. 
 
Table 2.3. Wnt and AR signalling ligands. The following Wnt and AR signalling ligands were used. 

Name of the ligands Catalog and Source Stock concentration Working concentration 
Wnt-3A Cat: CSB-EP026136HU1, 

CUSABIO 
1 μg/μl 10 nM 

Wnt-5A Cat: 645-WN-010, R&D 
systems 

0.1 μg/μl 10 nM 

Wnt-9B Cat: 3669-WN-025, R&D 
system) 

0.1 μg/μl 10 nM 
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DHT Cat: D-073, Sigma-Aldrich 1 mg/ml 15 nM 

 

2.1.4. Cell lysis reagents 

The following reagents used in cell lysis procedure 

Table 2.4. Reagents for cell lysis 

Name of the reagents Catalogue  Name of 
Manufacturer  

Stock concentration/Composition 

RIPA (Radio 
Immunoprecipitation 
Assay) 

9806 Cell Signalling 
Technology 

1x, 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 
mM Na2EDTA 1 mM EGTA, 1% NP-40, 1% 
sodium deoxycholate, 2.5 mM sodium 
pyrophosphate 1 mM b-glycerophosphat, 1mM 
Na3VO4 and 1μg/ml leupeptin. 

cOmplete™, Mini, 
EDTA-free Protease 
Inhibitor Cocktail 
Protease Inhibitor 
Cocktail Tablets 
provided in a glass 
vial, Tablets provided 
in a glass vial 

11 836 170 
001  

 

Roche, Sigma-
Aldrich 

7x, For the inhibition of serine, cysteine, but not 
metalloproteases. 

 

Phosphatase Inhibitor 
Cocktail Tablets 
provided in 
EASYpacks  

 

04 906 837 
001 

 

Roche, Sigma-
Aldrich 

14x, The PhosSTOP Phosphatase Inhibitor 
Cocktail Tablets inhibit a broad spectrum of 
phosphatases such as acid and alkaline 
phosphatases, as well as serine/threonine (PP1, 
PP2A, and PP2B) and tyrosine protein 
phosphatases (PTP).  
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2.1.5. Western blotting reagents 

The following reagents were used in Western blotting technique 
Table 2.5. Reagents for Western blot experiment  

Name of the reagents Catalogue Name of 
Manufacturer  

Stock concentration/Composition 

Alfa Aesar™ TRIS-
buffered saline (TBS, 
20X), with 2% Tween 
20 

15493269 Fisher Scientific 
part of 
ThermoFisher 
Scientific 

1.0M Tris-HCl, 3.0M NaCl, pH 7.4 ± 0.1 with 
2.0% Tween-20 

 
Laemmli 4x 161-0747 BioRad 62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 1% 

LDS, 0.005% Bromophenol Blue  
Tris/Glycine/SDS 1610772 BioRad 10x premixed electrophoresis buffer, 

contains 25 mM Tris, 192 mM glycine, 0.1% 
SDS, pH 8.3 following dilution to 1x with 
water 

Precision Plus 
Protein™ Dual Colour 
Standards 

1610374 BioRad Mixture of 10 recombinant proteins (10–
250 kD), 8 blue-stained bands, and 2 pink 
reference bands (25 and 75 kD) 

Colour Prestained 
Protein Standard 
(Broad Range, 11–245 
kDa) 

P7712 New England 
Biolab 

Mixture of highly purified, pre-stained 
proteins, covalently coupled with a blue 
chromophore, and two reference bands 
(one orange and one green at 80 kDa and 
25 kDa, respectively), that resolves into 12 
sharp bands when electrophoresed. 

Colour Prestained 
Protein Standard, 
Broad Range (10-250 
kDa) 

P7719 New England 
Biolab 

Mixture of highly pure, recombinant, pre-
stained proteins, covalently coupled with a 
blue chromophore, and two reference 
bands (one orange and one green at 72 kDa 
and 26 kDa, respectively), that resolves into 
11 sharp bands when electrophoresed. 

2.2. Methodological introduction: a short background of the techniques used 

2.2.1. Immunohistochemistry (IHC)  

IHC is a generic term for multiple methodologies used to detect different components of tissues 

as antigens in situ by means of interacting fluorophore or chromogen-tagged antibodies, typically 

(though not always) originated from another species (Taylor and Burns, 1974). IHC is a commonly 

used technique in pathology, particularly in oncology, neuropathology and hematopathology and 

surgical pathology (Garcia and Swerdlow, 2009 and Leong and Wright, 1987).  
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The development of immunostaining approaches began in the early 1940s, when Albert H. Coons 

at the Harvard Medical School in Boston, USA, showed that antigen can be localised in the tissue 

sections with fluorescein isothiocyanate (FITC)-labelled antibody (Coons et al., 1942). Formalin-

Fixed Paraffin Embedded (FFPE) tissues was developed by Taylor and Burns (1974) (Taylor and 

Burns, 1974). In 1975, the hybridoma technique was introduced by Kohler and Milestein to 

generate monoclonal antibodies (mAbs) (Köhler and Milstein, 1975). The hybridoma mechanism 

has made it possible to use mAbs in IHC with a wide range of antigens and great quality of 

staining. With expansion and development of IHC technique, enzyme labels for instance, 

peroxidase (NAKANE and PIERCE JR, 1966) and alkaline phosphatase  have been introduced 

(Mason and Sammons, 1978 and Fowler et al., 2011).  

In 1982, Hsu and Soban used a series of metals including copper, nickel, cobalt etc., to produce 

different colour in DAB reaction, enabling the use of avidin biotin and a PAP to detect two 

different antibodies on the same slide. DAB substrate and methods labelled with enzymes were 

commonly used in the mid-1980s (Hsu and Soban, 1982). 

However, the IHC staining paved the way for detecting antigens by causing minimal damage to 

tissue and cells and using minimum amount of antibodies which can determine tumour types and 

markers. 

2.2.1.1. Tissue Array (TA) 

Wan and colleagues first introduced TA in which tissues are transferred by punching from 

formalin-fixed, paraffin-embedded tissue blocks to recipient blocks (Wan et al., 1987).  Kononen 

et al. (1998) improved the technique further. A single TA slide can accommodate different 

histological types of tumours which have to be compared or same type but different 

characteristics (such as, radio-resistant, radio-sensitive, high grade, low grade, metastatic and 

non-metastatic etc). The slide is prepared by transferring a minute cylindrical core from donor 

paraffin block to recipient block. The cores on the block are adroitly arranged in recognizable 

positions in rows and columns (hence the name “array”).  The position of each tissue in the slide 

is systematically catalogued. Within the last few years, high-density TAs were evolved and turned 

to a standard laboratory method to diagnose and confirm diagnostic and prognostic biomarkers 
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for a range of diseases including gastrointestinal tumours, breast cancer, lung cancer and PCa 

(Fowler et al., 2011 and Kononen et al., 1998). 

2.2.1.2. Tissue fixation 

Tissue fixation: The objective of fixation is to stabilise the tissue to be impervious to further 

changes. 

The following two types of fixations are used: 

A. Coagulation fixation: Coagulative fixatives include organic and nonorganic solutions that 

coagulate proteins and restore them insoluble. This method preserves tissue structure at the 

light microscopic level very well, but consequences in cytoplasmic flocculation and low 

mitochondrial and secretory granules conservation.  

B. Cross-linking fixation: Cross-linking fixatives undergo cross links within and between proteins, 

within and between nucleic acids and between nucleic acids and proteins. The most popular 

types in regular histology are acetone, formalin and aldehydes (e.g., formaldehyde, 

glutaraldehyde, chloral hydrate and glyxal), used with neutral buffered formaldehyde (Ramos-

Vara et al., 2008). Formalin-fixed tissue sections are also popularly used in IHC because formalin-

fixed paraffin-embedded tissue can be stored for many years. It is very convenient to use archived 

paraffin- embedded tissue to carry out IHC. 

2.2.1.3. Deparaffinization of tissue  

The tissue Deparaffinization is to remove the paraffin penetrated into the tissue. It is essential in 

order to prepare the sample for convenient of antigen retrieval. Multiple factors are involved in 

FFPE (Formalin Fixed Paraffin Embedded) tissue molecular cell profiles, for instance the pre-

fixation time, the properties of the fixatives and the post-fixative storage parameters (Bass et al., 

2014). Thus, deparaffinization procedures are believed to have significant impacts on antigen 

quality and quantity (Sengüven et al., 2014). The deparaffinization process is achieved by 

incubating the paraffinized tissue in a series of different concentration of xylene.  

Xylene is a sweet, colourless, aromatic liquid or gas hydrocarbon present intuitively in coal, oil 

and wood tar. Xylene is favoured by many histologists because they easily extract alcohol from 
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the tissues and allow the tissue to become translucent and make paraffin penetration easier to 

deparaffinize the tissues (Pandey et al., 2014 and Sengüven et al., 2014). Following removal of 

paraffine, xylene is removed with 100% ethanol. Tissues are hydrated in a series of graded 

alcohols until water is used (Kalantari et al., 2016).  

2.2.1.4. Antigen retrieval (ARE) of tissues 

ARE method has been extensively employed in surgical pathology and research fields since its 

introduction in 1991 from the 1940s biochemical studies of protein and formaldehyde 

crosslinking (Shi et al., 1991 and Fraenkel-Conrat and Olcott, 1948). Numerous studies of the 

efficacy of ARE in immunohistochemistry (IHC) on a wide range of antibodies have shown that 

ARE is a single and reliable method for routine IHC, characterised by a significant increase in 

immunostaining intensity and a reduction of non-specific background staining on formalin-fixed 

paraffin-embedded tissue sections (Fraenkel-Conrat and Olcott, 1948). 

The most formalin-fixed tissue necessitate ARE before proceeding to immunohistochemical 

staining. This is due to the formation of methylene bridge during fixation, which cross-link 

proteins and hence mask antigenic sites. The two methods used to retrieve the antigens are Heat 

method (Heat-Induced-Epitope-Retrieval: HIER) and Non-Heat method. Both methods function 

to break the bridges in methylene and expose the antigenic sites to enable antibodies to 

interaction.  

2.2.1.5. ‘Blocking’ to eliminate non-specific binding 

The blocking of antibodies and other tissue reagents is crucial to the elimination of non-specific 

binding. Even though the antibodies are highly target specific, intermolecular factors may 

encourage non-specific interaction to other molecules. Non-specific interaction thus excludes the 

appearance of the antigen-antibody binding of interest. A blocking step has to be conducted to 

prior to primary antibody incubation to lessen non-specific interaction. 

2.2.1.5.1. Protein Blocking 

Antibodies are highly charged molecules and bind to the reciprocal charged constituents in 

tissues resulting non-specific bindings of antibodies. Serum of same species in which secondary 
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antibody has been originated and bovine serum albumin (BSA) are used to musk hydrophobic 

side chains of proteins remain in the tissue. During conducting several staining using secondary 

antibodies from various species, it is essential to use blocking sera from the species of both 

secondary antibodies (Kim et al., 2003 and Taylor et al., 2013). 

2.2.1.5.2. Endogenous enzyme blocking 

This block is an antagonist that halt a substrate reaction from an enzyme remain in cells or tissues 

so that colourless chromogens do not convert into coloured end compound (Taylor et al., 2013). 

 a. Endogenous peroxidase blocking 

Tissues for instance, liver, kidney and vascular tissue contain endogenous peroxidase which turn 

into brown if incubated with DAB substrate. Peroxidases generate high background while detect 

with HRP. The incubation of slides in 3% H2O2 containing methanol quench endogenous 

peroxidase reaction.  Two other methods are seldomly used such as Glucose oxidase method and 

Acid hematin method (Taylor et al., 2013). 

b. Biotin blocking 

Blocking of endogenous biotin is required when a biotin-based detection system is implanted. It 

is normally found in brain, kidney and liver. It is to be blocked with avidin prior to incubate with 

biotin to block rest of the biotin binding sites on the avidin compound (Taylor et al., 2013). 

c. Alkaline phosphatase (AP)  

Tissue may contain endogenous peroxidase, pseudoperoxidase, and/or alkaline phosphatase 

activity which generate background signal when an alkaline phosphatase and/or peroxidase 

detection system and commensurate substrates are used. AP is present in placenta, intestine, 

lymphoid tissue and osteoblasts. Frozen tissue contains higher AP activity. AP in tissue is 

diagnosed with blue colour which is produced by incubating tissue with Alkaline Phosphatase 

chromogen (Taylor et al., 2013). 
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2.2.1.6. Detection method 

The Ag-Ab reaction is not visible under the light/fluorescence microscope until it is labelled with 

a chromogen or a fluorophore. The primary, secondary and tertiary abs are labelled in a detection 

system that enable to visualise the immune reaction. A number of labels have been used, for 

instance fluorescent compound, metals and enzymes (Lucocq, 1985) and (Taylor et al., 2013). 

Enzymes such as alkaline phosphatase, peroxidase and glucose oxidase are still the most widely 

used labels. Detection systems are classified as direct or indirect methods. 

2.2.1.6.1. Direct detection method 

This is the easiest approach of one-step method with primary antibody tagged with signal 

compound (label). The reporter compounds are enzymes, fluorochrome, biotin and colloidal gold 

(Polak and Van Noorden, 1997).  

2.2.1.6.2. Indirect method 

Indirect detection method involves a two-step process: 

The indirect is more sensitive to detect antigens in two step methods which was originally 

promoted by Coons (Coons et al., 1955). The first step involves unlabelled Ab, but the second 

step used Ab, that is raised against primary, is labelled. The indirect method is more sensitive and 

generate stronger signal to detect smaller number of antigens (Polak and Van Noorden, 1997). 

A. Tyramide Signal Amplification method (TSA)  
 
 

 
Figure 2.1. Schematic representation of principles of tyramide Signal Amplification. The tissue samples were labelled 
with primary and secondary antibodies. The secondary antibody was conjugated with horseradish peroxidase (HRP) 
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which was able to catalyse inactive labelled tyramide to convert into a reactive tyramide radical. The tyramide radical 
covalently binds to proximal tyrosine residues, thus providing signal amplification. Adapted from 
www.tocris.com/product-type/tyramide-signalling-amplification-tsa, accessed on 01/02/2021. 
 
TSA has been demonstrated to be a versatile and efficient enzyme amplification tool for 

enhanced IHC staining. Conventional enzymatic staining method exploit the capacity of 

horseradish peroxidase (HRP) and alkaline phosphatase (AP) to transform a chromogenic 

substrate into a colourful reaction product precipitating at the site of enzyme activity (Roth and 

Perry, 2005). The TSA is based upon the performance of HRP on biotin or fluorophore conjugated 

tyramide substrate. The HRP binds with a hydrogen peroxide and phenolic component of 

tyramide to build highly responsive tyramide radicals, then bind together in covalence to 

electron-rich moieties (e.g., tyrosine) within tissue (Bobrow et al., 1989).   

B. Chromogenic staining method 

This approach of staining involves enzymes such as HRP and AP conjugated to secondary antibody 

which couples with primary antibody against the target protein. Enzymes can also bind to primary 

antibody directly to yield identifiable colour.  

Two types of chromogen reactions are normally used: 1. Chromogens for HRP and 2. 

Chromogen for AP. 

1. Chromogen for HRP 

DAB (3,3’-diaminobenzidine) is oxidised in the presence of peroxidase and hydrogen peroxide 

which leads to the accumulation of a brown, water and alcohol-insoluble precipitate at the 

functional site of enzyme. The DAB reaction product is discretely localized at HRP-label sites, 

providing high resolution images of subcellular antigen distribution (Milde et al., 1989).  

AEC (3-Amino-9-Ethylcarbozole) is another substrate for HRP which is converted into dark red in 

the positive area. The product derived from AEC is soluble in organic solvent and cannot be stored 

on a long-term basis.  
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2. Chromogens for AP 

BCIP (5-Bromo-4-chloro-3-indolyl phosphate)/NBT (nitro blue tetrazolium) is a chromogenic 

substrate commonly recognised in the AP-based immunostaining. The substrate changes into the 

blue/violet colour following exposure to AP.  

Other staining methods are:  

Immuno-rolling circle amplification 

Peroxidase-anti peroxidase (PAP) method 

2.2.1.7. Counterstaining of tissue 

DAPI (4ʹ,6-diamidino-2-phenylindole) and Hoechst are widely used nuclear dyes in IHC 

fluorescence, as they intercalate into the DNA to give a high UV excitement blue colour. The 

following dyes also use to stain nuclei.  

Table 2.6. Immunostaining dye with target and colour products 

Type Dye Target Colour 
Chromogenic Haematoxylin Nuclei Blue to violet 
Chromogenic Nuclear fast red 

(Kernechtrot) 
Nucleic acids Red 

Chromogenic Methyl green Nucleic acids Green 

Fluorescent Hoechst stain Nucleic acids                  Blue 
Fluorescent DAPI Nucleic acids Blue 

2.2.2. RNAscope 

RNAscope® was developed by Advanced Cell Diagnostics (ACD) and is a substantial improvement 

of RNA in situ hybridization (ISH), which effectively resolves the conventional RNA ISH while 

presenting spatial and morphological background for single cell resolution (Wang et al., 2012 and 

Wang et al., 2014). It uses a specific signal amplification technique to view target RNA as punctate 

dots where each dot represents a single RNA molecule. The principal advantages of the RNAscope 

test are high sensitivity because of its high signal amplification technique, high precision due to 

its probe design technique to minimize non-specific off-target signals, and spatial and 

morphological RNA detection and quantification. Advancement of an automated RNA ISH assay 

would dramatically boost the clinical usability of RNA ISH by allowing for the standardisation of 
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more samples with decreased inter-user variability, reduced time which would allow for more 

reliable reproducible results. Subsequently automated version of RNAscope technology has been 

developed. Automated version of RNAscope was first used to detect HER2 in invasive breast 

carcinoma (Wang et al., 2013).                    

Standard and non-standard RNA ISH probe pools are designed by ACD following singleplex, 

duplex, multiplex configurations. Singleplex is very robust and give high-definition staining results 

which can be stored permanently due to the permanent staining. RNAscope duplex is applied to 

detect two RNA species and their co-localization to map co-expression within the same cellular 

context.  ACD has employed the naming convention of channel 1 (C1) to refer to green and 

channel 2 (C2) to fast red. RNAscope multiplex assay allows single molecule detection of upto 

four RNA targets simultaneously. 

2.2.2.1. RNAscope design strategy 

The RNAscope method applies a probe design strategy in which two independent probes (double 

Z probes) must hybridize to the target sequence in tandem to enable signal amplification to take 

place. As it is pretty unlikely that two independent probes will hybridize to a non-specific target 

right next to each other, this proposed design assure the selective amplification of target-specific 

signals. For each RNA target, ~20 double Z target probe pairs are developed to specifically 

hybridize to the target molecule, but not to non-targeted molecules. 
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Figure 2.2. Stepwise Schematic representation of the RNAscope assay. Step-1: tissues are fixed and permeable to be 
exposed to target probes. Step-2: target RNA-specific oligonucleotide probes (Z) are hybridized in pairs (ZZ) to 
multiple RNA targets.  The preamplifier binds to the upper regions of the Z probe pairs. Step-3: Multiple amplifiers 
in each pre-amplifier are hybridized. The label probes in each amplifier are also hybridized. Each label probe is 
conjugated with fluorophores or enzyme to generate a punctate dot for each RNA target. Step-4: Signals are 
detected using NanoZoomer 2.0-HT slide scanner by Hamamatsu Photonics or Carl Zeiss introduces Axio Scan.Z1 
Digital Slide Scanner. Image adapted from (Wang et al., 2012). 
 

 The double Z probe design prevents background and increases the signal to noise ratio 

exponentially. Single Z probes binding to nonspecific site will not produce a binding site for the 

pre-amplifier, thus further preventing amplification of non-specific signals, enhancing specificity. 

Each of the target probes includes a region from 18-25 bases complementary to the target RNA, 

a spacer sequence and a 14-bases tail sequence (contemplated as Z). The double Z probe contains 

different form of tail sequence and hybridize contiguously to a target region (50 bases). The two 

tells sequence combine to form a 28-base preamplifier hybridization site which includes 20 

binding regions for an amplifier, which possess also 20 binding sites for the label probe. A 1kb 

region of RNA sequence is usually targeted by 20 probes pairs; consequently, up to 8000 labels 

can be produced for every target RNA molecule by successive hybridization with a preamplifier, 

amplifier and label prob                                                                                                                                   e. 

The label probes were conjugated to, HRP labelled probe that produces green colour with DAB 

in C1 channel in the chromogenic reactions whereas, alkaline phosphatase (AP) labelled probe 

that yield fast red colour with DAB in C2 channel in chromogenic reactions.  

2.2.3. Western Blotting (WB) 

The transfer of proteins or nucleic acids to microporous membranes is termed as “blotting”. 

Proteins that are resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) gels are generally transferred to Polyvinylidene difluoride (PVDF) membrane under the 

conduction of an electric current in a method recognised as western blotting (WB) or protein 

blotting  (Towbin and Gordon, 1984 and LeGendre, 1990). 

Western blotting is also called protein blotting and immunoblotting. The evolution of Western 

blot technique was first published by Renart and colleagues from the group of George Stark on 

July 1, 1979 in PNAS (Renart et al., 1979 and Marcus and Oransky, 2012). This same group had 
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already invented the RNA blotting method named as “Northern blot” two years prior. Later, W. 

Neal Burnette published the procedure naming “Western blotting” (Burnette, 1981). The lab of 

Burnette and Stark was on the western coast of the USA at the time, therefore, the method was 

called “Western blot” (Mukhopadhyay, 2012 and Moritz, 2020). 

Western blotting is an universal and periodic technique implemented throughout laboratories 

for medical diagnostics including HIV, Lyme disease and Hepatitis B, therapeutic test and research 

in life science to investigate regulatory molecular events underpinning energy metabolism, 

protein turnover and chronic physiological adaptations  such as investigation of protein 

abundance, kinase activity, cellular localisation, protein-protein interactions  and  or monitoring 

of post-translational modifications, ubiquitinoylation, glycosylation; methylation and 

SUMOylation (Moritz, 2020 and Kurien and Scofield, 2015). 

WB consists of the following steps: a. extraction of cellular protein proteins from cells, b. 

quantification of protein concentration in cell lysate; c. SDS-PAGE; d. transfer of protein from gel 

to PVDF; e. blocking of PVDF; f. incubation of protein on PVDF by primary antibody; g. incubation 

of protein on PVDF by secondary antibody; h. detection of protein; i. quantification of the 

resulting bands  using ImageJ software; j. Stripping the membrane and reprobe with primary 

antibody of target protein  (Moritz, 2020 and Kurien and Scofield, 2015). 

2.2.3.1. Cell Lysis 

The extraction of proteins from cells and tissues requires lysis and disruption of cell membranes 

using homogenization techniques for instance, typically in the form of mechanical, sonication, 

and/or chemical approaches.  

Proteins are extracted from cells by lysis and homogenisation with buffer. A vast array of cell lysis 

buffer is available. Particular buffer is optimally designed to extract protein of interest such as an 

appropriate detergent for protein extraction and solubilisation. For instance, integrin receptors 

are integral membrane proteins which are extracted enormously by Nonidet P-40 (NP-40). 

Radioimmunoprecipitation assay (RIPA) lysis buffers, which contains ionic detergents sodium 

deoxycholate as well as a non-ionic detergent NP-40/Ttriton X-100, is efficient of denaturing 
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proteins, breaking enormous protein interactions and releasing most cellular proteins (MacPhee, 

2010). 

2.2.3.2. Protein quantification 

An accurate protein quantification is critical for protein purification and identification studies. A 

wide array of different methodologies has been proposed to quantify both complex protein 

mixtures and individual proteins. Four methods including Bradford (Bradford, 1976) and 

Bicinchoninic assay (BCA) assay (Smith et al., 1985), UV absorption at 280 nm (Desjardins et al., 

2009) and  Lowry methods (Lowry et al., 1951) which are commercially available.   

2.2.3.2.1. Bicinchoninic acid (BCA) assay                                                                                                            

The bicinchoninic acid (BCA) assay is a colorimetric method that was invented in 1985 by Paul K. 

Smith at Pierce Chemical Company, the major distributor of this assay, to measure the 

concentration in a sample (Smith et al., 1985). 

 

 
Figure 2.3. Schematic representation of BCA assay 

This is a detergent-compatible formulation relied on bicinchoninic acid (BCA) for the colorimetric 

detection and quantitation of the total protein. This procedure integrates two reactions:                          

1. The peptide bonds in the protein sample is converted from Cu2+ to Cu1+ in an alkaline medium, 

called biuret reaction and this cuprous cation (Ch1+) can be detected using highly sensitive and 

selective colorimetric procedure using a unique reagent containing bicinchoninic acid (Smith et 

al., 1985). The amount of Cu2+ reduced is proportional to the amount of protein present in the 

solution.  

2. BCA is a particular chromogenic chelating agent for Cu1+. Two molecules of BCA chelate with 

one Cu1+ ion. The decreased level of Cu2+ is a protein concentration result that can be 

spectrometrically measured by changing the colour of the sample solution from green into purple 
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which absorbs light at 562 nm that is nearly linear with increasing protein concentration that can 

be estimated by comparing with a known protein standard such as bovine serum albumin (BSA) 

with broad working range (20-2000 μg/ml). The macromolecular protein structure which are 

peptide bonds and four specific amino acids, such as cysteine, cystine, tryptophan and tyrosine, 

are recorded to be responsible for forming colour with BCA (Kong et al., 2016).  

2.2.3.3. Sample preparation and SDS-PAGE system  

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) is a simple and 

inexpensive method for the qualitative characterisation of proteins in complex mixture. 

Electrophoresis refers to migration of charged soluble molecules such as proteins based on 

molecular weight (MW) through a medium during exposure to an electric field. Electrophoresis 

in polyacrylamide gel termed as is PAGE, which was first introduced by Raymond & Weintraub 

(Kong et al., 2016), is formed by copolymerization of acrylamide and bis-acrylamide (“bis”, N,N-

methylene-bis-acrylamide). The reaction is a polymerization of vinyl supplements introduced by 

a free radical-generating system (Chrambach, 1985). Polymerization is initiated by ammonium 

persulfate and tetramethyl ethylenediamine (TEMED). TEMED enhances the rate of formation of 

free persulfate radicals, which in turn catalyses polymerization. The persulfate free radicals 

convert acrylamide monomers into free radicals that react with inactivated monomers to trigger 

a polymerization chain reaction (Shi and Jackowski, 1998) . The elongating chains of acrylamide 

are built up being crosslinked by introduction of bis-acrylamide forming a mesh like structure in 

which the holes of the mesh represent the pores (Bio-Rad, 2012). 
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Figure 2.4. Formation of polyacrylamide 

Laemmli introduced the reducing detergent sodium dodecyl sulfate (SDS) into a discontinuous 

denaturing buffer system and developed the most popular form of protein electrophoresis called 

SDS-PAGE (Laemmli, 1970). In SDS-PAGE procedure, the strongly anionic detergent SDS is used in 

combination with heat to unfold and break the many noncovalent bonds and proteins are 

stabilised. The presence of β-mercaptoethanol enhances to break any covalent bonds between 

cysteine residues. SDS binds noncovalently to proteins in a manner that imparts: 

A. proteins are negatively charged. Since SDS is negatively charged and act as a surfactant. It 

masks the intrinsic charge of the proteins which it binds.      

B. SDS binds to the hydrophobic region of the denatured protein at a consistent rate of 1.4 g of 

SDS per 1 g protein which keep consistent charge-to-mass ratio regardless of protein type. The 

quantity of SDS found is almost always proportional to the molecular mass of the polypeptide 

and is independent of its sequence. 

C. Detergent molecules coat the unfolded protein chain which adopts a rod-shape as a 

consequence of electrostatic repulsion (Bio-Rad, 2012).  
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The protein-SDS complex contains net negative charges, hence migrate towards the anode and 

the separation is based on the size of the polypeptide. 

2.2.3.4. Transfer of protein from gel to membrane  

Following the separation on SDS-PAGE, the proteins are electrophoretically transferred onto a 

membrane resulting in immobilization of separated proteins that allow to probe with antibodies 

and provide additional longevity compared to gels (Bass et al., 2017). 

The efficiency of protein transfer depends vastly on the nature of the gel, the molecular mass of 

the proteins being transferred, and the membrane being used. Thinner gels provide complete 

and accelerate transfer. 0.4mm thickness represent the lower practical limit (Harlow and Lane, 

1988). The efficiency of protein transfer has also been facilitated with heat, special buffers and 

partial proteolytic digestion of the proteins prior to transfer (Kurien and Scofield, 2006). 

The efficiency of protein transfer also depends on binding ability of protein to membrane. 

Nitrocellulose, polyvinylidene (PVDF), activated paper or activated nylon have been efficiently 

used to bind transferred proteins. Nitrocellulose is the most widely used substrate of the 

membrane, but it is not hydrophobic and does not bind protein covalently and becomes brittle 

when dries. A considerable quantity of proteins tends to migrate through nitrocellulose 

membrane, and only a small fraction of total count truly binds (Kurien and Scofield, 2006 and 

Bass et al., 2017). 

Techniques to transfer proteins from gel to membrane: Protein transfer from SDS-PAGE gel to 

PVDF membranes has been acquired in three different ways:      

(1) simple diffusion 

(2) vacuum-assisted solvent flow and  

(3) Electroblotting or electrophoresis elution. 

Electroblotting is the most commonly used procedure to transfer proteins from gel to a 

membrane. Proteins are transferred in this technique more quickly and completely in compared 

to the diffusion and vacuum blot. This electroelution is conducted into two procedures:  
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A. Wet transfer: The gel-membrane sandwich is completely immersed in a buffer tank with 

platinum wire electrodes that was designed by (Towbin et al., 1979 and Kurien and Scofield, 

2006). 

B. Semi-dry transfer: This Western blot is also named as “horizontal blotting” which is an effective 

and widely used method in research and diagnostic laboratories. In this procedure, gel-

membrane sandwich is placed between two carbon plates electrodes, a uniform electrical field 

in which up to six gel/membrane/filter are assembled and soaked well with transfer buffer. The 

assembly is clamped, and proteins are transferred with the activation of electrode plate by 

electricity.  

2.2.3.5. Blocking of PVDF membrane 

Following transfer of protein, unoccupied of binding sites of nitrocellulose or PVDF membrane 

are blocked to prevent non-specific binding of antibodies (primary and/or secondary antibody) 

to the membrane. Membranes have a high affinity for binding proteins which bind to antibody 

resulting in non-specific background. Blocking a blot has two crucial functions. The first is quite 

well established since it can assist to mask all possible non-specific binding sites on the 

membrane. The second objective is less documented and probably even less interpreted but 

blocking membrane can encourage the denaturation of antigenic sites. Nevertheless, prolong 

blocking times have (>24 h) have been recorded to effectively remove antigens (Bass et al., 2017 

and MacPhee, 2010). 

2.2.3.6. Primary antibodies and determining specificity 

The WB principle has been established based on the detection of proteins through the binding 

and recognition of antibodies (AB) on one or more targets. This interaction is highly specific and 

occurs between a segment of the antigen (epitope) and the specific recognition sites located in 

the fragment antigen-binding fragment (Fab) region of the antibody called paratope. The primary 

antibody is specific and sensitive enough to interact and identify the intended target proteins. It 

is crucial to examine that the antibody is unique to the indigenous or denatured protein, as 

denaturisation of protein prior to load on SDS-PAGE may disrupt the exposure and accessibility 
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of the epitope, hinder the interact ability of the antibody. In some cases, indigenous/native-

specific monoclonal antibodies may need to be used (Bass et al., 2017).  

Specificity can be validated by testing against positive lysate or purified protein control, giving a 

detectable band at the correct molecular weight and a negative sample of tissue known not to 

express the designated target ([Human Atlas provides reliable protein expression data 

(http:/www.proteinatlas.org)], likely to result in no detectable band). Positive and negative 

controls will play a role in determining the degree of non-specific binding and potential false-

positive bands, together with affirmation of increased/decreased protein expression, offering 

credibility that the highlighted band is always the correct one (Bass et al., 2017 and MacPhee, 

2010). 

2.2.3.7. Secondary antibody incubation  

A Secondary antibody (2°Ab) is an important molecule for detection, sorting and purification of 

target antigens. 2°Ab allow the detection of protein of interest due to their specificity for the 

primary antibody species and isotype. Typically, 2°Ab conjugated with reporter signalling such as 

horseradish peroxidase (HRP) or certain fluorophores is able to bind to the fragment crystallizable 

(Fc) region on the 1°Ab which is detected by a camera or imaging device.  

During WB procedure 2°Ab may cross react with other separated proteins or those used in 

blocking solution due to presence of similar peptide sequence. Non-specific binding for 2°Ab has 

to be checked by conducting procedure omitting 1°Ab incubation as negative control. 2°Ab 

solutions are generally made up with same buffer as prepared for blocking solution to reduces 

background followed by incubation at room temperature for 1-2 h as longer incubation generates 

a higher background. Concentration and incubation are changeable depends on nature of the 

proteins being investigated (Bass et al., 2017). 

2.2.3.8. Detection of signal                                

Proteins on immunoblots have been detected by utilizing of organic dyes (Ponceau red, amido 

black, fast green and Coomassie Brilliant Blue (CBB), fluorescent labels (fluorescamine and 

coumarin), various silver staining methods and colloidal particles such as gold, silver, copper, iron 

or India ink. Two methods are generally used in which 2°Ab are conjugated with  
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(1) a labelled compound such as radio-isotope or fluorophore. 

(2) enzyme-linked reagent for detection of protein on immunoblot.  

Recent decades, a radioactive isotope or enzyme was exposed to X-ray film for detection of 

proteins on the blot, but recently enzyme and fluorophore are being detected by Camera.  

The most commonly used enzymes are alkaline phosphatase (AP) (Bronstein et al., 1989) and 

Horseradish peroxidase (HPR) which are utilised for colorimetric and chemiluminescent 

detection.  

In colorimetric detection, a substrate (i. e., 3,3’-diaminobenzidine) of HRP is oxidized to form a 

brown insoluble product. A scan of the blot by a specialised imager or traditional office scanner 

can then be done to quantify them using freely available software such as Image J 

(http://ImageJ.nih.gov/ij/). The main disadvantage of this type of identification is that the 

chemical reaction must be blocked and therefore, optimal reaction conditions (e. g. reaction time 

and temperature) must be assessed leading up to quantification (Bass et al., 2017 and MacPhee, 

2010). 
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Figure 2.5. A schematic diagram of the detection of antigen using ECL reactions. Adsorption of proteins by membrane 
support are identified as primary antiserum followed by complexation of HRP-conjugated secondary antiserum to 
the complex. The HRP catalyses the reaction to oxidize the phenolic stimulant that react with 5-amino-2,3-dihydro-
1, 4- phthalazinedione (luminol). The final result is the development of light that can be captured on film or by a 
digital imaging system. Image adapted from  (MacPhee, 2010).  

Enhance chemiluminescence (ECL), the upgrade version of Chemiluminescent detection is by far 

the most reliable technique of detection of antigens in Western blot. In ECL method, for instance, 

such as 5-amino-2,3-dihydro-1,4- phthalazinedione (luminol) is oxidized by hydrogen peroxidase 

and emit light at 425 nm during the chemical reaction (Bass et al., 2017).        

2.2.3.9. Stripping and re-probing of the membrane 

The stripping and re-probing the PVDF membranes allows to detect multiple antigens in a single 

run gel and thus saving the time and maximising efficiency. The blot This also provides 

confirmation of data obtained from the initial analysis of protein (e.g. different 1°Ab  specific to 

another epitope on the same protein). The membrane allows another 1°Ab to bind to the target 

antigens, thus allowing detection of another proteins (Bass et al., 2017).  

2.2.3.10. Analysis of signal                                                                                                                                                       

Analysis of the protein bands of interest on the blot is based on the nature of detection and the 

availability of imaging systems which can perform image acquisition and quantification. In spite 

of utilizing different methods of quantification by each of the software package but every system 

normally uses peak height or area of bands (Gassmann et al., 2009). It is significant to emphasize 

throughout quantification that target bands are within the linear range of detection, given that 

pixel saturating on image sensor can take place in highly abundant targets (Mollica et al., 2009). 

The software, such as ImageJ is able to detect saturation automatically. While analysis is 

conducted, clearest bands have to be produced by background subtraction (Gassmann et al., 

2009). Inevitably, the choice of analysis must reflect the visualised blot and the linear detection 

within the range of the tool used for the imaging (Bass et al., 2017). 

2.2.3.11. Normalization of Western Blot data 

Target protein normalisation is done best when a single blot has been identified with target 

protein and ILC (internal loading control) in the same lane. Normalisation of sample to eliminate 
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variations in sample/gel is essential for accounting of potential errors in the preparation and 

loading of samples. The endogenous housekeeping proteins (HKP) such as glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), β-actin and α-tubulin are used as internal loading control 

(ILC) as their expression remain stable under various experimental conditions such as the HKP 

stay constant between control and experimental sample and shows unaffected by the treatment 

or intervention undertaken (Bass et al., 2017 and Pillai-Kastoori et al., 2020). 

2.2.4. Immunocytochemistry (ICC) 

Immunocytochemistry is a detection and visualisation technique to identify biomolecules in cells 

in situ by means of a specific antigen-antibody interaction where the antibody has been tagged 

with visible label. The is a powerful immunostaining technique to demonstrate both the existence 

and subcellular location of a particular molecules of interest. A.H. Coons first introduced 

immunofluorescence in 1941 in tissues in which he has used specific antibodies labelled with a 

fluorescent dye to localize antigens. The technique consists of first selecting a tissue containing 

the target antigen. The tissue is then processed to extract the cells and the cells is then fixed and 

attached to the slide followed by exposure to antibody or diluted serum. Secondly, a secondary 

antibody with attached visible or fluorescent trace the localization of any bound antibodies from 

patient serum. If the serum contains antibodies to a tissue protein, they will anatomically 

adequately bind to the tissue section (Mao et al., 1999 and Pestronk and Lopate, 2005). 

Immunocytochemistry is an inexpensive and a quick technique, which makes it particularly useful 

for initial qualitative investigation of protein expression. Immunocytochemistry examination of 

nuclear antigens is frequent. Immunohistochemistry is largely advantageous when target 

antigens are complicated to purify target antigens in the amounts required for other methods of 

research. Low specificity may be a huge issue with ICC. Numerous distinct antigens can have 

identical cell distributions, allowing antibodies to be mistaken for each other. Therefore, findings 

established using this technique alone may not be unique to specific antigen, but still possible to 

determine co-localization of two or three proteins in the cells using different fluorescent attached 

secondary antibody (Mao et al., 1999 and Pestronk and Lopate, 2005). 
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2.2.5. quantitative PCR (qPCR) 

qPCR (quantitative-Polymerase Chain Polymerase) is a powerful technique capable of providing 

reliable and quantitative data representing the biology of the experimental characteristics 

examined. PCR was developed in the early 1980 by Mullis and colleagues who were awarded the 

1993 Nobel Prize for chemistry. PCR is generally defined as a simple, sensitive, faster method 

which uses oligonucleotide primers, dNTPs and heat tolerant Taq polymerase to amplify DNA. 

The system removed a significant barrier towards “fully quantitative” by discovering real time 

PCR. The inclusion of an initial reverse transcription (RT) step generated the complementary RT-

PCR, a robust way to amplify any form of RNA. Currently, quantitative-PCR universally used in 

research and diagnostics. The qPCR was soon recognised as the “gold standard” in the 

quantitative analysis of nucleic acid due to its high specificity, sensitivity, simplicity, excellent 

reproducibility and wide range of dynamic quantification (Pfaffl and Berg, 2010). 

qPCR has significant benefits in quantifying low target copy numbers from small quantities of 

tissue or in detecting slight variations in mRNA or microRNA expression levels in samples with 

low RNA concentrations or from single cell analysis. qPCR is a pioneer in comprehensive research 

to create new and improved applications due to its extensive quantifying ability in all kinds of 

biological matrix (Pfaffl and Berg, 2010). 

2.3. Methods 

2.3.1. Immunohistochemistry (IHC) 

Ethics approval 
 
Tissue was collected for pathological analysis at the University of Porto by Professor Rui Henrique 

under local ethics committee approval. Ethical approval of the use of human tissue for research 

in London was given by the joint University College London/University College London Hospital 

committees on the ethics of human research. Ethics approval was under REC Reference: 

13/ES/0092 to Dr Aamir Ahmed. 
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Figure 2.6. A flow chart of the steps of experimental procedure of IHC to determine the expression of Wnt and AR 
signalling proteins. 
 

Collection of PCa and CRPC tissues 

Eighty-six sample blocks of formalin fixed paraffin embedded (FFPE) normal prostate, benign 

prostatic hyperplasia (BPH) and different grades of PCa and castration resistance prostate cancer 

(CRPC) tissues were obtained from Rui Henrique, Guest Professor, Department of Pathology and 

Molecular Immunology Abel Salazar Institute of Biomedical Sciences University of Porto, 

Portugal. 

Treatment of Patient with CRPC 

The CRPC tissues were supplied from Institute of Portuguese Oncology Porto (IPO PORTO). At IPO 

Porto, CRPC patients with advanced metastasized PCa (which is the most common scenario) are 

admitted into enzalutamide or abiraterone therapy pathways. If the patient is very symptomatic 

(bone pain, for instance), alternatively, chemotherapy with docetaxel is administered (10 cycles). 
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2.3.1.1. Haematoxylin and Eosin (H&E) staining 

H&E is most effective and common tool for tumour and cancer histological analysis in pathology 

(Chan, 2014).  

The pathologist provided a clearer description for whole-mount tissue regions, where the cross-

section of tissue from the gross section is mounted on the slide. The embedded tissues were 

sectioned with 6 μm and captured on poly-L-lysine coated glass slide followed by heating in an 

oven for 30 min at 60°C to melt the paraffin off the slides. The tissues were de-waxed by dipping 

in hydrophobic xylene three times with 5 min each followed by rehydration of tissues using a 

series of ethanol, 100% ethanol (2x10 min), 95% ethanol (2x10 min), 70% ethanol (2x10 min), 

50% ethanol (2x10 min) and distilled water (2x5 min).  While sections were in distilled water, 

haematoxylin was skimmed to remove oxidized particles. The tissue sections were dipped in 

haematoxylin solution (Sigma-Aldrich, UK) for 35 secs and immediately rinsed in deionized water 

followed by immersion of tissue sections in acid alcohol solution (1% HCl in 70% EtOH) for 8 secs 

to attain differentiation (removal of cytoplasmic staining). The tissues were then rinsed in 

running tap water for 2 min prior to ‘blueing’ in Scott's solution, which contains magnesium 

sulphate (MgSO4) and sodium bicarbonate (NaHCO3) in optimal proportions diluted in water for 

2 min and further wash in running tap water for 2 min. Slides were evaluated at this stage to 

assure that sufficient nuclear staining was obtained using a light microscope. Dark stained 

sections were re-immersed in acid alcohol and lighter areas were re-immersed in haematoxylin. 

Tissue sections were submerged in 1% Eosin Y solution (Sigma-Aldrich, UK) for 2 min and rinsed 

in running tap water and dehydrated using a series of alcohols, 70% (2 min), 90% (2 min), 100% 

(2x5 min). Following dehydration, the tissues sections were then dipped in xylene for 15 min to 

remove alcohol and mounted  with coverslips using DPX (Sigma-Aldrich, UK).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

2.3.1.2. Identification of region of interest 

The H&E stained tissue sections were sent to Rui Henrique (Pathologist) Guest Professor, 

Portugal to identify possible multiple tumour areas in the tissue sections. A tumour area was 

specified as an adjacent area containing specific tumour and manually annotated outline of the 

area covering each tumour region was illustrated. If cancerous regions of interest (ROI) can be 
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reliably and precisely contoured on entire mount whole slide image in the radical prostatectomy 

sections, this would facilitate quantitative recording of tumour size, region, aggression, 

metastasis and grade (Soetemans, 2017). 

Pathologist followed the grading and scoring guideline of the International Society of Urological 

Pathologists (ISUP) to stratify the tumour and PCa tumour in tissue section (Epstein et al., 2016a) 

which have been described in Chap-I (Sec. 1.9). 

2.3.1.3. Tissue array construction (TA) 

Paraffin embedded 86 samples with their exam number and block references were obtained from 

Rui Henrique (Pathologist, Portugal). Following H&E, the samples were categorized in normal 

prostate tissues (NPT): 36 samples, benign prostatic hyperplasia (BPH): 10 samples, Gleason 

grade 3+3: 5 samples, Gleason grade 4+4: 5 samples, Gleason grade 4+5/5+4: 5 samples and 

CRPC: 20 samples, by pathologist using the grading and scoring guideline of the International 

Society of Urological Pathologists (ISUP) (Pierorazio et al., 2013 and Epstein et al., 2016a) . Total 

171 cores composed of normal tissue cores: 66, BPH: 10, Gleason grade 3+3: 25, Gleason grade 

4+4: 15, Gleason grade 4+5/5+4:15, CRPC cores: 40 were distributed over the 5 slides including 

RH16, RH17, RH18, RH19 and RH20_CRPC. The details of tissue catalogue, sample duplication and 

design of slide preparation presented in Appendix (Appx. 2). 

The recipient paraffin block was prepared by pouring liquid paraffin into a stainless-steel base 

mould and allowed to cool. The recipient block was removed and assessed the paraffin surface 

for any bubble or holes. Excess paraffin was trimmed from the plastic cassette. ROIs on the donor 

tissue blocks were marked by pathologist. TA layout was determined and recorded all of the 

pertinent information about the tissue cores in the array. The recipient block was placed on the 

block holder. The identical circular indents were made by the small (recipient) and large (donor) 

punches. The depth of each punch was 3 mm in paraffin block and then donor block was placed 

on the array block holder, and punch was pushed downward on the sample to retrieve the tissue 

core, then donor tissue block was removed and replaced with recipient block in which punch was 

pushed downward until its tip reaches the top of the hole in the recipient array block. The large 

punch stylate was used to inject the tissue core into the hole created by smaller punch. The 
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diameter of core 1 mm and distance between two cores was 2.5 mm. Once the array is 

constructed, the TA block was pressed lightly on a flat surface to settle the tissue cores. The TA 

block was incubated in microwave oven at 37°C for 30 min by applying light and even pressure 

to the surface of the block with a clean glass slide to level the core heights. The TA slide was then 

transferred into fridge for further use. 

2.3.1.4. Tissue dewaxing 

The tissue sections were deparaffinized in three changes of xylene for 5 min and rehydrated by 

immersion in serial graded of alcohol solution which have been described elsewhere (Sec. 2.3.1.1) 

Following rehydration, the tissues sections were rinsed in running water. 

2.3.1.5. Antigen retrieval                                                                                                                                                                                                                                                                                              

Antigen retrieval was conducted to allow binding of the paratope of primary antibody to the 

epitope of the antigen which was masked during the preparation of tissue for staining. Heat-

Induced Epitope Retrieval (HIER) was used in which epitope retrieval solution (Cat: RE7116, 

Novocastra TM) was used. Pre-treatment can lead to a drastic improvement of immunoreactivity. 

The retrieval solution (10x) was diluted into 1x by adding 9 part of deionized water and was 

heated to boiling temperature (92-95°C) in a pressure cooker covering the lid without locking the 

lid. The slides were placed into metal staining racks which was immersed completely in the 

pressure cooker and the lid was locked. The pressure cooker reached at operating temperature 

after several min. Following removal of pressure cooker from the source heat, the slide was run 

under cold water keeping lid on. Lid was opened when the pressure was released observed by 

indicator. The slides were removed and placed immediately in cool tap water followed by rinse 

with PBS and proceeded for blocking 

 2.3.1.6. Blocking of non-specific binding sites 

The tissue section was incubated in 3% H2O2 menthol solution for 30 min to neutralise the 

endogenous peroxidase activity and rinsed in running water for 10 min. The non-specific binding 

sites was blocked by incubation with 10% normal serum and 1% BSA in PBS for 1 h at room 

temperature. Normal serum was obtained from the species in which secondary antibody was 
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raised. This strategy minimises the cross reactivity of secondary antibody with endogenous 

immunoglobulins.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

2.3.1.7. Determination of specificities of antibodies 

A series of antibodies (Table 2.7 and Table 2.8) used in immunostaining were checked were 

checked. Initial antibody optimisation involved testing the antibodies on a suitable positive 

control tissue under a range of conditions (Symes et al., 2013 and Giuliano et al., 2016). This 

typically involved a titre run looking at different antibody dilutions (1:50, 1:100, 1:250, 1:500, 

1:5000) along with a negative control (omission of primary antibody). The negative control was 

used to assess whether the secondary antibodies produce any nonspecific band. Staining was 

performed using well established automated immunostaining robots (Leica Bond Max/RX). 

Polymer based HRP detections were utilised due to their high sensitivity and specificity using a 

colorimetric DAB endpoint with Haematoxylin counterstain. Heat Induced Epitope Retrieval 

(HIER) was performed during antibody optimisation using a standard pH 6 (0.01M citrate buffer) 

and non HIER conditions were also assessed (Arya et al., 2015 and Toth and Mezey, 2007). 

2.3.1.8. Immunostaining of prostate and PCa tissues  

Wnt, AR and Connexin signalling proteins were investigated to measure their expression in 

normal prostate tissue (NPT), benign prostatic hyperplasia (BPH), Grade 3+3 PCa, Grade 4+4 PCa 

and Grade 4+5/5+4 PCa and castration resistant prostate cancer (CRPC) using two methods: 1. 

Chromogenic (DAB: 3,3ʹ-Diaminobenzidine) and 2. Immunofluorescence staining methods.  

2.3.1.8.1. Immunostaining of prostate and PCa tissues using chromogenic staining method 

Chromogenic (DAB: 3,3ʹ-Diaminobenzidine) staining implicit the expression of single protein in 

tissue in situ. The DAB staining was aimed to determine the sole expression of a protein of Wnt 

and AR and Connexin signalling pathways in prostate and PCa tissues. 30 samples of 15 NPT, 5 

Grade 3+3, 5 Grade 4+4 and Grade 4+5/5+4 was used to construct three slides (e.g., RH16, RH17 

and RH18) of TA.  Each of the slides contain 30 cores of 15 cores (15 NPT), 5 cores (Grade 3+3), 5 

cores (Grade 4+4) and 5 cores (Grade 4+5/5+4). The cores on RH19 and RH20_CRPC were also 

stained with anti-AR and anti-Cx43 antibodies. The tissue core combination and layout have been 

described in appendix (Sec. 2). 
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The AR signalling target protein e.g., AR, Wnt signalling targets, e.g., TCF-1, FRA-1 and β-catenin, 

Connexin signalling target, e.g., Cx43 protein were investigated to measure the expression using 

the antibodies as follows in the table: 

Table 2.7. A list of antibodies. The following table contains the six antibodies, their host and dilution used in 
chromogenic technique 
 

Primary antibody Host Cat and 
Manufacturer 

Dilution Cores on the slide were 
Stained  
 

Anti-AR antibody 
 

Rabbit Ab133273, 
ABCAM 

1:400 RH16, RH17, RH18 & RHC1, 
RH19, RH20_CRPC 

Anti-β-Catenin antibody Mouse Ab22656, 
ABCAM 

1: 200 RH16, RH17, RH18 & RHC1 

Anti-FRA-1 antibody Rabbit ab252421, 
ABCAM 

1:1000 RH16, RH17, RH18 & RHC1 

Anti-TCF-1 antibody Rabbit 2203S, Cell 
signalling 

technology 

1:100 RH16, RH17, RH18 & RHC1 

Anti-PYGO2 antibody 
 

Rabbit ab99274, ABCAM 1:200 RH16, RH17, RH18 & RHC1 

Cx43 Rabbit C6219: Sigma 1:1000 RH16, RH17, RH18 & RHC1, 
RH19, RH20_CRPC 

Secondary  
antibody 
 
 
 
 
 

Peroxidase 
AffiniPure Donkey 
Anti-Mouse IgG 
(H+L) 

 
Donkey 
 
 

715-035-151, 
Jackson 

Immunoresearch 
Laboratory (JIL) 

1:500 Used against Ant-mouse 
primary antibody 

Peroxidase 
AffiniPure Donkey 
Anti-Rabbit IgG 
(H+L) 

Donkey 711-035-152, 
Jackson 

Immunoresearch 
laboratory (JIL) 

1:500 Used against Anti-rabbit 
primary antibodies 
 
 

The tissue sections were stained with anti-AR, -β-Catenin, -FRA-1, -TCF-1, -PYGO2, and -Cx43 

antibodies (Table 2.7) using Bond automated systems (Leica Biosystems, Milton Keynes, UK) 

according to manufacturer’s protocol. For staining, the tissue sections were deparaffinised with 

Xylene and incubated with serial dilution of EtOH followed by hydration with water. The 

endogenous peroxidase activity was quenched with 0.6% H2O2 in methanol for 15 min and 

washed with PBS (2 x 3’). The tissues were blocked with serum by incubating 30 min. Following 

washing up, the tissue was incubated with primary antibodies listed in the Table 2.7 with 

corresponding dilutions and washed prior to incubation with secondary antibodies (Table 2.7). 

Following washing with PBS, the tissue sections were incubated chromogenic reaction buffer 
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(DAB) and co-inter-stained with haematoxylin. The tissue sections were dried and rehydrated 

with a serial dilution of EtOH and water. Slides were left in xylene until they are cover slipped. 

The slides were mounted, and coverslips were remained until harden.  

A. Imaging and signal quantitation 

Single Ab-labelled DAB-stained cores were scanned using NanoZoomer-RS Scanner (Type: 

C10730-02) with a resolution of 0.23μm/pixel (40x high resolution mode) (Hamamatsu Photonics 

UK Ltd, Welwyn Garden City, UK) and the image of an individual core was segregated and 

compiled and indexed according to the configuration of TA (Appx. 2). A semiautomated and 

unbiased quantitative method, ImageJ software (Schneider et al., 2012) where an algorithm 

developed in our lab was incorporated (Arya et al., 2015 and Symes et al., 2013). DAB stain 

(brown) on the tissue core was segmented on hue, saturation and brightness. Area containing 

tissue were identified on the duplicate image by conversion to 8-bit and application of a threshold 

to. Only pixel that are not the same intensity as the background are measured.  Thresholds were 

optimised on a training set of images prior to application to the experimental set of images for 

quantitation. A macro was compiled for an unbiased quantitation to measure both the amount 

of DAB signal and the amount of tissue. Area of folded tissue and fitted to a probit regression 

(Area Fraction, AFperAMT).  

B. Statistical analysis 

The data was plotted as box plots (demonstrating a range of protein expression), mountain plots 

(to measure AUC) and ROC curves (for sensitivity and specificity of proteins for normal vs cancer 

or different grades of cancer). Logistic regression model for all possible combinations of proteins 

was performed using Medcalc software. 

The area fraction data was transformed into probit and fitted to a Gaussian function. AUC values 

of 1.0 for an ROC curve mean high selectivity and sensitivity, whereas 0.5 suggests that the tested 

marker cannot distinguish between condition A vs B. Median selection and statistical test 

(significance of differences) were performed using Mann-Whitney U test (ns P>0.05; *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001) (GraphPad Prism, version 8.0.0).  
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2.3.1.8.2. Immunostaining of prostate and PCa tissue using fluorescence staining method 

Wnt, AR and Connexin signalling proteins were investigated to measure the expression and co-

localization in normal prostate, benign prostatic hyperplasia, Grade 3+3 and CRPC tissues. A 

multiplex experiment was carried out to measure the expression and co-localisation of Wnt and 

AR signalling targets proteins using immunofluorescence staining. Second experiment (uniplex-

1) was involved in DAB staining to investigate expression Wnt and AR target proteins. 

Immunofluorescence staining was conducted using an automated Bond Max automated staining 

system (Leica Biosystems, Milton Keynes, UK) using a protocol adapted from (Toth and Mezey, 

2007). The staining protocol is described elsewhere (e.g., (Arya et al., 2015)), briefly reiterated 

below. 

Multilabel experiment was conducted on RH19 and RH20_CRPC TAs which were stained with four 

antibodies on the same slide to conduct analysis of protein in Wnt and AR signalling pathways 

where anti-β-catenin antibody for the principal component, β-catenin, of Wnt signalling pathway, 

anti-FRA-1 and anti-c-MYC antibodies used for β-catenin targets FRA-1 and c-MYC respectively. 

All of these antibodies have been previously optimized for prostate and other human tissues for 

specificity (Symes et al., 2013; Arya et al., 2015; Giuliano et al., 2016 and Arthurs et al., 2017). 

Anti-AR antibody was used for AR, a major component of AR signalling pathway. The four target 

antibodies were re-coded so that their identity was unknown to the experiments when 

experiments were conducted. 

Table 2.8. A list of antibodies. The table representing the antibodies and their corresponding host, catalogue, 
manufacturer and dilution used in the experiment. 

Primary 
antibody 

Fluorophores 
(Laser/excitation-emission 
nm) 

Host Cat and Source Dilution 

Fra-1 Tyr-Alexa 405 (405/415-480) Rabbit ab252421: ABCAM 1:200 

β-Catenin Tyr-FITC (488/500-550) Mouse Ab22656, ABCAM 1: 200 

AR Tyr-Cy3 (559/575-620) Rabbit Ab133273, ABCAM 1:250 

c-MYC Tyr-Cy5 (635/645-740) Rabbit C3956, Sigma 1:200 
Secondary 
antibody 

Peroxidase AffiniPure Donkey Anti-
Mouse IgG (H+L) 

Donkey 715-035-151: Jackson 
Immunoresearch 
Laboratory (JIL) 
 

1:500 
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Peroxidase AffiniPure Donkey Anti-
Rabbit IgG (H+L) 

Donkey 711-035-152: Jackson 
Immunoresearch laboratory 
(JIL) 

1:500 

 
The blocked tissue sections were incubated with four antibodies sequentially, similar to the 

techniques described elsewhere (Arya et al., 2015). The tissue sections were incubated with anti- 

β-Catenin antibody for 2 h at room temperature at 1: 200 dilution in TBST followed by TBST wash 

(3 x 5’). The array sections were incubated with secondary antibody Peroxidase AffiniPure Donkey 

anti-Mouse IgG (H+L) (cat:715-035-151, JIL) at 1:500 dilution for 30 min at RT followed by further 

TBST washes. The tissue sections were then incubated with Tyr-FITC for 10 min, subsequent to 

two washes with TBST and 10 min HIER using epitope retrieval buffer solution 1 (EP1) in Bond 

Automated System. The tissue sections were then incubated with anti-AR antibody for 2 h at RT 

followed by TBST wash (3x5’) and incubated with secondary antibody for 30 min and washed with 

TBST prior to incubation with visualising reagent Tyr-Cy3 for 10 min. Following TBST wash and 10 

min HIER with EP1, anti-c-MYC antibody was applied for 2 h followed by subsequent TBST wash 

(3x5’) and secondary antibody incubation for 30 min. Following TBST wash, the visualising 

reagent Tyr-Cy5 was employed for 10 min and was washed with TBST. Sequentially, 10 min HIER 

incubation with EP1 and 2 h incubation with anti-FRA-1 antibody, the tissues sections were 

washed as usual incubated with secondary antibody followed by wash with TBST and subsequent 

incubation with fluorescence dye Tyr-Alexa 405 for 10 min followed by TBST wash and coverslip 

placement with Permafluor.  

A. Fluorescence imaging of antibodies β-catenin, AR, c-MYC and FRA-1 signal  

Each of the  tissue cores on RH19 and RH20 TAs was imaged using Zeiss Axioscan Z.1 slide scanner 

(Carl Zeiss) at 20x magnification (Arya et al., 2015). The fluorescent signals were optimised prior 

to conducting Axioscan to avoid oversaturation of signal faint for each antibody. For a 

standardized comparison, the power of Colibri.2 LED lights and integration times of the 

Hamamatsu ORCA Flash4 camera (Hamamatsu Photonics) were kept constants for all samples. 

The imaging of the slides was carried out at the same time sequentially with identical image 

acquisition settings. Montages of each core were automatically generated and accumulated from 
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multiple 2048x2048 pixel with 16 bit gray level which were compiled locally on the acquisition 

computer.  

B. Quantitation of the expression of Wnt and AR signalling proteins 

To quantify the expression of each protein, an unbiased, reproducible and automated analysis 

was employed to quantify the intensity of each fluorophore used in the tissue micro array to 

measure the amount of expression of each antibody in prostate normal and malignant tissues. A 

plugin adapted to ImageJ has already been scripted to semi-automatically discriminate the whole 

TA, largely based on a threshold segmentation routine, was used. Lower and upper threshold 

parameters was standardised prior to include the median to maximum gray value of a range of 

samples across the whole sample set. These values were then used to perform a batch analysis 

of the entire sample set, where the mean gray values per TMA core was calculated (Wang et al., 

2010a and Symes et al., 2013).  

C. Quantitative co-localization of Wnt and AR target protein using High resolution confocal 

microscopy  

In addition to the changes in expression in diseases such as cancer where the translation 

machinery is overactive (Arthurs et al., 2017), there may also be changes in the localization of 

proteins. This could be compared by measuring colocalization of two protein signals, subsequent 

to deconvolution to eliminate the noise, and may serve as a further biomarker for disease or for 

disease stratification (Symes et al., 2013; Arya et al., 2015 and Giuliano et al., 2016). To do this, 

40 cores of control and malignant tissues were used in which 3 smaller regions of interest (ROIs) 

in each core were selected and imaged with confocal Microscope Leica TCS SP8 using oil emersion 

63X 1NA objectives with zoom 6x. The images were saved as a lif file which were imported to 

Huygens Professional Software for deconvolution. The deconvolved images were saved as 

Huygens specific (HDF5) files for each channel (excitation/emission nm). The antibodies (Table 

2.8) were fluorescently labelled with Tyr-FITC (488/500-550: Green), Tyr-Cy3 (559/575-620: 

Orange), Tyr-Cy5 (635/645-740: Red), Tyr-Alexa 405 (405/415-480: Blue). The HDF5 files were 

used to calculate Pearson coefficient for co-localisation using a written script adapted to Huygens 

pro (Arya et al., 2015).  
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D. Statistical analysis 

Mountain plot and Box were constructed using GraphPad Prism, version 8.0.0 (GraphPad 

Software, San Diego, California USA. Median selection and statistical test (significance of 

differences) were performed using Mann-Whitney U test (ns P>0.05; *P<0.05; P**<0.01; 

***P<0.001; ****P<0.0001) (GraphPad Prism, version 8.0.0). 

2.3.2. RNAscope of mRNA analysis of Wnt and AR target proteins  

Single molecule RNA detection combined with protein expression for the products of the same 

RNA molecules could provide a powerful correlation and a clear picture of transcriptional and 

translational changes that may occur during different stages of a disease. The ultimate objective 

is to conduct both single molecule RNA and protein expression on the same slide; to establish 

this technique, however, I have designed these experiments to be conducted on different tissue 

array slides.  

2.3.2.1. Application of positive and negative control to verify RNA quality and specificity  

A good and consistent quality control practice has to be implanted before carrying out 

experiments. To verify the target quality and specificity of target, a low-copy housekeeping gene 

positive control probe and a non-specific bacterial negative control probe are used to optimise 

the specific pre-treatment conditions for optimal RNA exposure and detection in the tissue 

samples before performing experiments. When the assay is run properly, there will be strong 

signal for positive control probe staining and clean background for negative control probe 

staining.  

Peptidylprolyl Isomerase B (PPIB) and RNA Polymerase II Subunit A (POLR2A) were used to assess 

the quality of RNA expression of PPIB and POLR2A in each core of the slides. A universal negative 

control with probes targeting the Dap B gene from the soil born bacterium, Bacillus subtilis strain 

SMY was used to observe the background staining.  

2.3.2.2. RNAscope staining 

Four Wnt signalling targets including β-catenin, PYGO2, FRA-1. and TCF-1 were selected to 

determine their RNA expression based on the contribution in PCa development. Tissue cores of 
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normal prostate, BPH, Gleason score 3+3, Gleason score 4+4, Gleason score 4+5/5+4 and CRPC 

distributed over slides RH16, RH17, RH18, RH19 and RH20_CRPC (Appx. 2) were undertaken into 

the experiment. RNA probes were designed to hybridize the target RNA molecules of Wnt targets 

including β-catenin, PYGO2, FRA-1 and TCF-1. This protocol was conducted by Mike Millar at the 

University of Edinburgh. 

Two control probes used in this analysis have unique properties, often assessed by quantitative 

gene expression methods (Hruz et al., 2011). The first control probe, POLR2A, encoding RNA II’s 

major subunit, is a low copy stringent positive control that may be necessary for very low targets. 

The housekeeping gene PPIB encoding peptidyl-prolyl isomerase B functions in tissue 

proliferation such as tumour and other tissues that are not tumorous. It is expressed at 

adequately low level so as to provide robust consistency. 

Microtome dissected FFPE tissue sections (5 μm thickness) were baked in a dry oven for 1 h at 

60oC. The tissues were deparaffinized in xylene 2 x 5’ followed by incubation in 100% EtOH for 2 

x 1’. The tissues were left for air dried for 5 min at RT. Hydrogen Peroxide was applied to tissue 

arrays for 10 min at RT and the rack was submerged in distilled water and washed by moving the 

rack up and down 3-5 min and finally with fresh distilled water. The tissue slides were submerged 

in the boiling targeted retrieval solution (cat: 322452, ACD) and transferred to staining dish 

containing distilled water. The tissue slide was washed in distilled water by moving the rack up 

and down 3-5 times and completed with wash with fresh distilled water followed by washing up 

in fresh 100% by moving the rack up and down 3-5 times and dried in air. Hydrophobic barrier 

was created by drawing 2-4 times around the tissue using the image TM hydrophobic barrier pen 

and the tissue slide was dried for ~2 min at RT. ~5 drops of protease plus was applied to the tissue 

section and it was placed in prewarmed humidified control tray and incubated for 30 min at 40℃. 

The tissue slide was washed with distilled water by moving the rack up and down 3-5 times and 

finished washing with fresh water. 

The probes, C1 and C2, were warmed at 40oC for 10 min and cooled to RT and centrifuged briefly 

followed by mixing the C2 and C1 at 1:5 ratio in a tube. Excess liquid was removed from the slides 

and ~4 drops of probe was added to the section. The slide was placed on tray and sealed and 

incubated for 2 h at 40oC in prewarmed oven at 40oC.   
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Following washing with wash buffer for 2 min at RT, ~4 drops of Amp1 was applied to the tissues 

section. The slide was placed on a tray and sealed and placed in a prewarmed oven for 30 min at 

40℃ followed by washing with wash buffer for 2 min at RT. Excess liquid was removed from slides 

and ~4 drops of Amp2 was applied to tissue sections and incubated in a sealed tray by placing in 

a prewarmed over for 15 min at 40℃ and was washed with wash buffer for 2 min at RT and 

finished washing with fresh distilled water. Following removal of excess liquid, ~4 drops of Amp 

3 was applied to the tissue sections and was incubated for 30 min at 40℃ and was washed and 

excess liquid was removed. ~4 drops of Amp 4 was applied to the tissue sections and incubated 

for 15 min at 40℃ in a prewarmed oven followed by washing up for 2 min at RT and excess liquid 

was removed and thus Amp 5 was applied and incubated for 30 min at RT and Amp 6 was added 

and incubated for 15 min at RT followed by washing up for 2 min at RT. 

2.3.2.3. Detection of signal of RNAscope probes 

The solution RED-B and RED-A were mixed at 1:60 ration and applied to the tissue section and 

incubated for 10 min at RT and washed with wash buffer for 2 min at RT. Following removal of 

excess liquid, ~4 drops of Amp 7 was applied to the tissue and incubated for 15 min at 40℃ and 

washed for 2 min. Subsequently, ~4 drops of Amp 8 was added and incubated for 30 min at 40℃. 

Following finishing of post application process, ~4 drops of Amp 9 was applied to the tissue 

sections and incubated for 30 min at RT and washed for 2 min at RT and ~4 drops of amp 10 was 

applied to tissue section and incubated for 15 min at RT and washed for 2 min at RT. The Green-

B and Green-A solutions were mixed at 1:50 ratio and applied to the tissue section and incubated 

for 10 min at RT and washed for 5 min followed by washing and rinsing the tissue with distilled 

water. The slide was placed in 50% haematoxylin for 30 sec at RT and washed 3-5 times at tap 

water. The slide was then washed 10 secs in 0.02% Ammonia water and then washed 3-5 times 

in tap water.  The slide was dried in an oven at 60℃ for 15 min and dipped in pure xylene and 1-

2 drops of EcoMount was applied on slide before the xylene was dried. A coverslip was placed 

over the tissue section and dried in air for 30 min. 
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2.3.2.4. Imaging  

RNAscope slides were scanned with automatically performed by Carl Zeiss Axioscan using 40x, 

20x and 10x magnifications fitting bright field. Stained tissue cores were also scanned using 

NanoZoomer-RS Scanner (Type: C10730-02) with resolution 0.23μm/pixel (40x high resolution 

mode) (Hamamatsu Photonics UK Ltd, Welwyn Garden City, UK) for analysis purposes. Python 

software with Jupyter notebook was used to quantitate the expression of RNA. Prior to 

quantitation, threshold was applied for each image using hue, saturation and brightness. Each of 

the punctate dot indicate each RNA molecules. The quantified number was used to construct box 

to measure the expression of each single RNA molecule.        

2.3.2.5. Statistical analysis 

Mountain plot and Box were constructed using GraphPad Prism, version 8.0.0 (GraphPad 

Software, San Diego, California USA. Median selection and statistical test (significance of 

differences) were performed using Mann-Whitney U test (ns P>0.05; *P<0.05; P**<0.01; 

***P<0.001; ****P<0.0001) (GraphPad Prism, version 8.0.0). 

2.3.3. Culturing of cells and management 

2.3.3.1. Cell culture 

PC3 (ATCC: CRL-1435) and LnCAP (ATCC: CRL-1740) cells were obtained from American Type 

Culture Collection (ATCC) and cultured at required density in T-25 cm2 (Cat: 156367, Thermo 

Scientific™ Nunc™ Cell Culture Treated EasYFlasks™) in 6 ml RPMI 1640 (Table 2.2) supplemented 

with 10% foetal bovine serum and 2 mM L-glutamine (Table 2.2). The cells were incubated in 5% 

CO2 at 37°C to grow. Media was replaced with new media twice weekly until the cells were 

reached to 80-90% confluency. Cells were passaged at approximately 80-90% confluency to 

prevent overcrowding. While passaging, cells were washed twice with 3 ml of PBS (Table 2.2) and 

incubated with 1 ml of 1x trypsin: versine at 37°C for 5-10 min to dislodge the cells from the flask 

surface. If the cells were not fully detached, gentle tapping was applied. Once cells were 

completely detached, 4 ml of growth media containing FBS was added into flask to neutralise the 

activities of trypsin. The cell suspension was centrifuged at 200xg for 2 min to get a cell pellet. 

Supernatant was carefully decanted without disturbing cell pellet which was then resuspended 
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in fresh medium at required dilution aseptically. Following counting, 5000 and 10000 cells were 

seeded into two T-25 cm2 flasks with 6 ml of growth medium for further use. 

2.3.3.2. Cell counting using haemocytometer 

Haemocytometer was used to determine the cell number/ml in a cell suspension. Following 

resuspension of cell pellet in cell growth media, the cells were further diluted 1:5 into growth 

media from where 20 μl of diluted cell suspension was transferred into new fresh microcentrifuge 

tube in which 20 μl trypan blue (Table 2.2) was added (cell suspension: trypan blue = 1:1) and 

mixed using pipette tip. The cell mixture was then left for incubation for ~ 3 min. 10 μl of cell 

mixtures were loaded onto upper or lower chambers of the haemocytometer. The cells in the 

outer four large squares were counted and the cell density in cells/ml was calculated as follows: 

Cell count: (4 square/4) X Dilution factor X 104 X 1ml 

2.3.3.3. Cryopreservation and thawing of cells 

Cells were grown in T-25 cm2 and aspirate the media and trypsinized as written in the cell culture. 

Once cells were detached, medium was added into the flask. Determination of cell viability was 

conducted using trypan blue by haemocytometer. 90% viable cells were considered to be healthy 

enough for freezing. Cells were centrifuged as same condition as described in cell culture section. 

The pellet was resuspended in freezing medium, which was made of 10% DMSO and 90% growth 

media/FBS, to prepare a cell suspension of 1x106 cell/ml. 1 ml of cell suspension was aliquoted 

in each cryotube which was transferred into Mr. Frosty submerged in 100% isopropyl alcohol to 

start the steady freezing process by 1°C/min. Then cells were placed at -20°C for 1 h, followed by 

-80°C for overnight before permanent storage in liquid N2. The cells were revived by removing 

the cryovial from liquid N2 storage and placing immediately in 37°C water bath followed by quick 

gentle shaking for 80% thaw and pipetting into prewarm media. The cells were incubated at 37°C 

to grow and for further experiments. 

2.3.3.4. Cell transfection 

PC3 cells is AR independent, do not express (Ching et al., 1993). Investigation of AR translocation 

in PC3 cells was conducted by overexpressing AR in PC3 cells.  AR inserted plasmid (Cat: 

RG215316, Origene) was obtained from Dr. Williamson Magalli, King’s College London. Details of 
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the plasmid is described in appendix (Appx. 2.6). Qiagen transfecting reagent attractene (cat: 

301005, Qiagen) was used. The attractene transfection reagent protocol (traditional version) was 

optimised to transfect cells in 10 mm dish. 10,000 PC3 cells were seeded in 5ml of RPMI 1640 

culture media containing FBS and Pen-strep antibiotic (Cat:11074440001, Sigma-Aldrich) in 

10mm dish. The cells were incubated under normal growth conditions (Sec. 2.3.3.1) to grow cells 

to reach 80-90% confluency to transfect. For transfection, 4 μg (dissolved in TE buffer) was mixed 

in medium without serum, proteins and antibiotic to a total volume of 300 μl. 15 μl of attractene  

transfection reagent was added to the DNA solution and was mixed by pipetting up and down 

and was briefly centrifuged. The sample was incubated for 15 min at RT to enable complex 

formation. Before adding the DNA complex solution, media was aspirated from the cells and 2ml 

of fresh media was added. Then transfection-complex was added to cells drop-wise and was 

gently swirl for uniform distribution of the transfection complexes. The cells were incubated 

under normal growth condition over-night and were check successful transfection observing GFP 

expression in transfected cells.  

2.3.4. Western blotting (WB) 

WB was conducted to investigate Wnt and AR signalling proteins in PC3 and LnCAP cells upon 

activation of those signal by treatment of their ligands such as Wnt3A, Wnt5A, Wnt9B and DHT 

2.3.4.1. Treatment of LnCAP and PC3 cells with AR and Wnt signalling ligands  

Two sets of experiments were designed in which each of the sets composed of a control cells 

(untreated or vehicle treated) and treated cells. The first set was conducted to compare the 

expression of AR and Wnt signalling target proteins in LnCAP cells in response to AR signalling 

ligands and Wnt signalling ligands treatment. The second set included the comparison of 

expression of AR and Wnt signalling target proteins in PC3 cells in response to AR and Wnt ligands 

LnCAP cells were grown in 2xT-25 cm2 flask for each set of experiment and incubated for 48 h at 

37°C. The cells were removed from the incubation at 90% confluency of cell growth.  5 ml of 6ml 

media was removed from the flask and, then 1 ml fresh medium was added into the flask and the 

cells were then treated with AR signalling ligand (e.g., DHT) and Wnt signalling ligands (e.g., 

Wnt3A, Wnt5A and Wnt9B) at the desired concentration (Table 2.3). The experiments were 
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carried out two more repeat independently using different passage and batch number of LnCAP 

cells. The control cells for each experiment were treated with PBH as a vehicle control. Similarly, 

PC3 cells were also treated with DHT, Wnt5A and Wnt9B to compare the expression of AR and 

Wnt signalling proteins in DHT and Wnt3A, Wnt5A and Wnt9B treated  PC3 cell (Table 2.3). 

2.3.4.2. Extraction of proteins from untreated and untreated whole cells 

Cells were removed from incubator and placed on ice. The medium was aspirated followed by 

washing twice with ice cold PBS. Cells were scrapped with precooled scrapper and the cells 

transferred into 15 ml falcon tube before counting the cells with haemocytometer. The cells were 

centrifuged at 200xg for 2 min to get cell pellet. The pellet was transferred into 1.5 ml 

microcentrifuge tube in which lysis buffer (RIPA, 1x) (Cat:9806, Cell Signalling Technology) was 

added at 400μl/107 cells to the tube. Protease inhibitor (Complete, Cat. No. 11 836 170 001, 

Roche) and Phophatase inhibitor (PhosSTOP, Cat. No. 04 906 837 001, Roche) were added to the 

microcentrifuge tube according to manufacturer’s instruction. The cells were then lysed by 

incubating at 4°C for 30 min with constant agitation before centrifugation at 16,000xg for 25 min. 

The centrifuge tube was gently removed and placed on ice and supernatant was transferred into 

a fresh tube. The cell lysate was used for protein assay and rest was stored at -80°C for further 

use. 

2.3.4.3. Cell fractionations of PC3 and LnCAP cells 

PC3 and LnCAP cells were used to extract proteins from their different fractions including 

membrane, cytoplasm and nucleus using Qproteome Cell Compartment Kit (Cat:37502, Qiagen). 

The cells were placed on ice and washed twice with ice-cold PBS buffer and were collected once 

cells were scrapped using an ice-cold scrapper. The cell suspension containing 5x106 cells was 

transferred to a 15 ml falcon tube and centrifuged at 500xg for 10 min at 4°C to achieve a pellet. 

Briefly 1 ml of CE1 buffer was added to 5x106 cells and 10 μl of protease inhibitor was also added 

to the cells followed by agitation end-over-end for 10 min at 4°C and centrifuged for 10 min at 

1000xg at 4°C to separate cytosolic proteins. After collection of cytosolic protein, 1 ml of CE2 

buffer was applied to the tube, followed by incubation for 30 min at 4°C with end-over-end 

shaking. Then centrifugation was performed at 6000xg for 10 min at 4°C. The total membrane 
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protein (e.g., proteins from plasma membrane as well as all organelle membranes except nuclear 

membrane, and proteins from the lumen of the ER and mitochondria) was transferred into a 

precooled microcentrifuge tube. 7 μl Benzonase and 13 μl distilled water were added to the pellet 

and incubated for 15 min on the bench at RT. 500 μl CE3 mixed with 5 μl protease inhibitor (100x) 

was added to the cells and incubated for 10 min at 4°C with end-over-end agitation followed by 

centrifugation at 6800xg for 10 min at 4°C and proteins was transferred into precooled 

microcentrifuge tube. This fraction contains soluble, and membrane bound nuclear proteins. The 

protein concentration was measured using the Thermo ScientificTM PierceTM BCA protein assay 

kit (cat: 23225) assay.  

2.3.4.4. Determination of protein concentration in cell lysate by BCA protein assay 

Protein concentration in cell lysate was determined using the Thermo ScientificTM PierceTM BCA 

protein assay kit (cat: 23225) assay which was invented in 1985 by Paul K. Smith at Pierce 

Chemical Company, a major distributor of this assay (Smith et al., 1985).  

Preparation of standards and working reagent 

A. Preparation of diluted albumin (BSA) standards 

The BCA assay was conducted in Thermo ScientificTM PierceTM 96-Well Plates.  The protein 

standards BSA (Bovine Serum Albumin) was supplied with the kit as 1 ml ampule (2 mg/ml). A 

series of protein standard (BSA ranges 25-2000 μg/ml) was prepared from 2000 μg/ml stock 

diluted in homogenisation buffer. The following table shows the dilutions of BSA standards.  

Table 2.9. The table is representing the steps of dilution procedure of BSA standardsh   

Vial Volume of diluent (!L) Volume and source of BSA (!L) Final BSA concentration (!g/mL) 

A 0 300 of stock 2000 
B 125 375 of stock 1500 
C 325 325 of stock 1000 
D 175 175 of vial B dilution 750 
E 325 325 of vial C dilution 500 
F 325 325 of vial E dilution 250 
G 325 325 of vial F dilution 125 
H 400 100 of vial G dilution 25 
I 400 0 0 = Blank 
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Following preparation of series of different concentrations of BSA, the BCA working reagent was 

made. 

B. Preparation of the BCA working reagent (WR) 

15ml falcon tube was used to prepare the working WR using the following formula. 

1. Volume of WR required was determined using the following formula: 

Total Volume of WR: (# Standards + # unknown) x # replicates x# volume of WR of each sample 

2. Preparation of working reagent  

WR was prepared by mixing 50 parts of BCA reagent A (Sodium carbonate, sodium bicarbonate, 

bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide) with 1 part of BCA reagent B  

(4% cupric sulfate) (50:1, reagent A:B).  

Protein was quantified using a microplate based procedure in which sample to WR ratio was = 

1:8. 25 ul of each BSA standard (range 20 – 2000 μg/mL) and unknown protein samples with 

replicates were pipetted into a microplate well in 96-well plate. 200μL of the WR was added to 

each well of standard and unknown cell lysate and the plate was thoroughly shaken for 30 

seconds. The plate was covered with aluminium foil and incubated at 37°C for 30 min. The plate 

was cooled at RT and the absorbance was measured at 562nm by Glomax Discover System 

(Promega). The average absorbance at 562 nm of blank standard and its replicate were 

subtracted from the average absorbance measurements of all other individual standard and 

unknow samples and their replicates. The absorbances of BSA standard and unknown protein 

were recorded to construct a standard curve from which protein concentrations of unknown cell 

lysate were measured. 

 

 
 



161 
 

Figure 2.7. A typical example of standard curve for determination of protein concentration showing absorbance of 
BSA is increased with increase of its concentration. Linear regression line was used to calculate the concentration of 
cell lysate.  

2.3.4.5. SDS-PAGE electrophoresis and staining of PVDF membrane 

15 μg of protein of whole cell lysate or of each cell fractions of Wnt ligands e.g., (±)Wnt3A, (±) 

Wnt5A  or PBS only and (±)Wnt9B or AR signalling ligands e.g.,(±)DHT treated LnCAP and PC3 

were mixed with 5μl of loading buffer prepared by mixing Laemmli 4x sample buffer (Cat. 

1610747, Bio-Rad) with β-mercaptoethanol at 9:1 dilution. Protein samples were boiled at 95°C 

for 8-10 min before loading into Precast protein gels (Bio-Rad) using Mini-PROTEAN 

Electrophoresis system (Cat. 17006570, Bio-RAD) for resolving the proteins. 6μl of Colour Pre-

stained Protein Standard, broad range (NEB, Cat. No. P7719) was loaded onto gel as a protein 

molecular weight marker. During electrophoresis, 50 voltages current for 10 min was applied to 

run through stacking gel, then 120 voltages for 45 min was applied to run through resolving gel 

for separating the proteins. The resolved proteins were then transferred onto a PVDF 

(polyvinylidene difluoride) membrane using semi-dry Trans-Blot Turbo blotting system (Bio Rad). 

The PVDF membrane was blocked by incubating in 5% (v/v)   non-fat dry milk, prepared in 0.1% 

Tween-20 TBST (Cat. J77500.K2, Alfa Aesar) for 2 h with constant shaking to mask all possible 

non-specific binding sites on the membrane. Following blocking, the PVDF membranes were 

washed with TBST (3x5’) and cut into two strips of 250 to 57 kDa and 57 to 10 kDa. The 

membranes were probed with two different primary antibodies such as strip of 250-57 kDa was 

incubated with anti-β-catenin (Abcam: ab22656, predicted MW 85kDa) at 1:1,000 dilution in 

TBST and strip of 57 to 10kDa was incubated with the loading control anti-β-actin (Abcam: 

ab6276, predicted MW 42 kDa) at 1:5,000 dilution in TBST over night at 4°C. The membranes 

were then washed with TBST (3x5’) to remove primary antibodies remain unattached with 

membrane and inner wall of the dish. The membranes were then incubated with appropriate 

HRP (horse radish peroxidase) conjugated secondary antibodies such as Peroxidase AffiniPure 

Donkey Anti-Mouse IgG (H+L) (JIL, cat: 715-035-151) at 1:4,000 dilution in TBST in 3.5-5% (v/v) 

non-fat dry milk for 2 h at RT. Following washing with TBST (3x5’), the HRP signal was detected 

by incubating 5 min in Bio Rad clarity Western enhanced chemiluminescence substrate (Cat: 

1705061) followed by imaging using ChemiDoc imaging system (Bio Rad). The membrane bound 
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primary and secondary antibodies were stripped by incubating in Restore™ PLUS Western Blot 

Stripping Buffer (Cat. No. 46430, ThermoFisher Scientific) for 25 min at RT. Following washing 

twice with TBST, the membranes were blocked (described earlier) and washed. The membrane 

containing 250 to 57 kDa MW proteins was reprobed with nuclear protein marker antibody Anti-

Lamin A (Cat. L1293; Sigma Aldrich, MW: 72 kDa) and the membrane with 57-10 kDa MW proteins 

was reprobed with Anti-GAPDH antibody (Table 2.10) as cytoplasmic and membrane protein 

marker. Subsequently the HRP signals were developed and imaged as described earlier. The 

protein bands were quantified using densitometry analysis using ImageJ. The value of protein 

bands was normalised to bands of β-actin. The following antibodies were used in protein 

expression analysis. 

Table 2.10. The table represents a list of primary and secondary antibodies with their catalogue number, 
manufacturer’s name and dilution rate used in the studies. 

Primary antibody Host 
Species 
type 

Cat and Source Dilution Reason of using References for 
antibodies 

Anti-Androgen 
Receptor Antibody 

Rabbit Cat: 06-680,       
Merck Millipore     

1:3000 AR target 
(Rubinfeld et al., 
1993) 

(Hay et al., 2014) 
and (Wu et al., 
2014) 

Anti-Androgen 
Receptor antibody 

Rabbit Cat: ab108341, 
ABCAM 

1:3000 AR target (Mutuku et al., 
2019) and (Puca 
et al., 2018)  

Anti-AR antibody (N-
20) 

Rabbit Cat: Sc-816: 
Santa Cruz 

1:250 Transactivator of 
AR (Simental et al., 
1991) 

(Sun et al., 2015) 
and  

Anti-β Catenin antibody Mouse ab22656: 
ABCAM 

1:3000  Wnt target 
(Rubinfeld et al., 
1993) 

(Hou et al., 
2019) 

Anti-Connexin-43 
antibody 

Rabbit C6219: Sigma 1:3000 Wnt target in PC3 
(Hou et al., 2019) 

(Wang et al., 
2017) 

Anti-Cx31 antibody Rabbit 36-5100: 
Invitrogen 

1:1000 Connexin family 
(Plum et al., 2002) 

(Wang et al., 
2009)  

Anti-PSA antibody Rabbit ab53774: 
ABCAM 

1:1000 AR target 
(Lundwall and 
Lilja, 1987) 

(Coleman et al., 
2016) 

Anti-Nkx3.1 antibody Rabbit Ab196020: 
ABCAM 

1:2000 AR target (He et 
al., 1997) 

(Leibold et al., 
2020) 

Anti-TMPRSS2 antibody Rabbit ab92323: 
ABCAM 

1:2000 AR target (Cerveira 
et al., 2006) 

(Ubuka et al., 
2018)  
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Anti-c-Myc antibody Rabbit ab32072: 
ABCAM 

1:1000 Wnt target in PC3  
(Rennoll and 
Yochum, 2015) 

(Han et al., 2021) 

Anti-phospho-GSK-3β 
antibody 

Rabbit 9331S: CST 1:1000 Wnt signalling 
protein (Amit et 
al., 2002) 

(Wang et al., 
2020)  

Anti-Lamin A (C-
terminal) antibody 

Rabbit L1293: Sigma 1:5000 Nuclear protein 
marker 

(Toko et al., 
2014)  

Anti-β actin antibody Mouse Ab6276: ABCAM 1:5000 Loading control  (Yao et al., 
2020)  

Anti-GAPDH antibody Rabbit ab181602: 
ABCAM 

1:3000 Loading control  (Ye et al., 2021) 

 

Secondary 
antibody 

Peroxidase 
AffiniPure 
Donkey 
Anti-
Mouse IgG 
(H+L) 

Donkey 715-035-151: 
Jackson 
Immunoresearch 
Laboratory (JIL) 

1:5000 Secondary 
antibody 
Secondary 
antibody 

(Hu et al., 2020) 

Peroxidase 
AffiniPure 
Donkey 
Anti-
Rabbit IgG 
(H+L) 

Donkey 711-035-152: 
Jackson 
Immunoresearch 
laboratory (JIL) 

1:5000 Secondary 
antibody 

(Molinari et al., 
2021) 

 

 

2.3.5. Co-Immunoprecipitation (Co-IP) 

Co-IP was performed to isolate β-catenin complexed with AR using Thermo ScientificTM 

PierceTM Co-Immunoprecipitation (Co-IP) kit according to manufacturer’s protocol.  Resin was 

washed in a spin column, provided with Co-IP kit, with 1x coupling buffer prepared with 10 μg 

anti-β-catenin antibody (an affinity-purified antibody) added in 180 μl of ultrapure water and 10 

μl of 20x coupling buffer. The flow-through was discarded. 200 μl of Quenching buffer was added 

to the column and was centrifuged and flow-through was discarded. 3 μl of sodium 

cyanoborohydride solution was added to the column and incubated for 15 min with gentle shake 

or end-over-end mixing. The spin column was then placed in a collection tube and centrifuged 

and flow through was discarded. The resin was washed with 1x coupling buffer followed by wash 

six times with 150 μl wash solution and kept for co-IP. 

Cells were lysed using ice-cold 500 μl IP Lysis/Wash buffer by incubating on ice for 5 min with 

periodic mixing followed by centrifugation at ~13000xg for 10 min. The supernatant was 
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collected, and protein was quantified using the Thermo ScientificTM PierceTM BCA protein assay 

kit (cat: 23225) assay. 

80 μl of the control agarose resin slurry was added to 1mg of lysate then added into a spin column 

followed by centrifugation to remove the storage buffer.  100 μl of 1x coupling buffer was added 

to the column and was centrifuged and flow-through was discarded. 1 mg of lysate containing 

resin was added to the column and incubated over night at 4°C with gentle end-over-end mixing. 

Then centrifugation was performed at 1000xg for 1 min and flow-through was collected. The 

antibody-couple resin was washed before adding the precleared lysate. Then precleared lysate 

was added to the column containing antibody-couple resin and the flow-through was discarded. 

The 50 μL of elution buffer was added to the column and was incubated for five min followed by 

centrifugation and collection of the flow-through which was used to run on SDS-PAGE.  

2.3.6. Immunocytochemistry 

Immunocytochemistry was conducted to investigate the subcellular migration of Wnt and AR 

signalling target proteins while activated with Wnt and AR signalling ligands. 

2.3.6.1. Seeding, treatment and fixation of cells 

PC3, AR transfected PC3 (Sec. 2.3.3.5) and LnCAP cells were grown in 8-well chamber slides (Lab 

Tek II, Nunc, ThermoFisher Scientific) at a density of 10,000 cells/well and incubated for 

approximately 3 days until the cells were reached 90% confluency. Prior treatment, old cell 

growth media was replaced with new fresh 500 μl of cell growth media. Cells were treated with 

Wnt ligands (e.g., Wnt5A and Wnt9B) and AR signalling ligand (e.g., DHT) at a working (final) 

concentration (Table 2.3.) and incubated for 3-4 h for PC3 and AR transfected PC3 cells) and 

overnight for LnCAP cells.  The cells were fixed with PFA (4% Para formaldehyde). For this, cells 

were washed with PBS (CaCl2 and MgCl2 free, GIBCO) twice and incubated in 4% PFA for 15 min. 

Following fixation cells were washed with 3 times with ice-cold PBS. The chamber slides were 

wrapped with parafilm and stored at 4°C for staining. 
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2.3.6.2. Immunostaining of cells in ICC 

Cells were washed with PBS prior to start permeabilization. The cells were permeabilized by 

incubation in permeabilization buffer, prepared with 0.4% Triton X-100 in PBS, for 10 min PC3 

and AR transfected PC3 cells and 15 min for LnCAP cells at RT with gentle agitation. The cells were 

then washed with PBST wash buffer prepared with 0.01% Tween-20 in PBS. The cells were then 

blocked with 5% donkey serum prepared in PBST incubated for 1 hr. As the secondary antibodies 

were raised in donkey, donkey serum was used for blocking. Following washing with PBST, the 

cells were incubated with primary antibodies e.g., anti-β-catenin (Cat: ab22656, ABCAM, Dilution 

1:250) for PC3 and AR transfected PC3 cells and anti-androgen receptor antibodies (Cat: 06-680, 

Merck Millipore, Dilution 1:250) for LnCAP cells (Table 2.10) over night at 4°C at 1:250 dilution in 

1.5% donkey serum in PBST followed by washing with PBST wash buffer (3x5’). The cells were 

then incubated with secondary antibodies, such as Peroxidase AffiniPure Donkey Anti-Mouse IgG 

(H+L) (Table 2.10) was used against anti-β-catenin antibody and Peroxidase AffiniPure Donkey 

Anti-Rabbit IgG (H+L) was used against anti-androgen antibody. The cells were washed with PBST 

(3x5’) in 1.5% donkey serum in PBST for 1 hr followed by washing with PBST (3x5’). The cells were 

incubated with tyramide Cy3 (Cat: NEL44001KT, PerkinElmer Life Science) for 10 min at room 

temperature. The cells were washed prior to nuclear counterstaining with DAPI. Following final 

wash with PBST, the chambers were removed, and cells were air dried and ProLong™ Gold 

Antifade Mountant (Cat. P10144, Thermo Fisher Scientific) was applied in slide before placing the 

cover slip on the slide. The slides were then sealed with nail polish to prevent air entry. 

2.3.6.3. Confocal Imaging 

The cells were imaged using a Leica SP8 laser scanning confocal microscope equipped with a 

40x/1.3 NA oil objective. LAS X software was used for image acquisition in which three fields of 

the objects of each chamber were randomly selected based on DAPI staining. Each step size of Z-

stacks for each image was 0.6 μm with 1.00 AU pinhole and 1.0 zoom. Images were captured 

using 10 x, 20 x, 40 x objectives and sometimes with combination of zoom function. The nuclear 

counterstain DAPI was excited at 405 nm and emission at 415-500 nm and the cyanine3 (Cy3) 

was excited at 615 nm and emission was at 575-650 nm. Sequential mode was applied for image 



166 
 

acquisition to avoid overlapping of channel spectra. Laser power and detector settings were kept 

similar across the chamber for comparison.                                          

2.3.7. Quantitative PCR 

qPCR was conducted to investigate expression of Wnt and AR signalling target proteins in PC3 

and LnCAP cells upon activation with Wnt and AR signalling ligands.      

2.3.7.1. Primer design 

Primers for qPCR were designed using NCBI tool “Primer BLAST” (Ye et al., 2012) using the default 

settings against the RefSeq mRNA database for Homo sapiens. The Wnt target genes (e.g., 

CTNNB1 and GJA1) and AR target genes (e.g., Nkx3.1, TMPRSS2 and AR) and housekeeping gene 

(e.g., ACTB) were targeted for AR and Wnt signalling study. The guidelines were followed while 

designing primer are summarised in the following table (Table 2.11). Primers were designed and 

ordered from Sigma-Aldrich and resuspended in ddH2O to 100 μM stock solutions, which were 

kept at −20°C. Details of primers are in Tables 2.12 below.  

Table 2.11. Representation of parameter of primer design                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Primer template   
Accession, gi or FASTA sequence Reference sequence of transcript for target 

gene retrieved from NCBI Genbank 
Nucleotide database, Selection of CDS 

 

Primer parameters 
PCR product size PCR product sizes: 100-200bp  

Primer melting temperature (Tm) Minimum: 56°C, Maximum 62  
Exon/intron selection 

Exon junction span                              Primer must span an exon-exon junction 

To limit the amplification, one primer of primer pair has to span an exon-exon junction 

2.3.7.2. Primers used for qPCR 

Table 2.12. The table representing genes and their corresponding primers used in qPCR 

Name of the genes Sequences 
CTNNB1 Forward primer: 5’- TGCTCCGCTGACCTTAAAGA-3’                                                      

Reverse primer: 5’- AGAAATGGTCGAAGTGCCCC-3’ 
Nkx3.1 Forward primer   5’- AGAAGCACTCCTCTTTGCCG-3’ 

Reverse primer:  5’- CCCACGCAGTACAGGTATGG-3’ 



167 
 

GJA1 Forward Primer: 5’-CCCACACTCTTGTACCTGGC-3’ 
Reverse Primer:5’- CCCCCTCGCATTTTCACCTT-3’ 

ACTB Forward Primer: 5’- GTACGTTGCTATCCAGGCTGT-3’ 
Reverse primer: 5’-AGGTAGTCAGTCAGGTCCCG-3’ 

AR Forward Primer: 5’- TGCTCCGCTGACCTTAAAGA-3’ 
Reverse Primer: 5’- AGAAATGGTCGAAGTGCCCC-3’ 

TMPRSS2 Forward primer:5’-ACCATGGATACCAACCGGAA-3’ 
Reverse primer: 5’-CTGTCCCGGATGGGGATTTG-3’ 

2.3.7.3. RNA extraction 

RNA was extracted from PC3 and LnCAP cells (±)Wnt9B and (±)DHT. Cells were grown in 25 cm2 

flask. Once the cells were reached 90% confluency, the cells were treated with Wnt (e.g., Wnt9B) 

and AR signalling ligand (e.g., DHT) at working concentration (Table 2.3) and incubated for 4 h 

(PC3 cells) and overnight (LnCAP cells). For cell harvesting, 3 ml of versine were added in the flask 

and incubated at 37°C for 5 min to detach the cells from the surface. Once the cells were 

dislodged, 4 ml of cell growth media (RPMI 1640) was added into the flask to neutralize the 

activity of versine. The cells were collected in 15 ml falcon tube and centrifuge at 200xg for 2 min 

(Eppendorf benchtop 5424 centrifuge). The pellet was washed with ice cold PBS three times. 

Total RNA was purified with the RNeasy Plus kit (Cat. 74104 Qiagen) following the manufacturer’s 

protocol; an additional step using gDNA eliminator column (Qiagen) was included to eliminate 

the genomic DNA impurities from the lysates. Total RNA was eluted in 30 μl of RNAse free water. 

The quality and concentration of the samples was measured using Nanodrop. RNA was stored at 

-20°C prior to convert into cDNA or place at -80°C for long term storage. 

2.3.7.4. Reverse transcription 

The total RNA was reverse transcribed to cDNA using QuantiTect® Reverse Transcription kit (Cat: 

205311, Qiagen) following the manufacturer’s protocol. The protocol included two steps. 

1. Genomic DNA elimination reaction, 2. Reverse-transcription reaction. 

1. Genomic DNA elimination reaction: The template RNA and gDNA wipeout buffer were thawed 

on ice. Genomic DNA elimination reaction was prepared on ice in 14 μl volume which composed 

of template RNA 1 μg, gDNA Wipeout buffer (7x) 2 μl with final concentration 1x and variable 
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amount of RNAse free water. The reaction mixture was incubated at 42°C for 2 min and then 

immediately placed on ice. 

2. Reverse-transcription reaction: The reverse-transcription master mix was prepared in a RNAse 

free centrifuge tube in which 1 μl of Quantiscript reverse transcriptase, 4 μl of quantiscript RT 

buffer and 1 μl of RT primer mix and entire content (14 μl) genomic reaction sample were added. 

The entire mix was incubated for 15 min at 42°C followed by further incubation for 3 min at 95°C 

to inactivate quantiscript reverse transcriptase. The reverse transcription reaction mix was stored 

at -20°C for long term storage. 

2.3.7.5. qPCR (Quantitative Polymerase Chain Reaction) 

qPCR reactions were prepared in 384-well PCR plates (Bio-Rad, Cat. HSP- 3841) using the SYBR-

Green PCR master mix (Applied Biosystems). For Wnt and AR signalling pathway investigation, 

each 10 μl reaction mixture consisted of: 5 μl SYBR-Green master mix, 1 μl of a 1:40 dilution of 

the cDNA in nuclease-free water, 1.25 μl of the primer pair (to a final concentration of 250 nM 

each), and 2.75 μl nuclease-free water; each sample was run in triplicate. The reaction was made 

of 5 μl SYBR-Green master mix, 2 μl of a 3:40 dilution of the cDNA in ddH2O, 1.75 μl of the primer 

pair (to a final concentration of 350 nM each), and 1.25 μl ddH2O; each sample was run in 

duplicate. qPCR was performed using a Bio-Rad CFX384 thermocycler; the RT-PCR thermal cycler 

parameters were the following: initial denaturation at 95◦C for 1 min; 40×cycles of denaturation 

at 95◦C for 15 s and annealing/extension at 60◦C for 1 min; final extension at 65◦C for 1 min; and 

60 melting curve reads off, from 65 to 95◦C (0.5◦C per cycle). Expression levels of the genes of 

interest were normalised to ACTB using the 2−∆∆Cq method (Livak and Schmittgen, 2001), and 

melting curves were analysed with Bio-Rad CFX Manager to verify products. Specific methods 

relating to results chapter are included in those chapters. 
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3. Analysis of in situ expression of Wnt, AR and Connexin signalling proteins in low- and high-grade prostate cancer tissue 

3.1. Introduction 

3.1.1. Gleason Grading in Prostate cancer 

This has been discussed in detail in Chapter I (Sec. 1.9). A brief reiteration is given here for 

contextualizing the results presented in this chapter. 

Gleason grading is a useful predictor of prostate cancer prognosis (Gleason, 1992). The Gleason 

grading system utilizes the histological pattern of cells in H&E-stained sections of prostate tissue. 

The Gleason Score (GS) is the sum of the primary and secondary patterns with a range of 2 to 10. 

Aggressive disease is associated with higher Gleason sum scores. It has been reported that 

patients with GS ≧ 7 are at risk for metastasis and biochemical recurrence; other studies have 

demonstrated that the prognosis of GS7 cancer varies considerably. Since its inception, GS was 

systematically changed to Gleason grading system based on needle biopsy (Epstein et al., 2005). 

Based on data obtained from 7869 patients (Epstein et al., 2005),  that underwent radical 

prostatectomy at The Johns Hopkins Hospital, proposed a new grading system, by modification 

of Gleason score system; this new system is composed of 5 Grade groups. A study of 20,845 

patients, distinct biochemical recurrence-free survival was observed between different grade 

groups (Epstein et al., 2005 and Epstein et al., 2016b). Based on radical prostatectomy, the 5 

years biochemical risk-free survival for the 5 Grade Groups were 96%, 88%, 63%, 48% and 26%.  

The 5 Grade Groups were also predictive for biopsy grade followed by radical prostatectomy or 

radiation therapy (Epstein et al., 2016b). Grade Group 1 (Gleason score 3+3=6) is homogenous 

and consists of individual discrete glands with an excellent prognosis. The tissue is supposed to 

be well differentiated and the cancer predicted to be less aggressive. A patient with Gleason 

score 6 does not, generally, show distant metastasis and prostate specific mortality and disease 

progression risk is very low (Hernandez et al., 2008). Grade Group 2 (Gleason score 3+4=7): The 

tissue sample is moderately differentiated and moderately aggressive. The patient has 

predominantly well-formed glands with lesser component of poorly formed/fused glands. Most 

of the cells appear similar to normal prostate cells and the cancer seems to grow slowly. Grade 

Group 3: This group includes the patients with Gleason score 4+3=7 with poorly 
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formed/fused/cribriform glands with a lesser component of well-formed glands (Epstein et al., 

2016b and Amin et al., 2011). D’Amico and his colleagues showed Gleason score 7 within the 

intermediate risk category without recognizing the distinction between 3+4=7 and 4+3=7 

(D'Amico et al., 1998). Grade Group 4 (Gleason score 4+4=8): The cells look abnormal and poorly 

differentiated or undifferentiated. The cancer may grow quickly and/or at moderate rate. Grade 

Group 5 (Gleason score 9 4+5 or 5+4=9 and 5+5=10): The cells look very abnormal, poorly 

differentiated or undifferentiated, highly aggressive and grow faster and spread to other organs 

(D'Amico et al., 1998). 

3.1.2. Cellular localization of the Androgen Receptor (AR) 

The eponymous AR signalling transducer, AR plays a key role in prostate development and 

continues to be expressed in secretory epithelia, which is thought to be transformed into 

prostate adenocarcinoma (De Marzo et al., 1998). AR is expressed in primary prostate cancer and 

can be observed through its progression (different Gleason grade) to hormone dependent PCa 

(Sadi et al., 1991 and Schatzl et al., 2002).  

AR is nuclear receptor, localized in the cytoplasm and plays a central role in prostate cancer 

development and progression (Feldman and Feldman, 2001). AR is activated by androgens by 

binding to its ligand-binding domain (LBD) and moves into the nucleus where it accesses and 

regulates androgen-responsive genes (e.g., KLK3 (PSA), KLK2, and NKX3-1) for growth and 

proliferation of prostate tissues (Georget et al., 1997 and Roy et al., 2001).  

The expression of AR protein is higher in tumour than normal prostate and (Lekshmy and Prema, 

2019) reported that AR expression shows nuclear immunoreactivity in benign and malignant 

epithelium. It has been noted that the AR positive cells are heterogeneously distributed within 

the tumour. Other studies reported similar findings (Sadi et al., 1991 and Takeda et al., 1991). 

Lekshmy and Prema also showed that AR expression has a  negative correlation with Gleason 

score, indicating that with increasing  Gleason scores, AR expression decreases (Lekshmy and 

Prema, 2019). Differentiated tumours were found to have a high percentage of AR stained cells 

and visually high staining intensity when compared with moderately and poorly differentiated 

tumours; similar results were reported by Miyamoto et al. and Takeda et al. (Miyamoto et al., 
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1993 and Takeda et al., 1996). Husain et al. showed that the intensity of AR staining increased in 

well-differentiated tumours and was less in moderately to poorly differentiated tumours (Husain 

et al., 2016). These results were in agreement with the findings of (Theodoropoulos et al., 2005; 

Miyamoto et al., 1993 and Takeda et al., 1996). However, the opposite result was reported by 

e.g., Henshall et al. (Henshall et al., 2001). These studies reported that a higher AR expression 

was associated with high Gleason score. There thus appears to be controversy about AR 

expression in prostate cancer. 

3.1.3. The Wnt signalling pathway 

Another cell signalling pathway which is known to be important in prostate cancer, in addition to 

AR signalling activation, is the Wnt signalling network (Schaeffer et al., 2008). This has been 

discussed in detail in Chapter I.  

β-catenin is a major transducer of Wnt signalling (Klaus and Birchmeier, 2008). Wnt/β-catenin 

signalling has been implicated in both normal prostate development and in PCa progression (Yu 

et al., 2009) , however, it also plays a major role in cellular adhesion (Bullions and Levine, 1998). 

The mechanism of Wnt signalling has been described in detail in Chap-I, Sec. 1.12 where β-

catenin stabilization and its nuclear translocation is a major milestone in the signal transduction 

which involves numerous protein complexing (destruction complex) and phosphorylation events.   

The pool of β-catenin at the plasma membrane is protected from degradation by its interaction 

with cadherins. Several investigations have reported that dysregulation of β-catenin is implicated 

in the pathogenesis of a number of human cancer (Bullions and Levine, 1998). In some cases, 

Wnt signalling plays a role in carcinogenesis through mutations in the CTNNB1 (β-catenin) gene 

itself (Morin et al., 1997). Thus, mutations in either APC or β-catenin interrupt β-catenin protein 

degradation, leading to abnormal, excessive, accumulation in the cytosol and nuclear 

translocation and gene transcription that includes proto-oncogenes (such as c-MYC and FRA1 

amongst others).  

In the nucleus, β-catenin interacts with the member of T-cell transcription factors to express 

downstream target genes which are crucial for neoplastic transformation (Fearon, 1997). A 

number of investigations have demonstrated that abnormal levels of β-catenin is expressed in 
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23% of the tumour samples obtained from radical prostatectomy and correlated with high 

Gleason score and in early-stage cancers (Chesire et al., 2000). Other studies have shown that β-

catenin expression is higher in prostate cancer patients with high Gleason score sum (8 or 9) than 

patients with Gleason score sum 7 or less. No significant difference in β-catenin expression 

between cases with  ≥7 and <7 (Arslan et al., 2020).  

3.1.4. Wnt signalling related proteins 

The multifunctional membrane and cytosolic protein, β-catenin is associated with cytoplasmic 

domain of E-cadherin for the functioning of intercellular adhesion complexes (Davies et al., 2001). 

β-catenin expression and localization are thought to become nuclear during prostate cancer 

progression (Hayashida et al., 2005). TCF-1 isoform supresses Wnt target gene expression by 

interacting with Groucho/transducin like  enhancer of split (Gro/TLE) corepressor (Cavallo et al., 

1998). But accumulation of β-catenin in nucleus promote interaction with TCF/LEF to activate 

transcription of Wnt signalling target genes.  

The expression of FRA-1, target of Wnt mediated gene transcription, is known to be upregulated 

in animal cancer (Arthurs et al., 2020 and Arya et al., 2015) but little information on the in situ 

expression of FRA1 exists in human cancers, particularly, in prostate cancer.  

Another Wnt signalling related protein is Pygopus (Pygo) which was discovered as component of 

Wnt signalling that is essential for the transcriptional activity of Armadillo (of which β-catenin is 

a human orthologue) during Drosophila development (Kramps et al., 2002). In vertebrates two 

Pygo orthologues are found, which contribute to efficient β-catenin-mediated transcription 

during development (Belenkaya et al., 2002 and Li et al., 2007) and in cancer cell lines with high 

Wnt pathway activity (Kramps et al., 2002). PYGOPUS2 (PYGO2) (an isoform of the PYGOPUS 

gene) is expressed in nucleus and remain an important component of Wnt/β-catenin 

transcriptional complexes and is closely related to genes active during development. The 

expression of PYGO2 was found to be higher in CRPC than hormone naïve PCa (Taylor et al., 2010 

and Abeshouse et al., 2015) but its prognostic expression in different Gleason grade prostate 

cancer is yet to be determined. 
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3.1.5. Connexin 43 (Cx43) in PCa 

Connexin 43 (Cx43) is a member of a family of transmembrane proteins to form cell-to-cell 

channels in gap junctions. Connexins provide direct intercellular pathway to promote signalling 

molecule exchange (<1kDa) and communication of adjacent cells, which plays a vital role in 

regulation of cell proliferation, differentiation and homoeostasis (Vinken et al., 2006). A list of 

members of connexin family is reviewed (Söhl and Willecke, 2004). Of particular interest here is 

Cx31. 

Cx43 is predominantly found in undifferentiated and mature basal cells of the prostate 

epithelium (Habermann et al., 2001)  and may act as a tumour suppressor gene (Fukushima et 

al., 2007). The role of Cx43 in different carcinomas (e.g., Li et al., 2008) and in prostate cancer 

has also been investigated (Fukushima et al., 2007). Cx43 expression in prostate cancer may 

decrease that may correlate to unfavourable prognosis (Benko et al., 2011). A comparative 

analysis of Cx43 expression assessed its role in association with clinicopathological features and 

biochemical recurrence of prostate cancer after radical prostatectomy. The authors concluded 

that: 1. expression of Cx43 was significantly reduced in prostate cancer compared to that in BPH 

tissues, 2. Cx43 expression was reduced with high Gleason score after radical prostatectomy  (Xu 

et al., 2016). It was suggested that Cx43 could repress migration and invasion of tumour cell 

(Alexander and Goldberg, 2003). Habermann and his colleagues also suggested that Cx43 

expression in prostate cancer was downregulated compared to BPH, which contributed to the 

de-differentiation and progression of the tumours (Habermann et al., 2001). Recently, a novel 

function of Cx43 was found to be related to its translocation into the nucleus with a key 

transducer of Wnt signalling β-catenin by (Hou et al., 2019). This raises the question whether 

other members of the Connexin family may be involved in intracellular Wnt signal transduction? 

3.1.6. Rationale and aims for experiments in this chapter 

It is clear that both AR and Wnt signalling plays a key role prostate cancer. Unfortunately, most 

of the studies have been conducted in cell lines and human tissue studies described above used 

non-quantitative methods of protein expression and small number of samples to investigate the 

role of Wnt signalling in prostate cancer. This is also the case, particularly for the expression of 



175 
 

Wnt signalling related proteins in low and high grade prostate cancer. Furthermore, there is a 

lack of studies that have simultaneously measured Wnt and AR signalling pathway proteins in the 

same set of samples using a quantitative approach. This is essential to identify the interactions 

between these two key carcinogenic pathways. 

There is very little information on the interaction of AR and Wnt signalling in prostate cancer, 

particularly in human tissue. A previous study showed some interaction of AR and Wnt signalling 

proteins in cell lines such as PC3  (Verras et al., 2004), CWR22- Rv1 (Chesire et al., 2002), DU145 

(Chesire et al., 2002) and in LnCAP cell (Sharma et al., 2013). Cx43 expression is reduced or absent 

in prostate cancer tissues which is vastly related to disease progression and poor prognosis 

(Benko et al., 2011).  

Protein expression, unlike gene expression analysis, is a better indicator of change in function. I 

therefore rationalized that it is important to assess the expression of AR and Wnt signalling 

proteins in prostate tissue diagnosed for low to high Gleason grades. Based on the introduction 

above, I choose a combination of AR and Wnt related proteins β-catenin, FRA-1, PYGO2, TCF-1 

and Cx43 to test in lower grade to higher Gleason grade PCa in-situ.  

I have investigated and quantified the expression of AR and Wnt signalling related proteins in 

prostate cancer samples of: Gleason grade 3 (Gleason score 6: 3+3), Gleason grade 4 (Gleason 

score 7: 3+4 or 4+3) and Gleason grade 5 (Gleason score 9: 4+5 or 5+4) using tissue arrays for 

standardization of staining and comparison; each cancer tissue core was flanked with a cancer 

adjacent normal prostate tissue, identified by an expert pathologist. I have used quantitative 

immunohistochemistry (DAB chromogenic staining) to measure the expression of:  1. β-catenin, 

TCF-1, PYGO2, FRA-1 related to Wnt signalling and 2. Androgen receptor protein as a paradigm 

for AR signalling; I have also included 3. Cx43 which was recently found to be associated with Wnt 

signalling. 
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3.2. Aims 

The overall aim was to assess the expression of AR and Wnt signalling proteins in tissue arrays 

comprising of normal, Gleason grade 3, 4 and 5. I, therefore, aimed to employ the unbiased, 

quantitative immunohistochemical approach to measure and quantify the expression of: 

(i) Androgen receptor protein 

(ii) β-catenin, FRA-1, PYGO2, and TCF-1 proteins 

(iii) the newly discovered Wnt signalling related protein Cx43  

A further aim, as a proof of concept, was to assess the utility of the expression of the above 

proteins as biomarkers of different grades of cancer  

3.3. Methods 

3.3.1. Tissue collection and designing of Tissue Array (TA) 

Thirty samples (individual patients) of 15 normal prostate tissues (NPT) and 15 prostate cancer 

tissues of Grade 3+3 (5 samples), Grade 4+4 (5 samples) and Grade 4+5/5+4 (5 samples) were 

collected from Rui Henrique (Guest Professor, Department of Pathology and Molecular 

Immunology Abel Salazar Institute of Biomedical Sciences University of Porto). These were 

arrayed on different blocks termed RH16, RH17, RH18 & RHC1, for high grade and normal 

prostate tissue. Ideally, more samples for high grade prostate cancer would have had been used, 

however, at the time of these experiments these were not available. Following H&E staining, the 

region of interests (ROIs) was identified by the Pathologist (Chap-II, Sec. 2.3.1.3). Details of 

patients and sample have been provided in appendix (Appx. 2). The tissue cores on the slide were 

designed in a manner where cancer tissue and normal tissues samples were cored side by side 

on three individual TA blocks. A detailed layout of the TA is given in appendix (Appx. 2). Each of 

the block contained 30 cores, composed of 15 normal NPT, 5 Grade 3+3, 5 Grade 4+4 and 5 Grade 

4+5/5+4. Each of cancer tissue cores on the slide was flanked by NPT.  

3.3.2. Tissue array (TA) construction 

Details of the TA construction have been discussed previously (Chap-II, Sec. 2.3.1.3.). Briefly, the 

recipient wax block was placed on the block holder and punched. Identical circular indents were 

made by the small (recipient) and large (donor) 3 mm deep punches. The large punch stylate was 
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used to inject the tissue core (the term ‘core’ is used interchangeably for tissue core) into the 

indented hole created by smaller punch. The diameter of core was 1mm and distance between 

two adjacent cores was 2.5 mm. Following construction, TA was incubated at 37°C for 30 min by 

applying light and even pressure to the surface of block to level the height of the cores. 

3.3.3. Tissue dewaxing and antigen retrieval 

The tissues were sectioned with microtome with 6 μm thickness. Details of procedure of tissue 

dewaxing and antigen retrieval are described in chapter 2 (Sec. 2.3.1.4. and Sec. 2.3.1.5) 

3.3.4. Blocking of non-specific binding site 

The tissue sections were blocked by incubating in 3% H2O2 menthol solution for 30 mins for 

endogenous peroxidase activity. Non-specific binding was blocked by incubation with 10% 

normal serum and 1% BSA. Details are discussed in chapter 2 (Sec. 2.3.1.6.).  

3.3.5. Immunostaining of tissue arrays 

AR target proteins (e.g., AR) and Wnt target proteins (e.g., FRA-1, β-catenin, PYGO2, TCF-1 and c-

MYC) were investigated in NPT, Grade 3+3, Grade 4+4 and Grade 4+4. A total of 30 cores, consist 

of 15 cores from NPT (n=15), 5 cores from Grade 3+3 (n=5), 5 cores from Grade 4+4 (n=5) and 5 

cores from Grade 4+5/5+4 (n=5) were distributed on a slide termed RH16. Two repeat slides with 

distinct layout were also constructed (RH17 and RH18). Layout of cores on the slide is discussed 

in appendix (Appx. 2). The tissue cores were stained using automated Bond 

immunohistochemical system (Leica Biosystem), conducted by Mike Millar, The Queens Medical 

Research Institute, University of Edinburgh for staining with automated Bond 

immunohistochemical system (Leica Biosystem). Six antibodies (Table 3.1) were used in the 

staining procedure. Name of the antibody, dilution rate and manufacturer names are given the 

following table (Table 3.1). The experiments were conducted in a double blind manner and 

neither the experimenter nor the analyser were aware of the identity of the antibodies nor the 

tissue type until all the quantitative analysis was completed. 
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Table 3.1. A list of six antibodies, their hosts and dilution used in chromogenic technique 

Primary antibody Host Catalogue no. and 
Manufacturer 

Dilution  Cores on the slide were 
Stained  

Anti-β-Catenin antibody Mouse Ab22656, ABCAM 1: 200 RH16, RH17, RH18 & RHC1 
Anti-FRA-1 antibody Rabbit ab252421, ABCAM 1:1000 RH16, RH17, RH18 & RHC1 
Anti-TCF-1 antibody Rabbit 2203S, Cell 

signalling 
technology 

1:100 RH16, RH17, RH18 & RHC1 

Anti-PYGO2 antibody  Rabbit ab99274, ABCAM 1:200 RH16, RH17, RH18 & RHC1 
Anti-AR antibody Rabbit Ab133273, ABCAM 1:400 RH16, RH17, RH18 & RHC1 
Ani-Cx43 antibody Rabbit C6219: Sigma 1:1000 RH16, RH17, RH18 & RHC1 

Secondary  
antibody 
 
 
 
 
 

Peroxidase 
AffiniPure Donkey 
Anti-Mouse IgG 
(H+L) 

 
Donkey 
 
 

715-035-151, 
Jackson 
Immunoresearch 
Laboratory (JIL) 

1:500 Used against Ant-mouse 
primary antibody 

Peroxidase 
AffiniPure Donkey 
Anti-Rabbit IgG 
(H+L) 

Donkey 711-035-152, 
Jackson 
Immunoresearch 
laboratory (JIL) 

1:500 Used against Anti-rabbit 
primary antibodies 
 
 

 
Anti-β-catenin, -FRA-1, -TCF-1, -PYGO2, -AR and -Cx43 antibodies (Table 3.1) were used for DAB 

staining using Bond automated systems according to manufacturer’s protocol. Briefly, following 

xylene deparaffinisation and EtOH incubation, the tissues were hydrated with water. The tissue 

cores were incubated in 0.6% H2O2 in methanol for 15 min followed by washing with PBS. The 

tissues were blocked with primary antibodies (Table 3.1) at the corresponding dilution. The TA 

slides were washed with PBS and incubated in secondary antibodies (Table 3.1). Following 

washing with PBS, the TA slide was incubated in chromogenic buffer (DAB) and co-inter-stained 

with haematoxylin. The tissue sections were dried and rehydrated with a serial dilution of EtOH 

and water respectively. Slides were left in xylene until they were cover slipped. The slides were 

mounted, and coverslips were remained until harden.  

3.3.6. Imaging and signal quantitation and statistical analysis 

The tissue cores were scanned with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 

0.23μm/pixel (40x high resolution mode) using. The images were opened using NDP.view 2.3  

software.  

Anti-β-Catenin, -FRA-1, -TCF-1, -PYGO2, -AR and -Cx43 antibody-labelled DAB-stained cores were 

scanned using using NanoZoomer-RS Scanner (Type: C10730-02) with resolution 0.23μm/pixel 
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(40x high resolution mode) (Hamamatsu Photonics UK Ltd, Welwyn Garden City, UK) and the 

image of an individual core was segregated and compiled and indexed according to the 

configuration of TA (Appx. 2). A semi-automated and unbiased quantitative method, ImageJ 

software (Schneider et al., 2012) where an algorithm developed in our lab was incorporated  

(Arya et al., 2015 and Symes et al., 2013). DAB stain (brown) on the tissue core was segmented 

on hue, saturation and brightness. Area containing tissue were identified on the duplicate image 

by conversion to 8-bit and application of a threshold. Only measure pixel that are not the same 

intensity as the background.  Thresholds were optimised on a practical set of images before 

being. Applied to the whole image set for standardization of quantitation.  A macro was compiled 

for an unbiased quantitation to measure both the amount of DAB signal and the amount of tissue. 

Area of folded tissue was fitted to a probit regression (AFperAMT).  

3.3.7. Statistical analysis 

Further statistical analysis was performed of median of observations using Mann Whitney U test 

(* P<0.05, ** P<0.01, *** P<0.001) to calculate the significance of difference of expression of AR, 

β-catenin, FRA-1, PYGO, TCF-1 and Cx43 in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 compared 

to NPT. GraphPad Prism, version 8.0.0 (GraphPad Software, San Diego, California. USA) was used 

to construct box and mountain plot and for AUC calculation for ROC. 

3.4. Results 

3.4.1. Characterisation of normal, Grade 3+3, Grade 4+4 and Grade 4+5/5+5 PCa tissue cores 

Two sets of pathological analysis were conducted. Firstly, whole tissue blocks were marked by a 

pathologist prior to coring and adding these on the TA block; secondly, the H&E image of TA was 

re-analysed by the pathologist for confirmation of diagnosis of each core. Following staining with 

H&E, the TA slides were imaged using NanoZoomer-RS Scanner (Type: C10730-02) with 

resolution 0.23μm/pixel 40x high resolution mode (Fig. 3.1). The normal prostate tissue (NPT) 

cores were identified with the help of the pathologist observing morphologically distinct, well 

organised epithelial layer containing luminal cells and basal cells (Szczyrba et al., 2017). The 

Grade 3+3 was characterised with developed well-differentiated glands, which are separated by 

stroma. The glands appear close to each other with minimum amount of intervening stroma 
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(Roehrborn, 2008). The glands are lined by columnar neoplastic cells, but lacking a layer of basal 

cells. The Grade 4+4 was identified by observing abnormal and poorly differentiated or 

undifferentiated. The cancer may grow quickly and/or at moderate rate. Grade 4+5/5+4 group 

includes the patients with Gleason score 9 (4+5 or 5+4=9) and 10 (5+5). The cells look very 

abnormal, poorly differentiated or undifferentiated, highly aggressive and grow faster and spread 

to others organ (D'Amico et al., 1998). 

 
Figure 3.1 Representative images of H&E stained prostate tissue cores of normal, Grade 3+3, Grade 4+4 and Grade 
4+5/5+4 PCa tissues. (A) A scanned image of a tissue array on slide composed of normal prostate tissue PCa tissues 
of Grade 3+3, Grade 4+4 and Grade 4+5/5+4.  The 20x zoomed image of individual tissue core B, C, D and E displays 
prognosis of carcinoma of normal prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissue core 
respectively. 40x zoomed (cropped) image B1, C1, D1 and E1 at the bottom row displaying stratification of epithelial 
layer of gland. Scale bar: 10μm. 

3.4.2. Expression analysis of AR, β-catenin, FRA-1, PYGO2, TCF-1 and Cx43 in Grade 3+3, Grade 

4+4 and Grade 4+5/5+4 compared to normal prostate tissue (NPT) 

NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues cores on slide RH16 RH17 and RH18 

stained with six different antibodies, individually, (Table 3.1) for the analysis of AR, β-catenin, 

FRA-1, PYGO2, TCF-1 and Cx43 protein expression.  For expression analysis of each protein, the 

antibody-stained core image was cropped out (segregated) representative images are shown in 

Fig. 3.2 and Fig.3.3. The representative core for AR expression in Fig. 3.2.A (A1: 20X magnification) 
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indicated higher expression in epithelial layer of glandular in NPT than in Grade 3+3, Grade 4+4 

and Grade 4+5/5+4 showed in Fig. 3.2.B-D (B1-D1: 20x magnification) respectively. Staining for 

β-catenin expression in Grade 4+5/5+4 (Fig. 3.2.H; H2: 20x magnification) was observed darker 

than in NPT (Fig. 3.2.E; E1:20x magnification), Grade 3+3 (Fig. 3.2.F; F1: 20x magnification), Grade 

4+4 (Fig. 3.2.G; G1:20x magnification). Staining of FRA-1 showed higher expression in Grade 3+3 

(Fig. 3.2.J; J1: 20x magnification), Grade 4+4 (Fig. 3.2.K; K1: 20x magnification), Grade 4+4/5+4 

(Fig. 3.2.L; L1: 20x magnification) than in NPT (Fig. 3.2.I; I1: 20x magnification). Staining with 

PYGO2 antibody indicated higher expression of PYGO2 in Grade 4+5/5+4 (Fig. 3.3.D; D2: 20x 

magnification) than in NPT (Fig. 3.3.A; A2:20x magnification), in Grade 3+3 (Fig. 3.3.B; B2: 20x 

magnification), in Garde 4+4 (Fig. 3.3.C; C2: 20x magnification). TCF-1 showed higher expression 

in Grade 4+5/5+4 (Fig. 3.3.H; H: 20x magnification) than in NPT, Grade 3+3 and Grade 4+4 showed 

in (Fig. 3.3.A-C; E1-G1: 20x magnification). Antibody staining for Cx43 showed darker staining in 

NPT. Expression of Cx43 showed higher expression in NPT (Fig. 3.3.I; I:20x magnification) than in 

Grade 3+3, Grade 4+4 and Grade 4+5/5+4 showed in Fig. 3.3.J-L; J1-L1:20x magnification. 

 
Figure 3.2. Representation of anti-AR, -β-catenin and -FRA-1 antibody-stained NPT, Grade 3+3, Grade 4+4 and Grade 
4+5/5+4 PCa tissue core with magnified images. A-D representing AR expression in NPT, Grade 3+3, Grade 4+4 and 
Grade 4+5/5+4, and their corresponding magnified images indicated with A1-D1 respectively. E-H representing β-
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catenin expression in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4, and their corresponding magnified images 
indicated with E1-H1 respectively; in high grade cancer the nuclear AR and β-catenin staining is also visible (G1 and 
H1).  I-L representing FRA-1 expression in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4, and their corresponding 
magnified images indicated with I1-L1 respectively.   
 

 
Figure 3.3. Representation of anti-PYGO2, -TCF-1 and -Cx43 antibody-stained NPT, Grade 3+3, Grade 4+4 and Grade 
4+5/5+4 PCa tissue core with magnified images. A-D representing PYGO2 expression in NPT, Grade 3+3, Grade 4+4 
and Grade 4+5/5+4, and their corresponding magnified images indicated with A1-D1 respectively. E-H representing 
TCF-1 expression in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4, and their corresponding magnified images 
indicated with E1-H1 respectively.  I-L representing Cx43 expression in NPT, Grade 3+3, Grade 4+4 and Grade 
4+5/5+4, and their corresponding magnified images indicated with I1-L1 respectively.  Nuclear expression of the 
transcription factor PYGO2 and TCF1 is also visible in D1 and H1. 

The images of each antibody for NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 were used to 

analyse the expression of AR, β-catenin, FRA-1, PYGO2, TCF-1 and Cx43 using ImageJ (Chap-II, 

Sec. 2.3.1.8.1) followed by calculation of significance of differences using Mann Whitney U test. 

The next six sections showed the analysis of these proteins. 
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3.4.3. Analysis of expression of AR, Wnt and Connexin target proteins in NPT, Grade 3+3, 

Grade 4+4, Grade 4+5/5+4 PCa tissue 

The tissue cores were probed with antibodies against AR, β-catenin, FRA-1, PYGO2, TCF-1 and 

Cx43 and stained with DAB-HRP in normal prostate tissue (NPT), Grade 3+3, Grade 4+4 and Grade 

4+5/5+4.  A total 30 samples of NPT (n=15), Grade 3+3 (n=5), Grade 4+4 (n=5) and Grade 4+5/5+4 

(n=5) distrbuted on three slides (Appx. 2) were used on each TA slide. Layout of the cores on the 

slide is given in appendix (Appx. 2) 

Anti-AR, -β-Catenin, -FRA-1, -PYGO2, -TCF-1 and -Cx43 antibody-labelled DAB-stained cores were 

scanned using NanoZoomer-RS Scanner Hamamatsu Photonics UK Ltd, Welwyn Garden City, UK) 

as described above, and the images of individual cores were segregated and compiled and 

indexed according to the configuration of TA (Appx. 2). Details of the quantitative analysis have 

been described above and in an earlier chapter (Chap II, Sec. 2.3.1.8.1). 

To investigate the utility of these proteins as putative biomarkers for prostate cancer, the true 

positive rate (sensitivity) and false positive rate (1-specificity) were calculated from the data used 

for the ROC curve (Fig. 3.10 and Fig. 3.11). The AF/AT data were converted into probit and fitted 

to a Gaussian function. The AUC values of 1.0 for an ROC imply high selectivity and sensitivity, on 

the contrary, if the values for AUC for an ROC curve fall at or below 0.5, suggests that the tested 

marker does not distinguish between groups normal and different cancer Grades (NPT vs Grade 

3+3, NPT vs Grade 4+4, NPT vs Grade 4+5/5+4). Positive likelihood ratio (LR+) for each biomarker 

was calculated to find if each of the protein is correlated with the presence of disease. A LR+ 

ratios over 1.0 suggest that the result for which protein is associated with the presence of disease 

(Altman and Deeks, 2004). LR+ values for each protein were found at AUC value. 

3.4.3.1. Expression of AR in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues  

This is the first time that lower to high grade prostate cancer tissues were used to measure AR 

expression using a semiautomated and reproducible technique.  For this investigation, anti-AR 

antibody (ab22656, ABCAM) was used to stain the tissues using DAB-HRP chromogenic technique 

(For detail: Chapter 2, Sec. 2.3.1.8.1). Following quantitation, the data were used to create 
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mountain plot and ROC curve by GraphPad prism and calculation of significance of difference 

performed by Mann-Whitney U test.  

A representative image for the expression of AR in normal and PCa tissue is shown in Fig. 3.4. The 

results show there were expression of AR in NPT (Fig. 3.4.A); but expression was decreased in 

Grade 4+4 and Grade 4+5/5+4 PCa (Fig. 3.4.C and D). 

The corresponding masked images for ImageJ analysis are shown in Fig. 3.4. A2-D2 . These images 

were used to quantify the pixel intensity for the DAB signal for AR expression. The converted 

images (Fig. 3.4.A2-D2) show the pixel intensity quantified to construct the mountain plots (Fig. 

3.4. B3 to D3). The tabulated data of NPT v Gleason grades is also presented in Table 3.2 and  3.3. 

The result showed that expression of AR in Grade 3+3 was decreased (-1.30± 0.84) but not 

significantly different (ns) (Table 3.2) (Fig. 3.4.B3).  The AUC value for ROC was found as 0.70 (ns) 

(Fig. 3.10). The results of fold changes showed as mean±SEM. AR expression was decreased (-

1.23 ±0.46-fold) in Grade 4+4 (**P<0.01) (Fig. 3.4.C3) and AUC for ROC was 0.84 (**P<0.01) (Fig. 

3.10).  AR expression was also significantly decreased (-1.53 ± 0.46-fold) in Grade 4+5/5+4 

(*P<0.05) (Fig. 3.4.D3). The AUC value was 0.76 (*<0.05) (Table 3.3) (Fig. 3.10). LR+ was found as 

4.2, 10, 10 in Grade 3+3, Grade 4+4 and Grade 4+5/5+4. Therefore, AR presence indicate a 

disease state and could be considered as a putative biomarker for Grade 4+4, Grade 4+5/5+4 

PCa, as has been shown using, largely, qualitative approaches, previously (Husain et al., 2016). 
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Figure 3.4. Representative images for the staining and quantitation of DAB signal for AR in normal prostate tissue, 
Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. A, B, C and D representing the stained tissue cores of normal 
prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Following staining of the tissue with DAB-
HRP for AR, the tissue arrays were imaged with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 
0.23μm/pixel (40x high resolution mode) and each of the image of cores was undertaken to measure expression of 
AR.  An unbiased ImageJ was used to quantify protein expression (Sec. 3.3.6). The RGB coloured images A1, B1, C1 
and D1 representing the amount of tissues (yellow colour) in core of A, B, C and D respectively. The coloured images 
were masked to obtain AR protein expression indicated in A2, B2, C2 and D2 in NPT, Grade 3+3, Grade 4+4 and Grade 
4+5/5+4.  The quantified data were obtained as AF per AT which were used to construct mountain plot indicated as 
A3, B3, C3, D3 of A2, B2, C2 and D2 respectively. Each bin is the data for an individual, normal prostate tissue (n=15) 
and Grade 3+3, Grade (4+4) (n=15) and Grade 4+5/5+4 (n=15) PCa tissue. Statistical analysis was performed using 
Mann–Whitney U test to calculate the significance of difference of AR expression in Grade 3+3 vs NPT, Grade 4+4 vs 
NPT, Grade 4+5/5+4 vs NPT. The analysis showed expression of AR in Grade 3+3 was remained same as in NPT. But 
the expression was significantly reduced in Grade 4+4 and expression was further decreased in Grade 4+4/5+4. 
(*P<0.05; **P<0.01). (AF: Area Fraction, AT: Amount of Tissue). Scale bar:100μm 
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3.4.3.2. Expression of β-catenin in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues 

β-catenin is an intracellular transducer of Wnt signalling; the expression of β-catenin was 

measured using anti-β-catenin antibody (ab22656, ABCAM) with DAB-HRP staining procedure in 

NPT, Grade 3+3, Grade 4+4, Grade 4+5/5+4. Representative images of tissue cores in Fig. 3.5., 

NPT (Fig. 3.5.A), Grade 3+3 (Fig. 3.5.B), Grade 4+4 (Fig. 3.5.C) and Grade 4+5/5+4 (Fig. 3.5.D) are 

shown. The images were used to quantify DAB signal for β-catenin expression using ImageJ are 

shown in Fig. 3.5. A2 -D2. The quantified data is shown in Table 3.2 and in Fig. 3.5. B3-D3. The 

results of fold changes showed as mean±SEM. These data show there was no significant increase 

in the overall expression of β-catenin expression in Grade 3+3 compared to NPT (-0.046 ± 0.33-

fold) with AUC calculated from the receiver operating curve (ROC) 0.52 (ns) compared to NPT 

(Table 3.3). β-catenin expression was not also significantly changed in Grade 4+4 PCa (Fig.3.5.C3), 

with an AUC value from the ROC 0.52 (ns) compared to NPT. The expression of β-catenin in 

highest Grade (4+5/5+4) PCa was significantly increased (*P<0.05) with AUC value from the ROC 

0.75 (*P<0.05) (Table 3.3). LR+ was: 0.92 for Grade 3+3 and 1 for Grade 4+4 and Grade 4+5/5+4. 

These results suggest that Wnt/β-catenin signalling may play a key role in progression of PCa as 

its expression, compared to NPT is increased in highest grade cancer. This is a first report of 

quantitative, in situ expression of β-catenin in human PCa tissue of different grades. 
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Figure 3.5. Representative images for the staining and quantitation of DAB signal for β-catenin in normal prostate 
tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. A, B, C and D representing the stained tissue cores of 
normal prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Following staining of the tissue with 
DAB-HRP for β-catenin, the tissue arrays were imaged with NanoZoomer-RS Scanner (Type: C10730-02) with 
resolution 0.23μm/pixel (40x high resolution mode) and the each of the image of cores was undertaken to measure 
expression of β-catenin. An unbiased ImageJ was used to quantify protein expression (Sec. 3.3.6). The RGB coloured 
images A1, B1, C1 and D1 representing the amount of tissues (red colour) in core of A, B, C and D respectively. The 
coloured images were masked to obtain β-catenin protein expression indicated in A2, B2, C2 and D2 in NPT, Grade 
3+3, Grade 4+4 and Grade 4+5/5+4.  The quantified data were obtained as AF per AT which were used to construct 
mountain plot indicated as A3, B3, C3, D3 of A2, B2, C2 and D2 respectively. Each bin is the data for an individual, 
normal prostate tissue (n=15) and Grade 3+3, Grade (4+4) (n=15) and Grade 4+5/5+4 (n=15) PCa tissue. Statistical 
analysis was performed using Mann–Whitney U test to calculate the significance of difference of β-catenin 
expression in Grade 3+3 vs NPT, Grade 4+4 vs NPT, Grade 4+5/5+4 vs NPT. The analysis showed expression of β-
catenin in Grade 3+3 and Grade 4+4 was remained same as in NPT. But the expression was significantly increased in 
Grade 4+5/5+4. NS: not significant: *P<0.05. (AF: Area Fraction, AT: Amount of Tissue). Scale bar: 100 μm. 
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3.4.3.3. Expression of FRA-1 in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues                             

FRA-1 is a Wnt signalling target gene for transcription. The expression of FRA1 was investigated 

using anti-FRA-1 antibody (ab252421: ABCAM).x Representative tissue cores for each condition 

(Normal and different Gleason grade cancer) are shown in Fig. 3.6:  NPT (Fig. 3.6.A) which was 

compared to FRA-1 expression in Grade 3+3 (Fig. 3.6.B), Grade 4+4 (Fig. 3.6.C) and Grade 4+5/5+4 

(Fig. 3.6.D). A visual analysis suggests an increase in the expression of FRA-1 in acinar cell in 

glandular in all three grades compared to NPT. The visual observation is confirmed by the 

quantitative analysis shown in Fig. 3.6.A2-D2 quantified using ImageJ. The data from this analysis 

is given in Tables 3.2 and 3.3. The results of fold changes showed as mean±SEM. The analysis 

indicates that the expression of FRA-1 was significantly increased by 1.19± 0.55-fold (*P<0.05) in 

Grade 3+3 compared to NPT (Table 3.2) (Fig. 3.6.B3); the AUC values for ROC curve was 0.73 

(*P<0.05) (Fig. 3.10; Table 3.3). The expression was also significantly increased in Grade 4+4 

(0.96±0.36-fold) (*P<0.05; Fig. 3.6.C3) with AUC value of ROC curve was 0.73 (*P<0.05) (Fig. 3.10). 

In Grade 4+5/5+4, FRA-1 expression was also increased (0.95±0.45-fold) significantly (*P<0.05; 

Fig. 3.6.D3; Table 3.2) with AUC value of ROC was 0.74 (*P<0.05) (Fig. 3.10; Table 3.3) compared 

to NPT. LR+ was found at AUC was 1 for Grade 3+3, Grade 4+4 and Grade 4+5/5+4. FRA-1 could 

be considered as a biomarker for prostate cancer. The result overall indicates a progressive 

increase in FRA-1 expression in prostate carcinogenesis. This is a first investigation of a key Wnt 

target protein and a transcription factor that could be an important protein in PCa. 
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Figure 3.6. Representative images for the staining and quantitation of DAB signal for FRA-1 in normal prostate tissue, 
Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. A, B, C and D representing the stained tissue cores of normal 
prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Following staining of the tissue with DAB-
HRP for FRA-1, the tissue arrays were imaged with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 
0.23μm/pixel (40x high resolution mode) and the each of the image of cores was undertaken to measure expression 
of FRA-1.  An unbiased ImageJ was used to quantify protein expression (Sec. 3.3.6). The RGB coloured images A1, 
B1, C1 and D1 representing the amount of tissues (red colour) in core of A, B, C and D respectively. The coloured 
images were masked to obtain FRA-1 protein expression indicated in A2, B2, C2 and D2 in NPT, Grade 3+3, Grade 
4+4 and Grade 4+5/5+4.  The quantified data were obtained as AF per AT which were used to construct mountain 
plot indicated as A3, B3, C3, D3 of A2, B2, C2 and D2 respectively. Each bin is the data for an individual, normal 
prostate tissue (n=15) and Grade 3+3, Grade (4+4) (n=15) and Grade 4+5/5+4 (n=15) PCa tissue. Statistical analysis 
was performed using Mann–Whitney U test to calculate the significance of difference of FRA-1 expression in Grade 
3+3 vs NPT, Grade 4+4 vs NPT, Grade 4+5/5+4 vs NPT. The analysis showed expression of FRA-1 was increased 
significantly in Grade 3+3 and Grade 4+4 and Grade 4+5/5+4. ns: not significant: *P<0.05. (AF: Area Fraction, AT: 
Amount of Tissue). Scale bar: 100 μm. 
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3.4.3.4. Expression of PYGO2 in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues 

It has been suggested that PYGO2, a mammalian orthologue of Armadillo gene, that forms the 

transcription complex with β-catenin, may provide the nuclear localization signal for β-catenin 

that it lacks. PYGO2 is also a target gene for Wnt/β-catenin mediated transcription. The 

expression of PYGO2 in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 was measured using an 

anti-PYGO2 antibody (ab99274, ABCAM) stained with DAB-HRP showed in Fig. 3.7.A-D which, 

through visual inspection, indicates the higher intensity for PYGO2 expression in Grade 4+5/5+5 

than NPT, Grade 3+3, Grade 4+4. This expression was reflected in image obtained from ImageJ 

algorithm (Fig. 3.7.A2-D2)   The expression was quantitated and the analysis of the results showed 

PYGO2 expression did not significantly change in Grade 3+3 (Fig. 3.7.B3) and Grade 4+4 (Fig. 

3.7.C3; Table 3.2) with AUC value for ROC was 0.50 (ns) and 0.63 (ns), respectively (Fig. 3.11; 

Table 3.3) compared to NPT. The results of fold changes showed as mean±SEM. But the 

expression was significantly increased (0.57±0.26-fold) in Grade 4+5/5+4 (*P<0.05) (Fig. 3.7.D3; 

Table 3.2) compared to NPT. The AUC value for ROC was calculated as 0.76 (*P<0.05) (Fig. 3.11, 

Table 3.3). In case PYGO2, LR+ was found at AUC was 0.78 for Grade 3+3 and 1 for Grade 4+4 and 

Grade 4+5/5+4. PYGO2 could be used as biomarker for only Grade 4+5/5+4 PCa.  
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Figure 3.7. Representative images for the staining and quantitation of DAB signal for PYGO2 in normal prostate 
tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. A, B, C and D representing the stained tissue cores of 
normal prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Following staining of the tissue with 
DAB-HRP for PYGO2, the tissue arrays were imaged with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 
0.23μm/pixel (40x high resolution mode) and the each of the image of cores was undertaken to measure expression 
of PYGO2.  An unbiased ImageJ was used to quantify protein expression (Sec. 3.3.6). The RGB coloured images A1, 
B1, C1 and D1 representing the amount of tissues (red colour) in core of A, B, C and D respectively. The coloured 
images were masked to obtain PYGO2 protein expression indicated in A2, B2, C2 and D2 in NPT, Grade 3+3, Grade 
4+4 and Grade 4+5/5+4.  The quantified data were obtained as AF per AT which were used to construct mountain 
plot indicated as A3, B3, C3, D3 of A2, B2, C2 and D2 respectively. Each bin is the data for an individual, normal 
prostate tissue (n=15) and Grade 3+3, Grade (4+4) (n=15) and Grade 4+5/5+4 (n=15) PCa tissue. Statistical analysis 
was performed using Mann–Whitney U test to calculate the significance of difference of PYGO2 expression in Grade 
3+3 vs NPT, Grade 4+4 vs NPT, Grade 4+5/5+4 vs NPT. The analysis showed expression of PYGO2 was remained 
unchanged in Grade 3+3 and Grade 4+4 butt increased significantly in Grade 4+5/5+4. ns: not significant: *P<0.05. 
(AF: Area Fraction, AT: Amount of Tissue). Scale bar: 100μm. 
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3.4.3.5. Expression of TCF-1 in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues 

TCF-1 is another vital protein in the Wnt signalling pathway and also part of the β-catenin 

transcription complex. Its expression in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5 was 

investigated using anti-TCF-1 antibody (2203s, CST) stained with DAB-HRP protocol (Fig. 3.8.A-D). 

Visual inspection indicated the higher expression of TCF-1 in Grade 4+5/5+4 compared to that of 

NPT, Grade 3+3 and Grade 4+4. This inspection was also reflected in the masked images obtained 

from ImageJ (Fig. 3.8. A2-D2). The results of fold changes showed as mean±SEM. Analysis of data  

showed no significant increase of TCF-1 expression in Grade 3+3 (Fig. 3.8.B3) and Grade 4+4 (Fig. 

3.8.C3) where the AUC value for ROC was 0.53 (ns) and 0.66 (ns) respectively (Fig. 3.11; Table 

3.3) compared to NPT, whereas expression of TCF-1 was increased (0.61 ± 0.28-fold) significantly 

(*P<0.05) (Table 3.2) in Grade 4+4/5+4 (Fig. 3.8.D3) with AUC value for ROC was 0.74 (*P<0.05) 

(Fig. 3.11; Table 3.3). Considering the AUC value, TCF-1 could be considered as a biomarker for 

Grade 4+5/5+4 only.  
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Figure 3.8. Representative images for the staining and quantitation of DAB signal for TCF-1 in normal prostate tissue, 
Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. A, B, C and D representing the stained tissue cores of normal 
prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Following staining of the tissue with DAB-
HRP for TCF-1, the tissue arrays were imaged with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 
0.23μm/pixel (40x high resolution mode) and the each of the image of cores was undertaken to measure expression 
of TCF-1. An unbiased ImageJ algorithm was used to quantify protein expression (Sec. 3.3.6). The RGB coloured 
images A1, B1, C1 and D1 representing the amount of tissues (red colour) in core of A, B, C and D respectively. The 
coloured images were masked to obtain TCF-1 protein expression indicated in A2, B2, C2 and D2 in NPT, Grade 3+3, 
Grade 4+4 and Grade 4+5/5+4.  The quantified data were obtained as AF per AT which were used to construct 
mountain plot indicated as A3, B3, C3, D3 of A2, B2, C2 and D2 respectively. Each bin is the data for an individual, 
normal prostate tissue (n=15) and Grade 3+3, Grade (4+4) (n=15) and Grade 4+5/5+4 (n=15) PCa tissue. Statistical 
analysis was performed using Mann–Whitney U test to calculate the significance of difference of TCF-1 expression 
in Grade 3+3 vs NPT, Grade 4+4 vs NPT, Grade 4+5/5+4 vs NPT. The analysis showed expression of TCF-1 was 
remained unchanged in Grade 3+3 and Grade 4+4 but increased significantly in Grade 4+5/5+4. ns: not significant: 
*P<0.05. (AF: Area Fraction, AT: Amount of Tissue). Scale bar: 100μm. 
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3.4.3.6. Expression of Cx43 in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues 

A further Wnt related protein, not part of the known transcription complex, Cx43 was 

investigated to assess its expression in NPT, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 using anti-

Cx43 antibody (2203s, CST) stained with DAB-HRP protocol. The representative images of NPT, 

Grade 3+3, Grade 4+4 and Grade 4+5/5+4 images in Fig. 3.9. A, B, C and D were analysed using 

ImageJ algorithm and showed in Fig. 3.9. A2, B2, C2 and D2 respectively. The results of fold 

changes showed as mean±SEM. The quantified analysis showed the expression of Cx43 was not 

significantly changed in Grade 3+3 PCa tissue compared to NPT. But the expression of Cx43 was 

decreased significantly in Grade 4+4 (-3.04±1.07-fold; **P<0.01) (Fig. 3.9.C3) compared to NPT. 

Expression of Cx43 was further reduced in Grade 4+5/5+4 (-2.61±0.54-fold; ****P<0.0001) (Fig. 

3.9.D3; Table 3.2) compared to NPT. AUC value of ROC for Grade 3+3, Grade 4+4 and Grade 

4+5/5+4 was 0.70 (ns), 0.81 (*P<0.05) and 0.93 (****P<0.0001) respectively (Fig. 3.11; Table 3.3). 

LR+ for CX43 was obtained as 10 for Grade 3+3, Grade 4+4 and Grade 4+5/5+4. Presence of Cx43 

indicates a disease condition and could be considered as a biomarker for Grade 4+4 and Grade 

4+5/5+4. 
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Figure 3.9. Representative images for the staining and quantitation of DAB signal for Cx43 in normal prostate tissue, 
Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. A, B, C and D representing the stained tissue cores of normal 
prostate tissue, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Following staining of the tissue with DAB-
HRP for Cx43, the tissue arrays were imaged with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 
0.23μm/pixel (40x high resolution mode) and the each of the image of cores was undertaken to measure expression 
of Cx43. An unbiased ImageJ algorithm was used to quantify protein expression (Sec. 3.3.6). The RGB coloured 
images A1, B1, C1 and D1 representing the amount of tissues (yellow colour) in core of A, B, C and D respectively. 
The coloured images were masked to obtain Cx43 protein expression indicated in A2, B2, C2 and D2 in NPT, Grade 
3+3, Grade 4+4 and Grade 4+5/5+4.  The quantified data were obtained as AF per AT which were used to construct 
mountain plot indicated as A3, B3, C3, D3 of A2, B2, C2 and D2 respectively. Each bin is the data for an individual, 
normal prostate tissue (n=15) and Grade 3+3, Grade (4+4) (n=15) and Grade 4+5/5+4 (n=15) PCa tissue. Statistical 
analysis was performed using Mann–Whitney U test to calculate the significance of difference of Cx43 expression in 
Grade 3+3 vs NPT, Grade 4+4 vs NPT, Grade 4+5/5+4 vs NPT. The analysis showed expression of Cx43 was significantly 
decreased in in Grade 3+3 (*P<0.05) and was further decreased in Grade 4+4 (**P<0.01) and in Grade 4+5/5+4 
(****P<0.0001). (AF: Area Fraction, AT: Amount of Tissue). Scale bar: 100 μm. 
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Table 3.2. Quantitative analysis of protein expression in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues arrays. 
The results showed as mean ± SEM compared to NPT. 

Protein PCa Grade 3+3 PCa Grade 4+4 PCa Grade 4+5/5+4 

Fold change 
of Probit in 
Grade 3+3 

Significance 
(<P) 

Fold change 
of Probit in 
Grade 4+4  

Significance 
(<P) 

Fold change of 
Probit in Grade 

4+5 

Significance 
(<P) 

AR -1.30± 0.84 ns -1.23 ± 0.46 **P<0.01 -1.53 ± 0.46 *P<0.05 
β-catenin -0.046 ± 0.33 ns 0.03 ± 0.20 ns 0.40± 0.17 *P<0.05 

FRA-1 1.19 ± 0.55 *P<0.05 0.96± 0.36 *P<0.05 0.95 ± 0.45 *P<0.05 
PYGO2 -0.01 ± 0.21 ns -0.29 ± 0.17 ns 0.57 ± 0.26 *P<0.05  
TCF-1 0.06 ± 0.29 ns -0.22± 0.16 ns 0.61 ± 0.28 *P<0.05 
Cx43 -1.77 ± 0.95 ns -3.04 ± 1.07 ** P<0.01 -2.61 ± 0.54 ****P<0.0001 

 

The expression of DAB-HRP labelled proteins such as AR, β-catenin, FRA-1, PYGO2, TCF-1 and 

Cx43 were quantified in an unbiased manner by using a reproducible, semi-automated particle 

analysis protocol (Sec. 3.3.6) using a written script adapted to ImageJ. Fold increase/decrease is 

relative to normal for each protein (e.g., Grade 3+3 vs NPT, Grade 4+4 vs NPT and Grade 4+5/5+4 

vs NPT and significance of difference was calculated using Mann Whitney U test. 
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Figure 3.10. ROC of the AR, β-catenin, FRA-1 in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. ROC curve 
displays the discriminating performance of the AR, β-catenin and FRA-1 expression in the differentiation between 
NPT vs Grade 3+3, NPT vs Grade 4+4 and NPT vs Grade 4+5/5+4 PCa tissue cores using probit (AF/AT) data for AR, β-
catenin and FRA-1. The dotted line represents the ROC area of 0.5.  
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Figure 3.11. ROC of the PYGO2, TCF-1, Cx43 in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissues. ROC curve 
displays the discriminating performance of the PYGO2, TCF-1 and Cx43 expression in the differentiation between 
Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa tissue cores using probit (AF/AT) data for PYGO2, TCF-1 and Cx43. The 
dotted line represents the ROC area of 0.5.  
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Table 3.3. AUC value and significance of difference of AR, β-catenin, FRA-1, PYGO2, TCF-1, Cx43 expression in 
Grade 3+3, Grade 4+4 and Grade 4+5 compared to normal prostate. 

Protein PCa Grade 3+3 PCa Grade 4+4 PCa Grade 4+5/5+4 

AUC Significance 
(<P) 

LR(+) AUC Significance 
(<P) 

LR(+) AUC Significance 
(<P) 

LR(+) 

AR 0.70 ns 4.2 0.84 **P<0.01 10 0.76  *P<0.05 10 
β -catenin 0.52 ns 0.92 0.52 ns 1 0.75 *P<0.05 1 

FRA-1 0.73 *P<0.05 1 0.73 *P<0.05 1 0.74 *P<0.05 1 
PYGO2 0.50 ns 0.78 0.63 ns 1 0.76 *<0.05 1 

TCF-1 0.53 ns 1 0.66 ns 2.5 0.74 *P<0.05 1 
Cx43 0.70 ns 10 0.81 *P<0.05 10 0.93 ****P<0.0001 10 

 
When a comparison of protein expression for the antibodies tested was conducted between 

different grades of prostate cancer a preliminary but interesting picture appears to emerge 

regarding the interaction between AR and Wnt signalling (Fig. 3.12). 

Figure 3.12. A box plot calculated for the expression of AR and Wnt related proteins (β-catenin, FRA-1, PYGO2, TCF-
1 and Cx43) in NPT, Grade 3+3, Grade 4+4, Grade 4+5/5+4 prostate tissue. AF/AT of each protein was used to 
construct the box plot using GraphPad prism. The data are presented for individual protein elsewhere. Significance 
of difference between each condition (NPT v Grade 3+3, NPT v 4+4, NPT v 4+5/5+4 (black asterisks or ns); 3+3 v 4+4 
(grey asterisks or ns); 4+4 v 4+5/5+4 (red asterisks or ns); *P<0.05; ** P<0.01; ****P<0.0001) is shown. ns means no 
significant difference (with the same colour scheme as for NPT v different grades). NB: These data are extracted form 
NPT v all cancers (all grades combined) as represented in mountain plots above.  

There is no significant change in expression of AR protein with increasing Gleason grade, although 

there appears to be a trend towards a gradual decrease correlated to Gleason grade increase. 

Conversely, β-catenin expression is increased in Grade 4+5/5+4 compared to Grade 4+4, as is the 

expression of key β-catenin transcription complexing proteins TCF-1 and PYGO2. The expression 
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of Cx43, similar to AR, is not significantly different but shows a decreasing trend as Gleason 

grades increase. These results raise the notion that there may be a yin/yang, co-ordinated 

transcriptional relationship between AR and β-catenin gene transcriptional programs. However, 

this requires further investigations with appropriate sample sizes. 

3.4.3.7. Logistic regression model – does combining the expression of more than one protein 

yields better AUC? 

A combination of different permutations analysis of AR, β-catenin, FRA-1, PYGO2, TCF-1 and Cx43 

protein via binary regression model was conducted to identify marker to improve diagnostic 

ability. The table 3.4 is showing the combination of AR with β-catenin, FRA-1, PYGO2, TCF-1 and 

Cx43 and β-catenin with FRA-1, PYGO2, TCF-1 and Cx43 in Grade 3+3 vs Grade 4+4, Grade 3+3 vs 

Grade 4+5/5+4 and Grade 4+4 vs Grade 4+5/5+4. The other combinations are showed in 

appendix (Appx. 3.7). 

 
Table 3.4. Logistic regression model to identify combination of markers that may improve diagnostic power 

     
PCa Grade 3+3 vs Grade 4+4    

Protein combination              % cases correctly classified* AUC Std Error 95% CI 
AR and β-catenin 95 0.95 0.04 0.7 to 0.9 
AR and FRA-1 95 0.95 0.05 0.8 to 0.9 
AR and PYGO2 95 0.95 0.04 0.7 to 0.9 
AR and TCF-1 100 1 0 0.8 to 1 
AR and Cx43 87 0.87 0.08 0.7 to 0.9 
     
β-catenin and FRA-1 100 1 0 0.8 to 1 
β-catenin and PYGO2 92 0.92 0.05 0.7 to 0.9 
β-catenin and TCF-1 96 0.96 0.04 0.8 to 0.9 
β-catenin and Cx43 84 0.85 0.07 0.6 to 0.9 

     
Grade 3+3 vs Grade 4+5/5+4    

AR and β-catenin 95 0.95 0.04 0.7 to 0.9 
AR and FRA-1 95 0.95 0.04 0.7 to 0.9 
AR and PYGO2 96 0.96 0.04 0.8 to 0.9 
AR and TCF-1 96 0.96 0.04 0.8 to 0.9 
AR and Cx43 88 0.9 0.06 0.7 to 0.9 

Grade 3+3 vs Grade 4+5/5+4    
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 β-catenin and FRA-1 100 1 0 0.8 to 1 
 β-catenin and PYGO2 91 0.92 0.06 0.7 to 0.9 
β-catenin and TCF-1 91 0.92 0.06 0.7 to 0.9 
β-catenin and Cx43 83 0.84 0.08 0.6 to 0.9 
     

Grade 4+4 vs Grade 4+5/5+4    
AR and β-catenin 92 0.93 0.05 0.7 to 0.9 
AR and FRA-1 93 0.93 0.05 0.7 to 0.9 
AR and PYGO2 92 0.93 0.05 0.7 to 0.9 
AR and TCF-1 100 1 0 0.8 to 1 
AR and Cx43 100 1 0 0.8 to 1 
     
β-catenin and FRA-1 100 1 0 0.8 to 1 
β-catenin and PYGO2 100 1 0 0.8 to 1 
β-catenin and TCF-1 100 1 0 0.8 to 1 
β-catenin and Cx43 100 1 0 0.8 to 1 

 
MedCalc software was used to employ a logistic regression model for analysing the relationship between one 
dichotomous dependent variable (Grade 3+3 v Grade 4+4 etc) and one or more independent variables (two 
proteins). The outcome (percentage of cases correctly identified) suggests that within the cohort of samples used in 
this study, the diagnostic power to identify differences within Gleason Grades is increased, significantly (P<0.001) 
with the combination of multiple protein expression in two different Grades of PCa. It must be noted that sample 
size was small (24-27) for this analysis, however, the proof of concept that combining protein expression data for 
two proteins increases the power of difference. Other permutations are shown in appendix (Appx. 3.7).  

A perfect biomarker should have a zero false positive and false negative rate. In biology such 

biomarkers rarely exist. A quick glance at Fig. 3.10 and 3.11 and Table 3.3 show that other than 

Cx43 in Gleason grade 4+5, none of the protein expression shows a very low false positivity and 

negativity rates. Even the Cx43 AUC analysis reaches only 0.93 (Table 3.3). Logistic regression of 

combined expression of two proteins can enhance the utility of protein expression data to 

increase the percentage case identification within a cohort. In our laboratory we have applied 

logistic regression to protein expression data (e.g., (Symes et al., 2013)) to enhance the utility of 

expression to act as reliable biomarkers. The results are presented here (Table 3.4) show that 

combining multiple markers (e.g., AR/β-catenin, FRA-1, PYGO2, TCF-1 and Cx43 etc) increases the 

power of detection between different Gleason Grades. 
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3.5. Discussion 

PCa is the most prevalent malignancy among men (Siegel et al., 2016). The heterogeneity of PCa 

histology was initially described by Donald Gleason in the 1960s and has improved over the years 

(Sec. 3.1.1). Despite significant advances, prostate cancer remains a major medical problem for 

men who have it, with an urgent need to improve the efficacy of current therapies for metastatic 

disease and minimise unnecessary overtreatment of more benign disease. Study of disease 

stratification by Gleason grading is an important way to diagnose the disease appropriately. 

Immunohistochemical approach is a powerful tool in the diagnostic confirmation of the disease 

which has been gaining acceptance.  

It is known that prostate tumorigenesis and carcinogenesis are driven through input, interaction 

and dysregulation of multiple signalling pathways. AR signalling plays a crucial role in 

development and prostate carcinogenesis. Additionally, Wnt signalling pathway has active roles 

in prostate cancer development. I aimed to investigate these two signalling pathways in this 

chapter using in situ, quantitative techniques.  

These experiments were conducted to investigate the hypothesis that Wnt and AR signalling 

pathways interact in carcinogenesis of PCa and to investigate their utility as putative biomarkers 

of PCa and disease stratification. To my knowledge this is the first time a comparative, in situ, 

analysis of AR and Wnt related protein expression is conducted in human prostate tissue. I have 

included AR as a principal component of AR signalling pathway and five other proteins, four of 

which β-catenin, PYGO2, TCF-1 and possibly Cx43 are related to Wnt/β-catenin transcription 

complex; FRA-1 is a putative transcriptional target of the Wnt signalling pathways.   

3.5.1. AR expression in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa and putative utility as a 

biomarker 

AR is nuclear receptor and AR signalling pathway is activated by binding with its ligand 

testosterone or dihydrotestosterone (Sec. 1.11). Binding of testosterone/DHT induces a 

conformational change in the AR resulting of releasing the HSP (when bound with AR) and is 

dimerized before translocating into the nucleus where it activates the transcription of target 

genes and maintain prostate homeostasis (Zhou et al., 2015) during normal development. During 
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postnatal development, stromal (mesenchymal) and epithelial compartment interact 

reciprocally. The stromal cells are believed to release peptide growth factors (andromedins, see 

section 1.5.2.) in response to androgen signalling through AR in these cells. 

Even though there is considerable evidence that PCa is caused by prostate epithelial cells, there 

is disagreement over whether the tumours are caused by basal cells or luminal epithelial cells 

(Lawson et al., 2010). Multiple tumour foci as well as prostatic intraepithelial neoplasia (PIN) 

lesions, the suspected precursor to PCa, are common in the prostate.  

Tumours become less structured as they grow, with smaller ductal structures, and eventually lose 

these structures totally. The tumours infect surrounding tissues and spread to the lymph nodes, 

bladder, and bone as they grow (Miller et al., 2003).  To my knowledge, there has not been 

comparative studies conducted to measure the level of AR expression in Grade 3+3, Grade 4+4 

and Grade 4+5/5+4 compared to normal prostate tissues (NPT). Therefore, the current study was 

designed to measure the AR expression levels in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 to 

investigate its quantitative expression in different Gleason grades of PCa and as a prelude to 

evaluating its potential functional role of AR and Wnt signalling (Chap-V). 

I discovered that expression of AR in Grade 3+3 (-1.30±0.84-fold, mean±SEM, ns P>0.05) was not 

changed significantly (Fig. 3.4).  The expression of AR changed significantly in Grade 4+4 (-

1.23±0.46-fold, mean±SEM; **P<0.01), also observed significant change in Grade 4+5/5+4 (-

1.53±0.46-fold, mean±SEM; *<0.05). The fold change was indicated AR expression was decreased 

in Grade 4+4 and Grade 4+5/5+4 significantly (Table 3.2). 

In low grade prostate cancer, Grade 3+3, the histological changes are minimum compared to NPT 

tissues. AR is expressed in basal and luminal cells in well differentiated glands which is also 

present in Grade 3+3 where glands are well-differentiated which are separated by stroma 

(Roehrborn, 2008). As a minimum level of histological change in Grade 3+3, no significant change 

in the expression of AR in Grade 3+3 compared to NPT was therefore expected.  

As the disease progresses, in Grade 4+4 PCa tissues, AR expression was observed to be 

significantly reduced. A similar observation was also reported by (Miyamoto et al., 1993), for 

validating this approach. Chodak and his colleagues revealed that AR content in well 
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differentiated prostatic epithelium cells was significantly higher compared to moderately and 

poorly differentiated adenocarcinoma (Chodak et al., 1992), was supported by Masai et al. and 

Takeda et al.  (Masai et al., 1990 and Takeda et al., 1996). Husain et al. demonstrated that 

prostate cancer with moderate AR immunostaining had a Gleason score of >8. But the intensity 

of AR staining was high in well differentiated tumour and low in moderately to poorly 

differentiated tumours (Husain et al., 2016) . This result was concordance with the studies carried 

out by Theodoropoulos et al. and Miyamoto et al. (Theodoropoulos et al., 2005 and Miyamoto 

et al., 1993). Conversely, Henshall et al. reported that AR expression is associated with high grade 

prostate cancer (Henshall et al., 2001). This discrepancy could be due to heterogenous expression 

of AR in prostate carcinoma. Sadi et al. suggested that cancerous prostate tumours contain both 

androgen-dependent and androgen independent cells suggesting that AR expression may 

depend upon the presence of the type of cells that are numerous within the tumours  (Sadi et al., 

1991). Incidentally, expression of AR in Grade 4+4 and Grade 4+5/5+4 PCa was reduced 

significantly when compared with NPT (Fig.  3.4). There was no significant change observed in 

Grade 3+3 PCa. These results indicate that AR signalling may itself be reduced during prostate 

cancer progression. This is most likely to be manifested by decrease in AR mediated gene 

transcription targets that include for example KLK2, KLK3, NKX3, TMPRSS2, SGK, IQGAP2, FN1 (Jin 

et al., 2013). It would be expected that when AR expression decreases that the target genes are 

also decreased. However, this may not necessarily be the case because the gene transcription is 

a highly complicated process and gene transcription is under the control of multiple inputs (Arya 

et al., 2015 and Marino et al., 2006).  

Another way of looking at this would be to investigate common Wnt and AR gene transcription 

targets in low and high grade cancer. Jin and colleagues  analysed the gene expression data and 

indicated that in multiple studies, NDRG1 appears as a target for AR mediated gene transcription 

(Jin et al., 2013). Interestingly, Symes et al. showed that NDRG1 expression is increased in 

prostate cancer; neither of these studies investigated the change in expression in different grades 

of prostate cancer (Symes et al., 2013).  An interesting experiment that was designed to 

specifically investigate the expression of common targets such as NDRG1, unfortunately could 

not be completed due to Covid 19 restrictions in 2020. This would have involved isolating RNA 
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from the FFPE samples, which is now possible but a technically demanding procedure, requiring 

considerable optimization. This is something that could be done in the future, either using fresh 

frozen sample (ideal sample for good quality RNA isolation) or from an FFPE cohort where RNA 

degradation is likely to occur. 

Although this has been postulated before, my results also suggests that AR could be considered 

as a prognostic marker for Grade 4+4 and Grade 4+5/5+4 PCa (Table 3.2). I found AUC value for 

ROC (Fig. 3.10) for Grade 3+3, Grade 4+4 and grade 4+5/5+4 was 0.70 (ns P>0.05), 0.84 

(**P<0.01) and 0.76 (*P<0.05), respectively. This also indicates that AR could be considered as a 

prognostic marker for Grade 4+4 and Grade 4+5/5+4 PCa (Table 3.3). Likelihood ratio (LR)(+) was 

found to be 4.2, 10, 10 for Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. It is to be noted 

that a likelihood ratio of greater than 1 indicates that the result is associated with the presence 

of disease. However, the AUC curve values do not make AR out to be a very good biomarker of 

disease stratification, at least in this study. 1-sensitivity and specificity values of 1 indicate a 

‘perfect’ marker that can distinguish between two comparisons (e.g., 3+3 and 4+4 grade prostate 

cancers). The ‘best’ ROC value was for AR expression as a biomarker for Grade 4+4 (0.84 with 

p<0.05). However, this is well below what might be useful in clinic where minimal false negative 

rates are necessary for correct stratification.  

Another method of increasing the 1-sensitivity and specificity would be to combine biomarker 

expression analysis using logistic regression as described by by Symes et al. who used n values of 

over 400 (Symes et al., 2013). This could be performed by analysing the relationship between 

one dichotomous dependent variable (e.g., non-malignant v malignant or Gleason grade 3+3 v 

4+4) and one or more independent variables (two biomarkers). A proof of concept for the smaller 

cohort available to me is given in Table 3.4. However, for this analysis a large sample size is 

necessary which was not available for high grade cohort. Nonetheless, this study sets a template 

through which large scale analysis can be performed.  

3.5.2. β-catenin expression in normal and low and high Gleason Grade PCa 

β-catenin is a multifunctional protein that plays a critical role in mediating cell adhesion and 

signal transduction (Wnt signalling) (Bullions and Levine, 1998). Upon binding of Wnt ligand with 
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Fzd, Wnt signalling is activated and β-catenin is released from the destruction complex composed 

of numerous proteins including CK1, Axin, APC and GSK-3β, a process termed as ‘stabilization’ 

(Chap-I, Sec. 1.12.6). The stabilization of β-catenin in cytoplasm facilitates its translocation in 

nucleus where it complexes with the DNA-binding protein T-cell factor (Molenaar et al., 1996) 

and lymphoid enhancer factor, LEF,  (Huber et al., 1996) to activate the expression of number of 

downstream target proto-genes including c-MYC, and cyclin D1 and also its own transcription 

complex proteins such as TCF-1 and FRA1 for example (Chap-I, Sec. 1.12.6).  

Wnt/β-catenin signalling has been implicated in both normal prostate development and in PCa 

progression (Symes et al., 2013). Primary evidence of the involvement of β-catenin and Wnt 

signalling in cancer comes from colon cancer where nearly 60% of colon cancers contain a 

mutation in the adenomatous polyposis coli (APC), a tumour suppressor gene. The mutations in 

the APC occur early during tumour development (Kinzler and Vogelstein, 1996). The 

dysregulation of Wnt signalling in cancer may also occur as a direct result of mutations in the β-

catenin (CTNNB1) gene itself (Morin et al., 1997). Several studies revealed that abnormal β-

catenin signalling might have role in prostatic tumorigenesis. Specifically, about 5% of prostatic 

adenocarcinomas have been observed with β-catenin mutations (Chesire et al., 2000). The 

frequency of APC mutations in prostatic adenocarcinomas varies to up to 14% (Gerstein et al., 

2002).  

In this investigation, I observed that β-catenin expression was not significantly changed in Grade 

3+3 (0.046±0.33-fold, mean±SEM; ns) and Grade 4+4 (0.03±0.20-fold, mean±SEM; ns) compared 

to NPT. But in highest ascribed pathology grade, Grade 4+5/5+4 (0.40±0.17-fold, mean±SEM; 

*P<0.05) of prostate cancer, expression of β-catenin was significantly increased (Table 3.2) (Fig. 

3.5). More interestingly, nuclear expression of β-catenin was visible in high grade PCa (Fig. 3.2). 

This would be expected if Wnt/β-catenin transcription contributed towards increase in 

carcinogenesis. Similar results regarding the expression level of β-catenin in Grade 3+3 and Grade 

4+4 were observed by Said and colleagues ((Said et al., 2017). On the other hand, opposite 

observation was found by Bismar and colleagues who showed loss of β-catenin was associated 

with high tumour grade (Bismar et al., 2004). This discrepancy between my result for Grade 3+3 

and Grade 4+4 might be associated with methodological difference, patient sampling, fixation 
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and the protocol used for immunohistochemical techniques but most likely to be their lack of 

quantitative, objective, unbiased approach used here. In addition, their explanation was that β-

catenin is part of E-cadherin that act as cell-cell adhesion. During carcinogenesis, cell-cell 

adhesion is reduced, resulting in the loss of cell polarity and altered in histological structure, that 

is the morphologic hallmark of malignant tumours (Hirohashi and Kanai, 2003). Furthermore, in 

their (Bismar et al., 2004) summary they focus only upon β-catenin’s role as a cell adhesion 

molecule rather than a signal transduction. This may have also contributed to anomalies, a 

drawback of conducting only visual analysis. 

In my study, I observed that β-catenin expression was significantly increased in Grade 4+5/5+4 

compared to NPT (Fig. 3.5). A similar result was found in other studies (e.g., (Chen et al., 2004b)). 

Advance prostate cancers have higher nuclear localization of β-catenin than malignancies in the 

early stage (Chesire et al., 2002 and Chen et al., 2004b) . As stated earlier, when in the nucleus, 

β-catenin act as transcription co-activator for proto-oncogenes that increase malignancy 

activating the transcription of proto-oncogenes.  

A further study by Said and colleagues (Said et al., 2017) revealed abnormal β-catenin gene 

expression, found in 23% of tumour samples tested (212 patients) from radical prostatectomy 

that correlates with high Gleason score (de la Taille et al., 2003). Results from this study were 

also supported by Chen et al. (Chen et al., 2004b), who demonstrated that β-catenin protein 

expression was associated with high Gleason score tumours. Although there are numerous 

investigations of gene and protein expression of β-catenin, the function of β-catenin in human 

prostate cancer in unclear  (Kypta and Waxman, 2012). I have attempted to elucidate the 

mechanisms of Wnt/β-catenin (and also its interaction with AR signalling) signalling in a later 

chapter (Chap-V).  

One explanation for the increased expression of β-catenin in Grade 4+5/5+4 might be associated 

with the loss of PTEN which is frequently altered in prostate cancer, with mutations and/or 

deletions found in 30% primary cancers and 63% of metastatic prostate cancer. PTEN is a 

phosphatase that negatively regulates the phosphatidylinositol-3-kinase/Akt (PI3K/ Akt) pathway 

(Song et al., 2012). Loss of PTEN accelerates phosphorylation of Akt through PI3K, which then 

target GSK3b for phosphorylation – a critical step in the stabilization of β-catenin in the so-called 
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destruction complex. The activated pathway then increases cell proliferation, cell survival, and 

protein synthesis (Song et al., 2012). It has been shown that β-catenin interacts with the PI3K/Akt 

pathway following PTEN loss, through the inactivation of GSK-3b and stabilization of β-catenin. 

PTEN null prostate cancer cells have enhanced nuclear β-catenin expression, TCF promoter 

activity and expression of the β-catenin regulated gene Cyclin D1 and other proto-oncogene, 

which are suppressed upon re-expression of wild type PTEN (Persad et al., 2001). This may be 

one possible explanation for the higher expression of β-catenin in Grade 4+5/5+4. Therefore, β-

catenin can be used as a prognostic marker for higher grade PCa (e.g., Grade 4+5/5+4). Another 

novel explanation derived from my results would be the brake that AR presence may employ on 

Wnt/β-catenin transcription, as discussed earlier. 

Additionally, I found that AUC value for ROC curve (Fig. 3.10) was 0.52 (ns P>0.05), 0.52 (ns P>0.5) 

and 0.75 (*P<0.05) for Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. Therefore, β-

catenin could be used as a putative biomarker for Grade 4+5/5+4 (Table 3.3), albeit with the same 

arguments and limitations proposed for AR, above. As with AR, a logistic regression, with the 

sample size caveat stated above, shows an improvement when expression of β-catenin is 

combined with other proteins for an evaluation as a putative disease stratification biomarker. 

3.5.3. Expression of FRA-1 in normal, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa 

The FOSL1 (locus: 11q13) gene encoded FRA-1 (FOS-related antigen-1) protein localizes to the 

cytoplasm and nucleus and is modified by post-translational phosphorylation. FRA-1 along with 

c-FOS, FOSB, FOSB2 and FRA-2 constitutes the FOS group AP-1 transcription factors (Cohen et al., 

1989). AP-1 functions through dimerization with Jun-group (e.g., c-JUN, JUNB, JUND), FOS, ATF 

(ATF1-4, ATF-6, b-ATF, ATFx) and MAF (c-MAF, MAFA, MAFB, MAFG/F/K, and NRL) proteins (Eferl 

and Wagner, 2003). The formation of AP-1 dimer is dependent on the basic leucine zipper (bZIP) 

domain on JUN and FOS, which also binds to DNA, while AP-1 can control target genes through 

this bZIP domain by binding to the TRE (TPA (Tetradecanoylphorbol-13-acetate) responsive 

element: TGAC/GTCA), a specific DNA sequence on the promoter or enhancer of target genes, 

thereby influencing proliferation, differentiation, invasion and apoptosis of tumour cells; FRA-1 

has been linked to multiple cancers, including breast, bladder, colon, oesophagus cancers and 

HNSCC (Xiao et al., 2014). FRA1 expression is also upregulated in epithelial cancers in other 
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animals (Arthurs et al., 2020). In prostate cancer, FRA-1 stimulates cell metastasis by increasing 

N-cadherin and SNAIL and decreasing E-cadherin (Luo et al., 2018).  

In my study, I investigated the expression of FRA-1 in NPT, Grade 3+3, Grade 4+4 and Grade 

4+5/5+4 prostate cancer to investigate its expression in prostate cancer and also to evaluate its 

potential use as a risk stratification biomarker for different grades of PCa (Fig. 3.6). The result 

obtained from the investigation are promising. FRA-1 expression was found significantly 

increased in Grade 3+3 (1.19 ± 0.55-fold, mean±SEM; *P<0.05). Similar expression result was 

observed in Grade 4+4 and Grade 4+5/5+4. The expression was increased significantly in Grade 

4+4 (0.96± 0.36-fold, mean±SEM; *P<0.05) and was also observed significant increase in Grade 

4+5/5+4 (0.95±0.45-fold, mean±SEM; *P<0.05) (Table 3.2). These results show that there is a 

general increase in the expression of FRA1 in all grades of prostate cancer compared to normal. 

These results suggest that FRA1 could be a useful marker for stratification of prostate cancer. To 

the best of my knowledge this is the first detailed investigation of the expression of FRA1 in 

prostate cancer, although, as stated earlier, our laboratory has investigated the protein 

expression of FRA1 in other animal epithelial cancers (Giuliano et al., 2016). The following 

putative mechanism may explain the reason of increase the metastasis and expression of FRA-1 

in different grade PCa sample. It is likely that FRA-1 expression was increased as it is Wnt/β-

catenin signalling target gene. Additionally, I found AUC value for ROC curve (Fig. 3.10) 0.73 

(*P<0.05), 0.73 (*P<0.05) and 0.74 (*P<0.05) for Grade 3+3, Grade 4+4 and Grade 4+5/5+4 

respectively. This indicates FRA-1 could be used as a putative biomarker for different grade of 

PCa (Table 3.3). 

3.5.4. PYGO2 expression in normal, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa 

Pygopus (Pygo) gene was first identified in Drosophila melanogaster and Pygo proteins act as 

transcription co-factor of β-catenin in Wnt signalling pathway during Drosophila development 

(Kramps et al., 2002). In the cell nucleus Pygo associates with Armadillo/β-catenin via adapter 

protein Legless (or BCL9), although their molecular function with regard to TCF-dependent 

transcription remain unclear. Once PYGO is recruited to Drosophila TCF (dTCF) target genes via 

Legless-Armadillo adaptor chain (Städeli et al., 2006), and then stimulates Wnt-induced 

transcription by recruiting an unknown transcriptional co-activator (Kramps et al., 2002) and 
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(Hoffmans et al., 2005). Unlike flies, which have one PYGOPUS gene, mammals have two 

PYGOPUS homologs namely PYGOPUS1 (PYGO1) and PYGOPUS2 (PYGO2) (Belenkaya et al., 2002).  

PYGO2 is an important component of Wnt/β-catenin transcription complex engaged in gene 

function during development (Chen et al., 2007) but has a broader role in chromatin modelling 

in cancer. Chromatin modelling is influenced by the specific interaction of PYGO2 proteins with 

Wnt/β-catenin. This plays a pivotal role in tissue development through gene activation (Jessen et 

al., 2008). PYGO2 proteins have two distinct conserved domains, an N-terminal homology domain 

(NHD) and a C-terminal PHD (plant homology domain) zinc finger motif (Belenkaya et al., 2002) 

and (Kramps et al., 2002). This domain shares many proteins those play key roles in chromatin 

remodelling and transcription co-activation. The PHD finger of PYGO2 is crucial for its function, 

as a point mutation in the PHD finger disrupts Wnt signalling  (Belenkaya et al., 2002). It has also 

N-terminal homology domain (NHD) (Belenkaya et al., 2002  and Kramps et al., 2002). PYGO2 

plays a pivotal role in multiple cancers including breast cancer (Zhang et al., 2016) and intestinal 

tumours  (Talla and Brembeck, 2016). 

Elevated PYGO2 gene expression depends on direct repression of Retinoblastoma (Rb) tumour 

suppressor function and is activated by the ETS-related transcription factor, Elf-1 (Andrews et al., 

2008). This observation is especially relevant as Rb loss is associated with metastatic and castrate 

resistant PCa (Kramps et al., 2002). 

The expression of PYGO2 was only significantly increased in highest grade (Fig. 3.7) prostate 

cancer samples tested, implying that expression of PYGO2 is increased only when cancer has 

progressed a significant threshold (Table 3.2). PYGO2 expression was also visible in the nuclei 

that fits with the pattern of the activation of Wnt/β-catenin transcription, perhaps to maintain 

carcinogenesis and move towards metastases. This is the first time that the expression of PYGO2 

protein is investigated in different grade of prostate cancer. An in vivo experiment (mouse 

model), conducted by Tzenov et al. showed PYGO2 upregulation related with high Gleason score 

and metastasis to lymph nodes and bone, PYGO2 silencing obstructed tumour progression. 

PYGO2 is also thought to be an important factor to stimulate the transcriptional activation in 

response to ligand-induced Wnt/β-catenin signalling (Tzenov et al., 2013).  
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PYGO2 is also active in human brain glioma, Wang and colleagues reported that PYGO2 

expression was increased in human primary glioma tissue (Wang et al., 2016). PYGO2 was not 

expressed in normal brain tissue, but low expression was noticed in grade II glioma tissue and 

high expression was found in grade IV glioma tissue. This suggests that PYGO2 could be active in 

the same manner in high grade PCa. PYGO2 expression was also increased in breast (Popadiuk et 

al., 2006) and epithelial ovarian cancers (Wang et al., 2016). These two studies imply that PYGO2 

is an important component for the proliferation of breast and epithelial ovarian cancer cells. A 

potential target that the PHD finger in PYGO2 may bind to di- and tri-methylated lysine 4 of 

histone H3 (H3k4me2/3). As a result, a molecule inhibitor blocking the PHD finger that may serve 

as beneficial compound for PYGO2-overexpressed lethal PCa. I also observed AUC value for ROC 

curve (Fig. 3.11) was 0.5 (ns P>0.05), 0.63 (ns P>0.05) and 0.76 (*P<0.05). It indicates PYGO2 can 

be used as a putative biomarker for Grade 4+5/5+4. 

3.5.5. TCF-1 expression in normal, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa 

TCF-1 is T-lymphocyte-specific transcription factor-1 (Oosterwegel et al., 1991) was identified by 

its capability to bind to the specific sequence motif “AACAAAG” in the CD3E enhancer. TCF-1 

belongs to a family of proteins that utilize a region with the homology to high-mobility group 

(HMG) I proteins for sequence-specific DNA binding. This region was termed HMG box which 

binds with high affinity to sequence motifs in other T-cell enhancers, i.e., TCR-α, TCR-β, TCR-δ 

(Oosterwegel et al., 1991). The enhancer sequence in TCR-α is LEF1 that is also a cloned B 

lymphocyte (Travis et al., 1991). The HMG boxes of TCF-1 and LEF-1 are virtually identical and 

likely display indistinguishable DNA binding specificities (Clevers et al., 1993). 

During Wnt/β-catenin signalling activation, nuclear β-catenin forms a complex with T cell 

factor/lymphoid enhancer factor (TCF/LEF) family transcription factors and activates the 

transcription of target genes (Cadigan, 2008). TCF/LEF is a principal element in the manifestation 

of the Wnt/β-catenin signalling pathway through gene transcription and acts as a key factor for 

tumorigenesis (e.g., gastrointestinal tumours, lymphoid hematopoietic tumour, etc) (Cadigan, 

2008). Until my investigation, TCF-1 expression had not been measured in prostate 

adenocarcinoma or in different grade of prostate cancer.  
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In this study, I used TCF-1 (Fig. 3.8) to measure its expression in normal prostate tissue, Grade 

3+3, Grade 4+4 and Grade 4+5/5+5 to assess its potential to be used as a risk stratification 

biomarker for the different grade of PCa. The result showed that the expression of TCF-1 was not 

changed in Grade 3+3 and Grade 4+4. But TCF-1 expression was significantly increased in Grade 

4+5/5+4 (0.61±0.28-fold, mean±SEM; *P<0.05). This indicate this could be used as putative bio 

marker for Grade 4+5/5+4 PCa. Again, nuclear expression was also visible (Fig. 3.3) indicating a 

putative complexing with β-catenin, essential for Wnt/β-catenin transcriptional activity. 

The mechanism involved in TCF-1 role in prostate cancer could be speculated from the results 

described above. Wnt signalling pathway is a crucial pathway in carcinogenesis. Any genetic 

defection in this pathway may lead to development of prostate and other cancers (Chap-I, Sec. 

1.14). Furthermore, mutations, such as that in the APC gene (see above)  leads to stabilization of 

β-catenin which in turn mediates in appropriate gene activation (Polakis, 2000). Increased β-

catenin in advance malignant prostate cancer increases the expression of TCF-1, as some of the 

genes involved in Wnt signal transduction are also targets of Wnt/β-catenin transcription.  

The SOX18 (Sex determining region Y (SRY)-box 18 (SOX18) ) gene encodes transcription factors 

that have been recently discovered to be overexpressed in various human types of cancer and 

maintain behaviour of cancer cells (Wünnemann et al., 2016). Transcription factor SOX18 is 

overexpressed in PCa, the expression of SOX18 is notable correlated with both the clinical 

characteristics of patients and the malignant biological behaviour of PCa cells. SOX18 may 

promote PCa progression via the upregulation of various transcription factor including TCF-1 (Yin 

et al., 2017). 

3.5.6. Cx43 expression in normal, Grade 3+3, Grade 4+4 and Grade 4+5/5+4 PCa 

Cx43 is an archetypal member of the gap junction protein family. Gap junction proteins complex 

to form transmembrane protein channels between two adjacent cells to allow the  exchange of 

intracellular content (small molecules and ions) and communication for regulation of cell 

proliferation, differentiation and homeostasis (Alexander and Goldberg, 2003). Generally, Cx43 

is expressed in the cell membrane of mesenchymal and epithelial cells to form a gap junction to 

communicate with adjacent cells.  Gap junctions are known to be  involved in PCa development 
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and progression (Czyż et al., 2012). In the prostatic epithelial cells, Cx43 shows specific expression 

pattern and is expressed in undifferentiated progenitor and basal epithelial cells  (Habermann et 

al., 2001). The nature of interaction between cancer epithelial cells and tumour 

microenvironment (TME, the surrounding stromal compartment in which cancer cells resides),  is 

complex  (Krušlin et al., 2015). TME also contains different types of non-malignant cells such as 

activated fibroblasts, infiltrating  macrophage and other immune cells and endothelial cells 

(Mueller and Fusenig, 2004). Gap junction communication may also regulate the cancer cell 

interaction with the TME. 

I believe this is the first systematic investigation of the expression of Cx43 in normal, low grade 

and high grade prostate cancer to investigate Cx43 expression. It was particularly important to 

investigate the expression of Cx43 in PCa tissue as our laboratory recently identified it as a protein 

that complexes with β-catenin and is critical for Wnt signalling in prostate cancer cells (Hou et 

al., 2019). The objective therefore was to characterize the expression of Cx43 in PCa tissue to 

gain insights into its putative function in PCa. The results are described in section 3.4.3.6 and 

could be summarized to suggest that for the first time that Cx43 expression, specifically, is 

inversely co-related with the progression of high Gleason score in prostate cancer (Fig. 3.9). 

There are some previous investigations that show anomalous Cx43 expression and loss of GJIC 

function is connected to the progression of urological tumours (Czyż et al., 2012). Different 

connexin levels were negatively correlated to tumour malignancy while increased connexin 

expression or restoration of GJIC function obstructed the tumour growth and overturned 

malignant tumour or malignant phenotypes (Xing et al., 2007). Cx43 could also repress tumour 

cell migration and invasion (Alexander and Goldberg, 2003). Habernmann and colleagues 

revealed that Cx43 was reduced in prostate cancer compared to that of BPH, which contributed 

to de-differentiation and progression (Habermann et al., 2001). Another study revealed that Cx43 

expression showed a negative co-relation with established pathological features indicative of 

worse prognosis such as follow up time and preoperative PSA (Benko et al., 2011). In that study, 

univariate and multivariate analyses indicated that a decreased in Cx43 expression was found to 

be significant predictor of biochemical recurrence free-survival (BFS) (Benko et al., 2011). 

Furthermore, a significant reduction or loss of Cx43 expression in PCa tissues was related with 
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advanced clinic-pathological features and poor BFS or patients after radical prostatectomy (Xu et 

al., 2016). 

Cx43 may play a suppressive role in tumorigenesis via GJIC or C-terminal tail-mediated signalling. 

The following mechanism could be postulated to explain the reduced expression of Cx43 with the 

progression of malignancy.  

Firstly, Cx43-GJIC was found to facilitate the transmission of cAMP, leading to increased p27 

levels and reduced tumour growth. Secondly, Cx43 is co-localized with β-catenin at the contact 

areas of adjacent cells. The binding of cell surface Cx43, free β-catenin amount is reduced for 

Wnt signalling, leading to regulation of cyclin D1 and anti-apoptotic Bcl-2 and reduced cell 

proliferation (Ai et al., 2000). Wang and colleagues also demonstrated that gap junction not only 

operate as a cell communication bridge but also affects permeability of cytotoxic medicine (Wang 

et al., 2007b). It has also been shown that the restoration of Cx43 expression triggered TNF-β 

receptor signalling to induce apoptosis of prostate cancer cells.  

It could be postulated that Cx43 may protect against progression of prostate cancer. However, 

the underlying mechanism can be explained for the loss of Cx43 expression and the closure of 

the gap junction, leading to altered immune surveillance and in turn to the spread of the tumour 

cells. Majority of the neoplastic cells contain fewer gap junctions and GJIC has been obstructed 

compared with non-neoplastic cells. These findings could indicate that reduced Cx43 expression 

led to reduced GJIC, which could promote to unregulated epithelial development. Therefore, the 

result obtained from my studies support the suitability of Cx43 to be used as prognostic marker 

for Grade 4+4, Grade 4+5/5+4.  Additionally, I observed the AUC value for ROC curve (Fig. 3.11) 

was found as 0.70 (ns P>0.05), 0.81 (*P<0.05) and 0.93 (****P<0.0001). This indicates that Cx43 

could be proposed as a biomarker for risk stratification of PCa diagnosis (Table 3.3). 

3.5.7. A possible explanation of malignancy in PCa based on the results described in this 

chapter 

The results described in sections 3.4.3.2, 3.4.3.4 -3.4.3.6 investigated proteins that are part of 

the β-catenin transcription complex (Bian et al., 2020) and also AR protein critical for AR signalling 

which is known to play a role in normal prostate development and PCa. These results suggest a 
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consistent increase in the expression in Wnt/β-catenin transcription complex, by far the first 

comprehensive analysis of β-catenin transcription complex in PCa. An interesting observation is 

a putative antagonistic interaction between the increase in β-catenin transcription proteins 

compared to a decrease in the AR in high grade PCa. Of the various implications of these results 

could be that the progression of PCa is largely a function of which Wnt/β-catenin signalling plays 

a critical role. AR may act as a brake on Wnt/β-catenin and a progressive decrease in AR protein 

in increasing grade of PCa allows Wnt/β-catenin transcription. If this were the case an increase 

in Wnt/β-catenin gene transcription targets will be expected in higher grade PCa. This hypothesis 

could be tested by performing targeted or whole genome sequencing of low to high grade PCa. 

In addition to direct activation of gene transcription, e.g., those of proto-oncogenes, a further 

mechanism of Wnt/β-catenin signal activation may be via changes in the expression of 

MicroRNAs (miRs). miRs play a pivotal role in regulating Wnt/β-catenin signalling pathway 

(Siemens et al., 2013). miRs change the expression of canonical Wnt signalling protein by binding 

mRNA to downstream 3’UTR region of the target mRNA. This normally leads to translational 

repression or mRNA degradation that affects both early development of embryo, tumorigenesis 

and metastasis (Timms and Hofkamp, 2011). For instance, the silencing of miR-34a and 

subsequent up-regulation of its target, β-catenin, was linked with liver metastasis of colon cancer 

(Siemens et al., 2013). For prostate cancer tumorigenesis, the miR-34 has demonstrated anti-

proliferative and apoptotic function. But it has been observed that miR-34 is not active in 

malignant prostate cancer (Cheng et al., 2014).  

3.5.8. Implications of the results presented in this chapter on PCa therapy 

Our laboratory also focuses upon targeting Wnt signalling for prostate cancer therapy, as novel 

functional aspects of Wnt signalling have been identified (e.g., (Thrasivoulou et al., 2013 and 

Ashmore et al., 2019)) and it has been proposed that membrane potential regulating compounds, 

small molecules, already in clinical use to treat diseases other than cancer could be used to treat 

cancer. The results here will provide useful input in determining the different grades of cancer 

where this therapy could be most effective. 
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3.6. Summary 

I believe that I have provided the first detailed analysis of the expression of Wnt related proteins, 

particularly Wnt/β-catenin transcription complex proteins such as PYGO2 and TCF-1 in different 

grades of prostate cancer. A further value is the investigation of AR in conjunction with Wnt 

signalling related proteins and also the expression analysis of Cx43, considered to enter the 

nucleus upon the activation of Wnt signalling as shown in the study by Hou et al. and may act as 

part of the TCF/LEF transcription complex. That a number of proteins involved in Wnt/β-catenin 

gene transcription process is dysregulated in higher grade prostate cancer, indicates a clear 

involvement of this key signalling pathway in prostate cancer.  

The results in this chapter also showed the expression of AR and Wnt proteins in various grades 

of prostate cancer and how these signalling pathways may be simultaneously dysregulated in 

prostate cancer in general and in different grades of prostate cancer. A key discovery is the 

antagonizing feature of Wnt related and AR proteins, that suggest, for the first time that AR may 

be acting as a brake on Wnt transcriptional activity during the development of carcinogenesis. 

Future studies could include measurement of co-localization of all the nuclear protein to identify 

whether these form complexes or act independently at different sites on the genome. 

3.7. Limitations 

A limitation is the availability of number of tissue samples for different grades of cancer. This is a 

common problem when working with human tissue although a putative offsetting factor is the 

use of unbiased quantitative measurement of protein expression in this study. Another limitation 

that needs to be kept in mind is regarding the initial categorization of the pathology which is 

visual assessment and has its own limitations. This could also be addressed by incorporating 

within the sample size calculation. Another improvement could be introduced by validating the 

results by using an independent method such as measurement of gene transcription for the 

proteins investigated in this chapter. I aimed to improve this by implementing the RNAscope 

technique in the castrate resistant prostate cancer experiments described in the next chapter. 

Neither of these could be performed due to interruption because of Covid19 pandemic when the 

laboratory was shut down for nearly 8 months. Another way of doing this is to isolate RNA and 
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perform large scale or targeted gene expression analysis. This technique is difficult to implement 

in FFPE tissue samples where RNA is generally degraded. However, these experiments are now 

being conducted in our laboratory and future experiments may address this deficiency. 

A key limitation however could be the limited sample size, particularly for high grade cancer. Our 

technical sample size calculation based on a large number of studies indicate that for a normal 

vs cancer categorization at least 18 normal and 25-30 samples are necessary (Arthurs et al., 2020; 

Symes et al., 2013; Arya et al., 2015 and Giuliano et al., 2016). The sample size used here was 

limited due to availability of tissue samples from the same hospital, within a limited span, with 

different grades for age and cohort matching. Ideally, this study should have been conducted 

with a larger sample size. This could be done in the future and the data from this study could be 

incorporated to increase the sample size. I would also have liked to analyse the survival data, but 

it was not available. Future studies could also investigate specific nuclear expression of these 

transcription factors, a limitation of the current study. 
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4. Expression analysis of Wnt, AR and Connexin signalling proteins in human Castration Resistant Prostate Cancer (CRPC) in situ  

4.1. Introduction 

4.1.1. Role of androgen and androgen receptor (AR) signalling in prostate cancer  

Prostate cancer (PCa) development depends on androgen signalling (Huggins and Hodges, 1972). 

Following Androgen Deprivation Therapy (ADT), PCa regresses temporarily, but generally recurs 

after 4-5 years of ADT and termed CRPC; these cancers then generally metastasize. Detailed 

mechanisms of CRPC development from hormone naïve PCa have been discussed in Chapter-I 

(Sec. 1.11.7).  

PCa growth depends on the ratio of cells proliferating to those dying. There are several pathways 

via which CRPC development may occur. Androgens and AR signalling are a major, and one of the 

most studied, regulatory components for prostate growth, survival and apoptosis. Because of 

this ADT is primary treatment for PCa. The principal androgen in males is testosterone, produced 

mostly (~90%) by the Leydig cells in the testes and remainder in adrenal cortex, it then enters the 

blood stream, through binding with albumin and also with sex-hormone-binding globulin (SHBG). 

Testosterone is diffused into cytoplasm and converted by 5α-reductase to Dihydrotestosterone 

(DHT) a metabolite with enhanced binding affinity to the LBD of AR (Feldman and Feldman, 2001). 

DHT binds to the AR by replacing HSP (Brinkmann et al., 1999) followed by dimer complex 

formation which enters into nucleus and binds to androgen responsive elements (ARE – a 

sequence of nucleotides) in the promoter region of target genes followed by recruiting of co-

activator which allow AR complex to interact with the general transcription apparatus (GTA) to 

stimulate or inhibit the target gene transcription (Shah et al., 2004 and Huggins, 1967). 

ADT is the primary treatment procedure for metastatic and locally advanced disease by either 

medicinal or surgical castration in which source of testosterone supply is eliminated through the  

removal of the testes or applying hormonal treatment as antagonist (Crawford and Hou, 2009).   

ADT is still the most widely used treatment for patients with progressed PCa. Indeed, it has been 

reported that androgen deprivation lowers androgen receptor (AR) expression, apoptosis and 

the volume of tumour cell, but most of PCas eventually attain the ability to grow with little 

androgen availability (e.g., CRPC) (Kyprianou and Isaacs, 1988 and Kim et al., 2002). The 
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mechanisms leading to CRPC are categorised into three general classes, which mainly relate to 

AR signalling, namely (i) AR amplification, (ii) AR mutation and (iii) AR splice isoform 

overexpression. Another mechanism for increasing AR activity is the endogenous expression of 

androgen synthesizing enzymes in tumour tissues leading to de novo androgen synthesis and 

conversion of existing low amount of adrenal androgens into testosterone and DHT (Titus et al., 

2005 and Locke et al., 2008). An increase in mRNA and protein for AR was shown in ~80% of CRPC 

(Linja et al., 2001; Haapala et al., 2007 and Taylor et al., 2010). AR signalling is activated by binding 

to its specific ligand, DHT and testosterone to LBD but mutations in LBD may broaden its stringent 

specificity. As a consequence, cancerous cells continue to proliferate and resist apoptosis through 

their use of other circulating steroid hormones if androgens level become minimal.  

In LnCAP cells, generally used as an AR positive in vitro model cell line, the first AR mutation was 

discovered by Veldscholte and colleagues (Veldscholte et al., 1992). The presence of mutation in 

AR facilitates androgen antagonist e.g., flutamide and androgen agonist steroid hormone such as 

progestins, oestrogens and anti-androgens to bind to its LBD to activate AR signalling for PCa 

growth (Taplin et al., 1999). Certain growth factors such as insulin-like growth-factor-1 (IGF-1), 

keratinocyte growth factor (KGF) and epidermal growth factor (EGF) can activate the AR signalling 

by creating an ‘outlaw’ receptor and thereby induce AR target genes in the absence of androgen 

(Culig et al., 1994). IGF-1, the most efficient of the factors studied, induced a five-fold increase of 

PSA secretion in LNCaP cell (Culig et al., 1994).   

AR activation promotes a proliferation of androgen-dependent cancer cells and a depletion in 

androgens results in the inhibition of apoptosis. A successful bypass of the cascade for AR 

signalling will lead to proliferation and inhibition of apoptosis, even without androgen and AR. 

The BCL2 gene is an apparent candidate gene for bypass that can inhibits apoptosis. In the 

secretory epithelial cells, BCL2 is not generally expressed except in Prostatic Intraepithelial 

Neoplasia (PIN) or CRPC (Colombel et al., 1993). Furthermore, by selecting for growth of prostate 

cancer xenograft in castrated mice, Liu et al. (1996) found the expression of BCL2 in tumours that 

did not initially express BCL2. A blockage of BCL2 in LnCAP xenograft model with anti-sense 

oligonucleotides was shown to delay the development of CRPC (Gleave et al., 1999).  
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4.1.2. Role of Wnt signalling in cancer and cross talk between different signalling pathways 

Cell signalling is a complex and interactive process and although aberrant AR signalling pathway 

is recognised to be the most crucial pathway in CRPC, other pathways are also likely to be 

involved. It has been shown that exposure to androgen regulates the genes previously known to 

be involved in prostate carcinogenesis in PCa (Schaeffer et al., 2008 and  Zhang et al., 2006). Some 

of these genes encode for proteins that are engaged in other developmental and carcinogenic 

pathways, for instance Wnt signalling regulated angiogenesis, apoptosis, migration and 

proliferation. A general narrative with regards to cell signalling pathways suggests that 

intracellular signalling pathways are always interconnected and there is considerable ‘cross-talk’ 

between different pathways.  

It has been postulated that aberrant activation of Wnt/β catenin pathways, on its own, 

contributes to human cancer development (Davies et al., 2001). Wnt signalling was discovered 

to be associated in development of most colorectal cancer where mutation of APC is prevalent 

(Groden et al., 1991). Mutations in a number of genes in the Wnt signalling pathway (such as, 

Axin loss of function and constitutively activating CTNNB1 mutations) are associated with 

different type of tumours (Herr et al., 2012) e.g., human breast cancer (Shulewitz et al., 2006); 

Triple Negative Breast Cancer (TNBC) also exhibits hyperactive Wnt signalling (Polakis, 2012). The 

subtype of TNBC including, ER (oestrogen receptor), PR (progesterone receptor) and HER2 

(Human Epidermal Growth Factor Receptor 2) constitutes 15-20% of newly diagnosed breast 

cancer cases, is linked to higher grade, stem cell-like characteristics, increased aggression, unique 

pattern of metastasis and poor survival of patient (Lehmann et al., 2011). In the invasive TNBC 

subgroup, Wnt/β-catenin signal activation was selectively detected in conjunction with poor 

prognosis as identified by nuclear β-catenin and over expression of Wnt target Cyclin D1 

(Khramtsov et al., 2010). Furthermore, it was found that canonical Wnt signalling pathway seems 

to contribute to the development of malignant melanoma, but their mechanism still remain 

unclear (Lim and Nusse, 2013). A number of trials have demonstrated an increased overall rate 

of patients with high nuclear β-catenin melanoma (Bachmann et al., 2005 and Chien et al., 2009).  
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Wnt signalling is also involved in leukaemia in which this signal is increased in haematopoiesis 

and leukaemia (Lento et al., 2013).  

In addition, deregulation in Wnt signalling leads to imbalance of the process resulting in 

malignancies in intestine, liver (Guan et al., 2012 and Davies et al., 2001). Prostate 

morphogenesis is regulated by Wnt and AR signalling pathways (Logan and Nusse, 2004). Various 

studies have shown a close and functional interaction between AR and the Wnt signalling 

pathway that stimulate development of prostate tumours via over-expression of AR (Schweizer 

et al., 2008a), indicating a role for Wnt signalling in hormone refractory prostate cancer 

(recurrence of cancer after androgen deprivation therapy).  

The main transducer of Wnt signalling pathway is β-catenin which is thought to interact with AR 

signalling pathway by binding with AR (Schweizer et al., 2008a and Yokoyama et al., 2014). Truica 

et al.  showed that β-catenin directly binds to AR to stimulate its transcriptional activity by 

androgen, androstenedione and oestradiol in LnCAP cells (Truica et al., 2000). Some studies 

identified that β-catenin localisation in nucleus of autopsy samples collected from CRPC patients 

(de la Taille et al., 2003). Experiments were conducted to investigate the presence of β-catenin 

in CRPC.  But the level or the location of expression for β-catenin was not undertaken into this 

investigation. Wnt signalling target proteins have not been investigated to determine their 

expression or location in CRPC. The mechanisms of AR and β-catenin interaction and how the 

activation of signalling that may lead to protein-protein interaction, however, remain largely 

unexamined. A functionally reciprocal and protein-protein interaction between AR and β-catenin 

may explain biological significance of β-catenin in PCa cells. 

4.1.3. Role of Connexin 43 in Wnt signalling and cancer 

Connexin 43, a widely expressed transmembrane protein which are known to form gap junction 

channels intercellularly in associated with other member of GAP junction proteins (Kotini and 

Mayor, 2015) (Discussed in Chap-III, Sec. 3.1.5). As stated previously, Cx43 was recently 

discovered in our lab as a target protein of Wnt signalling pathway (Hou et al., 2019). The 

expression of Cx43 was previously suggested to be involved in pathological progression of PCa 

(Benko et al., 2011). These authors showed that the expression of Cx43 is significantly altered in 

the aggressive prostate cancer cells and the expression level is negatively correlated with 
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pathological grading  (Benko et al., 2011). A quantitative analysis of this is presented in the 

previous chapter confirms Benko et al’s qualitative analysis. However, whether Cx43 is over-

expressed in CRPC is not known and neither is its pattern of distribution in human prostate tissue, 

particularly in relation to Wnt and AR target proteins.  

I believe that understanding the nature of expression and co-localization of AR, Wnt and Cx43 

may enhance our understanding of putative interaction between these signalling pathways, 

particularly in CRPC. It is also to be noted, that most previous protein expression in PCa did not 

quantify protein expression (only visual, semi-quantitative analysis of scoring was performed). By 

using quantitative immunohistochemical techniques developed in our laboratory e.g., (Symes et 

al., 2013), I have aimed also to quantify the expression of AR, Wnt and Cx43 related proteins in 

CRPC. 

I show for the first time that in addition to AR expression in CRPC, Wnt signalling targets β-

catenin, other Wnt target proteins such as FRA-1, c-MYC and Cx43 are also expressed in CRPC. I 

have also analysed the co-localisation of AR and Wnt signalling target proteins in CRPC tissues to 

shed further light on the interaction between these critical cell signalling pathways. 

4.2. Aims 

In CRPC and non-CRPC tissue: 

(i) Analyse the expression of AR protein 

(ii) Quantify and compare the expression of Wnt target proteins including β-catenin, FRA-1 and 

TCF-1  

(iii)  Identify if Cx43, a new target of Wnt signalling, is expressed  

(iv)  Analyse co-localisation of AR and Wnt signalling protein including β-catenin, FRA-1, and c-

MYC 

(v)  A further aim was to investigate the in situ RNA expression for Wnt signalling related genes 

in normal, low and high grade and CRPC 
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4.3. Methods 

4.3.1. Immunohistochemical staining  

4.3.1.1. Tissue collection and designing of Tissue Array (TA) 

Human prostate tissue samples (a total of 56) were obtained from Guest Professor (Pathologist), 

Department of Pathology and Molecular Immunology Abel Salazar Institute of Biomedical 

Sciences University of Porto Professor, Portugal). The samples were 21 normal prostate tissue 

(NPT), 10 benign prostatic hyperplasia (BPH), 5 Grade 3+3 and 20 CRPC used to construct two 

slides named: RH19 and RH20_CRPC). RH19 slide composed of 36 samples (41 individual tissue 

cores): 21 NPT (21 cores), 5 Grade 3+3 (5 cores + 5 repeat cores), 10 BPH. RH20_CRPC slide made 

of 20 samples (40 cores):  CRPC samples (20 CRPC cores +20 CRPC repeat cores). Prior to TA 

construction, H&E staining was performed (Chap-II, Sec. 2.3.1.1) to identify the region of interests 

by Pathologist (Sec.  2.3.1.2). Details of patients and sample are provided in appendix (Appx. 2).   

4.3.1.2. Tissue array construction 

Details of the tissue array construction were described earlier in Chap-II (Sec. 2.3.1.3). Briefly, the 

recipient block was placed on the block holder. The identical circular indents were made by the 

small (recipient) and large (donor) punches. Each of the punch was 3mm deep into a paraffin 

block. The large punch stylate was used to inject the tissue core into the hole created by smaller 

punch. The diameter of core was 1mm and distance between two adjacent cores   was 2.5mm. 

Following construction, TA was incubated at 37°C for 30 min by applying light and even pressure 

to the surface of block to level the height of the cores. 

4.3.1.3. Tissue dewaxing and antigen retrieval 

The tissues were sectioned with microtome with 6 μm thickness. Details of procedure of tissue 

dewaxing and antigen retrieval were described in Chap-II (Secs. 2.3.1.4. and 2.3.1.5).  

4.3.1.4. Blocking of non-specific binding site 

The tissue sections were blocked by incubating in 3% H2O2 menthol solution for 30 min for 

endogenous peroxidase activity. Non-specific binding was blocked by incubation with 10% 

normal serum and 1% BSA. Details were discussed in Chap-II (Sec. 2.3.1.6). 
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4.3.1.5. Determination of specificities of antibodies 

A negative control (omission of primary antibody) experiment was performed to assess whether 

the secondary antibodies generate any non-specific band (Chap-II, Sec. 2.3.1.7). 

4.3.1.6. Immunostaining of Prostate and PCa tissues  

Wnt, AR and Connexin signalling proteins were investigated to measure their expression in NPT, 

BPH, Grade 3+3 PCa and CRPC tissue using two methods: 1. Chromogenic (DAB:3,3ʹ-

Diaminobenzidine) and 2. Immunofluorescence staining methods. Staining of slides was 

conducted by Mike Millar (University of Edinburgh) (Chap-II, Sec. 2.3.1.8). The latter was an 

improvement on only the single label (DAB) analysis presented in the previous chapter. Multi-

label immunofluorescence also provides a further layer of analysis as co-localization of multiple 

proteins can also be measured (Symes et al., 2013 and Arthurs et al., 2017). 

4.3.1.6.1. Immunostaining of prostate and PCa tissues using single label chromogenic staining 

method 

Chromogenic (DAB: 3,3ʹ-Diaminobenzidine) staining was described in detail previously (Chap-II, 

Sec. 2.3.1.8.1). The DAB staining was aimed to determine the sole expression of a protein of Wnt 

and AR signalling pathways in non-CRPC and CRPC tissues.  

The TAs were termed RH19 and RH20_CRPC; 56 samples, of which 36 on RH19 (41 cores: 21 NPT 

+ 10 BPH + 10 Grade 3+3) and 20 RH20_CRPC (40 cores: 20 cores + 20 cores repeat) were used 

for the DAB staining. Anti-AR and anti-Cx43 antibodies (Table 4.1) were used to measure the 

expression of AR and Cx43 in NPT, BPH, Grade 3+3 and CRPC tissues. 

 
 
 
 
 
 
 
 
 
 
 
 



226 
 

Table 4.1. Details of antibodies used in chromogenic staining. The table is representing the antibodies and their 
corresponding host, catalogue, manufacturer and dilution used in the experiment 

Primary antibody Host Cat. and 
Manufacturer 

Dilution Cores on the slide were 
Stained 

Anti-AR antibody 
 

Rabbit Ab133273, 
ABCAM 

1:400 RH19: 41 cores, 
RH20_CRPC: 40 cores 

Anti-Cx43 antibody Rabbit C6219: Sigma 1:1000 RH19: 41 cores, 
RH20_CRPC: 40 cores 

Secondary 
antibody 

 
 

Peroxidase 
AffiniPure Donkey 

Anti-Rabbit IgG 
(H+L) 

Donkey 711-035-152, 
Jackson 

Immunoresearch 
laboratory (JIL) 

1:500 Used against Anti-rabbit 
primary antibodies 

 
 

 
The tissue sections were stained with anti-AR and -Cx43 antibodies (Table 4.1) using Bond Max 

automated staining system (Leica Biosystems, Milton Keynes, UK) according to manufacturer’s 

protocol (Chap-II, Sec. 2.3.1.8.1).  

4.3.1.6.2. Imaging and signal quantitation 

AR and Cx43 Ab-labelled DAB-stained cores were scanned using NanoZoomer-RS Scanner. 

Following segregation of images, an unbiased and semiautomated method was used to the DAB 

signal for anti-AR and anti-Cx43 antibodies. For quantitation, ImageJ software using an algorithm 

was used. The data were generated as AFperAMT which were fitted to probit regression (Chap-

II, Sec. 2.3.1.8.1A) for AR and Cx43. 

4.3.1.6.3. Statistical analysis 

Mountain plot and Box plots were constructed using GraphPad Prism, version 8.0.0 (GraphPad 

Software, San Diego, California USA. Median selection and statistical test (significance of 

differences) were performed using Mann-Whitney U test (ns P>0.05; *P<0.05; P**<0.01; 

***P<0.001; ****P<0.0001). 

4.3.1.6.4. Immunostaining of prostate and PCa tissues using fluorescence staining method 

Multi-label immunofluorescence staining was conducted using similar techniques as that for 

chromogenic label, except a Tyramide based system (Toth and Mezey, 2007) refined by our 

laboratory was used (Symes et al., 2013; Arya et al., 2015; Giuliano et al., 2016; Arthurs et al., 

2017 and Arthurs et al., 2020). Wnt and AR signalling protein proteins were investigated to 
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measure the expression and co-localization in non-CRPC (normal prostate tissue (NPT), benign 

prostatic hyperplasia, Grade 3+3) and CRPC tissues. 56 samples of which 36 on RH19 (41 cores: 

21 NPT + 10 BPH + 10 Grade 3+3) and 20 RH20_CRPC (40 cores: 20 cores + 20 cores repeat) used 

for the fluorescence staining. 

4.3.1.6.4.1. Immunostaining of non-CRPC and CRPC tissues 

A multilabel fluorescence staining experiments was carried out to measure the expression and 

co-localisation of AR, β-catenin, FRA-1and c-MYC. 

Table 4.2. List of antibodies for immunofluorescence staining. The table is representing the antibodies and their 
corresponding host, catalogue, manufacturer and dilution used in the experiment. 

Primary 
antibody 

Fluorophores (Laser/excitation-
emission (nm) 

Host Cat and Source Dilution 

Anti-Fra-1 
antibody 

Tyr-Alexa 405 (405/415-480) Rabbit ab252421: ABCAM 1:200 

Anti-β-
Catenin 

antibody 

Tyr-FITC (488/500-550) Mouse Ab22656, ABCAM 1:200 

Anti-AR 
antibody 

Tyr-Cy3 (559/575-620) Rabbit Ab133273, ABCAM 1:250 

Anti-c-MYC 
antibody 

Tyr-Cy5 (635/645-740) Rabbit C3956, Sigma 1:200 

Secondary 
antibody 

Peroxidase AffiniPure Donkey 
Anti-Mouse IgG (H+L) 

Donkey 715-035-151: Jackson 
Immunoresearch Laboratory (JIL) 

1:500 

Peroxidase AffiniPure Donkey 
Anti-Rabbit IgG (H+L) 

Donkey 711-035-152: Jackson 
Immunoresearch laboratory (JIL) 

1:500 

 

Immunofluorescence staining was conducted using an automated bond system using a protocol 

adapted from (Toth and Mezey, 2007). The staining protocol is described elsewhere (e.g., (Arya 

et al., 2015)).  

4.3.1.6.4.2. Fluorescence imaging of antibodies FRA-1, β-catenin, AR and c-MYC signal  

Image of each core of RH19 and RH20 were obtained using Zeiss Axioscan Z.1 slide scanner (Carl 

Zeiss) at 20x magnification  (Arya et al., 2015). The fluorescent signals were optimised prior to 

conducting Axioscan to avoid oversaturation of signal faint for each antibody. For a standardized 

comparison, the power of Calibri.2 LED lights and integration times of the Hamamatsu ORCA 

Flash4 camera (Hamamatsu Photonics) were kept constants for all samples. The imaging of the 
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slides was carried out at the same time sequentially with identical image acquisition settings. 

Montages of each core were automatically generated and accumulated from multiple 2048x2048 

pixel with 16-bit gray level which were compiled locally on the acquisition computer.  

4.3.1.6.4.3. Quantitation of the expression of Wnt and AR signalling proteins 

The experimental design was double blind, as described in previous chapter. To quantify the 

expression of each protein, an unbiased, reproducible and automated analysis was employed to 

quantify the intensity of each fluorophore used in the tissue array to measure the amount of 

expression of each antibody in prostate normal and malignant tissues (Symes et al., 2013). A 

plugin adapted to ImageJ was scripted to semi-automatically discriminate the whole TA, largely 

based on a threshold segmentation routine, was used. Lower and upper threshold parameters 

was standardised prior to include the median to maximum gray value of a range of samples across 

the whole sample set. These values were then used to perform a batch analysis of the entire 

sample set, where the mean gray values per TMA core was calculated (Symes et al., 2013).  

4.3.1.6.4.4. Quantitative co-localization of Wnt and AR target proteins using High resolution 

confocal microscopy  

Eighty cores of control and malignant tissues were used in which 3 ROIs in each core were 

selected and imaged with confocal Microscope Leica TCS SP8 using oil emersion 63X 1NA 

objectives with zoom 6x (Chap-II, Sec. 2.3.1.8.2). The images were saved as a lif file which were 

imported to Huygens Professional Software for deconvolution. The deconvolved images were 

saved as Huygens specific (HDF5) files for each channel (excitation/emission nm). The antibodies 

(Table 4.2) were fluorescently labelled with Tyr-Alexa 405 (405/415-480: Blue), Tyr-FITC 

(488/500-550: Green), Tyr-Cy3 (559/575-620: Orange), Tyr-Cy5 (635/645-740: Red) and the HDF5 

files were used to calculate Pearson coefficient for co-localisation using a written script adapted 

to Huygens pro (Arya et al., 2015).  

4.3.2. RNAscope for single molecule RNA analysis 

Single molecule RNA detection combined with protein expression for the products of the same 

RNA molecules could provide a powerful correlation and a clear picture of transcriptional and 

translational changes that may occur during different stages of a disease. The ultimate objective 
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is to conduct both single molecule RNA and protein expression on the same slide; to establish 

this technique and work towards the longer-term aim, however, I have conducted these 

experiments to be conducted on different tissue array slides.  

4.3.2.1. Application of positive and negative control to verify RNA quality and specificity  

Peptidylprolyl Isomerase B (PPIB) and RNA Polymerase II Subunit A (POLR2A) were used to assess 

the quality of RNA expression of PPIB and POLR2A in each core of the slides. A universal negative 

control with probes targeting the Dap B (Diaminopimelate B) gene, encodes dihydrodipicolinate 

reductase, from the soil born bacterium, Bacillus subtilis strain SMY was used to observe the 

background staining (Chap-II, Sec. 2.3.2.1).  

4.3.2.2. RNAscope: in situ single molecule RNA analysis in normal, low, high grade and 

castration resistant prostate cancer tissue  

Four Wnt signalling related proteins including β-catenin, PYGO2, FRA-1 and TCF-1 were used to 

determine their RNA expression based on the contribution in PCa development. Tissue cores of 

normal prostate, BPH, Grade 3+3, Grade 4+4, Grade 4+5/5+4 and CRPC distributed over slides 

RH16, RH17, RH18, RH19 and RH20_CRPC (Appx. 2) were undertaken into the experiment. RNA 

probes were designed to hybridize the target RNA molecules of Wnt targets including β-catenin, 

PYGO, FRA-1 and TCF. Details staining described in Chap-II (Sec. 2.3.2.2). 

4.3.2.3. Detection of signal of RNAscope probes 

Detail protocol for detection of signal of RNAscope probe has been described in Chap-II (Sec. 

2.3.2). 

4.3.2.4. Imaging and statistical analysis 

RNAscope slides were scanned using Axioscan (Carl Zeiss) with 40x, 20x and 10x objectives. The 

stained cores were also scanned using NanoZoomer-RS Scanner (Type: C10730-02) with 

resolution 0.23μm/pixel (40x high resolution mode) (Hamamatsu Photonics UK Ltd, Welwyn 

Garden City, UK). Python software with Jupyter notebook (batch analysis) was used to quantitate 

the expression of β-catenin RNA (red punctate dot). RNA expression (green punctate dot) for 

FRA-1, PYGO2 and TCF-1 expression was counted manually. Prior to quantitation, threshold was 
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applied for each image using hue, saturation and brightness. Each of the punctate dot indicate a 

single molecule of each RNA molecule. The quantified number was used to construct box to 

measure the expression of each single RNA molecule. Statistical analysis was performed (Sec. 

4.3.1.6.3). 

4. 4. Results  

To elucidate the role of Wnt and AR pathways in PCa, it was also important to determine the level 

of expressions and interactions of Wnt and AR signalling protein and RNA in-situ. This is the first-

time multi-fluorophore labelled, quantitative immunofluorescence technique, in combination 

with high throughput and confocal imaging and unbiased fluorophore signal quantification are 

being applied to investigate the expression and co-localization of Wnt and AR signalling targets 

in PCa (and normal and BPH) tissue in-situ.  

Our laboratory has developed and refined unbiased, quantitative immunohistochemistry to 

identify and characterize various biomarkers and proteins in PCa and other cancers (Symes et al., 

2013 and Arthurs et al., 2017). RNA levels, particularly, are highly dynamic and integrate both 

genetic and epigenetic mechanisms of gene regulation, serving as an excellent molecular 

phenotypic readout of the functional state of cells and tissues.  

4.4.1. Histological characterisation of non-CRPC cores (e.g., normal, BPH and Grade 3+3 

tissue) and CRPC tissue cores 

The tissue cores were histologically analysed to characterise the NPT, BPH, grade 3+3 and CRPC 

by using magnified images of the tissue cores obtained from AxioScan (e.g., Fig. 4.8). The cores 

were magnified into 40x to identify histological feature of the tissues. The normal prostate tissues 

were recognised by observing the morphologically distinct well organised epithelial layer 

containing luminal cells and basal cells (Szczyrba et al., 2017). The benign prostatic hyperplasia 

(BPH) was predominantly characterised by an increased number of epithelial and stromal cells in 

perineural area of the prostate and nodules in stroma and gland (Roehrborn, 2008) and Grade 

3+3 is characterized with developed well-differentiated glands, which are separated by stroma. 

The glands are arisen close to each other with minimum amount of intervening stroma. The 
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glands are lined by columnar neoplastic cells but lacking a layer of basal cells (Kweldam et al., 

2019). 

4.4.2. Analysis of the expression of Wnt and AR target proteins through chromogenic 

immunostaining in non-CRPC (e. g. normal prostate, BPH and lower Gleason grade 3+3) and 

CRPC tissues 

In the previous chapter (Chap-III, Sec. 3.4), I analysed the expression of AR and Wnt signalling 

proteins (e.g., AR, β-catenin, FRA-1, PYGO2, TCF-1 and Cx43) in NPT and prostate cancer tissue of 

different grades (Grade 3+3, Grade 4+4 and Grade 4+5/5+4). Here, I have analysed and quantified 

the expression of AR (e.g., AR) and Wnt (e.g., Cx43) signalling proteins in CRPC and also will show 

the expression in NPT, BPH and Grade 3+3 PCa tissue. 41 non-CRPC and 40 CRPC cores were used 

in this staining.  Negative staining (omitting primary antibody) experiment were also conducted 

to check quality of the antibodies against target proteins.  

4.4.3. Quantitative analysis of AR and Wnt signalling related protein expression in non-CRPC 

and CRPC tissue 

The non-CRPC (n=41) and CRPC (n=40) were stained with DAB-HRP using anti-AR and Anti-Cx43 

antibodies. Following staining, the cores on the slide were scanned using a Nanozoomer slide 

scanner at 40x magnification (0.23μm/pixel resolution). Following segregation of images, an 

unbiased and semiautomated method was used to measure the DAB signal for anti-AR and anti-

Cx43 antibodies. For quantitation, ImageJ software using an algorithm was used. The data were 

generated as AFperAMT (area fraction/amount of tissue on the core) which were fitted to probit 

regression (Chap-II, Sec. 2.3.1.8.1.). Significance of difference between NPT vs BBPH, NPT vs 

Grade 3+3 and NPT vs CRPC was calculated using Mann-Whitney U test (* P<0.05, ** P<0.01, *** 

P<0.001). 

Prior to staining with primary antibodies against AR and Wnt related proteins, a negative staining 

control for these antibodies was performed in both non-CRPC and CRPC tissue cores. Figure 4.1 

shows that there was virtually no background signal or autofluorescence when only secondary 

antibodies were used as negative controls.  
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Figure 4.1. Representative images for the negative staining of non-CRPC and CRPC cores. A. Negative 
staining of non-CRPC cores. B. Anti-AR antibody with DAB-HRP staining of non-CRPC cores. C. Negative staining of 
CRPC cores. D. Anti-AR antibody with DAB-HRP staining of CRPC cores. 

4.4.3.1. Expression analysis of AR in NPT, BPH, Grade 3+3 and CRPC tissues 

AR protein was expressed in normal prostate tissues (NPT), BPH, Grade 3+3 and CRPC tissue 

samples (Fig. 4.2).  The Fig. 4.2.B shows increased expression of AR in BPH compared to AR 

expression in NPT (Fig. 4.2.A). The probit value (AF/AT) (Chap-II, Sec. 2.3.1.8.1.) was used for 

statistical analysis (e.g., Mann-Whitney U test) and to construct mountain plot to calculate the 

level of protein expression (Fig. 4.2.B2-D3).  Fig. 4.2 shows that AR expression was significantly 

increased in BPH (11.46±0.64-fold, mean±SEM; *P<0.05) compared to NPT. This indicates AR 

receptor may play an important role in BPH development. A decreased AR expression was 

observed in Grade 3+3 tissue (Fig. 4.2.C1, a magnified image of tissue core 4.2.C) compared to 

AR expression in NPT.  The result (Fig. 4.2.C2) indicated AR expression was significantly reduced 

in Grade 3+3 PCa tissue (-0.81 ± 0.39-fold, mean±SEM; *P<0.05) when compared to NPT. This 

result reflects the result observed in Chap-III where AR expression was reduced in Grade 3+3 PCa 

(Chap-III, Sec. 3.4.2.1). This confirms that AR expression is reduced with moderately 

differentiated cells in PCa tissue (Chap-III, Sec. 3.1). The result (Fig. 4.2.D) showed higher intensity 

of DAB signal for AR expression than AR signal in NPT, Grade 3+3 PCa (Fig. 4.2.A and C). The 

analysis showed AR expression was significantly increased in CRPC (9.07 ± 2.67-fold, mean±SEM; 

**P<0.01) and (8.94 ± 1.91-fold; mean±SEM; ***P<0.01) and compared to AR expression in NPT 

(Fig. 4.2. D2) and non-CRPC tissue (NPT, BPH and Grade 3+3 were included) (Fig. 4.2.D3) 
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respectively. This result confirms overexpression of AR in CRPC tissue which was found by Grasso 

et al. (Grasso et al., 2012). 

I also investigated the usefulness of AR protein as biomarkers for prostate cancer by calculating 

the true positive rate (sensitivity) and false positive rate (1-specificity) by ROC curve (Fig. 4.4). An 

area under the curve (AUC) of 1.0 for an ROC curve suggests a high selectivity and sensitivity; a 

value of 0.5 indicates the marker cannot distinguish between condition A and condition B. AR 

analysis yielded an AUC value for ROC curve 0.76 (Table 4.4).  
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Figure 4.2. Representative images for the staining and quantification of DAB signal for AR in NPT, BPH, Grade 3+3 
and CRPC. The A, B, C and D representing AR antibody with DAB-HRP staining cores of NPT (n=21), BPH (n=10), Grade 
3+3 (n=10) and CRPC (n=40), respectively. A1, B1, C1 and D1 are the 40x magnification of A, B, C and D respectively 
to illustrate the expression. The tissue cores were scanned with NanoZoomer-RS Scanner (Type: C10730-02) with 
resolution 0.23μm/pixel (40x high resolution mode). Each of the image of cores was undertaken to measure 
expression of AR.  An unbiased ImageJ was used to quantify protein expression (Sec.  4.3.1.6.2). Following 
quantitation, the data were generated as area fraction (AF)/amount of tissue (AMT) which were used to construct 
mountain plot. B2, C2 and D2 representing the expression of AR in BPH vs NPT, Grade 3+3 vs NPT and CRPC vs NPT 
of B, C and D respectively. D3 representing AR expression in CRPC compared to non-CRPC (combine of AR expression 
in NPT, BPH and Grade 3+3). The expression of AR vs BPH showed significant higher expression (* P<0.05) in BPH 
whereas expression of AR was decreased significantly (* p<0.05) in Grade 3+3 and but was increased in CRPC vs non-
CRPC (*** P<0.001). (AF: Area Fraction; AT: Amount of Tissue). Scale bar: 100 μm (for full core image) and 10 μm 
(Fragmented image) 
 
Table 4.3. Quantitative analysis of protein expression in BPH, Grade 3+3 and CRPC tissue arrays. The table shows the 
fold increase of expression and significance of differences for AR and Cx43 proteins in BPH, Grade 3+3 and CRPC 
compared to NPT.  The results represent as mean±SEM of values of AF/AT (probit). 

Protein BPH PCa Grade 3+3 CRPC 

Fold change Significance (<P) Fold change  Significance (<P) Fold change to non-CRPC Significance (<P) 

AR 1.46 ± 0.64 *P<0.05 -0.82 ± 0.40 *P<0.05 8.94 ± 1.92 ***P<0.001 
Cx43 4.82 ± 1.99 *P<0.05 -3.13 ± 1.45 *P<0.05 -3.00 ± 1.00 **P<0.01 

 

4.4.3.2. Expression analysis of Cx43 in NPT, BPH, Grade 3+3 and and CRPC tissues 

This is the first systematic analysis of the expression of Cx43 in large number of human prostate 

tissue samples. Cx43 was expressed in NPT, but its expression was increased significantly in BPH 

(4.82 ± 1.99-fold, mean±SEM; *P<0.05) compared to Cx43 expression in NPT (Fig. 4.2.B2). The 

expression of Cx43 was significantly reduced in Grade 3+3 (-3.13±1.4-fold, mean±SEM; P<0.05) 

compared to Cx43 expression in NPT (Fig. 4.2.C2). Its expression was further reduced in CRPC (-

3.008 ± 1.002-fold, mean±SEM; **P<0.01) (Fig. 4.2.D2). The AUC value for ROC curve was 0.77, 

74 and 71 for Cx43 expression in BPH, Grade 3+3 and CRPC respectively, that indicates its 

suitability to be used as potential biomarker (Table 4.4). Although at first sight it appears 

counterintuitive that a protein involved in Wnt signalling may show a reduced expression. 

However, the role of Cx43 has been proposed as a chaperon protein, possibly involved in the 

destruction complex – a protein complex that sequesters β-catenin, a transcription factor co-

activator and a key transducer of Wnt signalling (Clevers, 2006). Interestingly, (Hou et al., 2019) 

showed that knockdown of Cx43 in prostate cancer cells desequesters (allows it to become free 
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in the cytosol) β-catenin which will increase its availability in the cytosol and increased probability 

of β-catenin entry into the nucleus. This in turn may result in increased Wnt/β-catenin mediated 

gene transcription which includes many proto-oncogenes and transcription factors. Conversely, 

an increase in the expression of Cx43 in BPH, in the specific context of Wnt signalling, may 

indicate that there is a reduced role of Wnt/β-catenin transcription in BPH. However, another 

function of Cx43 is its function as intercellular gap-junctions (Söhl and Willecke, 2003). Indeed, 

(Habermann et al. found similar observations in frozen human prostate BPH section, although no 

quantitation was performed (Habermann et al., 2001).  

 
Figure 4.3. Representative images for the staining and quantification of DAB signal of Cx43 in NPT, BPH, Grade 3+3 
and CRPC. The A, B, C and D representing staining of AR antibody with DAB-HRP staining cores of NPT, BPH, Grade 
3+3 and CRPC respectively. A1, B1, C1 and D1 are the 40x magnification of A, B, C and D respectively to illustrate the 
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expression. The tissue cores were scanned with NanoZoomer-RS Scanner (Type: C10730-02) with resolution 
0.23μm/pixel (40x high resolution mode). Each of the image of cores was undertaken to measure expression of AR. 
An unbiased ImageJ was used to quantify protein expression (Sec. 4.3.1.6.2). Following quantitation, the data were 
generated as area fraction (AF)/amount of tissue (AMT) which were used to construct mountain plot. B2, C2 and D2 
representing the expression of AR in BPH vs NPT, Grade 3+3 vs NPT and CRPC vs NPT of B, C and D respectively. D3 
representing Cx43 expression in CRPC compared to non-CRPC (combining of Cx43 expression in NPT, BPH and Grade 
3+3). The expression of Cx43 in BPH showed significant higher expression (*P<0.05) whereas expression of Cx43 was 
decreased significantly (* p<0.05) in Grade 3+3 and was reduced further in CRPC vs non-CRPC (**P<0.01). (AF: Area 
Fraction; AT: Amount of Tissue). Scale bar: 100 μm (for full core image) and 10 μm (Fragmented image). 

ROC curve was constructed to calculate true positive rate (sensitivity) and false positive rate (1-

specicity) to establish whether AR and Cx43 could be the potential candidate to be used as 

biomarkers for prostate cancer diagnosis. AUC values of 1 for an ROC curve of each protein 

implies high selectivity and sensitivity (see above).  

Table 4.4. AUC for the protein expression of AR and Cx43 BPH, Grade 3+3 and CRPC. The table is representing AUC 
value, likelihood ration and significance of differences of AR and Cx43.  

Protein BPH PCa Grade 3+3 CRPC 

AUC Significance 
(<P) 

LR(+) AUC Significance 
(<P) 

LR(+) AUC Significance 
(<P) 

LR(+) 

AR 0.76 *P<0.05 1+ 0.75 *P<0.05 1+ 0.74 ***P<0.001 1+ 
Cx43 0.77 *P<0.05 1+ 0.74 *P<0.05 - 0.71 **P<0.01 - 
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Figure 4.4. ROC of the AR and Cx43 in BPH, Grade 3+3 and CRPC tissues. ROC curve displaying the discriminating 
performance of the AR and Cx43 expression in the differentiation between NPT vs BPH, NPT vs Grade 3+3 and non-
CRPC vs CRPC tissues using AF/AT data for AR and Cx43. The dotted line represents the ROC area of 0.5. 

4.4.4. Analysis of expression of Wnt and AR target proteins using multilabel 

immunofluorescence staining in Non-CRPC and CRPC tissues 

4.4.4.1. Staining and imaging of tissue arrays  

The TA slides were probed with four antibodies, anti-FRA-1, anti-β-catenin, anti-AR and anti-c-

MYC antibodies (Table 4.2) followed by staining with four fluorophores namely, Alexa Fluor-405, 

FITC, Cy3 and Cy5 (Table 4.2) sequentially. Imaging of each tissue core from TA RH19 and RH20 

was performed using Zeiss Axioscan Z.1 slide scanner (Carl Zeiss) at 10x magnification to locate 

the core. Once the cores have been located were scanned with 20x magnification as described in 

materials and methods (Sec. 4.3.1.6.4.3). 

All four fluorescent label signals were optimized at the start of study to avoid oversaturation of 

the fluorescence signal for each antibody. For a standardized comparison, the power settings for 

Calibri.2 LED lights and integration times of the Hamamatsu ORCA Flash4 camera (Hamamatsu 

Photonics) were kept constants for all samples. The imaging was performed on both slides (RH19 
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and RH20_CRPC) on the same day with identical image acquisition settings. Montages of the 

individual TA cores were automatically constructed from multiple 2048 x 2048 pixel 16 bit gray 

level images and stored locally on the acquisition computer. Composite images of whole tissue 

array used in this study are given in Fig. 4.5 and 4.6. I used the Axioscan acquired images to set 

up an imaging protocol. 

 
Figure 4.5. AxioScan image of whole non-CRPC tissue arrays. The tissue cores on the RH19 slide were stained with 
four fluorophores namely, Tyr-Alexa-405, -FITC, -Cy3, and -Cy5 for FRA-1, β-catenin, AR and c-MYC respectively and 
imaged using Zeiss AxioScan Z1 slide scanner. Displayed images of cores are composite (overlay of four 
fluorophores). The tissue array contains 41 non-CRPC tissues cores which includes normal prostate tissues (21 cores), 
BPH (10 cores) and Grade 3+3 (10 cores). 
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Figure 4.6. AxioScan image of CRPC tissue arrays on slide RH20_CRPC used in this study. The tissue cores were 
stainedwith four fluorophores namely Tyr-Alexa-405, -FITC, -Cy3, -Cy5 for FRA-1, β-catenin, AR and c-MYC 
respectively and imaged using Zeiss AxioScan Z1 slide scanner. Displayed image of cores are composite (overlay of 
four fluorophores). The TA contains 40 CRPC cores.  
 
It is clear, even by visual analysis, that the expression of the four proteins tested, FRA1, β-catenin, 

AR and c-MYC are different. For example, the overall color representation appears dominant for 

red/brown stain in Fig. 4.5, compared to the predominant hue of green in Fig. 4.6. The macro 

level, visual analysis shows that the expression of Wnt targets in non-CRPC compared to CRPC 

tissue is likely to be different. 

Two further types of analysis were therefore conducted: 1. Basic histological analysis 2. 

Quantitation of expression of the four proteins and analysis of their colocalization (Symes et al., 

2013). The results for these are presented below. Four representative cores were selected from 

each category of normal prostate tissue (NPT) and PCa sample from AxioScan image for further 

histological assessment. 
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Figure 4.7. Representative images of 4 cores from each category (NPT) and PCa samples showing staining for FRA-1 
with Tyr-Alexa-405, β-catenin -FITC, AR -Cy3 and c-MYC -Cy5. A. A normal prostate tissue cores of four fluorescent 
labelled obtained from the AxioScan image of RH19 where the core is located at B1 position. B. C. D. representing 
BPH, Grade 3+3 and CRPC cores, respectively, located at E6 on RH19, G2 on RH19 and C2 on RH20_CRPC. Scale bar: 
100μm. There is an imaging/staining artefact is visible at the bottom of image B. These cores show distinct, 
representative morphology, as expected for each condition. It is to be noted that morphology was also assessed by 
an expert pathologist on similar cores stained with H&E, prior to the construction of tissue array (see methods). (The 
core B, RH19_E6_BPH shows a staining artefact of turquoise streak at the bottom; a similar staining and or imaging 
artefact can be seen in C. These artefacts are excluded from quantitative analysis, as presented below). 

4.4.4.2. Histological characterisation of non-CRPC and CRPC tissue 

4.4.4.2.1. Histological characterisation of non-CRPC cores (e.g., normal, BPH and Grade 3+3 

tissue) 

The tissue cores were histologically analysed to characterise the NPT, BPH, Grade 3+3 and CRPC 

by using magnified images of the tissue cores obtained from AxioScan (e.g., Figure 4.8). The cores 

were magnified to 40x to identify histological feature of the tissues. The normal prostate tissues 

were recognised by observing the morphologically distinct well organised epithelial layer 

containing luminal cells and basal cells (Szczyrba et al., 2017). BPH was predominantly 

characterised by an increased number of epithelial and stromal cells in perineural area of the 

prostate and nodules in stroma and gland (Roehrborn, 2008) and Grade 3+3 is characterized with 

developed well-differentiated glands, which are separated by stroma. The glands are arisen close 

to each other with minimum amount of intervening stroma. The glands are lined by columnar 

neoplastic cells but lacking a layer of basal cells (Kweldam et al., 2019). 
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Figure 4.8. Representative images of histological features of non-CRPC cores such as NPT, BPH and Grade 3+3 PCa 
tissues in an axioScan image of slide RH19. The cores NPT (A3), BPH (D4) and Grade 3+3 (F2) were 20x zoomed and 
segregated as a separate core shown in middle row such as, NPT (A3.1), BPH (D4.1) and Grade 3+3 (F2.1). A3.2, D4.2 
and F2.2 are higher magnified (40x) cores of A3.1, D4.1 and F2.1 respectively. A3.2 displaying the distinctly arranged 
epithelial layer of basal and luminal cells. D4.1 showing the stroma with hyperplastic growth of cells and multiple 
nodule formation and Grade 3+3 at F2.2 characterised by the absence of basal layer and the glandular are distinctly 
separated by stroma. Scale bar: 100μm (core image, middle row), 10 μm (magnified image). Also see Appendix 4.3.2.	

4.4.4.2.2. Histological characterisation of CRPC tissue cores 

The CRPC tissue cores were also extracted from AxioScan image of slide RH20_CRPC and stored 

(Fig. 4.9). Three cores were randomly selected for 40x magnification to conduct histological 

characterisation. The cores were characterised with prominent periacinar retraction clefting. The 

glands seem to float freely within locunar space. The CRPC tissue also possesses large amount of 

connective tissue and smooth muscle bundles. The malignant cells were arranged in clusters, 

rows or as single cells or arranged into small groups located in the prostate stroma with 

prominent fibrils of collagen (Korček et al., 2020).  
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Figure 4.9. Representative images for the of histological features of three CRPC tissue cores. The AxioScan image of 
the slide RH20_CRPC is on top. Three cores D4, E6 and F3 were randomly selected and stored as 20x image which of 
D4.1, E6.1 and F3.1 respectively (showed in the middle row). D4.2, E6.2 and F3.2 are the 40x magnified image of 
D4.2, E6.2 and F3.2, respectively. The malignant single cells are distinctly visible in all three cores where epithelial 
layer is disappeared in the glands.  Scale bar: 100 μm (core image), 10 μm (magnified image). 

4.4.4.3. Quantitative analysis of Wnt and AR signalling related proteins expressed in PCa 

The tissue cores on slides RH19 and RH20_CRPC were investigated with 4 antibodies namely, 

anti-FRA-1, anti-β-catenin, anti-AR and anti-c-MYC antibodies (FRA-1 with Tyr-Alexa-405, β-

catenin -FITC, AR -Cy3 and c-MYC -Cy5, Table 4.2). I next used these images to quantify the 

amount (in pixels) of each the fluorophore labels representing expression of Wnt and AR 

signalling proteins FRA-1, β-catenin, AR and c-MYC. This IHC quantitative analysis has been 

developed in our laboratory and described in detail in section 2.3.1.8.1A. Expression of four 

fluorophore labelled proteins was quantified with an unbiased manner using technique described 

by Symes et al. (Symes et al., 2013). Expression of proteins in each core was quantified with a 

script written for automated analysis using ImageJ software. Image of each core, composite of 
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four channel of normal prostate tissue, BPH, Grade 3+3 and CRPC are displayed with their 

individual channels. 

4.4.4.4. Expression analysis of AR and Wnt target proteins FRA-1, β-catenin, AR and c-MYC 

signalling target in prostate cancer tissue 

An analysis was performed to measure the expression of Wnt signalling proteins (e.g., β-catenin, 

FRA-1, c-MYC) and AR signalling protein (e.g., AR) in normal prostate tissue. A core, E1 (Fig. 

4.10.A), of normal NPT selected from RH19 slide (showed in AxioScan core image) is shown as an 

example of the analysis. Fig. 4.10.B shows a higher magnification Axioscan image of core E1, 

which was used for ImageJ analysis and expression was quantified using a written scripts adapted 

to ImageJ software followed by construction of bar graph using GraphPad Prism, version 8.0.0 

(GraphPad Software, San Diego, California. USA). The ImageJ script separates the four 

fluorescence labels (Figs. 4.10.C and D-G) into 4 channels for analysis of the individual label 

intensity analysis as shown in Fig. 4.10.H. 

 
Figure 4.10. Representative images of individual core captured from Zeiss AxioScan Z1 slide scanner. A. displaying 
the AxioScan image of slide RH19 (41 cores: 21 NPT, 10 BPH and 10 Grade 3+3). B. A randomly selected 20x magnified 
composite image of NPT core. C. The composite image composed of four fluorophores namely, Alexa fluor-405 (blue: 
405/415-480nm), FITC (green: 488/500-550nm), Cy3 (orange: 559/575-620nm) and Cy5 (red: 635/645-740) for anti-
FRA-1, anti-β- catenin, anti- AR and anti-c-MYC antibodies respectively, to determine the expression of FRA-1, β- 
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catenin, AR and c-MYC proteins in NPT. H. Expression of each protein showed as red dot in each image of each 
fluorophore channel indicated as D1 for FRA-1, E1 for β- catenin, F1 for AR and G1 for c-MYC proteins. H. The red 
dots in each individual core were quantified. Scale bar: 100μm. 

4.4.4.5. Quantitative analysis of Wnt and AR signalling proteins in non-CRPC and CRPC tissue 

Wnt signalling proteins (e.g., FRA-1, β-catenin, c-MYC) and AR signalling protein (e.g.AR) were 

used to investigate their expression. The quantitative expression of FRA-1, β-catenin, AR and c-

MYC proteins in NPT, BPH, Grade 3+3 and CRPC tissue are given in Fig 4.11 and shows that there 

is no significant difference in the expression of the four proteins tested in NPT tissue.  

FRA-1 displays an increased expression in prostate cancer tissue (Fig. 3.12), c-MYC is proto-

oncogene expressed in nucleus (Bostwick et al., 1996), β-catenin is expressed in epithelium and 

act as a prognostic factor of PCa and AR shows an increased expression in epithelium in prostate 

and promote metastatic prostate cancer (Augello et al., 2014). Expression of FRA-1, c-MYC, β-

catenin and AR in NPT, BPH, Grade 3+3 and CRPC were quantified for each category of samples 

(Sec. 4.4.4.4). This section will analyse the expression of each protein in non-CRPC including NPT, 

BPH, Grade 3+3 and CRPC tissue. 81 tissue cores (non-CRPC: 21 NPT, 10 BPH, 10 Grade 3+3 and 

41 CRPC) were stained with 4 antibodies (Table 4.2) visualized with four fluorophores (Table: 4.2) 

to observe the expression FRA-1, β-catenin, AR and c-MYC. The quantitation was carried out on 

the non-enhanced, original gray images for which all settings were identical for all tissue cores in 

an unbiased procedure using technique described in section 4.3.1.6.4.3.  

4.4.4.5.1. Quantitative analysis of FRA-1 in non-CRPC and CRPC tissue 

Expression of FRA-1 in non-CRPC and CRPC tissue cores was analysed using the AxioScan image 

on slide RH19 and RH20_CRPC. Calculations of intensity and integrated gray value per core of 

non-CRPC and CRPC tissue cores of FRA-1 fluorophore are shown in Fig. 4.11. Mean gray values 

were used to construct box plot and Mann–Whitney U test was performed to calculate the level 

of intensity of each protein in non-CRPC and CRPC tissue. A comparative plot with all different 

disease conditions (BPH, Grade 3+3 and CRPC) compared to NPT is shown in Fig. 4.11. FRA-1 

expression in individual condition compared to NPT is also shown in Fig. 4.11.B-D for clarity.  



245 
 

FRA-1 expression was significantly increased in Grade 3+3 (*P<0.05) (Fig. 4.11.C) and CRPC 

(*P<0.05) (Fig. 4.11.D), compared to NPT. There is no statistically significant difference in FRA-1 

expression in BPH when compared to NPT (Fig. 4.11.B). This implies, FRA-1 expression is 

upregulated in cancerous tumours (Grade 3+3) and CRPC. Therefore, FRA-1 could be used as a 

biomarker in lower grade PCa (Grade 3+3) and CRPC.  

  

Figure 4.11. Box plot displaying the quantitation of expression of FRA-1 in NPT (n=21), BPH (n=10), Grade 3+3 (n=10) 
and CRPC (n=40). A. Mean gray value of fluorophore for the expression of FRA-1 in NPT, BPH, Grade 3+3 and CRPC 
were used to construct box plot which indicates the distribution of median of mean gray values. The graphs for 
individual protein expression in different disease conditions is also provided for clarity (B-D). B. Box plot displaying 
variation of expression of FRA-1 in BPH. C. Box plot displaying the significance of the difference of expression of FRA-
1 in Grade 3+3 compared to NPT. Expression of FRA-1 is consistent in Grade 3+3 tissue. D. Box plot suggesting 
expression of FRA-1 in CRPC compared to NPT. 

4.4.4.5.2. Quantitative analysis of β-catenin in non-CRPC and CRPC tissue  

Expression of β-catenin in non-CRPC (NPT, Grade 3+3 and CRPC) and CRPC tissue cores was 

analysed using the AxioScan image of the tissue cores on slide RH19 and RH20_CRPC. The 

fluorescence (fluorophore labelled protein) of the image was converted into gray scale using 

written script adapted to ImageJ software. The mean gray values were used to construct box plot 
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and Mann–Whitney U test was performed to calculate the level of intensity of each protein in 

non-CRPC and CRPC tissue. A similar template to present the figures as described for FRA-1 is 

used for β-catenin expression here. All diseases comparison to NPT are shown in Fig. 4.12.A. β-

catenin expression fluorophore showed that the protein expression was significantly increased 

in CRPC (*P<0.05) (Fig. 4.12.D). In case of BPH and Grade 3+3 the expression of β-catenin was not 

significantly different (Figs. 4.12.B and 4.12.C).  

 
Figure 4.12. Box plot displaying the quantitation of expression of β-catenin in NPT, BPH, Grade 3+3 and CRPC. A. 
Mean gray value of the intensity of the expression of β-catenin in NPT (n=21), BPH (n=10), Grade 3+3 (n=10) and 
CRPC (n=40) were used to construct box plot, indicating the distribution of median of mean gray value. The graph 
was then segregated into three graphs tissue wise to display expression of the protein. B. Box plot displaying 
nonsignificant expression of β-catenin in BPH. C. Box plot displaying the non-significant difference of expression of 
β-catenin in Grade 3+3 compared to NPT. D. Box suggesting expression of β-catenin in CRPC is significantly higher in 
CRPC. 

4.4.4.5.3. Quantitative analysis of AR in non-CRPC and CRPC tissue  

Fig. 4.13.A. shows all disease vs NPT comparison for the expression of AR. AR expression was 
significantly increased in all conditions except when compared to Grade 3+3 (Fig. 4.13.B-D).  
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Figure 4.13. Box plot for the quantitation of expression of AR in NPT (n=21), BPH (n=10), Grade 3+3 (n=10) and CRPC 
(n=40). A. Mean gray value of the intensity of the expression of β-catenin in NPT, BPH, Grade 3+3 and CRPC were 
used to construct box plot which indicates the distribution of median of mean gray value in the box. The graph was 
then segregated into three graphs tissue wise to display expression of the protein. B. Box plot displaying the 
significance increase in expression of AR in BPH. C. Box plot displaying the non-significant difference of expression 
of AR in Grade 3+3 compared to NPT. D. Box plot suggesting expression of AR in CRPC is significantly higher in CRPC. 
(*** P<0.001; **** P<0.0001). 

4.4.4.5.4. Quantitative analysis of c-MYC in non-CRPC and CRPC tissue 

For c-MYC, there was no statistically significant difference of expression in BPH compared to NPT 

prostate tissue (Fig. 4.14.B). Unfortunately, due to an unknown technical difficulty the antibody 

for c-MYC did not show any signal in CRPC tissue. Due to limited tissue availability and also 

because of Covid19, these experiments could not be redone for c-MYC expression on another TA 

slide. However, c-MYC only showed a significant difference in the expression in Grade 3+3 when 

compared to NPT.  
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Figure 4.14. Box plot for the quantitation of expression of c-MYC in NPT (n=21), BPH (n=10), grade 3+3(n=10) and 
CRPC (n=40). A. Mean gray values of the intensity of the expression of c-MYC in NPT, BPH, Grade 3+3 and CRPC were 
used to construct box plot which indicate the distribution of median of mean gray value. The graph was then 
segregated into three graphs tissue wise to display expression of c-MYC. B. Box plot displaying the non-significant 
increase in expression of c-MYC in BPH. C. Box plot displaying the significant increase of expression of c-MYC in Grade 
3+3 compared to NPT.  

The expression of Wnt and AR signalling proteins in NPT and BPH, Grade 3+3 and CRPC was 

compiled and summarised in single graph (Fig. 4.15). The Wnt signalling protein, FRA-1 

expression was significantly increased in Grade 3+3 and CRPC tissue. But significant increase of 

expression of β-catenin was found in CRPC and not in lower grade cancer tissue, Grade 3+3 

(confirming the results from single label staining experiments in the previous chapter). But there 

was no significant difference of FRA-1 and β-catenin expression in BPH. It can be concluded that 

FRA-1 and β-catenin can be used as biomarker for metastatic prostate cancer. FRA-1 expression 

was also increased in Grade 3+3 PCa which was similar to c-MYC which also showed significant 

increase in expression in Grade 3+3 PCa. So, I can conclude that FRA-1 and c-MYC could be a 

biomarker for lower Grade 3+3 PCa. The CRPC cores did not show any signal for c-MYC due to 

technical issues. β-catenin expression remained unchanged in Grade 3+3 and BPH compared to 

NPT. By proxy it appears that β-catenin may not be involved in PCa progression, but Wnt 
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signalling may become activated after it progresses to highest Gleason grade. Expression of AR 

was increased significantly in BPH whereas remained unchanged in Grade 3+3 confirming that 

AR may play a role in the development of BPH.  In lower grade prostate cancer (Grade 3+3), there 

was no significant difference observed in the expression of AR compared to NPT. As expected, 

the expression of AR was highest in CRPC tissue samples in relation to all other comparators (Fig. 

4.15).  

 
Figure 4.15. Expression of FRA-1, β-catenin, AR and c-MYC in NPT (n=21), BPH (n=10), Grade 3+3 (n=10) and CRPC 
(n=40) using Box plot. The box plot was constructed using the mean gray value per core for each protein obtained 
from normal prostate tissue (NPT) (dark red), BPH (green), Gleason grade 3+3 (blue) and CRPC (red). Mann-Whitney 
U test was performed for statistical analysis to determine the level of expression of the proteins. The analysis of 
expression of each protein was demonstrated in non-CRPC and CRPC tissue showed previously (Sec.  4.4.2.5).  (* 
P<0.05; ***P<0.001; ****P<0.0001). 
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4.4.4.6. Deconvolution for quantitative co-localization of FRA-1, β-catenin, AR and c-MYC  

In addition to the intensity of protein expression (as measured above), localization of proteins 

can also serve as an indicator of change of function in disease (Symes et al., 2013). It is to be 

noted that alterations in co-localization of two proteins may occur without any change in the 

expression in two sets of tissue samples (e.g., NPT v BPH).  

High magnification immunofluorescence of each core was obtained to investigate whether the 

localization of two proteins was altered in diseased tissue samples when compared to NPT.  A 

protocol similar to that developed in our laboratory (Symes et al., 2013) was used to examine 

whether co-localization of a combination of two proteins could be used as putative biomarkers 

for diagnosis or for prognostic stratification of the disease. (A1=RH19A3, B1=RH19G4, C1=20C2). 

 
Figure 4.16. Representative images of high magnification of deconvolved images for FRA-1, β-catenin, AR and c-MYC 
co-expression in normal, BPH and CRPC tissue cores: Highly magnified deconvolved images displaying co-expression 
of FRA-1 (Alexa-405: blue), β-catenin (FITC: green), AR (Cy3: orange) and c-MYC (Cy5 red) in normal, BPH. Following 
deconvolution, the represented composite micrographs of immunofluorescence stained normal and malignant 
tissue cores were used to quantify co-localization of four proteins. 81 tissue cores (Normal: 21, BHP: 5, BPH replicate: 
5, Grade (3+3): 5, repeat of Grade (3+3): 5, CRPC: 20 and CRPC repeat: 20) obtained from 56 patients were imaged 
using confocal Microscope Leica TCS SP8. Prior to perform deconvolution with Huygens Professional software, a high 
magnification imaging (at 1024x1024) was carried out. The high magnification images were used to reduce noise 
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during deconvolution and converted to 16 bit and generated Huygens specific files (HDF5) for each fluorophore 
(Alexa Fluor-405, FITC, Cy3 and Cy5) which were then imported into Huygens deconvolution software and pseudo 
coloured (Alexa Fluor-405: blue, FITC: green, Cy3: orange and Cy5: red). 25-30 slices of image of Z-projections for 
each ROIs of each tissue cores were deconvolved and the generated highly magnified images were used to measure 
quantitative co-localization.  

4.4.4.7. Quantitative Co-localization of FRA-1, β-catenin and AR 

Comparative co-localisation analysis was conducted using images obtained at high magnification 

(63x) which were imported into Huygens Professional software for deconvolution. The 

deconvolved images were stored as Huygens specific (HDF5) files which were imported into 

Huygens co-localization script to calculate Pearson coefficient for co-localisation of the proteins. 

The Pearson co-localization coefficient refers the measurement of the spatial overlap of two 

proteins in different types of tissue samples (NPT, BPH, Grade 3+3 and CRPC tissue). The Pearson 

coefficient (rp) were compared for 3 permutations (in sets of co-localisation of 2 proteins at a 

time) such as FRA-1/β-catenin, FRA-1/AR, β-catenin/AR. Each of the permutations was compared 

in 6 conditions such as NPT vs BPH, NPT vs Grade 3+3, NPT vs CRPC, BPH vs Grade 3+3, BPH vs 

CRPC, Grade 3+3 vs CRPC using Mann–Whitney U test. 

4.4.4.7.1. Co-localization of FRA-1/β-catenin in NPT, BPH, Grade 3+3 and CRPC 

There was no significant difference in the colocalization of FRA-1/β-catenin in NPT when 

compared to BPH or when BPH was compared to Grade 3+3. Significant difference in the co-

localization of FRA-1/β-catenin was found in NPT vs Grade 3+3 (*P<0.05) and NPT vs CRPC 

(****P<0.0001), BPH vs CRPC (*P<0.05) and Grade 3+3 vs CRPC (*P<0.05).  
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Figure 4.17. Co-localization of Wnt signalling proteins in NPT, BPH, Grade 3+3 and CRPC. Pearson correlation 
coefficient (rP) was calculated for FRA-1/β-catenin permutation of FRA-1/β-catenin from the deconvolved, high 
magnification immunofluorescence image obtained from Huygens software. Statistical analysis was conducted using 
Mann-Whitney U test to calculate any significance of differences in rp values to distinguish NPT vs BPH, NPT vs Grade 
3+3 and NPT vs CRPC as shown in green above the respective boxes, BPH vs Grade 3+3 and BPH vs CRPC as shown 
in red and Grade 3+3 vs CRPC as shown in blue above the CRPC box (* P< 0.05; *** P<0.001 and ns= not significant; 
NPT=Normal prostate tissue). 

4.4.4.7.2. Co-localization of FRA-1/AR in NPT, BPH, Grade 3+3 and CRPC 

There was significant difference in the co-localization of FRA-1/AR in NPT vs BPH (*P<0.05), NPT 

vs Grade 3+3 (**P<0.01), NPT vs CRPC (****P<0.0001), BPH vs CRPC (**P<0.01) and Grade 3+3 

vs CRPC (***P<0.001) but this permutation did not show any significant difference of co-

localization in BPH vs Grade 3+3. This combination is an interesting example of the value of 

measuring colocalization in addition to intensity of expression. For example, there is no 

significant difference in the expression of FRA1 in BPH compared to NPT (Figs. 4.11 and 4.15), 

whereas there is a difference within BPH and NPT for the expression of AR (Figs. 4.13 and 4.15). 

However, there is a change in the colocalization of these two proteins that can serve as an 

enhanced biomarker. There was an increase in AR expression in BPH and CRPC, compared to NPT 

(Figs. 4.13 and 4.15); there was no change in β-catenin expression except in CRPC when 
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compared with normal prostate (Figs. 4.12 and 4.15). A key hypothesis in this thesis is that there 

may be close interaction between AR and Wnt signalling pathway. These in situ results suggest 

that these pathways may co-operate both antagonistically and co-operatively in different stages 

of PCa progression. For example, in moderate Grade (4+4) disease downregulation of AR 

signalling and upregulation of Wnt signalling may be the dominant signalling pathway and 

castration resistance either activates or is co-regulated by Wnt signalling pathway.  

 
Figure 4.18. Co-localization of AR and Wnt signalling proteins in NPT, BPH, Grade 3+3 and CRPC. Pearson correlation 
coefficient (rP) was calculated for FRA-1/AR permutation of FRA-1 and AR from the deconvolved, high magnification 
immunofluorescence images obtained from Huygens software. Statistical analysis was conducted using Mann-
Whitney U test to calculate any significant nonsignificant different in rp value to distinguish NPT vs BPH, NPT vs Grade 
3+3 and NPT vs CRPC as shown in green above the respective boxes, BPH vs Grade 3+3 and BPH vs CRPC as shown 
in red and Grade 3+3 vs CRPC as shown in blue above the CRPC box. (** P<0.01, **** P<0.0001 and ns= not 
significant). 

4.4.4.7.3. Colocalization of β-catenin/AR in NPT, BPH, Grade 3+3 and CRPC 

Significant difference in the co-localisation of β-catenin/AR combination was found between NPT 

vs BPH (**P<0.01), NPT vs CRPC (****P<0.0001), BPH vs CRPC (*P<0.05), Grade 3+3 vs CRPC 
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(***P<0.001). Other permutations, including NPT vs Grade 3+3, BPH vs Grade 3+3 did not show 

any significant difference for the colocalization of β-catenin/AR.  

 
Figure 4.19. Co-localization of AR and β-catenin in NPT, BPH, Grade 3+3 and CRPC. Pearson correlation coefficient 
(rP) was calculated for β-catenin/AR permutation of β-catenin and AR from the deconvolved, high magnification 
immunofluorescence images obtained from Huygens software. Statistical analysis was conducted using Mann-
Whitney U test to calculate any significant difference in rp value to distinguish NPT vs BPH, NPT vs Grade 3+3 and 
NPT vs CRPC as shown in green above the respective boxes, BPH vs Grade 3+3 and BPH vs CRPC as shown in red and 
Grade 3+3 vs CRPC as shown in blue above the CRPC box (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 and ns= 
not significant). 

Other combination such as colocalization of FRA-1 with β-catenin and AR were also investigated. 

For FRA1 and β-catenin (panel 1, Fig. 4.20), there was no difference in the co-localization between 

normal and BPH tissue. There was a significant change in the co-localization of FRA-1 and AR in 

BPH compared to normal; indeed, this was the case for all other permutations except for BPH 

and Grade 3+3. In this case, a lack of any change may be because Grade 3+3 is the lowest grade 

of prostate cancer and there is no significant interaction between AR and Wnt pathways at this 

early stage cancer. However, in comparison with normal, BPH or Grade 3+3 and CRPC, there was 

a significant difference in the colocalization for all protein combinations. Increased colocalization 
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of the co-transcription factor, β-catenin, and the transcription factor may mean an increase in 

Wnt/β-catenin mediated gene transcription in CRPC suggesting an increased role of Wnt and AR 

signalling in this type of advanced prostate cancer. 

    
Figure 4.20. Combined graphs for co-localization analysis of AR and Wnt signalling proteins in NPT, BPH, 
Grade 3+3 and CRPC. Pearson correlation coefficient (rP) was calculated for FRA-1/β-catenin, FRA-1/AR and β-
catenin/AR permutation of three fluorophores of individual proteins from the deconvolved, high magnification 
immunofluorescence images obtained from Huygens software. Statistical analysis was conducted using Mann-
Whitney U test to calculate any significant or nonsignificant different in rp value to distinguish NPT vs BPH, NPT vs 
Grade 3+3 and NPT vs CRPC as shown in green above the respective boxes, BPH vs Grade 3+3 and BPH vs CRPC as 
shown in red and Grade 3+3 vs CRPC as shown in blue above the CRPC box (ns P>0.05; *P<0.05; **P<0.01, *** 
P<0.001; ****P<0.0001 and ns= not significant). The ß-catenin and AR combination is the same data as presented 
that in Fig. 4.23. It is re-presented in this figure for comparative reasons. 

4.4.5. Expression of mRNA for Wnt target genes  

Wnt signalling proteins are associated with tumour progression and carcinogenesis and could be 

used as prognostic marker in various epithelial cancers, including prostate cancer (Symes et al., 

2013; Arya et al., 2015 and Arthurs et al., 2020). Measurement of RNA expression of Wnt target 
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genes could validate its potentiality to be used as risk stratification biomarker for lower grade to 

high grade prostate cancer. RNAscope (automated) duplex was used to detect two RNA single 

molecule RNA. RNA probes were obtained from ACD (Advance cell diagnostics) and this was 

involved two channels. Chanel 1 (C1) refers to green and channel 2 (C2) refers to fast red.  

The layout of the TA slide used for single molecule RNA expression using RNAscope is given in 

Appx. 2.  Four RNA probes, targets of Wnt signalling were used:  β-catenin, FRA-1, PYGO2 and 

TCF-1 all purchased from ACD Bioscience (UK).  

Staining of the tissue cores were performed by Automated Bond Biosystem according to the 

protocol described previously (Chap-II, Sec. 2.3.1.8.2). Following staining, the stained cores were 

scanned using Zeiss AxioScan Z1 slide scanner to observe the quality of staining. Each of the 

mRNA molecules was observed as a punctate dot which were quantitated using an algorithm, 

written in our lab, incorporated into Jupyter notebook (Python software). mRNA punctate dots 

for β-catenin were quantified using the above software and for FRA-1, PYGO2 and TCF-1 were 

counted manually.  
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Figure 4.21. Representative images for the of AxioScan mage of RNAscope stained tissue arrays (slide RH17: 
composed of 30 cores cores). The slide contains 30 cores of 15 NPT, 5 Grade 3+3, 5 Grade 4+4 and 5 Grade 4+5/5+4. 
Layout of slide has been given in appendix (Appx. 2). 

4.4.5.1. Expression of POLR2A and PPIB for assessment of quality of mRNA 

Two control probes POLR2A and PPIB were used as a positive control experiment (Fig. 4.22) to 

observe the quality of RNA in the tissue. Duplex (2 plex) was used to detect two RNA single 

molecule RNA. Chanel 1 (C1) refers to green and channel 2 (C2) refers to fast red. Each punctate 

dot (Red/Green) indicates expression of each single molecule mRNA of β-catenin, PYGO2, FRA-1 

and TCF-1 (Fig. 4.22). RNA expression of PPIB in each core of NPT, Grade 3+3, Grade 4+4 and 

Grade 4+5/5+4 was calculated as mean±SE; 145±0.88, 69±2.06, 116±1.46 and 62±0.05 for NPT, 

Grade 3+3, Grade 4+4 and Grade 4+5/5+4 respectively. These indicate quality of RNA was good 

enough to conduct further analysis of RNA. DapB was used as negative control; there was virtually 
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no expression of DapB in human prostate tissue (personal communication with Mike Millar, 

Queen’s Medical Research Institute, University of Edinburgh). 

 
Figure 4.22. Representative images for the of high magnification of an AxioScan image displaying RNA expression of 
POLR2A and PPIB. Image A1, B1 and C1 is cropped of higher magnification of A, B and C of AxioScan image of stained 
tissue cores. Green punctate dot (pointed by blue arrow) indicates the expression of single molecule RNA of PPIB 
and Red punctate dot indicate the expression of single molecule RNA of POLR2A. Scale bar: 10 μm.  

4.4.5.2. Analysis of mRNA of β-catenin, FRA-1, PYGO2 and TCF-1 RNA in NPT, Grade 3+3, 

Grade 4+4, Grade 4+5/5+4 and CRPC 

Following staining, the stained tissue cores were scanned using Nanozoomer slide scanner 

(Hammamatsu Photonics UK Ltd, Welwyn Garden City, UK) at 40x magnification (0.23μm/pixel 

resolution). Prior to executing the quantitation algorithm, threshold of each image was 

optimised, and hue, saturation and brightness were customised. The results indicate the number 

of mRNA molecules of β-catenin were expressed in the tissue. A 2-plex staining approach was 

applied in each staining procedure; representative figures for individual tissue cores are shown 

in Fig. 4.22. Red channel (Chap-II, Sec. 2.3.2.2) was used for β-catenin while staining for FRA-1, 

PYGO2 and FRA-1 where green channel, such as β-catenin (red) vs FRA-1 (green), β-catenin (red)  

vs  PYGO2 (green),  β-catenin (red) vs TCF-1 (green).  All the counts were acquired and plotted a 

box and whisker plot. Significance of difference were calculated using Mann-Whitney U test (ns 

P>0.05; *P<0.05; **P<0.01; ***P<0.001; ****<0.0001). 
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4.4.5.2.1. Analysis of mRNA of β-catenin in NPT, Grade 3+3, Grade 4+4, Grade 4+5/5+4 and 

CRPC 

There was no increase in the mRNA expression for β-catenin in BPH compared to normal tissue. 

The level of expression for β-catenin mRNA in Grade 3+3 PCa was similar to that in NPT. The β-

catenin mRNA expression corelates to those found for protein expression for β-catenin. However, 

the box plot (Fig. 4.23) indicates its median of expression of mRNA for β-catenin was slightly 

increased in Grade 3+3. Expression was further and significantly increased in Grade 4+4 (116.45 

± 31.29-fold, mean±SEM; **P<0.01) vs NPT. β-catenin mRNA expression was even further 

increased in Grade 4+5/5+4 (120.00 ± 19.43-fold, mean±SEM; ****P<0.0001) when compared to 

NPT. In CRPC tissue (59.38 ± 19.37-fold, mean±SEM; ***P<0.001), β-catenin mRNA expression 

was detected at significantly higher levels than that observed in NPT (Fig. 4.23).  
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G.  Box and Whisker Plot 

 
Figure 4.23. Micrographs are representative figures showing mRNA expression of β-catenin in normal (NPT), Grade 
3+3, Grade 4+4, Grade 4+5/5+4 prostate tissue. A, B, C, D, E and F represent a core of NPT (n=36), BPH (n=10), Grade 
3+3 (n=25), Grade 4+4 (n=15), Grade 4+5/5+4 (n=15) and CRPC (n=40). A, B, C1, D1, E1, and F1 are the magnified 
cropped images of A, B, C, D, E and F respectively. Following application of image analytical technique, a digital image 
of the objective was produced indicated as A2, B2, C2 D2, E2 and F2 of A, B, C, D, E and F respectively. Each dot on 
the image represents the expression of single mole mRNA of β-catenin. All the single counts were quantitated and 
acquired and plotted into Box and Whisker Plot (G). Significance of difference was calculated using Mann-Whitney 
U test (ns P>0.05; **P<0.01; ***P<0.001; ****P<0.0001). All the comparison were made against NPT. Scale bar: Blue 
for 100 μm and red for 10 μm. 

4.4.5.2.2. Analysis of the expression of mRNA for FRA-1 in NPT, Grade 3+3, Grade 4+4, Grade 

4+5/5+4 and CRPC 

The analysis showed there was no change in the expression of mRNA for FRA-1 in BPH compared 

to NPT. All fold changes represent as mean±SEM. Significant increase was observed in Grade 3+3 

(58.43 ± 22.26-fold, **P<0.01). mRNA expression of FRA-1 was also increased significantly in 

Grade 4+4 (30.05 ± 9.73-fold, mean±SEM; **P<0.01) and Grade 4+5/5+4 (35.43 ± 11.30-fold, 

mean±SEM; **P<0.01) and in CRPC (28.39 ± 13.31-fold, mean±SEM; *P<0.05). This was also 

observed for other combinations and types of tissue (Fig. 4.24). These results are correlated to 

those observed for proteins, above (Chap-III, Sec 3.4.2.3). 
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Figure 4.24. Box and Whisker Plot displaying expression of FRA-1 mRNA expression in NPT (n=36), BPH (n=10), Grade 
3+3 (n=25), Grade 4+4 (n=15), Grade 4+5/5+4 (n=15) and CRPC (n=40). All the punctate dots were acquired, and 
significance of difference was calculated using Mann-Whitney U test (ns P>0.05; **P<0.01). 

4.4.5.2.3. Analysis of mRNA expression for PYGO2 in NPT, Grade 3+3, Grade 4+4, Grade 

4+5/5+4 and CRPC 

Expression levels of PYGO2 mRNA did not change in BPH and Grade 3+3 compared to NPT. But 

expression was increased dramatically in Grade 4+4 (89.07 ± 28.90-fold, mean±SEM; **P<0.01) 

compared to NPT. Its expression further increased in Grade 4+5/5+4 (196.70±49.49-fold, 

mean±SEM; ****P<0.0001) compared to NPT. But its expression was not much increased in CRPC 

(17.17 ± 16.94-fold, *P<0.05) compared to NPT.  
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Figure 4.25. Box and Whisker Plot displaying expression of PYGO2 mRNA expression in NPT (n=36), BPH (n=10), Grade 
3+3 (n=25), Grade 4+4 (n=15), Grade 4+5/5+4 (n=15) and CRPC (n=40).  All the punctate dots were acquired, and 
significance of difference was calculated using Mann-Whitney U test (ns P>0.05; *P<0.05; **P<0.01; ****P<0.0001). 

4.4.5.2.4. Analysis of mRNA of TCF-1 in NPT, Grade 3+3, Grade 4+4, Grade 4+5/5+4 and CRPC 

No significant change in expression of TCF-1 in BPH and Grade 3+3 compared to NPT was 

observed (Fig. 26). All fold changes represent as mean±SEM. A significant increase in expression 

was observed in Grade 4+4 (35.62 ± 10.30-fold, *P<0.05) and also in Grade 4+5/5+4 (71.81 ± 

14.82-fold, ****P<0.0001) vs NPT. There was also a significant increase in expression of TCF-1 in 

CRPC (40.64 ± 13.90-fold, ***P<0.001) vs NPT. 
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Figure 4.26. Box and Whisker Plot displaying expression of TCF-1 mRNA expression in NPT(n=36), BPH (n=10), Grade 
3+3 (n=25), Grade 4+4 (n=15), Grade 4+5/5+4 (n=15) and CRPC (n=40). All the punctate dots were acquired, and 
significance of difference was calculated using Mann-Whitney U test (ns P>0.05; **P<0.01; ****P<0.0001). 

4.5. Discussion 

4.5.1. An assessment of expression of AR protein in normal and cancerous prostate including 

CRPC 

4.5.1.1. Expression of AR protein in prostate 

AR is a member of the nuclear steroid receptor superfamily of transcription factors and is 

classified as NR3C4 (nuclear receptor sub-family 3, group C, member 4) (Lu et al., 2006). AR plays 

a pivotal role in prostate development and carcinogenesis. Binding of DHT with AR triggers 

dissociation of HSP followed by dimerization of DHT-AR complex and translocate into the nucleus 

where it binds to DNA and interacts with a series of transcriptional coregulators to regulate target 

gene expression (Koochekpour, 2010).  
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4.5.1.1.1. The role of AR in normal prostate 

AR is expressed in outer layer of urogenital mesenchyme (UGM). AR regulates gene expression 

which is crucial to normal prostate development and function (Heinlein and Chang, 2002). 

Stromal AR resides in the UGM and UGM controls ductal morphogenesis using paracrine 

signalling to initiate prostate development. Stromal AR is the principal modulator of epithelial 

cell differentiation in the normal developing prostate (Cunha et al., 2004) whereas epithelial AR 

appears to have the main role to play in the production of secreted prostate proteins.  

4.5.1.1.2. The role of AR in BPH 

Of the three zones of the human prostate (Fig. 1.4, section 1.3), (central, peripheral and transition 

zones), BPH develops from the transition of the prostate. BPH mostly consist of stromal cells 

(88.4%) with only 9% epithelial cells (Svindland et al., 1996); this indicates that stromal cells may 

contribute mostly towards the development of BPH, even though both stromal and epithelial 

compartments are involved in development of BPH.  The modification of different growth factors 

by stromal AR signals may promote the initiation and progression of BPH in a paracrine and/or 

autocrine manner (Thomson, 2008). For instance, some variables related in change of cell 

proliferation/differentiation, or stem cell population as well as factors involved in the EMT 

(Alonso-Magdalena et al., 2009) or inflammation/immune tolerance (Kramer et al., 2007) and 

(Fibbi et al., 2010), have been suggested to be directly or indirectly linked to the AR. Therefore, 

the targeting of AR signals may play an important role in combating BPH progression (Svindland 

et al., 1996). 

4.5.1.1.3. The role of AR in CRPC development 

Tumorigenesis of PCa is androgen dependent and following ADT, the cancer tumour responds 

initially, but become refractory to treatment afterword.  There is no cure for castration resistant 

prostate cancer (CRPC), which is ADT resistant but AR dependent. Details of CRPC development 

have been described in Chap-I (Sec. 1.11.7). Briefly, AR signal become reactivated, and tumours 

over-expressing AR accelerate to regrow than normal tumour (Chen et al., 2004a). Numerous 

mechanisms have been implicated in aberrant AR reactivation. These include increases of AR 
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expression, AR point mutation that alters AR activity, changes in cell signalling pathways that 

modulate AR function, changes in coregulatory proteins, and changes in steroid metabolism 

within tumours cells  (Agoulnik and Weigel, 2006 and Chen et al., 2008). 

4.5.1.1.4. AR expression as putative biomarker  

In this study, I aimed to measure the expression of AR protein in BPH, Grade 3+3 and CRPC 

compared to NPT in single level staining (DAB staining) and multilabel fluorescence staining.  Just 

to summarize: DAB staining analysis showed that AR expression was increased significantly in 

BPH (1.46±0.64-fold, mean±SEM; *P<0.05), but its expression decreased in Grade 3+3 PCa (-

0.82±0.40-fold, mean±SEM; *P<0.05). AR expression increased significantly in CRPC (8.94±1.92-

fold, mean±SEM; ***P<0.001) (Fig. 4.2). CRPC could be histologically identified, and the 

expression of AR expression correlates with the histological analysis. Fluorescence staining 

showed AR expression was also increased significantly in BPH (***P<0.001) (Fig. 4.13), but there 

was no change in expression in Grade 3+3, whereas its expression dramatically increased in CRPC 

(****P<0.0001) (Fig. 4.13).  

As discussed elsewhere, tissue arrays provide a useful tool for expression analysis for RNA and 

proteins, particularly for tissue samples that are difficult to obtain or for rare diseases  (Johal et 

al., 2021). A technique commonly used in our laboratory is to maximize the use of precious tissue 

samples by using multiple antibodies on the same TA slide (Arya et al., 2015; Giuliano et al., 2016) 

and Johal et al., 2021). In experiments conducted for other projects in our laboratory, particularly 

when both single label (DAB) stain and multilabel (fluorescence) staining have been conducted 

for the same antibody, the results are generally within ranged for both single and multilabel 

analysis e.g., (Symes et al., 2013); Ms Bushra Kanwal (personal communication). However, it is 

not unusual that there could be some differences in a comparative analysis between these two 

approaches. An obvious reason is that there is no technical interference due to sequential 

staining (Materials and Methods) for multilabel staining with multiple antibodies, nor signal 

interference from multiple fluorophores which causes ‘bleed-through’ (Kim et al., 2013) . In this 

study I used multi fluorophore labelling using four fluorophores listed in Table 2.8, it may be 
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possible that the small discrepancy between single label (Figs. 3.12 and 4.15) and multilabel 

results for AR staining in Grade 3+3 could be due to this reason. 

The distribution and expression of AR in BPH was investigated in other studies, previously, but 

the conclusions were inconsistent. Some studies found that AR was abundantly expressed in 

nuclei of epithelial and stroma using IHC (Alonso-Magdalena et al., 2009). Nicholson et al. 

revealed that using of multilabel IHC in which he noticed that an increased percentage of AR 

positive cells and increased AR intensity in both epithelial and stromal cells on BPH compared to 

NPT (Nicholson et al., 2013). 

AR activity linked to BPH development has been documented. Peters and Barrack showed that 

AR is expressed exclusively in the epithelial cell nuclei, little in the stromal cells (Peters and Walsh, 

1987). However, another study revealed that AR was expressed in both epithelial and stromal 

cells of hyperplastic nodule with higher expression in BPH epithelial cells (Kyprianou and Davies, 

1986). Objective, unbiased, quantitation as used here, with single label staining, showed that AR 

in epithelial cells and stromal cells in BPH was increased compared to normal prostate tissue and 

the size of the nucleus in epithelial and stromal cells in BPH was smaller than that of normal 

prostate tissue. These findings show that BPH cells are more sensitive to androgens even as 

exposure to androgens decreases with ageing (Nicholson and Ricke, 2011). AR and ER Gene 

expression level is higher in patient with larger prostate. Hetzl et al. however, showed that the 

AR immunoreactivity in BPH was similar to that in normal prostate (Hetzl et al., 2012). 

In CRPC, expression of AR protein was significantly increased both in DAB and fluorescence-

stained tissue. This suggests, in relation to the discussion above regarding the discrepancy 

between single and multi-label AR expression, that for larger range changes both techniques yield 

similar outcomes. Linja et al. have reported that an increase in the amplification of the AR gene 

during androgen deprivation therapy and concluded that the proliferation of cancer cells in an 

environment with a low concentration of androgens may involve the overexpression of the AR 

(Linja et al., 2001). Several studies reported that advancement to CRPC is linked to AR 

overexpression, and that reduced AR represses tumour growth in PCa, even in CRPC (Chen et al., 

2004b). 
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Additionally, AR expression is increased in majority of CRPCs, of which only 10–20% showed 

amplification of the AR gene (Linja et al., 2001), implying that increased AR expression in CRPC 

may result from other factors other than gene amplification. Even though expression of proteins, 

such as the AR protein, is governed by several steps (transcription, translation, and post-

translational regulation such as protein stability), the transcriptional step could be important in 

maintenance of protein expression.  

A recent clinical trial with abiraterone, 17-(3-Pyridinyl)androsta-5,16-dien-3β-ol acetate, a 

hormone therapy drug, on the other hand, demonstrated that CRPC is still androgen dependent 

(Attard et al., 2008). Numerous enzymes engaged in steroidogenesis are thought to be 

upregulated in CRPC cells, suggesting cancer cells may produce androgens during androgen 

withdrawal  (Holzbeierlein et al., 2004 and Locke et al., 2008). Furthermore, experimental models 

for CRPC have revealed that many androgen-regulated genes are elevated in CRPC (Gregory et 

al., 1998). 

This is a first investigation of AR expression in an unbiased, quantitative manner. The results 

presented here have been conducted in relatively large sample set and also across different types 

of prostate tissue samples (normal, different grades and CRPC), standardizing the staining.  The 

weight of evidence from this study and some of the previous studies suggest that in early stages 

of prostate carcinogenesis there is a decrease in the expression of AR. 

The increased expression of AR in BPH has been suggested previously (Izumi et al., 2013), 

although its role in the development of BPH remains unclear. It has been proposed that increase 

in AR activity may activate epithelial to mesenchyme transition. It is also known that Wnt 

signalling may also play a role in epithelial to mesenchyme transition (Kalluri and Weinberg, 

2009).  However, in this study, there was no significant change in the expression of β-catenin or 

other Wnt related markers in BPH compared to normal samples. Conversely, the expression of 

AR and all Wnt target genes and proteins tested was significantly increased in high grade prostate 

cancer and CRPC (Fig. 4.12, 4.14 and 4.15).  The expression of AR was seen to be significantly 

increased in CRPC, confirming previous observations (Robinson et al., 2015) and validating the 

tissue set used in this study. These results indicate a different role in the interaction of AR and 

Wnt signalling pathways in two different proliferative diseases. This direct comparison in the 
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same tissue set using quantitative immunohistochemistry is the first detailed report to arrive at 

this conclusion.  

4.5.1.2.  In situ expression of Cx43 in prostate  

Cx43 plays a key role in cell-cell communication, signal transduction (Cronier et al., 2009). Cx43 

is known to be dysregulated in multiple types of cancers and engaged in tumour progression 

including gastric, cervical, colorectal and prostate cancer. Expression and localisation of Cx43 is 

associated with pathological progression of the PCa (Tsivian et al., 2009).     

The role of Cx43 has also been investigated in mouse models of cancer, previously. For instance, 

crossing of null mutant Cx43 mouse line with erythroblastic leukaemia viral oncogene homologue 

overexpressing mice (Plante et al., 2011) delayed onset and fewer and smaller primary breast 

tumours  than in wild type mice but increase metastasis to the lung (Plante et al., 2011). On the 

other hand, in human, Cx43 overexpression in highly metastatic lung cancer cells reversed the 

metastatic tumour phenotype but reduced Cx43 gene expression produced breast cancer cells 

(MDA-MB-231)  with increased metastatic potential (Shao et al., 2005). 

Cx43 is one of the most studied connexin isotype in cancer and has been reported to play 

suppressive role in tumorigenesis. In Chapter III (Sec. 3.4.3.6), I investigated the expression of 

Cx43 in high grade cancer and the results suggest that Cx43 expression was significantly reduced 

in higher grade PCa. In this chapter, I measured the expression of Cx43 in BPH, Grade 3+3 prostate 

and CRPC (Fig. 4.3). To my knowledge there has been no previous studies to measure the 

expression of Cx43 in different stages of PCa. The result showed expression of Cx43 was 

significantly increased in BPH (4.82±1.99 -fold, mean±SEM; *P<0.05) compared to NPT, but its 

expression was significantly reduced in Grade 3+3 compared to NPT (-0.82±0.40-fold, 

mean±SEM; *<0.05) and its expression was further decreased in CRPC (-3.00±1.00-fold, 

mean±SEM; **P<0.01) (Fig. 4.3). When considered in conjunction with the Hou et al. (2019) data, 

this may suggest a putative tumour suppression role in regulating Wnt/β-catenin transcription 

supporting the notion by others that Cx43 may act as a tumour suppressor gene (Fukushima et 

al., 2007). 
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It was previously shown that Cx43-GJIC facilitates cAMP transmission, leading to higher levels of 

p27 and lowered tumour growth (Zhang et al., 2001). Another study showed that the expression 

of Cx43 was increased in metastatic lesions (Tang et al., 2011). Its impaired expression is 

associated with cancer progression (Benko et al., 2011).  

 

Habermann et al. showed that expression of Cx43 in BPH was significantly higher and expression 

was lost in malignant tissue (Habermann et al., 2001), which was supported by  (Tsai et al., 1996). 

Their result showed strong intensity of Cx43 expression in stromal cells. This appears plausible as 

BPH mostly consist of stromal cells (88.4%) and only 9% epithelial cells (Svindland et al., 1996). 

BPH is a benign proliferative condition of prostate gland and Cx43 expression may be increased 

accordingly, whereas prostate cancer is a malignant disease and loss of Cx43 expression may be 

responsible to alter cell growth and differentiation via different mechanisms; it is also plausible 

that Cx43 expression was decreased due to poorly differentiation of cancer cells.   These could 

involve GJIC related functions or Wnt related mechanisms involving Cx43 (Hou et al., 2019) or 

both. In CRPC, Cx43 expression was reduced significantly. This may suggest decreased gap 

junction communication between cells.  Cx43 activates TNF-β receptor signalling to induce 

apoptosis of prostate cancer cells (Wang et al., 2007a).  

4.5.1.2.1. The following mechanism may help explain the reduction of expression of Cx43 in 

higher grade cancer 

An interesting corollary of my novel observation that Cx43 expression decreases with increasing 

Gleason grading of PCa is the comparison of mechanistic data showed from our laboratory in 

prostate cancer cells (Hou et al., 2019) where it was shown that Cx43 is a regulatory partner of 

Wnt/β-catenin signalling. In that report, Hou et al. showed that the effect of Cx43 and β-catenin 

in the absence of Wnt signal activation is to act as a brake on the stabilization and nuclear 

translocation of each protein. When Wnt signal is active they move into the nucleus, together 

(Hou et al., 2019). When Cx43 or β-catenin is knocked down from PC3 cells, the other protein 

becomes stabilized (freely available) in the cytosol and is also found in the nucleus. I have shown 

that there is a decrease in Cx43 expression with increasing Gleason grading and a corresponding 

increase in β-catenin expression (Sec. 4.4.3.2; Fig. 4.3 and Sec. 4.4.5.2; Fig. 4.12).  
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Furthermore, most neoplastic cells  have fewer gap junctions and the gap junctional intercellular 

communication compared with non-neoplastic cells. These findings might suggest that reduced 

Cx43 expression leads to lower GJIC which could cause aberrant and uncontrolled development 

of the epithelium (Benko et al., 2011). Interestingly, the reduction in GJIC could be due to 

activation of Wnt signalling that removes Cx43 from the membrane fraction into the nucleus (Fig. 

2 in (Hou et al., 2019)). It appears that the in vitro mechanistic results are aptly supported by in 

situ quantitative immunohistochemical analysis in human PCa tissue.  

microRNAs that regulate metastatic behaviours of cancer cells via targeting Cx43 

Cx43 expression in breast cancer cells is known to be regulated by multiple microRNAs including 

miR-200a, miR-206 and miR-381. Cx43 in MDA-MB-231 cells was also observed to be targeting 

miR-200a, that was reduced in metastatic breast cancer tissue  (Ming et al., 2015). 

miRNAs are also closely associated with prostate cancer. The miR-34c, miR-205, miiR-34a and 

miR-15a-miR-16-1 clusters function as tumour suppressor genes in prostate cancer, are down 

regulated in PCa and (Hagman et al., 2010).  On the contrary, miR-21, miR-let7c, miR-100 and 

miR-218 are upregulated in prostate cancer (Leite et al., 2011). Newly discovered, miR-20 

expression is higher in prostate cancer tissue than normal prostate tissue. It has been observed 

that overexpression of Cx43, significantly, inhibited prostate cancer cell proliferation compared 

with that of Cx43 containing a miR-20a binding site. Because the endogenous miR-20a cannot 

bind the mutant 3’UTR of Mut Cx43, the expression of Cx43 in cells transfected with Mut Cx43 

was higher and cell viability and proliferation were inhibited more than that of  wild type Cx43 

transfection (Benko et al., 2011). In addition, CX43 expression has been revealed to be strongly 

linked with characteristics that indicate a poorer prognosis and decreased Cx43 expression has 

been a significant predictor of free survival of bio-chemical recurrence in PCa  (Benko et al., 2011). 

4.5.1.3. c-MYC in PCa 

c-MYC is a member of MYC oncogene family which consists of three members including C-MYC, 

MYCN and MYCL, that encode c-MYC, N-MYC and L-MYC genes, respectively (Dang, 2012). c-MYC 

contains the basic-region/helix-loop-helix/leucine-zipper (BR/HLH/LZ) motif at the C terminus 

and three highly conserved elements, known as MYC boxes 1–3 at the N terminus (Meyer and 
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Penn, 2008). c-MYC is also known as “super-transcription factor” that regulates a variety of 

downstream cellular process such as cell growth and proliferation, cell-cycle progression, 

transcription, transcription, differentiation, apoptosis and cellular motility (Knoepfler, 2007). The 

over expression of c-MYC linked to wide variety of cancers such as 80% of breast cancers, 70% of 

the colon cancer, 90% of the gynaecological cancers, 50% of hepatocellular carcinomas and a 

variety of haematological tumours  (Knoepfler, 2007). Overexpression of c-MYC in PCa has been 

known since 1986 (Fleming et al., 1986). There are however, few systematic, standardized 

investigations that have employed unbiased quantitation to measure the expression of c-MYC in 

different grades of PCa. 

In this study, I investigated the expression of c-MYC in NPT, BPH, Grade 3+3 PCa and CRPC. The 

result showed the expression was not changed in BPH compared to NPT, but its expression was 

significantly increased in Grade 3+3 (*P<0.05) compared to NPT (Fig. 4.14). There was no signal 

found while staining CRPC tissue cores. This was most likely due to unexplained technical issues 

as there was expression in TAs other than CRPC TA. 

Gurel et al. (2008) reported that c-MYC is frequently overexpressed in prostate intraepithelial 

lesions (PINs) with an incremental increase from normal tissue to low-grade PIN to high-grade 

PIN (Gurel et al., 2008). Various studies using mouse models have demonstrated that c-MYC 

overexpression in prostate luminal cells can lead to hyperplasia and PIN lesions but not invasive 

carcinoma.  c-MYC mRNA expression in cancer tumour was reported to be significantly higher 

than in benign tissue (Hawksworth et al., 2010). 

It is likely that activation of Wnt signalling with increasing expression of β-catenin with increasing 

Gleason grading may also be responsible for over-expression of c-MYC, as it is a target gene for 

Wnt/β-catenin transcription. There might also be an alternative mechanism associated for the c-

MYC overexpression (Gurel et al., 2008). Over-expression of c-MYC protein may also begin with 

amplification of c-MYC locus on the chromosome. However, (Hawksworth et al., 2010) could not 

find any correlation with 8q24 locus amplification. A recent report suggests that TMPRSS2-ERG 

fusion (Chap-I, Sec. 1.10.2.2) activates c-MYC and disrupt prostate epithelial differentiation, 

indicating a potential mechanism for the early c-MYC overexpression in a subset of PCa (Sun et 

al., 2010). 
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4.5.1.4. β-catenin in CRPC  

β-catenin is a component of the adherent junction complex and principal transducer in Wnt/β-

catenin that remains sequestered in cytoplasm in the absence of Wnt signal activation at the cell 

membrane. Increasing of β-catenin in cytoplasm facilitates its nuclear entry, where β-catenin 

interacts with lymphoid-enhancing factor-1 (LEF1) and activates the transcription of genes 

containing LEF1/TCF binding sites, including the LEF1 gene (Kypta and Waxman, 2012). 

Importantly, β-catenin can cause ligand-independent activation of AR in prostate cells (Wang et 

al., 2008). 

There is an ongoing debate whether β-catenin has an impact on CRPC development? Some 

studies documented that the excessive amount of β-catenin results in an increase of progressing 

PCa stage (Chesire et al., 2000), whereas others documented the inverse relationship  (Whitaker 

et al., 2008). Previous studies were limited by use of visual methods of immunohistochemistry 

(IHC) quantitation, together with the known alternative impacts of variations in IHC and fixation 

protocol (Whitaker et al., 2008).  

The result presented here show that the expression of β-catenin in BPH was not significantly 

different, though there may be a slightly higher β-catenin expression in BPH (Fig. 4.12). Similar 

result found for Grade 3+3, where expression did not change significantly when compared to 

NPT. However, the expression was significantly increased in CRPC (*P<0.05) (Fig. 4.12). This 

indicates β-catenin may contribute towards progression to advanced disease. 

There was no sign of dysregulation in Wnt signalling components in BPH (Fig. 4.12). Very few 

studies have been conducted to evaluate β-catenin expression in BPH. Although Olson  and 

colleagues showed an increased cytoplasmic and nuclear β-catenin expression (Olson et al., 

2019). Another study reported loss of expression for e-, n- and p cadherin and α- and β catenin 

in BPH compared to normal prostate tissue (Arenas et al., 2000). Incidentally, AR expression was 

significantly higher in BPH (Fig. 4.13). These results in conjunction with those showing an 

antagonistic relationship between AR and Wnt signalling pathways (e.g., Chap III and IV) suggest 

that both these pathways may be crucial not only development of normal prostate but also in 

proliferative diseases of the prostate. 
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My analysis also showed β-catenin expression was not significantly changed in lower grade 

prostate cancer. In lower grade prostate cancer, Grade 3+3, a fraction is changed histologically 

in epithelial layer (Fig. 4.8 and Chap-I, Sec. 1.9). This is not likely to impact protein expression 

analysis when compared to AR expression in whole cores where little histological changes occur 

(Fig. 4.8). Miyamoto et al. revealed other proto oncogenic proteins  such as c-MYC might be 

expressed higher in Grade 3+3 and initiate cancer progression (Miyamoto et al., 2009). Indeed, 

FRA-1 was found significant higher expression in Grade 3+3 (Chap-III, Sec.  3.4.3.3) and may be 

added to the list of transcription factors that may activate transcription of oncogenes. 

My result further showed β-catenin expression was significantly increased in CRPC (Fig. 4.12). 

Multiple lines of evidence suggest that dysregulation of Wnt/β-catenin associated in PCa 

development (Yokoyama et al., 2014 and Kypta and Waxman, 2012). Stability of β-catenin is 

tightly regulated by APC which directs β-catenin for phosphorylation, ubiquitylation and 

degradation. Accumulation of β-catenin in cytoplasm indicates dysregulation in Wnt signalling 

pathway. Also, β-catenin pool at the plasma membrane is protected from degradation by its 

interaction with cadherins. A number of PCa tumours contain increased level of  β-catenin in the 

cytoplasm and/or nucleus because of gene mutation or more nongenomic changes in the 

expression of inhibitors and activators of Wnt signalling (Kypta and Waxman, 2012). 

Mutation in gene CTNNB1 (encode β-catenin) and AXIN1 (encode APC) increases the signal of 

Wnt/β-catenin signalling pathway in colorectal cancer, but is sporadic in prostate cancer 

(Yokoyama et al., 2014 and Kypta and Waxman, 2012). But genetic changes are found more 

frequently in CRPC than in hormone naïve prostate cancer. A study showed 12% samples of CRPC 

contained mutation in CTNNB1 whereas  22% samples were found to have mutation in APC 

(Grasso et al., 2012). 

Interestingly, human AR gene itself is a target gene for Wnt induced gene transcription. 

Stimulation of Wnt/β-catenin by Wnt can increase AR expression via TCF/LEF-1 binding site on 

the AR promoter, leading to upregulation of AR target genes including β-catenin. This proposition 

is supported by the data presented in this thesis. I have shown that β-catenin expression 

increases with increasing Gleason grading of PCa (Chap-III, Sec. 3.4.3.2.and Fig. 3.5) and in CRPC 

samples (Fig. 4.12); the opposite is observed for AR expression (Chap-III, Sec. 3.4.3.1 and Fig. 3.4) 
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except AR expression in CRPC. There is also an increase in β-catenin RNA expression with 

increasing Gleason grading diagnosis, although, there is a significant increase in β-catenin RNA in 

CRPC (Fig. 4.23). Furthermore, in CRPC tissue samples, there is increased co-localization of AR 

and β-catenin (Figs. 4.12 and 4.13). These data appear to suggest that an inverse expression 

relationship between AR and β-catenin expression in low to high grade cancer, whereas this shifts 

after PCa becomes castration resistant. In CRPC, the relationship between AR and Wnt signalling 

appears to be complementary as there is concomitant increase in the expression of both AR and 

β-catenin proteins, indicating that perhaps there is amplification of gene expression targets of 

both AR and Wnt signalling.  

4.5.1.5. FRA-1 in PCa and CRPC 

FRA-1 (Fos-like antigen 1) is an important member of FOS which is a vital component of activating 

protein-1 (AP-1) transcription factors, which are involved in promoting carcinogenesis (Vogt, 

2002). The FOS family includes c-FOS, FOSB, FOS-associated antigen 1 (FOSL1 or FRA-1) and FOS-

associated antigen 2 (FOSL2 or FRA-2). The FOS family contain highly homologous bZIP domain 

(Chap-III, Sec. 3.5.33), but compared to c-FOS and FOSB, FRA-1 and FRA-2 do not have C-terminal 

transactivation domain. Therefore, FRA-1 and FRA-2 are considered to be less potent factors for 

transcriptional activation (Wisdon and Verma, 1993). FRA-1 can inhibit the expression of c-FOS 

by binding with its promoter and also hinder c-FOS mediated transcriptional activation and is 

recognised as a suppressor of AP-1 transcriptional activity  (Ito et al., 1990 and Yoshioka et al., 

1995). Conversely, other members of AP-1 can also increase transcriptional activity by binding to 

its promoter. FRA-1 is phosphorylated by ERK kinase after interaction with extracellular 

compound, thus controlling downstream signalling component (Galvagni et al., 2013).  

4.5.1.5.1. Regulation of FRA-1 

FRA-1 is an unstable protein with short half-life and the instability is caused by a single 

destabilising sequence located within 30-40 amino acid residues at the C-terminus (Basbous et 

al., 2008). The regulation of FRA-1 is multifaceted, among those its post-translational 

phosphorylation is vital and occurs at serine and threonine residues and thus neutralize its 

degradation and promotes protein stabilization (Basbous et al., 2008). FRA-1 is also 
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phosphorylated by kinases such as mitogen-activated protein kinase (MAPK), protein kinase C 

(PKC), cAMP-dependent kinase (PKA), and cyclin-dependent kinase 1-cdc2 (CDC2) (Gruda et al., 

1994).  

Endogenous microRNAs with 22 nucleotides have regulatory roles in cells. Many of those have 

been shown to obstruct tumorigenesis by downregulation of FRA-1 expression. These include but 

not limited to the miR-19a/b in breast cancer and cervical cancer, miR-138 in squamous cell 

carcinoma, miR-497 in colorectal cancer, miR-130a in breast cancer, miR-195 in prostate cancer, 

miR-34 in breast cancer and colon cancer (Jiang et al., 2020). 

FRA-1 was previously thought to be associated with embryonic development and bone formation  

(Jiang et al., 2020). Now numerous cancers have been associated with over-expression of FRA-1, 

namely, breast cancer, lung cancer, colorectal cancer, ovarian cancer, Thyroid cancer, Skin 

cancer, Gastric cancer (Jiang et al., 2020). 

FRA-1 expression has not been investigated in different pathological grades of prostate cancer, 

previously.  To establish its status as prognostic biomarker I used NPT, Grade 3+3 and CRPC tissue 

stained with fluorescent labelled FRA-1 antibody to measure its expression. The result showed 

the expression of FRA-1 was not increased in BPH, but significant increase was observed in Grade 

3+3 (*P<0.05) and CRPC (*P<0.05 (Fig. 4.11). This indicates during cancer progression its 

expression was changed and has a significant effect on carcinogenesis and metastasis.  

FRA-1 expression was significantly higher in Grade 3+3 (*P<0.05) and CRPC (*P<0.05) compared 

to NPT (Fig. 4.11). In my previous result I found the expression of β-catenin was not significantly 

increased in Grade 3+3 but the results indicate that the trend for β-catenin expression was still 

higher (Fig. 4.12.B). This may suggest that β-catenin is responsible for FRA-1 gene transcription 

and ultimately protein over-expression or it regulated through another gene transcription control 

pathway. A further explanation would be an increase in the life-span of FRA-1 protein due to 

increased stability due to protein stabilization and regulation mechanisms discussed above.   

β-catenin expression was found significantly higher in CRPC tissue (Fig. 4.12) and may be the 

cause of increased FRA-1 transcription and subsequently increased expression of FRA-1 protein 

in CRPC tissue. Another possibility could be that E-cadherin and α-catenin are shown to 
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antagonize the Wnt signal (Fagotto et al., 1998). The loss of the proteins during progression of 

cancer may increase the β-catenin signal further in neoplastic cells and subsequently increase 

FRA-1 transcription (Mann et al., 1999). 

Another further mechanism for a higher expression of FRA-1 in CRPC tissue could involve miRNAs. 

Numerous genetic mutations, aberrant gene expression and miRNA dysregulation are involved 

in carcinogenesis and progression (Zhu et al., 2007). miRNAs with 22 nucleotides are widespread 

in mammalian cells and affect numerous cellular processes including differentiation, 

proliferation, cell cycle control and apoptosis, migration and invasion (Calin and Croce, 2006). 

miRNA regulates the target mRNAs by binding to partially complementary sequence in the 3’-

untranslated region (3’-UTR) of the target mRNAs in a sequence specific manner. Evidence shows 

that there are numerous miRNAs which regulate various oncogenes and tumour suppressor 

(Bartel, 2009). Among them, miRNA-195 was found to be associated with FRA-1 regulation. 

miRNA is FRA-1 specific and suppresses the expression of FRA-1. But in CRPC and advance 

prostate tissue miRNA-195 was found to be deregulated (Wu et al., 2015).  

4.5.2. Colocalization of Wnt related proteins in non-CRPC vs CRPC 

Colocalization analysis of 6 permutations (e.g., NPT vs BPH, NPT vs Grade 3+3, NPT vs CRPC, BPH 

vs Grade 3+3, BPH vs CRPC, Grade 3+3 vs CRPC) of 3 proteins in NPT, BPH, Grade 3+3 and CRPC 

depicted in multiple graphs (Figs. 4.17, 4.18 and 4.19) are compiled and presented in single graph 

(Fig. 4.20) to illustrate the quantitative result for their colocalizations.  

Symes et al. suggested that in addition to alterations in protein expression, co-localization 

coefficients of two proteins may also serve as biomarker for PCa (Symes et al., 2013). Further 

studies in a variety of cancers in both man and animals (Arya et al., 2015; Giuliano et al., 2016 

and Arthurs et al., 2017) demonstrated the utility of co-localization analysis as a disease 

biomarker. This has been particularly useful for Wnt signalling related proteins not just in cancer 

(Arya et al., 2015 and Giuliano et al., 2016),   but also in other urological disorders such as 

Posterior urethral valves (Johal et al., 2021). 

The comparison of NPT and BPH revealed significant co-localisation for FRA-1/AR, β-catenin/AR, 

there was increase in NPT vs CRPC for FRA-1/AR, β-catenin/AR can be used a biomarker for NPT, 
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Grade 3+3 and CRPC. For BPH vs Grade 3+3, there was no change for any combination. For Grade 

3+3 vs CRPC, FRA-1/β-catenin, FRA-1/AR and β-catenin/AR, there was a significant change from 

NPT vs CRPC. FRA-1/β-catenin, FRA-1/AR and β-catenin/AR combination can be used as prostate 

biomarker. This combination could be used as a marker for CRPC to distinguish from non-CRPC 

tissue. The results presented in Fig. 4.20 indicate that multiple combinations of co-localization 

biomarkers may be developed, with further research, into clinically useful markers of disease 

diagnosis and prognostication. 

4.5.3. Single molecule mRNA analysis in PCa tissue samples usefulness as biomarkers 

Biomarker discovery is important for diagnosing clinical diseases and to develop therapy. 

Diagnosis in early stage of the diseases trigger to measure appropriate therapeutic application to 

cure the disease. mRNAs, like proteins that these encode, can be used as a biomarker to explore 

cancer pathogenesis (Rapisuwon et al., 2016). 

Recently, RNA has been suggested to be an ideal predictor of diverse genetic expression in cell. 

The use of traditional in situ (ISH) method to map RNA expression to single cell is useful, but low 

performance and high technical complexity of these methods has impeded its use (Cassidy and 

Jones, 2014). The RNAscope(R) procedure provides significant advance on RNA ISH technology 

and offers a spatial and morphological framework for single-cell resolution in addition to precise 

quantitation (Wang et al., 2012). RNAscope(R) features a distinct signal amplification step to 

visualise the target RNAs as a punctate dot (Anderson et al., 2016). I used four Wnt signalling 

targets namely, β-catenin, PYGO2, TCF-1 and FRA-1 to measure their mRNA expression in NPT, 

BPH, Grade 3+3, Grade 4+4, Grade 4+5/5+4 and CRPC to be used as a potential biomarker for the 

respective category of tissue. 

4.5.3.1. β-catenin single molecule mRNA expression  

The result showed mRNA expression of β-catenin in BPH or Grade 3+3 PCa did not change 

significantly. But the expression was significantly increased in Grade 4+4 (**P<0.01), Grade 

4+5/5+5 (**** P<0.0001) and CRPC (***P<0.001) (Fig. 4.23). 
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The results indicate transcription of β-catenin begun to increase at Grade 4+4 and the 

phenomenon continues in Grade 4+5/5+4. There has been no previous investigation of single 

molecule RNA analysis for Wnt signalling targets in PCa.  

An interesting question is how is β-catenin mRNA expression increased in high Grade PCa?  

There is various possible explanation that also highlight the integration of transcription processes 

and the complexity through which a transcription factor A can activate the expression of 

transcription factor B and that transcription factor B in turn regulates the expression of 

transcription factor A. An example of such a mechanism is hypothesized below: In my study 

(Chap-III, Sec. 3.4.3.3), I found the expression of FRA-1 was significantly increased in Grade 3+3 

and Grade 4+4. FRA-1 could be used as a transcription factor for β-catenin to increase the 

transcription induced by β-catenin-TCF-LEF complex (Akiyama, 2000), and subsequently 

upregulate β-catenin mRNA expression. 

Just as protein stability for FRA-1 could result in its over-expression (Sec. 4.5.1.5.1.), increased 

stability of RNA may result in the expressed gene stability. (Ebert et al., 2002) conducted SSCP 

analysis of exon 3 where mutations are known in β-catenin gene and found that mutation in that 

exon inhibit the degradation of RNA and subsequently β-catenin was stabilised. They found 

possible association between mutational changes of the genes and enhanced β-catenin gene 

transcription  (Ebert et al., 2002). The molecular mechanisms underlying this possible association, 

however, remain largely unknown. 

Nevertheless, elevation of β-catenin mRNA may also result from activation of Wnt signalling 

pathway or mutations in either the APC or β-catenin gene, which leads to the β-catenin protein 

accumulation (sequencing of the samples used can answer this question, see limitations). Apart 

from this, the rise of β-catenin mRNA can also be assumed to be independent of the Wnt 

pathway. There was, however, a decrease in β-catenin mRNA in CRPC tissue compared to high 

grade PCa samples (Fig. 4.23). This is an interesting observation and may suggest that the increase 

in the protein expression in CRPC may be gene transcription independent. This suggests that 

other mechanism such as increase in protein stability may be responsible for the increased 

expression of β-catenin protein in CRPC (Ebert et al., 2002). Although a majority of mutations in 
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genes are thought to be destabilizing for protein expression, stabilizing mutations may also occur; 

this may offer one possibility of an increase in protein expression for β-catenin in CRPC with a 

corresponding decrease in single molecule mRNA expression.  In CRPC, increased AR, FRA-1, 

PYGO2 may act as transcriptional activators for β-catenin to initiate transcription of β-catenin 

and subsequently β-catenin mRNA expression may be increased through this transcriptional 

regulation. 

4.5.3.2. FRA-1 – single molecule mRNA expression  

Analysis of mRNA expression showed (Fig. 4.24) that its expression was not changed in BPH but 

significantly increased in Grade 3+3 (**P<0.01), Grade 4+4 (**P<0.01) and CRPC (**P<0.01). This 

result reflects my earlier observations (Chap-III, Sec. 3.4.3.3) which showed FRA-1 protein 

expression was increased significantly in Grade 3+3 (*P<0.05), Grade 4+4 (*P<0.05), Grade 

4+5/5+4 (*P<0.05). A consequence of increase in FRA-1 on increased transcription of β-catenin 

is discussed above (Sec. 4.5.3.1). 

4.5.3.3. PYGO2 single molecule mRNA expression 

Very little information exists regarding PYGO2 in PCa. PYGO2 is considered the most downstream 

component of the Wnt signalling transcriptional complex. Wnt activation occurs by nuclear 

translocation of β-catenin. The armadillo (Arm) repeats in β-catenin binds to TCF (Städeli et al., 

2006). The adaptor protein legless (Lgl/Bcl-9) relates ARM repeat to Pygopus2. The transcription 

of Pygopus2 is accomplished through by interaction of the N-terminal homology domain  (NHD) 

and Med12 and Med13 (Carrera et al., 2008). Analysis of mRNA expression of PYGO2 showed 

that expression was not significantly changed in BPH and Grade 3+3. But expression was 

significantly increased Grade 4+4 (**P<0.01), Grade 4+5/5+4 (****P<0.0001) and CRPC (*P<0.05) 

(Fig. 4.25).  

Expression of mRNA of PYGO2 echoed protein expression of PYGO2 in Grade 3+3 and Grade 

4+5/5+4. PYGO2 protein expression change was not significantly increased in Grade 4+4 (ns 

P>0.05), but mRNA expression in Grade 4+4 (**P<0.01) was significantly increased (Fig. 4.25). 

This is an interesting observation and if true, this suggests a complex relationship between 

transcription and translation and require more detailed investigation. miR-516-3P was still 
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present at initial stage of prostate cancer. It could be speculated that protein stability may be a 

regulatory factor in Gleason grade 4+4 disease. 

4.5.3.4. TCF-1 single molecule mRNA expression in PCa 

TCF-1 mRNA expression was not significantly changed in BPH and Grade 3+3, but its expression 

was significantly increased in Grade 4+4 (*P<0.05) (Fig. 4.26). The expression was further 

increased in Grade 4+5/5+4 (****P<0.0001) and CRPC (***P<0.001) (Fig. 4.26). Analysis of 

protein showed that protein was not significantly increased in Grade 4+4, but mRNA expression 

was significantly increased in Grade 4+4. It is important to note that both TCF-1 and PYGO2 may 

form transcriptional complex with β-catenin to activate Wnt mediated gene transcription. The 

lack of increase in protein expression for both these transcription partners may have some 

significance for the disease and consequences for Wnt/β-catenin transcription. 

4.6. Summary  

In this study, in situ expression of AR, β-catenin, FRA-1, c-MYC and Cx43 was investigated in NPT, 

BPH, Grade 3+3 and CRPC using IHC methods.  The results showed AR may contribute to BPH 

development due to increase AR signalling in BPH by increasing its significant expression in BPH 

and highlight the correlation between AR and Wnt signalling in proliferative diseases of the 

prostate. There was also an increase in the expression of AR and β-catenin in CRPC tissue. The 

pathological consequences of AR in initiating CRPC development and progression may be via 

interacting with β-catenin. β-catenin may be a dominant oncogenic pathway associated with 

advance PCa development. The increased expression of β-catenin may activate expression FRA-

1 and c-MYC gene because the proteins encoded by these genes also showed higher expression 

in Grade 4+5/5+4 and CRPC PCa. In situ mRNA expression showed a result broadly correlated 

protein expression data, although there are notable exceptions (e.g., Grade 4+4 disease). 

Expression of mRNA of β-catenin was observed significantly increased in higher grade PCa and 

CRPC tissue which is increased the expression of mRNA of FRA-1 and TCF-1, but PYGO2 showed 

increased expression in higher grade PCa and not in CRPC tissue.  
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4.7. Limitations 

Ideally, I would have liked to align the RNAscope probes and antibodies, i.e., same targets for 

RNAscope probes and antibodies. This would have had allowed a direct comparative analysis of 

gene and protein expression and perhaps refined the biomarker analysis. This is not always 

possible as sometimes there are RNAscope probes available and not the antibodies and vice 

versa. The situation is improving with increasing availability for off the shelf single molecule RNA 

probes (which costs less than custom designed probes) but still problematic. 

A further improvement would have been to conduct a thorough gene expression analysis in 

different grades of PCa and in CRPC to investigate the expression of AR and Wnt gene targets. 

This would have allowed a comprehensive analysis of all known Wnt and AR targets in the 

corresponding cohort and enhanced the power of the single molecule mRNA and protein 

analysis. This is challenging as all the samples I have used were FFPE and there are issues of the 

quality of RNA isolation for gene expression analysis from FFPE samples. 

CRPC tissue samples were obtained from the Institute of Portuguese Oncology Porto (IPOPORTO) 

through Professor Rui Henrique.  The treatment pathway for patients with CRRPC has been 

described in Chap-II (Sec. 2.3.1, Page-143). The treatment strategy for each patient was not 

supplied to the pathologist and it was impossible for him to access the full clinical history of 

individual patients. Therefore, it was not possible to determine homogeneity of patients based 

on their treatment perspectives. However, the goal of treatment was generally to obstruct or 

reduce testosterone production or to construct a barrier between testosterone and AR, to hinder 

the AR signalling pathways. Subsequently, AR expression was increased in CRPC tissue that 

reflects the treatment pathway. 
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5. Functional interaction of Wnt, Androgen Receptor and Connexin signalling in PCa cells 

5.1. Introduction  

Androgen receptor and Wnt signalling pathways are the two critical signalling pathways which 

play a vital role in development of many cancers including in PCa (Kyprianou and Isaacs, 1988). A 

detailed description of AR and Wnt signalling pathways and the role of Cx43 in Wnt signalling is 

given in Chapter I. Some important points are reiterated here as a rejoinder. 

5.1.1. AR signalling 

AR signalling is essential not only for the normal development of prostate gland (Tan et al., 2015), 

but also plays a key role in the initiation and  progression and transition of PCa to castration 

resistant prostate cancer (CRPC) state (Tan et al., 2015) (Chapter 1, Sec. 1.16). AR signalling is 

activated by binding of testosterone or dihydrotestosterone (DHT) to the ligand binding domain 

(LBD) of AR in the cell cytoplasm. Subsequent to the binding of DHT to LBD, AR dissociates from 

heat shock proteins (HSPs) followed by dimerization of the AR-DHT complex exposing the nuclear 

localization signal site as a prelude to nuclear translocation (Debes and Tindall, 2002). Following 

translocation into the nucleus, the dimerized complex binds androgen responsive elements 

(AREs)  and interacts with several co-regulatory proteins composed of co-activators and 

chromatin remodelling complexes that ultimately lead to transcription of target genes (Di Zazzo 

et al., 2016).  

5.1.2. Castrate resistant prostate cancer (CRPC) 

ADT therapy restricts the progression of androgen-dependent prostate cancer by altering the AR 

signalling pathway (e.g., (Hearn et al., 2016)). However, after a period of time the cancer 

reappears and its reappearance is correlated with increased expression of PSA (KLK3) (Prensner 

et al., 2012). This indicates that adaptive androgen signalling is activated in the tumour; this state 

is termed as castrate resistant prostate cancer (CRPC) (Feldman and Feldman, 2001) and is 

characterized by (i) an increased expression and stability of AR protein, and (ii) activating 

mutations in this receptor that alters its ligand specificity and changes in the expression of 

transcriptional co-regulators of the AR (Kypta and Waxman, 2012).  
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5.1.3. Wnt signalling and the role of Connexin proteins 

Wnt signalling is an important regulator of cell function with free intracellular [Ca2+]i and β-

catenin as intracellular transducers. β-catenin is a 92 kDa protein that acts as transcription factor 

co-activator upon activation by the Wnt signal. Wnt signalling plays a key role in various 

fundamental processes such as cell proliferation, stem cell maintenance and differentiation, cell 

fate determination and motility (Logan and Nusse, 2004 and Lien and Fuchs, 2014). 

Wnt signal activation results in stabilization of β-catenin in the cytoplasm and subsequent 

translocation in the nucleus where it can activate a gene transcriptional program that includes a 

number of proto-oncogenes, and also its own transcription activators such as FRA-1 (see above 

section 4.5.1.5.1), hence its critical role in a number of cancers including colorectal, breast, liver, 

skin and prostate (Sherwood and Leigh, 2016 and Shulewitz et al., 2006).  

Connexins are a large family (20 members) of proteins that are involved in the formation of gap 

junctions for intercellular communication. Very recently, our laboratory has shown that upon 

activation of Wnt signalling, Cx43, a gap junction hemichannel forming protein also translocates 

into the nucleus with β-catenin. This indicates a close, functional and mechanistic interaction 

between Wnt and Connexin signalling in mammalian cells and also suggests that Cx43 may be 

part of the so-called destruction complex (Hou et al., 2019). Cx43 is also related to pathological 

progression of PCa (Benko et al., 2011). Cx43 expression is significantly altered in the late/high 

grade aggressive prostate cancer cells and the expression level was negatively correlated with 

pathological grading. Chen and his colleagues showed expression of Cx43 is decreases while AR 

signalling is activated (Chen et al., 2015a). Structurally, connexin proteins are conserved and 

show a high level of sequence identity. For example, Cx43 (NCBI accession number NP000156.1) 

and Cx31 (NCBI accession number 076872.1) show significant overlap in their sequences.  It is 

therefore possible that other connexin proteins may also be involved in Wnt signalling. 

Connexin 31 (Cx31) another member of the Connexin family forms aqueous channels for 

intercellular communication. Mutation in Cx31 gene, Gap junction beta-3 (GJB3), is linked to skin 

disorder erythrokeratodermia variabilis (Richard et al., 2000) and deafness (Rabionet et al., 

2002). The associated member of Cx31 is Cx43 which has been studied in PCa development. Little 
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information exists regarding Cx31 expression in PCa. However, LnCAP cells neither express Cx43 

protein nor Cx32 (another member of Connexin family). As I showed later in this chapter, Cx31 is 

expressed in LnCAP cells. Structurally, connexin proteins are conserved and show a high level of 

sequence identity. For example, Cx43 (NCBI accession number NP000156.1) and Cx31 (NCBI 

accession number 076872.1) show significant overlap in their sequences.  It is therefore possible 

that other connexin proteins may also be involved in Wnt signalling. 

The focus of this chapter is the interaction between Wnt/β-catenin/Connexin and AR signalling 

pathways.  

5.1.4. Interaction between AR and Wnt signalling 

Interactions between AR and Wnt signalling have been suggested in that deregulation of both 

pathways leads to diseases such as cancer (Davies et al., 2001). Canonical Wnt signalling (Wnt/β-

Catenin) is reported to interact with AR signalling in CRPC (Schweizer et al., 2008a) where β-

Catenin could bind to AR to stimulate its transcriptional cascade triggered by androgen, 

androstenedione or oestradiol in LnCAP cell (Truica et al., 2000). Binding of β-Catenin to ligand 

bound AR is also thought to facilitates the migration of β-catenin into nucleus  (Mulholland et al., 

2002). Furthermore, Wnt/β-Catenin signalling may enhance AR gene expression via TCF/LEF-1 by 

binding to promoter of AR (Li et al., 2009). In active state, the noncanonical Wnt signalling 

pathway (Wnt/Ca2+) releases intracellular [Ca2+]i and increases CaMKII in PCa cells line (Wang et 

al., 2010a). The Wnt/β-Catenin and Wnt/Ca2+ were considered independent from each other. 

Thrasivoulou et al. demonstrated that activation of Wnt/Ca2+ signalling release free [Ca2+]i in 

mammalian cytoplasm that depolarizes the nuclear membrane that facilitates β-Catenin entry 

into cell nucleus (Thrasivoulou et al., 2013). However, in hormone naïve PCa cells, Wnt/β-Catenin 

signalling may trigger transcription of AR target genes, whereas, AR signalling inhibits the 

transcription of Wnt/β-Catenin target genes  (Lee et al., 2015).  

In a previous chapter (Chapter III), using in situ staining for Wnt and AR related proteins in low 

and high grade cancer, I showed that there may be a correlation between AR and β-catenin 

related protein expression. In Chapter IV, using the same quantitative IHC, I showed that there is 

an increase in AR expression and also that of β-catenin in CRPC prostate tissue. This raises the 
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possibility that in CRPCs, the AR and Wnt/β-Catenin signalling pathways may promote each other 

to activate a distinct pool of target genes for stimulating androgen-independent growth and 

progression of PCa cells. 

AR expression was also increased in benign prostatic hyperplastic tissue, but β-catenin expression 

remained unchanged (Chap-IV, Sec. 4.4.4.5.2) compared to NPT. In Grade 3+3 PCa tissue, AR 

expression was decreased (Chap-IV, Sec. 4.4.3.1) but β-catenin expression was not changed. AR 

and β-catenin expression were both increased in CRPC tissue (Chap-IV, Secs. 4.4.3.1; 4.4.4.5.2 

and 4.4.4.5.3), indicating synergistic interaction between these two critical signalling pathways. 

However, molecular mechanisms of the nature of the interaction between AR and Wnt signalling 

remains unclear.  As suggested above, it is known that AR and Wnt signalling pathways may 

interact to exacerbate progression of prostate cancer. Furthermore, our discovery that Wnt can 

stabilize and translocate proteins other than β-catenin, i.e., Cx43, give rise to the notion that 

other transducers may also be activated by Wnt signalling. I hypothesized that AR receptor and 

Wnt signalling pathways interact at a functional level with reciprocal activation of transducers by 

ligands for Wnt and AR signalling. 

The following questions are addressed in this chapter: 

1. Does ligand activation by Wnts e.g., Wnts 5A, 9B and 3A (paradigm ligands of the previously 

ascribed non-canonical and canonical Wnt pathways) directly activate AR signal activation? 

2. Does ligand activation by DHT increases β-catenin stabilization and its translocation in the   

    nucleus in model cell lines of metastasized prostate cancer?  

3. Does the putative reciprocal Wnt and AR signal activation involves Connexin proteins, a    

    newly discovered component of Wnt/β-catenin signalling pathway? 

Addressing the above questions would enhance our understanding of the interaction of AR and 

Wnt signalling pathways in prostate cancer and may further elucidate fundamental mechanism 

of Wnt and AR signalling pathways.  
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5.2. Aims 

In this study I used heterologous expression in PC3 and LnCAP cells (AR negative wild type PC3 

cells, AR positive LnCAP cells and, wild type PC3 cells transfected with AR termed PC3(AR+))  

combined with cellular, immunochemical and gene transcriptional analysis to understand the 

interaction of AR, Wnt and Connexins in cells with activation of Wnt and AR signalling pathways. 

The overall aim was to investigate the interaction between Wnt and AR signalling pathways by: 

(i) elucidating the mechanisms of interaction and translocation of AR and β-Catenin into the 

nucleus of PCa cells treated with Wnt and AR signalling ligands (e.g., Wnt 3A, Wnt 5A, Wnt 9B 

and DHT) using WB and co-immunoprecipitation.                                                             

(ii) validating the mechanisms of translocation AR and β-Catenin into nucleus in PC3 cells  

transfected with AR inserted plasmids (PC3(AR+)).  

(iii) confirming the WB results by measuring expression of Wnt and AR signalling proteins in 

prostate cancer cell lines and the translocation of AR and β-Catenin into nucleus of PCa cells 

treated with Wnt and AR ligands using immunocytochemistry.                                                                                                

(iv) quantifying the expression of Wnt and AR target protein in PCa cells treated with Wnt and AR     

ligands using qPCR. 

5.3. Methods 

5.3.1. Cell culture of PCa cells for WB 

PC3 and LnCAP cells were obtained from American Type Culture Collection (ATCC) and cultured 

at required density in T-25 cm2 (Cat: 156367, Thermo Scientific™ Nunc™ Cell Culture Treated 

EasYFlasks™) in 6 ml RPMI 1640 (Chap-II, Table 2.2) supplemented with 10% foetal bovine serum 

and 2 mM L-glutamine (Chap-II, Table 2.2). The details of cell culture are described in Chap-II (Sec. 

2.3.3.1). 

5.3.2. Western blotting (WB) 

WB in conjunction with cell fractionation was a major technique used here to investigate 

expression and interaction of Wnt and AR signalling proteins in PC3 and LnCAP cells. WB, 

subsequent to cell fractionation allows probing for multiple antibodies on the same sample and 

unlike immunocytochemistry provides a quantitative analysis of proteins in different cellular 
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fractions (e.g., total membrane, cytosol, nucleus). Wnt signalling pathway was activated by 

treating the cells with ligands such as Wnt3A, Wnt5A, Wnt9B (Chap-I, Sec. 1.12.4) and AR 

signalling pathway was activated with DHT.  

5.3.2.1. Treatment of LnCAP and PC3 cells with AR and Wnt signalling ligands  

LnCAP cells were grown in 2xT-25 cm2 flask for each set of experiments and incubated for 48hrs 

at 37°C (Chap-II, Sec. 2.3.4.1). The cells were removed from the incubation at 90% confluency of 

cell growth.  5ml of 6ml media was removed and 1ml fresh medium was added into the flask and 

the cells were then treated with AR signalling ligand (e.g., DHT, 15 nM) and Wnt signalling ligands 

(e.g., Wnt3A, 10 nM; Wnt5A, 10 nM and Wnt9B, 10 nM) (Table 5.1). Two more repeat 

experiments were carried out independently using different passage and batch number of LnCAP 

and PC3 cells. The control cells for each experiment were treated with PBH as a vehicle control. 

Similarly, PC3 cells were also treated with DHT, Wnt5A and Wnt9B to compare the expression 

and interaction of AR in AR signalling pathway in PC3 cells.   

Table 5.1. The table representing the AR and Wnt signalling ligands with the working concentrations 

Name of the ligands Catalog and Source Stock 
concentration 

Working concentration 

Wnt-3A Cat: CSB-EP026136HU1, CUSABIO 1 μg/μl 10 nM 
Wnt-5A Cat: 645-WN-010, R&D systems 0.1 μg/μl 10 nM 
Wnt-9B Cat: 3669-WN-025, R&D system) 0.1 μg/μl 10 nM 

DHT Cat: D-073, Sigma-Aldrich 1 mg/ml 15 nM 

 

5.3.2.2. Extraction of proteins as a whole cell lysate from untreated and treated cells  

The cells were scrapped with precooled cell-scrapper. Details are given in Chap-II (Sec. 2.3.4.2). 

Briefly, the cells were centrifuged at 200xg for 2 min to get cell pellet. The pellet was transferred 

into 1.5 ml microcentrifuge tube in which lysis buffer (RIPA, 1x) (Cat:9806, Cell Signalling 

Technology) was added at 400 μl/107 cells to the tube. Protease inhibitor (Complete, Cat. No. 11 

836 170 001, Roche) and Phosphatase inhibitor (PhosSTOP, Cat. No. 04 906 837 001, Roche) were 

added to the microcentrifuge tube according to manufacturer instruction. The cells were then 

lysed by incubating at 4°C for 30 min with constant agitation before centrifugation at 16,000xg 

for 25 min. The centrifuge tube was gently removed and placed on ice and supernatant was 
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transferred into a fresh tube. The cell lysate was used for protein assay and rest was stored at -

80°C for further use. 

 5.3.2.3. Cell fractionations of PC3 and LnCAP cells 

Qproteome Cell Compartment Kit (Cat:37502, Qiagen) was used to extraction proteins from Wnt 

and AR signalling ligands (Table 5.1) treated and untreated LnCAP and PC3 cells. A detailed 

protocol is given in Chap-II (Sec. 2.3.4.3). Briefly, 1 ml of CE1 buffer was added to 5x106 cells and 

10 μl of protease inhibitor was also added to the cells followed by agitation end-over-end for 10 

min at 4°C and centrifuged for 10 min at 1000xg at 4°C to separate cytosolic proteins. After 

collection of cytosolic protein, 1 ml of CE2 buffer was applied to tube followed by incubation for 

30 min at 4°C with end-over-end shaking. Then centrifugation was performed at 6000xg for 10 

min at 4°C. The total membrane protein (e.g., proteins from plasma membrane as well as all 

organelle membranes except nuclear membrane and proteins from the lumen of the ER and 

mitochondria) was transferred into a precooled microcentrifuge tube. 7 μl Benzonase and 13 μl 

distilled water were added to the pellet and incubated for 15 mins on the bench at RT. 500 μl CE3 

mixed with 5 μl protease inhibitor (100x) was added to the cells and incubated for 10 min at 4°C 

with end-over-end agitation followed by centrifugation at 6800xg for 10 min at 4°C and proteins 

was transferred into precooled microcentrifuge tube. This fraction contains soluble, and 

membrane bound nuclear proteins. The protein concentration was measured using the Thermo 

ScientificTM PierceTM BCA protein assay kit (cat: 23225) assay, Details provided elsewhere (Chap-

II, Sec. 2.3.4.4). 

5.3.2.4. SDS-PAGE electrophoresis  

Protein (15 μg) from whole cell lysate or each compartmental fraction from LnCAP and PC3 

treated with (±)Wnt3A, (±)Wnt5A,  (±)Wnt9B and  AR signalling ligand (±)DHT. Prior to loading, 

the cell lysates were mixed with 5μl of loading buffer prepared by mixing laemmli 4x sample 

buffer (Cat. 1610747, Bio-Rad) with β-mercaptoethanol at 9:1 dilution. Protein samples were 

boiled at 95oC for 8-10 min before loading into Precast protein gels (Bio-Rad) using Mini-

PROTEAN Electrophoresis system (Bio-RAD) for resolving the proteins. SDS PAGE gels consists of 

two portions, stacking and resolving gels, these differ in their composition by 4% of 
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polyacrylamide in stacking gel and 12% of polyacrylamide in resolving gel. 6μl of Colour Pre-

stained Protein Standard was loaded onto precast SDS PAGE gels. During electrophoresis, 50V 

were applied for 10 min for initial electrophoresis through the stacking gel, then 120V were 

applied for 45 min through resolving gel. The resolved proteins were then transferred onto a 

polyvinylidene difluoride (PVDF) membrane using semi-dry Trans-Blot Turbo blotting system 

(Cat. 17006570, Bio Rad). The PVDF membrane was blocked by incubating in 5% (v/v)   non-fat 

dry milk (NFDM), prepared in 0.1% Tween-20 TBST (Cat. J77500.K2, Alfa Aesar) for 2 h with 

constant shaking to mask all possible non-specific binding sites on the membrane. Following 

blocking with NFDM, the PVDF membranes were washed with TBST (3x5’) and cut into two strips 

of 250 to 57 kDa and 57 to 10 kDa to be probed and reprobed for multiple proteins in different 

cell compartments, simultaneously.  

5.3.2.4.1. Probing, stripping and reprobing the blotted proteins with different antibodies 

The of 250-57 kDa strip was incubated with anti-β-catenin (Abcam: ab22656, predicted MW 

85kDa) at 1:1,000 dilution in TBST and the 57 to 10 kDa strip was incubated with the loading 

control anti-β-actin (Abcam: ab6276, predicted MW 42 kDa) at 1:5,000 dilution in TBST over night 

at 4°C. The membranes were then washed with TBST (3x5’) and incubated with appropriate HRP 

(horse radish peroxidase) conjugated secondary antibodies such as Peroxidase AffiniPure Donkey 

Anti-Mouse IgG (H+L) (JIL, cat: 715-035-151) at 1:4,000 dilution in TBST in 3.5-5% (v/v) NFDM for 

2 h at RT. Following washing with TBST (3x5’), the HRP signal was detected by incubating 5 min 

in Bio Rad clarity Western enhanced chemiluminescence substrate (Cat: 1705061, Bio Rad) 

followed by imaging using ChemiDoc imaging system  (Bio-Rad, 2012) .  

After recording the signals for β-catenin and β-actin, the membranes were reprobed with other 

antibodies (e.g., anti-Lamin A antibody to identify enrichment of the nuclear fraction). For 

reprobing with other antibodies, a so-called ‘stripping’ of PVDF membranes was employed; 

‘stripping’ membranes, already probed for an antibody, is an established technique for 

‘reprobing’ with other antibodies that may resolve at the same molecular weight (anti-AR 

antibody for AR with 110 kDa and anti-AR (N-ter) antibody for AR (N-ter) with 110 kDa). The 

membrane bound primary and secondary antibodies were ‘stripped’ off by incubating in 

Restore™ PLUS Western Blot Stripping Buffer (Cat. 46430, ThermoFisher Scientific) for 25 min at 
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RT. Following washing twice with TBST, the membranes were blocked (Sec. 5.3.2.4) and washed. 

The membrane of 250 to 57 kDa was reprobed with nuclear protein marker antibody Anti-Lamin 

A (Cat. No.  L1293; Sigma Aldrich, MW: 72 kDa) and the membrane of 57-10 kDa was reprobed 

with Anti-GAPDH antibody (Table 5.2) as cytoplasmic and membrane protein marker. Subsequent 

procedures were followed before incubating with Peroxidase AffiniPure Donkey Anti-Rabbit IgG 

(H+L) (Cat. 711-035-152, JIL) 1:4,000 dilution in 5% non-fat dried milk in TBST. Following this, the 

HRP signals were developed and imaged as described earlier. The bands were quantified using 

densitometry analysis using ImageJ. The value of bands was normalised to bands of β-actin. The 

following antibodies were used in protein expression analysis. 

Table 5.2. The table representing a list of primary and secondary antibodies with their catalogue number, 
manufacturer’s name and dilution rate used in the studies 

Primary antibody Host 
Species  

Cat and Source Dilution Reason of using References for 
antibodies 

Anti-Androgen 
Receptor Antibody 

Rabbit Cat: 06-680,       
Merck Millipore 

1:3000 AR target 
(Rubinfeld et al., 

1993) 

(Hay et al., 2014) 
and (Wu et al., 

2014) 
Anti-Androgen 

Receptor antibody 
Rabbit Cat: ab108341, 

ABCAM 
1:3000 AR target (Mutuku et al., 

2019) and (Puca et 
al., 2018) 

Anti-AR antibody (N-
20) 

Rabbit Cat: Sc-816: 
Santa Cruz 

1:250 Transactivator of 
AR (Simental et 

al., 1991) 

(Sun et al., 2015) 
and 

Anti-β Catenin antibody Mouse ab22656: 
ABCAM 

1:3000 Wnt target 
(Rubinfeld et al., 

1993) 

(Hou et al., 2019) 

Anti-Connexin-43 
antibody 

Rabbit C6219: Sigma 1:3000 Wnt target in 
PC3 (Hou et al., 

2019) 

(Wang et al., 2017) 

Anti-Cx31 antibody Rabbit 36-5100: 
Invitrogen 

1:1000 Connexin family 
(Plum et al., 

2002) 

(Wang et al., 2009) 

Anti-PSA antibody Rabbit ab53774: 
ABCAM 

1:1000 AR target 
(Lundwall and 

Lilja, 1987) 

(Coleman et al., 
2016) 

 
Anti-Nkx3.1 antibody Rabbit Ab196020: 

ABCAM 
1:2000 `AR target (He et 

al., 1997) 
(Leibold et al., 

2020) 
Anti-TMPRSS2 antibody Rabbit ab92323: 

ABCAM 
1:2000 AR target 

(Cerveira et al., 
2006) 

(Ubuka et al., 2018) 
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Anti-c-Myc antibody Rabbit ab32072: 
ABCAM 

1:1000 Wnt target in 
PC3  (Rennoll 
and Yochum, 

2015) 

(Han et al., 2021) 

Anti-phospho-GSK-3β 
antibody 

Rabbit 9331S: CST 1:1000 Wnt signalling 
protein (Amit et 

al., 2002) 

(Wang et al., 2020) 

Anti-Lamin A (C-
terminal) antibody 

Rabbit L1293: Sigma 1:5000 Nuclear protein 
marker 

(Toko et al., 2014) 

Anti-β actin antibody Mouse Ab6276: ABCAM 1:5000 Loading control (Yao et al., 2020) 
 

Anti-GAPDH antibody Rabbit ab181602: 
ABCAM 

1:3000 Loading control (Ye et al., 2021) 

 

Secondary 
antibody 

Peroxidase 
AffiniPure 

Donkey 
Anti-

Mouse IgG 
(H+L) 

Donkey 715-035-151: 
Jackson 

Immunoresearch 
Laboratory (JIL) 

1:5000 Secondary 
antibody 

Secondary 
antibody 

(Hu et al., 2020) 

Peroxidase 
AffiniPure 

Donkey 
Anti-

Rabbit IgG 
(H+L) 

Donkey 711-035-152: 
Jackson 

Immunoresearch 
laboratory (JIL) 

1:5000 Secondary 
antibody 

(Molinari et al., 
2021) 

 

Anti-Androgen Receptor Antibody (Cat: 06-680, Merck Millipore) was used throughout the study to 
observe the redistribution of AR signalling target protein, e.g., AR across the cytosol, membrane and 
nucleus. Another anti-AR antibody from ABCAM (Cat: ab108341) was used to check any variability from 
the anti-AR antibody from Merck Millipore. Similar redistribution was observed in WB experiments. Anti-
AR (N-ter) antibody (Table 5.4) was used to observe its translocation into nucleus due to its transactivation 
function. The N terminal of AR (NTD) plays a key role in transactivation and function of the AR. The 
effective activation of AR requires first 30 amino acids of the NTD for amino-carboxyl terminal (N/C) 
interaction. Intracellular trafficking is a pivotal mechanism in the regulation of transcription factors 
including. Therefore, its translocation into nucleus indicates the increase of transcription of target genes, 
subsequently increase the expression of AR target proteins.  

5.3.3. Co-Immunoprecipitation (Co-IP)                                                                             

Co-IP was performed to investigate the interaction between AR and β Catenin. Details have been 
described in Chap-II (Sec. 2.3.5). 

5.3.4. Immunocytochemistry (ICC) 

Immunocytochemistry was conducted to investigate the subcellular migration of Wnt and AR 

signalling target proteins while activated with Wnt and AR signalling ligands. 
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5.3.4.1. Seeding, treatment and fixation of cells 

PC3, AR transfected PC3 (Chap-II, Sec. 2.3.3.4) and LnCAP cells were grown in 8-well chamber 

slides (Lab Tek II, Nunc, ThermoFisher Scientific) at a density of 10,000 cells/well and incubated 

for approximately 72 h until the cells were reached 90% confluency. Cells were treated with Wnt 

ligands (e.g., Wnt5A or Wnt9B) and AR signalling ligand (e.g., DHT) at a working (final) 

concentration (Table 5.1) and incubated for 3-4 h for PC3 and AR transfected PC3 cells) and 

overnight for LnCAP cells. The cells were fixed with PFA (4% Para formaldehyde) (Sec. 2.3.6.1).  

5.3.4.2. Immunostaining of cells using ICC 

Cells were washed with PBS prior to start permeabilization. The cells were permeabilized by 

incubation in permeabilization buffer, prepared with 0.4% Triton X-100 in PBS, for 10 mins PC3 

and AR transfected PC3 cells and 15 min for LnCAP cells at RT with gentle agitation. The cells were 

then washed with PBST wash buffer prepared with 0.01% Tween-20 in PBS. The cells were then 

blocked with 5% donkey serum prepared in PBST incubated for 1 h. Following washing with PBST, 

the cells were incubated with primary antibodies e.g., anti-β-catenin (Cat: ab22656, ABCAM, 

Dilution 1:250) for PC3 and AR transfected PC3 cells and anti-androgen receptor antibodies (Cat: 

06-680, Merck Millipore, Dilution 1:250) for LnCAP cells (Table 5.2) over night at 4°C at 1:250 

dilution in 1.5% donkey serum in PBST followed by washing with PBST wash buffer (3x5’). The 

cells were then incubated with secondary antibodies, such as Peroxidase AffiniPure Donkey Anti-

Mouse IgG (H+L) (Table 5.2) was used against anti-β-catenin antibody and Peroxidase AffiniPure 

Donkey Anti-Rabbit IgG (H+L) was used against anti-androgen antibody. The cells were washed 

with PBST (3x5’) in 1.5% donkey serum in PBST for 1 h followed by washing with PBST (3x5’). The 

cells were incubated with tyramide Cy3 (Cat: NEL44001KT, PerkinElmer Life Science) for 10 min 

at room temperature. The cells were washed prior to nuclear counterstaining with DAPI. 

Following final wash with PBST, the chambers were removed, and cells were air dried and 

ProLong™ Gold Antifade Mountant (Cat. P10144, Thermo Fisher Scientific) was applied in slide 

before placing the cover slip on the slide. The slides were then sealed with nail polish to prevent 

air entry and oxidation. 
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5.3.4.3. Confocal Imaging 

The cells were imaged using a Leica SP8 laser scanning confocal microscope equipped with a 

40x/1.3 NA oil objective. LAS X software was used for image acquisition in which three fields of 

the objects of each chamber were randomly selected based on DAPI staining. Each step size of of 

Z-stacks for each image was 0.6 μm with 1.00 AU pinhole and 1.0 zoom (Chap-II, Sec. 2.3.6.3). 

5.3.5. Quantitative PCR                

qPCR was performed to investigate expression of Wnt and AR signalling target proteins in PC3 

and LnCAP cells upon activation with Wnt and AR signalling ligands.      

5.3.5.1. Primers used for qPCR                                                                                                                                        

Primers for qPCR were designed using NCBI “Primer BLAST” tool using the default settings against 

the RefSeq mRNA database for Homo sapiens. The Wnt target genes (e.g., CTNNB1 and GJA1) 

and AR target genes (e.g., Nkx3.1, ERG, AR) and housekeeping gene (e.g., ACTB) were targeted 

for AR and Wnt signalling study. Primer design has been described in Chap-II (Sec. 2.3.7.1.) The 

guidelines for primer design are summarised in the following table (Table 5.3).  Primers were 

designed and ordered from Sigma-Aldrich and resuspended in ddH2O to 100 μM stock solutions, 

which were kept at −20°C. Details of primers are in Tables 5.3 below.  

Table 5.3. The table representing gene and their corresponding primer used in qPCR 

Gene name Sequence 
CTNNB1 Forward primer: 5’- TGCTCCGCTGACCTTAAAGA-3’                                                      

Reverse primer: 5’- AGAAATGGTCGAAGTGCCCC-3’ 
Nkx3.1 Forward primer   5’- AGAAGCACTCCTCTTTGCCG-3’ 

Reverse primer:  5’- CCCACGCAGTACAGGTATGG-3’ 
Cx43 Forward Primer: 5’-CCCACACTCTTGTACCTGGC-3’ 

Reverse Primer:5’- CCCCCTCGCATTTTCACCTT-3’ 
ACTB Forward Primer: 5’- GTACGTTGCTATCCAGGCTGT-3’ 

Reverse primer: 5’-AGGTAGTCAGTCAGGTCCCG-3’ 
AR Forward Primer: 5’- TGCTCCGCTGACCTTAAAGA-3’ 

Reverse Primer: 5’- AGAAATGGTCGAAGTGCCCC-3’ 
TMPRSS2 Forward primer:5’-ACCATGGATACCAACCGGAA-3’ 

Reverse primer: 5’-CTGTCCCGGATGGGGATTTG-3’ 
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5.3.5.2. RNA extraction                                                                                                                                                                                 

RNA was extracted from PC3 and LnCAP cells treated with (±)Wnt9B and (±)DHT using RNeasy 

Plus kit (Cat. 74104 Qiagen) according to the manufacturer’s protocol (Chap-II, Sec. 2.3.7.3). 

5.3.5.3. Reverse transcription                                                                                                             

The total RNA was reverse transcribed to cDNA using QuantiTect® Reverse Transcription kit 

(Cat: 205311, Qiagen) following the manufacturer’s protocol. The protocol included two steps. 

1. Genomic DNA elimination reaction, 2. Reverse-transcription reaction (Chap-II, Sec. 2.3.7.4).  

5.3.5.4. qPCR  

qPCR reactions were prepared in 384-well PCR plates (Bio-Rad, Cat. HSP- 3841) using the SYBR-

Green PCR master mix (Applied Biosystems). For the Wnt and AR signalling pathway study, each 

10 μl reaction mixture consist of: 5 μl SYBR-Green master mix, 1 μl of a 1:40 dilution of the cDNA 

in nuclease-free water, 1.25 μl of the primer pair (to a final concentration of 250 nM each), and 

2.75 μl nuclease-free water; each sample was run in triplicate. The reaction was made of: 5 μl 

SYBR-Green master mix, 2 μl of a 3:40 dilution of the cDNA in ddH2O, 1.75 μl of the primer pair 

(to a final concentration of 350 nM each), and 1.25 μl ddH2O; each sample was run in duplicate. 

qPCR was performed using a Bio-Rad CFX384 thermocycler; the RT-PCR thermal cycler 

parameters were the following: initial denaturation at 95 ◦C for 1 min; 40× cycles of denaturation 

at 95◦C for 15 s and annealing/extension at 60◦C for 1 min; final extension at 65◦C for 1 min; and 

60 melting curve reads off, from 65 to 95 ◦C (0.5◦C per cycle). Expression levels of the genes of 

interest were normalised to ACTB using the 2−∆∆Cq method (Livak and Schmittgen, 2001), and 

melting curves were analysed with Bio-Rad CFX Manager to verify products.  

5.4. Results 

Proteins have been recognised for their capabilities to shuttle in and out from the nucleus as 

crucial to numerous essential cellular processes such as cell cycle progression. Also, particular 

tissue or cells require orchestrated nuclear presence of certain cytosolic proteins (Nigg, 1997 and 

Görlich, 1998). β-catenin is an oncogenic transcriptional factor co-activator and a Wnt signal 

intracellular transducer protein which is translocated into nucleus in PC3 cells after Wnt signal 
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activation (Thrasivoulou et al., 2013). Our laboratory has also demonstrated that Wnt signalling 

activation trigger cytosolic migration of Cx43 in PC3 cells (Hou et al., 2019), indicating that 

Connexins may also be co-translocated in response to Wnt signal activation. They proposed that 

Cx43 may be an integral protein in Wnt signal intracellular transduction. To investigate the 

interaction between the Wnt and AR signalling pathways, here I tested the hypothesis that 

translocation of β-catenin, Connexins and AR occurs in an orchestrated manner in response to 

the activation of Wnt and AR signalling.  

5.4.1. Analysis of the expression and translocation of AR and Wnt signalling proteins  

5.4.1.1. Assessment of background signal by the secondary antibody  

WB analysis was used to investigate intracellular Wnt and AR target protein expression and their 

translocation between different cellular compartments (e.g., similar to the techniques in (Hou et 

al., 2019)). The target proteins were investigated using the antibodies (Table 5.2). Prior to 

conducting these experiments, the specificity of primary and secondary antibodies was checked. 

A negative control (without primary antibody) experiment was performed where only secondary 

antibody was used. The secondary antibody did not generate any visible band, indicating an 

absence of background, non-specific signal (Fig. 5.1). 
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Figure 5.1. A Representative WB image of a negative control experiment. 15 μg of proteins of LnCAP and PC3 cells 
treated with Wnt5A and DHT were loaded into each well of the gel A (L-2, 3, 4), B (L-7, 8, 9), C (L-2, 3, 4, 5) and D (L-
8, 9, 10). 5μl of prestain protein standard ladder (cat: P7719, NEB) was loaded in A (L-1, 5), B (L-6, 10), C (L-1, 6), D 
(L-7, 11). Following the elimination of primary antibody incubation, proteins in membrane A and B were stained with 
Donkey anti-mouse (Table 5.2) and proteins in the membrane C and D were stained with Donkey anti-rabbit (Table 
5.2). Peroxidase AffiniPure Donkey Anti-Mouse IgG (H+L) and Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L) 
secondary antibodies did not show any non-specific binding.   

5.4.1.2. Optimization of concentration of internal loading controls (ILC)  

Anti-β actin antibody and anti-GAPDH antibody (Table 5.2) were used as internal loading control. 

The band intensity of anti-β actin was proportionally increased with the increasing of 

concentration of target proteins.  
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Figure 5.2. A Representative WB image showing concentration dependant β-actin expression as ILC (Internal Loading 
control). 1, 3, 6, 8, 10, 15 μg of protein from LnCAP cells was loaded into L-2, 3, 4, 5, 6 and 7. 5 μl of protein standard 
(Cat: 161-0374, BioRad) was loaded into L-1 and 8. The membrane was probed with anti β-actin antibody with 
recommended dilution (Table 5.2) followed by probing with secondary antibody. The detected signal intensity of β-
actin appeared to be increased with the increasing amount of protein. 15 μg of protein was selected for the rest of 
experiments. 

5.4.1.3. Concentration dependent protein expression 

A similar experiment, as above (Sec. 5.4.2.2) was conducted with increasing amount of protein 

probed with AR antibody (Fig. 5.3). It was observed that 10-15 μg of loaded protein produced 

distinctly visible band when probed with an anti-AR antibody at 1:3000 dilution (Fig. 5.3). 

 

 
Figure 5.3. A Representative WB of protein concentration dependence for the signal for AR in whole cell lysates using 
WB.  3, 7, 10 and 15μg of protein from LnCAP cells were loaded into L-2, 3, 4, 5, 6 and 7. 5 μl of protein standard 
(cat: 161-0374, BioRad) was loaded into L-1 and 6. The membrane was probed with anti-AR antibody (Cat: 06-680, 
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Merck Millipore) at 1:3000 dilution (Table 5.2) followed by staining with secondary antibody. The detected signal 
intensity increases with the increasing amount of protein. 10-15 μg of protein was selected for further experiments.   

5.4.1.4. Translocation of AR and Wnt signalling proteins in DHT treated LnCAP cells 

AR signalling in LnCAP cell was activated with DHT. The activated AR signalling affected the basal 

distribution of AR across the cytosol, membrane and nucleus (Fig. 5.4 – A-E, where A is a 

representative WB and B-E are quantitation for the signal for each antibody used). Average of 3 

independent experiments (Appx. 5.1 and the original PVDF membrane in Appx.5.1.1) showed 

membrane expression of AR (full length) was increased (Fig. 5.4.F.1) but its expression was 

sharply increased in the nucleus. At least three independent experiments were performed to test 

reproducibility, different batch of cells and ligands were used to establish if the WB results were 

consistent. The pattern of distribution of AR (N-ter) was found to be similar as AR (full length) in 

cytosol, membrane and nucleus. AR (N-ter) was found higher in nucleus compared to nucleus in 

untreated LnCAP cells (Figs. 5.4.C and 5.4.F.2). The AR (N-ter) antibody was used to observe its 

translocation into nucleus due to its transactivation function. The N terminal of AR (NTD) plays a 

key role in transactivation and function of the AR. In addition, it was observed that activated AR 

signalling triggered β-catenin to be detected in cytosol and nucleus (Figs. 5.4.D and Fig. 5.4.F.3).  

The analysis indicates β-catenin is displaced from the cell membrane to cytosol and then 

translocates into nucleus (Fig. 5.4.F.3). It is to be noted that there is no Cx43 expression in LnCaP 

cells. As there is a high sequence identity (see above) between Cx31 and Cx43 proteins (Au et al., 

2020), and Cx31 is expressed in LnCAP cells, I decided to investigate the Cx31 expression 

redistribution in response to Wnt and AR ligands as a substitute for the known Cx43. Cx31 was 

found to be translocated into nucleus when AR signalling was activated with DHT. These results 

suggest a close interaction of AR, Wnt and connexin signalling pathways in LnCAP cell. β-actin 

expression was also quantified (Appx. 5.12.1) to check homogenous loading of proteins. 
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F. Average expression of proteins of three independent experiments 
 

 
Figure 5.4. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
LnCAP cells (±DHT). A. 15μg of fractionated protein of LnCAP cells (±DHT)  was loaded onto gel in the following order; 
cytosolic protein loaded into lane 2 and 3, membrane protein into lane 5 and 6 and nuclear protein into lane 8 and 
9. 6μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 4, 7 and 10. The 
PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10kDa and incubated with anti-Lamin A and anti-
β actin antibody. Following image capture with GelDoc system (BioRad), the membranes were stripped off with 
“RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo Scientific). The membranes were reprobed with 
anti-AR, anti-AR (N-ter) and anti-β-catenin and anti-Cx31 antibodies sequentially. Cx31 was used as a paradigm 
member of the Cxn signalling proteins and transactivation function. The intensity of bands for each antibody was 
observed and quantified with ImageJ. B, C, D and E displaying the comparative expression of AR, AR (N-ter), β-catenin 
and Cx31 respectively, in cytosol, membrane and nucleus in LnCAP cell (±DHT). F.1, F.2, F.3 and F.4 show bar charts 
representing the mean (mean±SEM) of n = 3 independent experiments (Appx. 5.1) of AR, AR (N-ter), β-catenin and 
Cx31 expression respectively.  

5.4.1.5. Nuclear translocation of AR and Wnt signalling proteins in Wnt3A treated LnCAP cells  

To test the hypothesis that Wnt activation increases the translocation of AR and Wnt signalling 

proteins, LnCAP cells were treated with Wnt 3A protein, LnCAP cells were initially treated with 

Wnt3A at lower concentration (5nM which did not give consistent results (Appx. 5.2.1). At 10nM 

Wnt3A, there was an optimal response. The PVDF membrane was probed sequentially with 
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multiple antibodies namely, anti-AR, anti-AR (N-ter), anti-Cx31, anti-β-catenin. Anti-β-actin and 

Lamin A were used as loading control and nuclear protein marker respectively. AR expression 

was increased in nucleus in Wnt3A treated LnCAP cells compared to untreated cells (Figs. 5.5.A 

and B). Two replicates (Appx. 5.2.3 and 5.2.4) were also performed. Figs. 5.5 C, D, E show 

expression pattern for AR (N-ter), β-catenin and Cx31. Fig. 5.5.F shows graphical representation 

of the expression intensity analysis conducted using ImageJ (see methods). This graph also 

indicated AR expression was slightly reduced in cytoplasm but increased in membrane. These 

results suggest that after Wnt3A treatment, AR expression was redistributed in cytoplasm, 

membrane and nucleus where cytoplasmic expression was slightly reduced but increased in 

membrane and nucleus. These results also indicate that both membrane and cytoplasm 

sequester AR and it is most likely that AR translocates into the nucleus from these cellular 

compartments. Similar pattern of distribution of AR (N-ter) expression was found in Wnt3A 

treated LnCAP cells where AR (N-ter) expression was reduced slightly in cytoplasm but increased 

in membrane and nucleus, indicating the translocation of AR (N-ter) into nucleus in Wnt3A 

treated LnCAP cells when compared with untreated LnCAP cells. β-catenin expression was 

increased in cytoplasm, membrane and nucleus after addition of Wnt3A (Fig. 5.5.F.2). These 

results suggest that treatment with Wnt3A activated the Wnt signalling pathways that released 

β-catenin in cytoplasm. Increased β-catenin in the cytoplasm results in an increase in β-catenin 

availability in membrane and nuclear compartment and subsequently increased expression in 

nucleus (Fig. 5.5.F.3). Wnt3A treatment reduced the expression of Cx31 in cytoplasm but 

increased in membrane and nucleus.  This indicates that the translocation of Cx31 into nucleus 

in LnCAP cells treated with Wnt3A ligands (Fig. 5.5.F.4). β-actin expression was also quantified 

(Appx. 5.12.2) to check homogenous loading of proteins. 
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F. Average expression of proteins of three independent experiments 
 

 
Figure 5.5. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
LnCAP cells (±Wnt3A). 15 μg of fractionated protein of LnCAP cells (±Wnt3A) was loaded onto gels in the following 
order; cytosolic protein loaded into lane 2 and 3, membrane protein into lane 5 and 6 and nuclear protein into lane 
8 and 9. 6 μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 4, 7 and 
10. The PVDF membrane was cut into two strips of 250 to 55 kDa and 55 to 10kDa and incubated with anti-Lamin A 
(expected size ~70 kDa), a marker for the nuclear fraction, and anti-β actin antibody (expected size ~ 42 kDa). 
Following capturing image with GelDoc system (BioRad), the membranes were stripped off with “RestoreTM PLUS 
Western Blot Stripping buffer (Cat: 46430, Thermo Scientific).  The membranes were reprobed with anti-AR, anti-AR 
(N-ter) (expected size ~110 kDa) and anti-β-catenin (~ expected size 90 kDa) and anti-Cx31 (~ expected size 31 kDa) 
antibodies sequentially. The intensity of bands for each antibody was observed and quantified with ImageJ. B, C, D 
and E displaying the comparative expression of AR, AR (N-ter), β-catenin and Cx31 respectively, in cytosol, membrane 
and nucleus in Wnt3A (±) treated LnCAP cell. F.1, F.2, F.3 and F.4 show bar charts representing the mean (mean±SEM) 
of n = 3 independent experiments of AR, AR (N-ter), β-catenin and Cx31 expression respectively. 
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5.4.1.6. Analysis of translocation AR and Wnt signalling proteins in Wnt5A treated LnCAP cells 

Activation of Wnt signalling with Wnt5A ligand altered the cellular location of AR and Wnt 

signalling target proteins. Following activation, it was also observed that AR expression was 

slightly reduced in cytosol and membrane but increased in nucleus (Fig. 5.5.B). The primary (pre-

stripping) images of PVDF membranes (all raw data) are deposited in appendix (Appx. 5.3.2). 

Analysis of three independent experiments (Appx. 5.3.3 and 5.3.4) showed, AR expression slightly 

reduced in cytosol but increased in membrane and nucleus (Fig. 5.6.F.1).  AR (N-ter) expression 

was reduced slightly in cytosol (Fig. 5.6.C) which was also appeared in repeat experiments 

showed through mean analysis (Fig. 5.6.F.2). Membrane localization of AR (N-ter) was also 

decreased in membrane (Fig. 5.6.C), but its expression was increased in nucleus (Figs. 5.6.C and 

5.5.F.2). It indicates the translocation occurs continuously as soon as the protein is available in 

the cytosol. The expression of β-catenin was also seen to change in cytosol, membrane and 

nucleus. Activation Wnt signalling released β-catenin in cytosol (Figs. 5.6.D and 5.6.F.3) and then 

translocated into nucleus (Figs. 5.6.D and 5.6.F.3). Similar result was found for Cx31 the surrogate 

for Cx43 in LnCAP cells. After the treatment with Wnt5A, Cx31 was reduced in cytosol and 

membrane and but increased dramatically in nucleus. This implies the translocation of Cx31 into 

nucleus. This is the first report showing that members of the gap junction family, other than Cx43, 

are also under the regulatory control of Wnt signalling. β-actin expression was also quantified 

(Appx. 5.12.3) to check homogenous loading of proteins. 
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F. Average of expression of three independent experiments 
 

 
Figure 5.6. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
LnCAP cells (±Wnt5A). 15 μg of fractionated protein of LnCAP cells (±Wnt5A) was loaded onto gels in the following 
order cytosolic protein loaded into lane 2 and 3, membrane protein into lane 5 and 6 and nuclear protein into lane 
8 and 9. 6μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 4, 7 and 
10. The PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10 kDa and incubated with anti-Lamin A 
(expected size ~70 kDa) and anti-β actin antibody (expected size ~ 42 kDa). Following capturing image with GelDoc 
system (BioRad), the membranes were stripped off with “RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, 
Thermo Scientific).  The membranes were reprobed with anti-AR, anti-AR (N-ter) (expected size ~110 kDa) and anti-
β-catenin (~ expected size 90 kDa) and anti-Cx31 (~ expected size 31 kDa) antibodies sequentially. The intensity of 
bands for each antibody was observed in WB images and quantified with ImageJ. B, C, D and E displaying the 
comparative expression of AR, AR (N-ter), β-catenin and Cx31 respectively, in cytosol, membrane and nucleus in 
Wnt5A (±) treated LnCAP cell. F.1, F.2, F.3 and F.4 show bar charts representing the mean (mean±SEM) of n = 3 
independent experiments of AR, AR (N-ter), β-catenin and Cx31 expression respectively. 

5.4.1.7. Analysis of translocation AR and Wnt signalling proteins in Wnt9B treated LnCAP cells 

Prior to treatment with Wnt9B, an optimization experiment was performed (Appx. 5.4.1) with 

lower concentration of Wnt9B (5 nM), This showed translocation of AR but β-catenin was not 

translocated into nucleus. Treatment of Wnt9B (10nM) activated the Wnt signalling which trigger 

the translocation of AR in LnCAP. Wnt9B treatment increased expression of AR in membrane and 
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its expression was also increased in the nucleus (Figs. 5.7.B and 5.7.F.1). The original PVDF 

membrane (also termed the non-stripped or primary probed membrane) are shown in appendix 

(Appx. 5.4.2). There was no difference observed for AR (N-ter) distribution when cells were 

treated with different Wnt ligands (Wnt3A, Wnt5A and Wnt9B), AR (N-ter) followed the same 

mechanism of AR for subcellular localization in response to Wnt activation. Wnt signalling 

activated with Wnt 9B increased β-catenin expression in the nucleus, a result identical to that for 

Wnt3A (Fig. 5.5.D) and Wnt5A (Fig. 5.6.D) activation in LnCAP cells. This indicates Wnt signalling 

activation released β-catenin in cytosol and β-catenin was stabilized and subsequently 

translocated into nucleus (Figs. 5.7.C and 5.7.F.3). Cx31 was also found to be translocated into 

the nucleus when LnCAP cells were exposed with Wnt9B, similar to that of Wnt3A and Wnt5A 

treatment of LnCAP cells. Results of replicate experiments are provided in the appendix (Appx.  

5.4.3 and 5.4.3). These results confirm those obtained with other Wnt ligands (3A and 5A) and 

show that both AR and β-catenin are stabilized intracellularly upon activation of Wnt signalling.  

β-actin expression was also quantified (Appx. 5.12.4) to check homogenous loading of proteins. 
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F. Average expression of proteins of three independent experiments 
 

 
Figure 5.7. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
LnCAP cells (±Wnt9B). A. 15 μg of fractionated protein of LnCAP cells (± Wnt9B) was loaded onto gels in the following 
order; cytosolic protein loaded into lane 2 and 3, membrane protein into lane 5 and 6 and nuclear protein into lane 
8 and 9. 6μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 4, 7 and 
10. The PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10kDa and incubated with anti-Lamin A 
and anti-β actin antibody. Following capturing image with GelDoc system (BioRad), the membranes were stripped 
off with “RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo Scientific).  The membranes were 
reprobed with anti-AR, anti-AR (N-ter) and anti-β-catenin and anti-Cx31 antibodies sequentially. The intensity of 
bands for each antibody was observed in WB images (Fig. 5.7.A) and quantified with ImageJ. B, C, D and E displaying 
the relative expression of AR, AR (N-ter), β-catenin and Cx31 respectively, in cytosol, membrane and nucleus in 
(±)Wnt9B  treated LnCAP cell. F.1, F.2 and F.3 show bar charts representing the mean (mean±SEM) of n = 3 
independent experiments of AR, AR (N-ter). and β-catenin expression respectively.  

5.4.1.8. Analysis of translocation Wnt signalling proteins in Wnt9B treated PC3 cells 

In previous sections, I have shown that reciprocal activation of Wnt and AR signalling pathways 

in LnCAP cells with AR and Wnt signalling ligands (Wnt 3A, 5A and 9B and DHT), indicating cross-

talk and interaction between these two critical carcinogenic pathways. This reciprocal activation 

triggered a redistribution of AR and Wnt target proteins across the cytosol, membrane and 

nucleus. For example, treatment of LnCAP cells with AR and Wnt ligands released β-catenin into 
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cytosol (Figs. 5.4.F.3; 5.5.F.3; 5.6.F.3 and 5.7.F.3) probably from membrane as membrane β-

catenin was reduced during activation and subsequently translocated into nucleus where it 

interacts with transcriptional co-regulatory compounds to enhance transcription of target genes 

including AR in LnCAP cells. Cx31, an orthologue of Cx43, the former is expressed in LnCAP whilst 

the latter is not, was found also translocated into nucleus in LnCAP cells. Wnt activation increased 

AR and AR (N-ter) expression in cytosol and nucleus but slightly decreased in membrane in LnCAP 

cells (Figs. 5.4.F.1; 5.4.F.2; 5.5.F.1; 5.5.F.2.; 5.6.F.1 and 5.6.F.2). Conversely, DHT treatment 

increases not only cytosolic and nuclear AR but also membrane AR expression (Figs. 5.4.F.1 and 

5.4.F.2). This may be because of either an increased transcription of AR or post-translational 

modification that allows availability of AR in these compartments. 

Also, research in our laboratory previously showed β-catenin and Cx43 translocation into the 

nucleus in PC3 cells, that do not express AR, treated Wnt5A and Wnt9B using ICC, 

immunoelectron microscopy and WB (Hou et al., 2019 and Thrasivoulou et al., 2013). I wanted 

to confirm these results in my hand. I therefore conducted WB analysis to re-confirm the 

expression and nuclear translocation of β-catenin and Cx43 in PC3 cells when Wnt signal was 

activated. The results (Fig. 5.8) confirm the observations by Thrasivoulou et al. and Hou et al. that 

Wnt signal activation in PC3 cells increases β-catenin and Cx43 expression in the nucleus 

suggesting nuclear translocation. The original PVDF membranes from which these images are 

extracted are shown in appendix (Appx. 5.5). 
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Figure 5.8. A representative WB image of expression of AR and Wnt signalling proteins in different fractions of PC3 
cells (±Wnt9B). 15 μg of fractionated protein of PC3 cells (±Wnt9B)  was loaded onto gels in the following order; 
cytosolic protein loaded into lane 2 and 3, membrane protein into lane 5 and 6 and nuclear protein into lane 8 and 
9. 6μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 4, 7 and 10. The 
PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10kDa and incubated with anti-Lamin A (expected 
size ~70 kDa) and anti-β actin antibody (expected size ~ 42 kDa). Following capturing image with GelDoc system 
(BioRad), the membranes were stripped off with “RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo 
Scientific).  The membranes were reprobed with anti-AR and β-catenin (~ expected size 90 kDa) and anti-Cx43 (~ 
expected size 43 kDa) antibodies sequentially. The intensity of bands for each antibody was observed and quantified 
with ImageJ. B and C displaying the comparative expression of β-catenin and Cx43 in cytosol, membrane and nucleus 
in PC3 cell (±Wnt9B) respectively.  

5.4.1.9. Validation of Wnt induced translocation of AR and DHT induced translocation of β-

catenin in a cell line other than LnCAP 

The novel mechanism of the reciprocal activation of Wnt and AR signalling by the ligands of either 

signalling pathway in LnCAP cells could be important in understanding the process of 

carcinogenesis and metastasis of prostate and other cancers. To eliminate the question that this 

could be specific only to LnCAP cells, I aimed to validate this in another cell line. To do this, I chose 

PC3 cells. 
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PC3 cells, like LnCAP cells are derived from a metastasized prostate cancer, differ from LnCAP in 

two key respects: (i) PC3 cells do not express AR receptor either at gene or protein level (Tilley et 

al., 1990), (ii) PC3 cells do not express Cx31 but express Cx43. I rationalized that by transfecting 

AR into PC3 cells and taking advantage of the endogenous expression of Cx43, I could validate 

the reciprocal activation of both Wnt, Connexin and AR signalling pathways. However, before 

conducting these experiments, I measured if there were any effects of DHT treatment on β-

catenin and Cx43 in wild type PC3 cells that do not express AR. These are described below. 

The initial experiments showed peculiar observations when wild type PC3 cells (that do not 

express AR) were incubated with DHT for only 30 min: there was a lower expression of β-catenin 

and Cx43 proteins in nucleus (Appx. 5.6.2). This was curious because this was opposite to the 

observation of PC3 cells treated with Wnt ligand where both β-catenin and Cx43 proteins. To 

investigate if this process was time dependent I incubated PC3 cells with DHT for 30 min and 2 h. 

The WB result showed β-catenin and Cx43 expression in nucleus decreased with increasing of 

incubation time (Fig. 5.9). Interestingly, membrane β-catenin and Cx43 expression was increased 

after 30 min incubation. After 2 h incubation membrane expression was not changed. These 

results indicate that DHT treatment inhibit the basal (without additional Wnt treatment) level 

translocation of β-catenin and Cx43 into nucleus. Probing  with anti-AR antibody did not produce 

any protein band (Fig. 5.9), as would be expected for PC3 cells as these do not express AR protein 

(Tilley et al., 1990). This, incidentally, also serves as a specificity control for the AR antibody. The 

original PVDF membranes and repeat experiments are given in appendix (Appx. 5.6.1 and Appx. 

5.6.2). This is an interesting observation as PC3 cells do not express the AR and suggests that DHT 

may be inducing its effects on β-catenin and Cx43 via an unknown mechanism that remains to be 

elucidated. 
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Figure 5.9. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
PC3 cells (±DHT). A. 15 μg of fractionated protein of PC3 cells (±DHT) was loaded onto gels in the following order; 
cytosolic protein loaded into lane 2, 3 and 4, membrane protein into lane 6, 7 and 8, and nuclear protein into lane 
8, 10 and 11. 6μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 5 
and 12. The PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10kDa and incubated with anti-
Lamin A and anti-β actin antibody. Following capturing image with GelDoc system (BioRad), the membranes were 
stripped off with “RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo Scientific).  The membranes 
were reprobed with anti-AR (not expected) and β-catenin and anti-Cx43 antibodies sequentially. The intensity of 
bands for each antibody was observed and quantified with ImageJ. B and C displaying the comparative expression 
of β-catenin and Cx43 in cytosol, membrane and nucleus in PC3 cell (±DHT) respectively.  

5.4.1.10. Analysis of translocation Wnt signalling proteins in PC3 cells treated with DHT and 

Wnt9B 

As DHT treatment inhibited the translocation of β-catenin and Cx43 in a time dependent manner, 

I wanted to answer the following question: Does Wnt signal activate stabilization and nuclear 

translocation of β-catenin and Cx43 when cells are treated with both DHT and Wnts? To 

investigate whether the effect of DHT remained same in the presence of Wnt signal activation by 

Wnt ligands, I performed another experiment with PC3 cells treated with both DHT and Wnt9B. 

A comparative investigation showed that treatment of PC3 cells with DHT reduced the 

translocation of β-catenin and Cx43, but their expression was increased in nucleus when treated 

with Wnt9B (Fig. 5.10). This suggests that Wnt signal activation over-rode the unknown 
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mechanism by which DHT influenced β-catenin nuclear translocation in the wild type PC3 cells. 

The original PVDF membranes and repeat experiments are shown in appendix (Appx. 5.7.1 and 

Appx. 5.7.2). 

 
 

 
Figure 5.10. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
PC3 cells (untreated, +DHT, +DHT+Wnt9B). 15 μg of fractionated protein of PC3  cells (±DHT, +DHT+Wnt9B)  was 
loaded onto gels in the following order; cytosolic protein loaded into lane 2, 3 and 4, membrane protein into lane 6, 
7 and 8, and nuclear protein into lane 8, 10 and 11. 6μl of Colour Prestained Protein standard, Broad Range (Cat: 
P7719, NEB) was loaded in lane 1, 5 and 12. The PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 
10kDa and incubated with anti-Lamin A and anti-β actin antibody. Following capturing image with GelDoc system 
(BioRad), the membranes were stripped off with “RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo 
Scientific).  The membranes were reprobed with anti-AR (not expected) and β-catenin and anti-Cx43 antibodies 
sequentially. The intensity of bands for each antibody was observed and quantified with ImageJ. B and C displaying 
the comparative expression of β-catenin and Cx43 in cytosol, membrane and nucleus in PC3 cell (±DHT), respectively.  

After establishing the baseline ±Wnt and ±DHT, I wanted to validate the observations seen in 

LnCAP regarding the reciprocal activation of Wnt and AR signalling pathways. To do this I 

transfected wild type, non-AR expressing, PC3 cells with pCMV6-AC-GFP (Appx. 2.6) which 

contains AR genes and GFP reporter gene and has been shown to express and stabilize AR protein 

(Ramos et al., 2018), (Chap-II, Sec. 2.3.3.4). The results of transfection and confirmation of the 

expression of AR are shown in Fig. 5.11. 
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5.4.1.11. AR expression in non-AR expressing PC3 cells 

 
Figure 5.11. Transfection of PC3 cells with pCMV6-AC-GFP. A. pCMV6-AC-GFP, a mammalian vector with C-terminal 
tGFP tag with Androgen Receptor (AR) (NM_000044) Human Tagged ORF clone. B. PC3 cells transfected with empty 
vector (AR-) viewed under Leica fluorescence Microscope with 10x objectives. C. PC3 cells transfected with pCMV6-
AC-GFP with stable expression of GFP reporter gene. The transfected PC3 was designated as PC3(AR+) cells for 
downstream use. D. WB image shows the expression of AR in PC3(AR+) (transfected with AR inserted plasmid) cells 
but PC3(AR-) (transfected with empty plasmid) did not show any sign of AR expression. 

5.4.1.12. Translocation of Wnt signalling proteins in PC3(AR+) cells treated with DHT 

AR transfected PC3 cells (PC3(AR+)) showed increased AR expression in nucleus after treatment 

with DHT (Fig. 5.12). Interestingly, there was noticeable increase in the expression of β-catenin 

and Cx43 in the membrane fraction in PC3 (AR+) (Fig. 5.12). β-catenin and Cx43 expression was, 

however, reduced in nucleus in PC3 (AR+) cells compared to untransfected PC3 (wild type or control 

control) cells, in a similar manner as (Prelich, 2012).  There is a known concept that heterologous 

over-expression of a protein can inhibits another protein expression. For example, over-

expression of the mammalian ubiquitin E3 ligase MKRN1 results in the degradation of  the hTERT 

telomerase subunit (Kim et al., 2005). Treatment of PC3 (AR+) cells with DHT (Fig. 5.12) increased 

the translocation of β-catenin and Cx43 in nucleus (Fig 5.12). This indicates that downstream Wnt 

signalling may have been activated by DHT (Fig. 5.12). It further appears that there is a 

concomitant depletion of β-catenin and Cx43 from the membrane fraction in PC3 (AR+) cells after 

treatment with DHT and it is this fraction that ends up in the nucleus. The stained main PVDF 

membranes are shown in appendix (Appx. 5.8). 
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Figure 5.12. A representative WB image for the expression of AR and Wnt signalling proteins in different 
fractions of PC3, PC3(AR+), PC3(AR+)+DHT cells. A. 15 μg of fractionated protein of PC3, PC3(AR+), PC3(AR+)+DHT cells was 
loaded onto gels in the following order; cytosolic protein loaded into lane 2, 3 and 4, membrane protein into lane 6, 
7 and 8, and nuclear protein into lane 8, 10 and 11. 6 μl of Colour Prestained Protein standard, Broad Range (Cat: 
P7719, NEB) was loaded into lane 1, 5 and 12. The PVDF membrane was cut into two strips of 250 to 57 kDa and 57 
to 10kDa and incubated with anti-Lamin A (expected size ~70 kDa) and anti-β actin antibody (expected size ~ 42 
kDa). Following capturing image with GelDoc system (BioRad), the membranes were stripped off with “RestoreTM 
PLUS Western Blot Stripping buffer (Cat: 46430, Thermo Scientific).  The membranes were reprobed with anti-AR 
(expected) and β-catenin (~ expected size 90 kDa) and anti-Cx43 (~ expected size 43 kDa) antibodies sequentially. 
The intensity of bands for each antibody was observed and quantified with ImageJ. B and C displaying the 
comparative expression of AR, β-catenin and Cx43 in cytosol, membrane and nucleus in PC3 and PC3(AR+) cell 
respectively. 

5.4.1.13. Translocation Wnt signalling proteins in PC3(AR+) cells treated with Wnt9B 

When PC3(AR+) cells were exposed to Wnt 9B (10 nM), it resulted in the activation of Wnt 

signalling, as expected, with an increase in the expression of β-catenin and AR compared to 
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control PC3(AR+) cell. These results and those presented in section 5.4.1.12 suggest that β-catenin 

and AR translocate into the nucleus together, and perhaps AR might act as chaperon protein in 

CRPC. Cx43 expression was also increased in the nucleus in PC3(AR+) cell treated with Wnt9B 

compared to control PC3 (AR+) cell. It was observed that Cx43 expression was higher in cytosol and 

membrane in PC3(AR+) cells. Treatment with Wnt9B reduced cytosolic and membrane Cx43 

expression but nuclear expression was increased. That indicates Cx43 was translocated from 

membrane or cytosol (Fig. 5.13). The stained main PVDF membranes are located in appendix 

(Appx. 5.9.1; 5.9.2 and 5.9.3). 
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Figure 5.13. A representative WB image for the expression of AR and Wnt signalling proteins in different fractions of 
PC3, PC3+Wnt9B, PC3(AR+) cell, PC3(AR+) + Wnt9B cells. A. 15 μg of fractionated protein of PC3, PC3+Wnt9B, PC3(AR+) 
cell, PC3(AR+) + Wnt9B cells  was loaded onto gels in the following order; cytosolic protein loaded into lane 2, 3, 4 and 
5, membrane protein into lane 7, 8, 9 and 10, nuclear protein into lane 13, 14, 15 and 16. 6μl of Colour Prestained 
Protein standard, Broad Range (Cat: P7719, NEB) was loaded into lane 1, 6, 11, 12 and 17. The PVDF membrane was 
cut into two strips of 250 to 57 kDa and 57 to 10kDa and incubated with anti-Lamin A (expected size ~70 kDa) and 
anti-β actin antibody (expected size ~ 42 kDa). Following capturing image with GelDoc system (BioRad), the 
membranes were stripped off with “RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo Scientific).  
The membranes were reprobed with anti-AR (expected) and β-catenin (~ expected size 90 kDa) and anti-Cx43 (~ 
expected size 43 kDa) antibodies sequentially. The intensity of bands for each antibody was observed and quantified 
with ImageJ. B, C and D displaying the comparative expression of AR, β-catenin and Cx43 in cytosol, membrane and 
nucleus in cell respectively.  

5.4.2. Physical interaction between AR and β-catenin assessed using Co-IP 

Protein-protein interactions are critical for cell function and result due to physical proximity 

between two proteins. Co-immunoprecipitation (Co-IP) is a commonly used approach to identify 

such interactions between two physiologically relevant proteins by using target protein specific 

antibodies that bind to this target protein. The reciprocal activation of Wnt and AR pathways 
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raised the question whether there was any physical interaction between the intracellular 

transducers of these signalling pathways? I aimed to address this question by measuring the 

physical interaction between AR and β-catenin by Co-IP. Prior to conducting Co-IP, LnCAP cells 

were treated with DHT and Wnt5A and Co-IP was performed using anti-AR antibody. The results 

(Fig. 5.14) indicate a clear physical interaction between AR and β-catenin. IP with AR antibody in 

lane 3, 5, 7 showing dark band at ~110kDa when probed with AR. When the same blot is reprobed 

with anti- β-catenin antibody, subsequent to stripping (see Methods), it also gave bands at 

~95kDa, indicating β-catenin protein was precipitated with AR antibody (Fig. 5.14); this occurred 

for both ±Wnt and ±DHT. These results indicate for the first time that reciprocal activation of AR 

and Wnt signalling by specific ligands activates downstream signal for both these pathways and 

that it results in physical interaction between AR and β-catenin proteins. 

 
Figure 5.14. Image of Co-IP for interaction of AR and β-catenin. Immunoblot/coimmunoprecipitation (Co-IP) analysis 
of whole-cell LnCAP lysate treated with Wnt5A and Wnt9B using the ant-AR antibody. Molecular weight marker was 
loaded into lane-1.  AR and β-catenin were detected from LnCAP cells. Anti-AR and Anti-β-catenin antibodies were 
used for Western blot to detect AR and β-catenin proteins. Anti-Rabbit and Anti-mouse secondary antibodies were 
used for anti-AR and anti-β-catenin primary antibodies respectively.  
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5.4.3. Immunocytochemical analysis of translocation of AR and Wnt signalling proteins in 

LnCAP cells  

The WB technique is a useful tool and its use in the experiments described above resulted in the 

novel discovery of a reciprocal activation of Wnt and AR signalling pathways in PC3 and 

synergistic and a physical interaction between AR and β-catenin proteins in LnCAP cells.  Although 

WB provides advantage such as enriched protein fractions and ability to investigate physical 

interactions, one drawback of WB is that it requires fractionation of cells to isolate cellular 

compartments and does not relate to in situ localization of the proteins of interest in the cell. To 

do this and also to validate the results obtained with WB, I used the traditional ICC where protein 

expression could be investigated with intact cellular morphology. 

Based on previous experiments that showed translocation of AR and Wnt signalling proteins in 

LnCAP and PC3 cells upon treatment with AR (e.g., DHT) and Wnt (Wnt3A, Wnt5A and Wnt9B) 

signalling ligands, I designed an immunocytochemical study to validate the WB results (Sec. 

5.4.1). Translocation of β-catenin into nucleus, after signal activation with Wnt ligands, has 

already been shown in PC3 cells (Thrasivoulou et al., 2013) using ICC and also using electron 

microscopy (Hou et al., 2019). The experiments in PC3 cells were also reproduced 

contemporaneously by Marta Reyes-Corral with my help (Reyes-Corral, PhD thesis, 2020). 

Therefore, staining for β-catenin translocation in PC3 cells was not included in this study.  

I evaluated the expression and translocation of AR in LnCAP cells upon treatment with AR and 

Wnt signalling ligands. LnCAP cells were treated with DHT (15 nM) and Wnt9B (10 nM) and 

incubated overnight at 37oC. The expression was examined by colocalization of AR and nuclear 

(e.g., DAPI) staining in cells. Control experiments included untreated LnCAP cells, to observe the 

basal expression of β-catenin in the cells, and to compare the translocation of AR into the 

nucleus.  

Following staining, the cells were imaged using SP8 confocal microscopy to observe the 

expression and localization of AR in LnCAP cells treated with AR ligand (e.g., DHT) Wnt ligands 

(e.g., Wnt9B for canonical and Wnt5A for noncanonical) to activate expression and potential 
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translocation of AR using ICC, Western blotting. Signal of AR expression was amplified using TSA 

(Tyramide Signal Amplification) tagged with Cy3 (red) fluorophore.  

There is little expression of AR in control, vehicle treated, LnCAP cells (Fig. 5.15), showing AR (A, 

Cy3), DAPI nuclear counterstain (A1) whereas micrograph A2 shows a composite image of Cy3 

and DAPI staining. Treatment with vehicle (Fig. 5.15.A) or DHT (Fig. 5.15.B), Wnt9B (Fig. 5.15.C) 

and Wnt5A (Fig. 5.18.D) demonstrate translocation of AR in the nucleus compared to LnCAP 

vehicle treated controls. Nuclear region is pointed with arrows. The results show translocation of 

AR into the nucleus indicated by bright red staining which could be observed to be nuclear 

staining in response to DHT, Wnt5A and Wnt9B (Figs. 5.15 B2, C2 and D2). These results concur 

with those obtained using WB. 
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Figure 5.15. Nuclear translocation of AR in LnCAP cells treated with Wnt and AR ligands. LnCAP cells were grown on 
8-well glass chamber slides and treated with AR ligand (DHT, 15 nM) and Wnt ligands (Wnt9B, 15 nM and Wnt5A, 
10 nM). Control experiment was run parallel. Following fixation, cells were incubated with anti-AR antibody followed 
by staining with Cy3 (red) and the signal was amplified with TSA. DAPI (blue) was used as nuclear counterstaining. 
The stained cells on slides were imaged using Leica SP8 confocal microscope equipped with a 40x1.3NA oil objectives 
and z-stacks acquired using 0.6μm step size. Representative maximum intensity projections from ~5.5μm z-stack 
from n=3-4 experiments for: A-A2: LnCAP cells (untreated, control); B-B2: LnCAP cells treated with DHT; C-C2: LnCAP 
cells treated with Wnt9B; D-D2: LnCAP cells treated with Wnt5A. Representative images of three independent 
experiments are shown. Arrow indicates the nuclear region. Scale bar, 10μm. 
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β-catenin was originally identified as Cadherin Associated Protein-β. Cadherins are a family of 

proteins that allow physical contact between cells and are expressed in cell membrane (Willert 

and Nusse, 1998). The expression and location of β-catenin has not been well investigated in 

LnCAP cells, and neither the translocation in response to AR or Wnt signal activation using ICC. In 

LnCAP cells treated with DHT, β-catenin appear to be stabilized and translocated into the nucleus 

(as seen in Fig. 5.15). It is useful to note that the β-catenin resides mostly in the membrane (Fig. 

5.16) in LnCAP cells (control). The β-catenin in LnCAP cells (DHT treated) translocates into the 

nucleus indicated with bright red staining at the centre of cells (indicated with arrows, Fig. 5.16). 

These results are also in concordance with those obtained using WB. 

 

 
Figure 5.16. Nuclear translocation of β-catenin in LnCAP cells treated with AR signalling ligand. LnCAP cells were 
treated with AR ligand (DHT, 15 nM). Same procedure was followed as described for Fig.5.15. Anti-β-catenin 
antibody was used for staining. A-A2: LnCAP cells (untreated, control); B-B2: LnCAP cells treated with DHT. 
Representative images of three independent experiments are shown. Arrow indicates the nuclear region. Scale bar, 
10μm. 

As stated above, PC3 cells do not express AR. AR translocation into nucleus in PC3(AR+) cells was 

shown earlier (Sec. 5.4.1.12). To further establish this observation, ICC was performed in PC3(AR+) 

cells. PC3 cells were transfected with AR inserted plasmid vector pCMV6-AC-GHP (Appx. 2.6). 
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Once AR expression in PC3 cells had been stabilised, the cells were treated with DHT, Wnt9B or 

Wnt5A and stained with an anti-AR antibody (Table 5.2). The control PC3 cells did not show a 

signal for AR expression, indicating absence of AR in PC3 (Fig. 5.17.A). AR expression was found 

in PC3(AR+) cell, residing mostly outside of nucleus (Fig. 5.17.B), though a small fraction of AR was 

detected in nucleus of control PC3(AR+) cells in WB experiment (Fig. 5.13B). Treatment with DHT 

(Fig. 5.17.C), Wnt9B (Fig. 5.17.D) and Wnt5A (Fig. 5.17.E) increased the expression of AR in the 

nucleus in PC3(AR+) cells indicating DHT and Wnt mediated nuclear translocation. These results 

confirm the observations made using WB. A clear implication of these results is that both AR and 

Wnt signalling pathway can act in synergy and therefore amplify the oncogenic pathways in 

prostate cancer. A clear consequence will be increased in gene transcription of the targets of AR 

and β-catenin transcription, a number of which are proto-oncogenes. This could be one way in 

which reciprocal activation of Wnt and AR signalling could increase carcinogenesis and metastasis 

of prostate cancers. 
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Figure 5.17. Nuclear translocation of AR in PC3(AR+) cells treated with AR and Wnt signalling ligands. PC3(AR+) cells 
were treated with AR ligand (e.g., DHT) and Wnt signalling ligands (e.g., Wnt9B and Wnt5A, 500ng/ml. Same 
procedure was followed as described for Fig. 5.18. Anti-AR antibody was used for staining. A-A2: PC3 cell (control); 
B-B2: PC3(AR+) cells (Control); C-C2: PC3(AR+) cells treated with DHT; D-D2: PC3(AR+) treated with Wnt9B; E-E2: PC3(AR+) 
cell treated with Wnt5A.Representative images of three independent experiments are shown. Arrow indicates 
nuclear region. Scale bar, 10μm. 

Conversely, β-catenin was translocated into nucleus when treated with Wnt3A, Wnt5A and 

Wnt9B showed in WB (Figs. 5.5., 5.6 and 5.7). I already observed in my previous study that Wnt5A 

and Wnt9B treatment trigger translocation of β-catenin and Cx43 into nucleus.  

Using WB, I showed that DHT treatment to PC3 cells inhibited β-catenin and Cx43 translocation 

(Fig. 5.9). This appears to be confirmed when ICC was used as well (Fig. 5.18). The image in Fig. 

5.18 shows the expression of Cx43 in nucleus as well as membrane in control conditions. When 

PC3 cells were treated with DHT, Cx43 appears to move out from the nucleus and towards 

membrane. Interestingly, the effect of DHT and Wnt treatment seems to cause an opposite effect 

on its translocation into the nucleus. The ICC, although not complete (e.g., lack of determination 

of β-catenin expression treated with DHT in conjunction with Wnt in PC3(AR+) cells), the ICC data 

generally agrees with the results observed in WB. An interesting observation is the effect of DHT 

in PC3 cells that do not express AR. 
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Figure 5.18. Redistribution of Cx43 in PC3 cells treated with AR signalling ligand (DHT). PC3 cells were treated with 
DHT (15 nM) followed by staining with anti-Cx43 antibody. Same procedure was followed as described for Fig. 5.18. 
A-A2: PC3 cell (control); B-B2: PC3 cells treated with DHT. Arrow pointing the location of Cx43. Scale bar, 10 μm. 

5.4.4. Expression analysis of AR and Wnt signalling proteins in PCa cells   

Table 5.2 provides a list of putative proteins (targets) of AR and Wnt signalling pathways. As both 

these signalling pathways are involved in gene transcription, protein synthesis and stabilization, 

I wanted to investigate if there was a short-term impact of signal activation by AR and Wnt 

signalling on the amount of protein (either through increase in gene transcription) or via increase 

in protein availability or stabilization (Acebron et al., 2014). The role of Wnt signalling in gene 

transcription is well established (Nusse and Clevers, 2017), its role in protein synthesis and 

stabilization has also been investigated in relation to GSK-3β activity and stability of its 

components e.g., β-catenin via eukaryotic initiation factor 6 (Ji et al., 2008) and promotion of 

protein stability in general (Acebron et al., 2014). Similarly, AR is also known as a regulator of 

protein synthesis and stability (Liu et al., 2019). AR is thought to negatively regulates protein 

synthesis and low AR abundance increases translation. This suggests a rather complicated picture 

of interaction of these two key cell regulatory signalling pathways in protein stability.  
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Untangling these complicated, inter-related mechanisms was not within the scope of my study. 

However, I wanted to begin to investigate whether there was any alteration in Wnt and AR 

related proteins when either of the signalling pathways was activated on its key transducers, 

namely AR and β-catenin, and also on some downstream targets such as AR related proteins 

TMPRSS2, PSA and Nkx3.1 and β-catenin for Wnt signalling. These experiments were performed 

using short time scale minutes to hours in cultured cells and therefore do not represent long term 

changes induced by these signalling pathways or their influence on cell function. I also used, in a 

limited fashion, qPCR to investigate AR and Wnt related gene expression and the results are 

presented in the next two sections. 

5.4.4.1. Effect of DHT application on the expression of Wnt and AR signalling proteins in 

LnCAP cells  

LnCAP cells were treated with DHT and incubated for 2 or 24 h and whole cell lysate was isolated 

using the protocol described in Chap-2 (Sec. 2.3.4.2). WB analysis was normalised with β-actin 

(Fig. 5.19.B) which was used as a protein loading control.  As expected, in whole cell lysates, cells 

treated with DHT showed an increase in AR expression (Fig. 5.19). An average of three 

independent experiments of cells ±DHT is shown in (Appx. 5.10.1; 5.10.2 and 5.10.3). Other AR 

signalling proteins including TMPRSS2, PSA, Nkx3.1 also showed an increase in expression. 

Average of three independent experiment showed that β-catenin, TMPRSS2, PSA and Nkx3.1 

expressions were upregulated while activated AR signalling pathway with DHT treatment. DHT 

treatment also increased β-catenin and GSK-3β which are related to Wnt signalling (Table 5.2). 

The stained complete PVDF membranes are given in appendix (Appx. 5.10.1).  

There was a general increase in the expression of all proteins tested subsequent to DHT 

treatment (Fig. 5.19.A). The data for protein expression was quantified and normalized to β-actin 

expression (Fig. 5.19.B). The expression of all proteins tested remained similar after 2 and 24 h 

treatment with DHT (Fig. 5.19. D-I) with the exception of AR whose expression was greater at 2 

h and then declined after 24 h treatment (Fig. 5.19.C). These results indicate that there is an 

increase in the expression of both AR and Wnt target proteins after DHT treatment. An increase 

after 2 h may indicate increase in protein availability and stability, as the time required for protein 

synthesis would be expected to be greater (Aymoz et al., 2016).  
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I. Average expression of three independent experiments 
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Figure 5.19. A representative WB image for the expression of AR and Wnt target proteins in LnCAP±DHT cells. A. 15 
μg protein of whole cell lysate of LnCAP cells (untreated, +DHT (2 h), +DHT (24 h)) was loaded into lane 2, 3 and 4 
respectively. 5 μl of colour prestained protein standard (cat: P7719, NEB) was loaded into L-1 and L-5. Following 
blocking, the PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10 kDa and probed with anti-AR 
antibody (cat: 06-680, Merck Millipore) and anti-β actin antibody (cat: Ab6276, ABCAM) respectively. Following 
capturing image with GelDoc system (BioRad), the membranes were stripped off with “RestoreTM PLUS Western Blot 
Stripping buffer (Cat: 46430, Thermo Scientific). The membranes were reprobed with anti-β catenin, anti-TMPRSS2, 
anti-GSK-3β, anti-PSA and anti-Nkx3.1. Each of primary antibody incubation was followed by appropriate secondary 
antibody incubation and image capturing and stripping off the membrane. B, C, D, E, F, G and H display the expression 
of β-actin, AR, β-catenin, Nkx3.1, TMPRSS2, GSK-3β and PSA, respectively. The mean (n=3) of their expression 
indicates the increased expression of AR and Wnt signalling proteins indicated as I.1, I.2, I.3, I.4, I.5, I.6 and I.7 for β 
actin, AR, β catenin, Nkx3.1, PSA, TMPRSS2 and GSK-3β. 

5.4.4.2. Effect of Wnt5A application on the expression of Wnt and AR signalling proteins in 

LnCAP cells 

I also assessed AR and β-catenin protein expression after with Wnt 5A treatment for 2 and 24 h 

in LnCAP cells. After Wnt5A incubation whole cell lysates (not fractionated cell lysates as used 

earlier) were isolated and probed for expression of AR and β-catenin antibodies. There was an 

increase in the AR protein in cell lysates, however, there was no change in the expression of β-
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catenin (Fig. 5.20). The latter is not an unusual observation and has been reported previously 

(Wang et al., 2010c). It should be noted that unlike the results presented for β-catenin 

translocation in different compartments of cells (Sec. 5.4.1.6), these results are from whole cell 

lysates, meaning, it is stabilization and translocation to nucleus which is a key property of Wnt/β-

catenin signalling.  

A. Western blot image 
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Figure 5.20. A representative WB image for the expression of AR and Wnt target proteins in LnCAP cells. A. 15μg 
protein of whole cell lysate of LnCAP cells (untreated, +Wnt5A (2 h), +Wnt5A (24 h)) was loaded into lane 2, 3 and 4 
respectively. 5 μl of colour prestained protein standard (cat: P7719, NEB) was loaded into lane 1 and 5. Following 
blocking, the PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 10 kDa and probed with anti-AR 
antibody and anti-β actin antibody respectively. Following capturing image with GelDoc system (BioRad), the 
membranes were stripped off with RestoreTM PLUS Western Blot Stripping buffer (Cat: 46430, Thermo Scientific). 
The membranes were reprobed with anti-β catenin. Each of the primary antibody incubation was followed by 
appropriate secondary antibody incubation and image capturing and stripping off the membrane. B, C and D show 
the expression of β-actin, AR and β-catenin respectively. 

5.4.4.3. Effect of Wnt9B on the expression of Wnt related proteins in PC3 cells  

The previous two sections utilized LnCAP cells. I further investigated the expression of Wnt 

related proteins in PC3 cells treated with Wnt 9B. Wnt signalling has been well characterized in 

PC3 cells at a functional level in our laboratory (e.g., (Thrasivoulou et al., 2013; Hou et al., 2019 

and Ashmore et al., 2019) where experiments are conducted in short (ms to min) time scale. Here 

I chose also a shorter time point, because protein stability changes can manifest in much shorter 

time than protein synthesis.  Expression analysis showed that β-catenin expression was increased 

in PC3 cells with increasing of incubation time, 30 min to 2 h, with Wnt9B. Similar result was 

found for TMPRSS2 whose expression also increased with the increasing of incubation time. 

Expression of Cx43 and c-MYC (Appx. Figs. 5.30. and 5.31) did not change after exposure to 
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Wnt9B. The stained PVDF membranes (raw data) are shown in appendix (Appx. 5.11.1). These 

results indicate a general phenomenon of an increase in protein expression either via increase in 

protein availability or protein stability; long term effects on gene transcription and subsequent 

translation are certainly possible. These are preliminary data upon which future studies can be 

designed to probe, for example, the mechanisms (e.g., via eukaryotic initiation factors) by which 

AR and Wnt signalling may increase protein expression, particularly in cancer. 
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H. Average expression of three independent experiments 

 

 
Figure 5.21. A representative WB image for the expression of AR and Wnt target proteins in PC3 cells (untreated, 
+Wnt9B (30 min), +Wnt9B (2 h)). A. 15 μg protein of whole cell lysate of PC3 cells (untreated, +Wnt9B (30 min), 
+Wnt9B (2 h)) was loaded into lane 2, 3 and 4 respectively. 5 μl of colour prestained protein standard (cat: P7719, 
NEB) was loaded into L 1 and 5. Following blocking, the PVDF membrane was cut into two strips of 250 to 57 kDa 
and 57 to 10 kDa and probed with anti- β-catenin and anti-β actin antibodies respectively. Following capturing image 
with GelDoc system (BioRad), the membranes were stripped off with RestoreTM PLUS Western Blot Stripping buffer 
(Cat: 46430, Thermo Scientific). The membranes were reprobed with anti-Cx43 and anti-TMPRSS2 antibodies. Each 
of the primary antibody incubation was followed by appropriate secondary antibody incubation and image capturing 
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and stripping off the membrane. B, C, D, E, F and G show the expression of β-actin, β-catenin, GSK-3β, Cx43, TMPRSS2 
and GAPDH respectively. F shows the average expression of three independent experiments (n=3) of F.1, F.2, F.3 and 
F.4 for β-actin, β-catenin Cx43 and TMPRSS2 respectively.  

5.4.5. Expression analysis of Wnt and AR target proteins using qPCR 

I also investigated gene transcription related changes due to the activation of Wnt and AR 

signalling in LnCAP and PC3 cells. The PC3 and LnCAP cells were treated with Wnt signalling ligand 

Wnt9B (5nM) and AR signalling ligand DHT (15 nM) and incubated for 2 h for PC3 cells and 

overnight for LnCAP cells. In WB experiment, I observed treatment with Wnt5A (supposed non-

canonical) (Sec. 5.4) and Wnt9B (supposed canonical ligand – please note that in mammalian cells 

both canonical and non-canonical Wnt ligands activate both intracellular calcium and β-catenin 

stabilization (Thrasivoulou et al., 2013 and Hou et al., 2019) and had a similar effect on Wnt target 

proteins. Two Wnt target genes namely, β-catenin  and Gap Junction Alpha-1 (GJA1) and four AR 

target genes, AR, KLK3, TMPRSS2 and Nkx3.1 were selected to investigate their expression while 

relevant signalling pathway is activated.  

The expression of the six genes is shown in Fig. 5.22. DHT treatment to LnCAP cells enhanced 

transcription of AR target genes whereas Wnt9B activated Wnt signalling for target gene 

transcription. AR RNA and proteins are regulated by androgens. DHT treatment could upregulate  

(Kerr et al., 1995) and down regulate AR mRNA (Trapman et al., 1990). 

Statistical analysis was conducted using unpaired t-test showed there was no expression of AR in 

PC3 cells, as would be expected (Fig. 5.8, above, shows no protein expression) (Ching et al., 1993). 

The results represent as mean±SEM (n=3). There was a nominal increase in Wnt 9B treated LnCAP 

cells (0.84 ± 0.51-fold; ns), but DHT treated LnCAP cells, AR expression (Fig. 5.22) decreased 

significantly (-7.68 ± 1.09-fold; **P<0.01). 

There was no significant change in the expression of other AR target genes, namely, KLK3 (Fig. 

5.22.B), TMPRSS2 (Fig. 5.22.C) and Nkx3.1 (Fig. 5.22.D) in LnCAP cells treated Wnt9B, but 

significant change was found for KLK3 (11.33 ± 1.2-fold; **P<0.01, green), TMPRSS2  (9.34 ± 1.72-

old; **P<0.01, green) and Nkx3.1 (7.03 ± 1.38-fold; **P<0.01, green) in DHT treated LnCAP cells. 

CTNNB1 was not changed in Wnt 9B treated PC3 cells (-0.19 ± 0.50-fold, ns) (Fig. 5.22.E).  CTNNB1 
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expression was not changed in Wnt9B treated LnCAP cells (0.22 ± 0.26-fold; ns) but significant 

change occurred in DHT treated LnCAP cells (3.26 ± 0.27-fold; ***P<0.001; green).  

 
Figure 5.22. RNA expression of Wnt and AR target genes in PC3 and LnCAP cells. A. AR; B. KLK3; C. TMPRSS2; D. 
Nkx3.1; E. CTNNB1 and F. GJA1 in untreated LnCAP (cyan), Wnt9B treated LnCAP (pink colour), DHT treated LnCAP 
(green), untreated PC3 (orange) and Wnt9B treated PC3 (yellow). The expression level of these genes was normalized 
to ACTB gene and compared to untreated cells using the 2 −∆∆Cq method. The results represent the mean±SEM of 
n=3 experiments with technical replicates.  
 



340 
 

RNA expression of GJA1 was not changed in Wnt9B treated PC3 (Fig. 5.22.F) (-0.35 ± 1.27-fold; 

ns) compared to the expression of untreated PC3. GJA1 gene expression was visible in LnCAP cells 

and remain unchanged while treated Wnt9B (.09 ± 1.14-fold) and DHT (-3.13 ± 1.60-fold). 

However, expression of GJA1 was not expected in LnCAP cells as its encoded protein was not 

expressed in LnCAP (Fig. 5.8). DHT treatment decreased AR RNA expression (Fig. 5.22) but 

increased the expression of AR protein (Fig. 5.19). These results support the suggestions 

proposed in section 5.4.4 above, suggesting that short term changes are most likely due to 

increase in protein availability and stability rather than via an increase in gene transcription. A 

further explanation could be the threshold amount of β-catenin that may be necessary for gene 

transcription activation. I believe, these results set a path for future experimental design, 

particularly for gene transcriptional analysis. 

5.5. Discussion                                                                                                                                                   

Androgen receptor (AR), β-catenin and Cx43 are the crucial components of AR (Kim et al., 2002), 

Wnt (Logan and Nusse, 2004) and Connexin signalling pathways (Steger et al., 1999), respectively, 

and are regulated by androgens (e.g. Testosterone, Dihydrotestosterone) and Wnt ligands 

(canonical: Wnt1, Wnt3A, Wnt8, Wnt9B and Wnt10A and noncanonicl: Wnt4, Wnt5A, Wnt5B, 

Wnt6, Wnt7A, and Wnt11) (Siar et al., 2012). In this study, I discovered these three signalling 

pathways interact with each other and regulate the subcellular localization of the AR, β-catenin 

and Cx43 across the cytosol, membrane and nucleus in PCa cells (e.g., LnCAP and PC3 cells). This 

discovery has important implications for the mechanisms of intracellular signalling and also for 

proliferative diseases such as cancer. A better understanding of these interactions may result in 

better future therapies. 

The known mechanisms of Wnt and AR signalling pathways have been described in Chap-I. To 

reiterate briefly, the canonical (also known as Wnt/β-catenin) and the noncanonical (major 

noncanonical: Wnt/Ca2+) are the two major signalling pathways with β-catenin, a transcription 

factor co-activator, and [Ca2+]i as major intracellular transducers.  The other noncanonical 

signalling pathway included PCP (Planar cell polarity) (Gubb and García-Bellido, 1982) and 

cGMP/phosphodiesterase pathway (Ahumada et al., 2002). This categorization was initially 
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tagged as distinct and independent, but the recent evidence scrutinized the mechanisms and 

discovered their interaction (Van Amerongen, 2012 and Thrasivoulou et al., 2013). β-catenin 

remains sequestered as part of E-cadherin but the released β-catenin is continuously degraded 

in the proteasome directed predominantly by a multi-protein destruction complex which is 

dephosphorylated by the activation of Wnt/β-catenin signalling pathway, resulting in 

accumulation of β-catenin in cytoplasm. Activation of Wnt pathway releases free intra cellular 

[Ca2+]i which depolarizes the nuclear envelope (NE) which in turn facilitates β-catenin to enter 

the nucleus where it interacts with LEF/Tcf family member to mediate transcriptional induction 

of Wnt signalling target (Reya and Clevers, 2005).  

Translocation of β-catenin into nucleus in PC3 cells has been studied only by using ICC 

(immunocytochemistry) and immune electron microscopy. β-catenin is not only an interactive 

compound between the two Wnt signalling pathways  (Thrasivoulou et al., 2013),  β-catenin is 

thought to be in cross talk with another receptor important in prostate cancer, namely, androgen 

receptor (AR) (Schweizer et al., 2008a). 

AR is a member of the nuclear receptor group. Canonical nuclear receptor composed of N-

terminal domain (NTD), possessing a ligand independent transcription activation function 1 (AF1) 

and DBD and the carboxyl-terminal site contain LBD and activation function 2 (AF-2) and flexible 

hinge region that separate DBD and  LBD  (Robinson-Rechavi et al., 2003) (Chap-I, Sec. 1.11.2). 

Following diffusion to the cell, DHT binds to AR and dimerized and translocates into nucleus 

where it binds to AR-binding sequences such as ARE (androgen response element), ARR 

(androgen regulatory region) or HRE (hormone response element) (McEwan, 2004) along with 

binding sites for housekeeping (Sp1, CCAAT and NF-1), inducible (NF-kB, ETs and AP-1) and tissue-

specific transcription factors (McEwan, 2004) and directs the transcription of androgen-regulated 

genes by recruiting coactivators (Schaufele et al., 2005).  

Connexins are critical in gap junction formation for inter-cellular contact (See. 5.1.3), however, 

my interest in Connexin family was in the context of its members (e.g., Cx43) joining a signal 

transduction mechanism to facilitate Wnt signalling, as shown by Hou et al. (Hou et al., 2019).  
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Although there have been suggestions that Wnt and AR pathways interact to ultimately control 

gene transcription (Yang et al., 2002), what has not been investigated is the direct intracellular 

impact of Wnt and AR ligands activation on the reciprocal intracellular transducers β-catenin, 

Cxns and AR.  In this chapter I have aimed to investigate this direct functional activation by 

analyzing Wnt and AR mediated (i) translocation of their previously known intracellular 

transducers, (ii) interactions between β-catenin, AR, Cx31 and 43 (iii) mechanism of action on 

downstream target expression. 

5.5.1. Wnt and DHT induced translocation of β-catenin and AR: implications on mechanisms 

of Wnt and AR signalling 

5.5.1.1 An initial target for both Wnt and DHT-TRPM8 

In this study, LnCAP cells treated with DHT (AR signalling ligand), Wnt3A (previously thought to 

belong to canonical Wnt pathway), Wnt9B (canonical and noncanonical), Wnt5A (noncanonical) 

and fractionated into cytosolic, membrane and nuclear fractions and observed redistribution of 

AR and β-catenin across the cytosol, membrane and nucleus (Fig.5.4). Basal expression of AR in 

LnCAP showed highest expression in cytosol and least expression was observed in nucleus (Fig. 

5.4.B). Treatment of LnCAP cells with DHT showed increased expression of AR in nucleus 

compared to untreated AR nuclear expression. Following application of DHT to LnCAP cell media, 

DHT entered the cytoplasm by diffusion and bound to AR by replacing HS (heat shock protein) 

and subsequently translocated into nucleus following normal cellular mechanism and directed 

transcription of target genes; N-terminal AR was also increased in nucleus. (Figs. 5.4.B; 5.4.C; 

5.4.F1. and 5.4.F2). The translocation of AR receptor occurs not only through activation of AR 

signalling with DHT treatment, activation of TRPM8 (transient receptor potential melastatin 

family member 8) channel might also involve the AR translocation process (Grolez et al., 2019 

and Asuthkar et al., 2015). Incidentally, TRPM8 was recently proposed to be a target for Wnt 

ligands in their control of cell membrane potential (Ashmore et al., 2019).  

TRPM8 is the main receptor for a broad range of cold temperature in the peripheral nervous 

system and is thought to be associated with PCa development (Zhang and Barritt, 2006). 

Compound such as menthol, icilin, eucalyptol, geraniol and linalool are agonists for TRPM8 
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(McKemy, 2007). TRPM8 expression is known to be regulated by androgens. Once activated AR 

binds to the ARE (androgen response element) located upstream of the TRPM8 promoter gene 

(Grolez et al., 2019). AR might affect the TRPM8 in a non-genomic manner, Gkika and colleagues 

showed AR and TRPM8 are translocated into nucleus. I observed that lower concentrations of 

DHT did not translocate AR or β-catenin into nucleus in LnCAP cells (Gkika et al., 2020). But with 

increasing of DHT concentration (15 nM) enhanced translocation of AR, β-catenin and Cx31 into 

nucleus in LnCAP cells was observed (Fig. 5.4.F1-5.4.F.4; Fig. 5.5.F.1-5.5.F.4; Fig. 5.6.F.1-5.6.F.4 

and Fig. 5.7.F1-5.7.F.4).  

Although I did not directly measure TRPM8 (its role in Wnt signalling was only identified late in 

my PhD studies), my results concur with Gkika et al’s observations and may provide a mechanism 

for these observations (Gkika et al., 2020). The possible impact of my results on those of previous 

and recent observations regarding Wnt and AR signalling, particularly the role of cell membrane 

receptors and a key role for intracellular [Ca2+]i are discussed below.  

5.5.1.2. Translocation of large proteins like β-catenin and AR into the nucleus – problems and 

explanation 

β-catenin is, a 92 kDa, negatively charged protein and enters into the nucleus through the nuclear 

envelope (NE). This is an important issue, as the nucleus, composed of a double layer of 

membrane, called the nuclear envelope, imposes a limit to passive diffusion of molecules across 

the nuclear pore complex (NPC)-suggested to be <10 kDa (Mazzanti et al., 2001).  Also, β-catenin 

protein does not contain a nuclear localization signal (NLS) motif (see below) or Ran-GTPase 

activity, both necessary for proteins to traverse the NE. (Thrasivoulou et al., 2013) also stated 

that “The NE is also an ion-selective membrane with a dynamic trans-NE electrical potential that 

is responsive to changes in Ca2+ and K+ concentrations”. Furthermore, (Mazzanti et al., 2001) 

proposed that intranuclear space acts as a negatively charged sink, because of the presence with 

DNA molecules with PO4- groups. These physico-chemical features would make β-catenin entry 

into the nucleus, after being desequestered from the destruction complex in response to Wnt 

signal activation at the cell membrane, very difficult. (Thrasivoulou et al., 2013) proposed that 

release of intracellular [Ca2+]i in response to both canonical and non-canonical ligands facilitate 

entry of a 92 kDa protein into the nucleus including by depolarizing the NE. My results suggest a 
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further mechanism for β-catenin entry into the nucleus, at least in cells where AR signalling is 

active.   

AR, like β-catenin is a large 110 kDa protein, there should be an active transporting factor for AR 

through nuclear pore complex (NPC) to enter and leave the nucleus. AR resides in the cytoplasm 

in the absence of ligand (e.g., DHT) and translocate into nucleus in the presence of ligand (Roy et 

al., 2001). Similarly, AR ligand is removed while leaving nucleus for cytoplasm (Tyagi et al., 2000).  

AR, unlike β-catenin, has both a NLS and a Nuclear Export Signal (NES) and that their operations 

are either directly or indirectly governed by androgens. AR contains a defined bipartite NLS, 

composed of two cluster of basic amino (underlined) acids separated by 10 amino acid residues 

RKCYEAGMTLGARKLKK in the DBD and hinge region at amino acids 617-633 (Zhou et al., 1994). 

Importin-α interacts with the AR hinge region that determines AR nuclear localization. The strong 

association between the AR NLS and importin-α which provide binding site for NLS of AR and 

importin-β accounts for the subsequent interactions with the NPC that leads to translocate into 

nucleus (Görlich, 1998). The translocation of the trimeric NLS/importin α/β complex into nucleus 

through NPC requires energy which is obtained from GTP hydrolysis by RAN (Melchior et al., 

1993). 

My data shows that there is a physical interaction between AR and β-catenin (Sec. 5.4.2) and 

suggests that β-catenin may utilize binding with other proteins to lend itself with appropriate 

protein machinery to enter the nucleus. Indeed, a similar role was proposed for Cx43 by Hou et. 

al. (Hou et al., 2019). In this way, in addition to putative gene transcriptional impact, β-catenin 

and AR interaction may provide a functional role for Wnt signalling due to their physical 

interaction. 

Conversely, Wnt signal activation may also have a useful functional role for AR signalling, 

particularly its translocation into the nucleus. I showed that addition of Wnt ligands to LnCAP 

cells induces AR translocation into nucleus. This was done by treating LnCAP cells with Wnt3A 

(Fig. 5.5.A), Wnt5A (Fig. 5.6.A), Wnt9B (Fig. 5.7.A); all these ligands have previously been shown 

to activate (i) free intracellular Ca2+ and (ii) β-catenin translocation into the nucleus. Results 

shown in Figs 5.5. and 5.6. clearly demonstrate that Wnt signal activation by Wnt3A, Wnt5A and 

Wnt9B induces translocation of AR into the nucleus. This was confirmed by using at least two 
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different antibodies (AR and AR N-terminal). If Thrasivolou et al’s (2013) proposal that Wnt 

induced [Ca2+]i facilitates β-catenin translocation into the nucleus, it would follow that [Ca2+]i may 

be acting as a general facilitator of large protein entry into the nucleus. There is a evidence that 

translocation of AR in nucleus in Wnt ligand treated LnCAP cells may deploy a similar mechanism 

as β-catenin entry into the nucleus with the help of free intracellular [Ca2+]i. Application of DHT 

to LnCAP cells induce TRPM8 to bind to AR receptor and release [Ca2+]i in cytosol, an identical 

feature of Wnt signalling in various cell lines as shown previously (Ashmore et al., 2019 and 

Thrasivoulou et al., 2013). Ashmore et al. also suggested that Wnt can have direct interaction 

with TRP membrane channels proteins putatively with TRPM4 and/or TRPM8 which is a signal for 

free intracellular [Ca2+]i release activation, thus making it a potential target for therapy in diseases 

where Wnt (and AR) signalling are active (Zholos, 2010 and Ashmore et al., 2019). Based on the 

evidence above, I propose that TRPM8 may be a common target for Wnt ligands (e.g., Wnt3A, 

Wnt9B and Wnt5A) and AR ligands such as DHT. This could, therefore, be a critical step in the 

initiation of both Wnt and AR signalling.  

5.5.1.3. Other mechanisms of entry of large proteins into the nucleus 

I have touched upon the hypothetical impediments to β-catenin translocation into nucleus, due 

to its size and the overall negative charge (Thrasivoulou et al., 2013). I have also proposed 

putative novel mechanisms between AR and β-catenin that could be co-operative (NLS in AR and 

Wnt induced [Ca2+]i being two). This proposal is supported by previous suggestions that β-catenin 

has to enter the nucleus by binding to NLS-containing LEF/TCF transcription factors in the 

cytoplasm (Huber et al., 1996). Another proposal was published as an alternative concept in 

which β-catenin is able to enter the nucleus independently of LEF/TCF interaction (Fagotto et al., 

1998). This concept was developed based on research of nuclear localization of recombinant β-

catenin in digitonin-permeabilized cells where β-catenin enter the nucleus on its own, without 

the need for exogenous extract (Fagotto et al., 1998). The conclusion of this study was that β-

catenin translocation was independent of importin/karyopherins as well as any LEF/TCF protein. 

The absence of β-catenin import activity in the presence of normal cytosol implies that its import 

may be control by an upstream function in the Wnt signalling pathway (Fagotto et al., 1998). 

Nevertheless, NE (Nuclear Envelope) macromolecular mobility consists of diverse array of 
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biochemical and electro chemical process which are independent and interdependent (Mazzanti 

et al., 2001). This may include a nuclear localization signal binding of the proteins for the nucleus 

with other cytosolic proteins that facilitate the entry necessitating energy dependent process or 

phosphorylation of specific proteins (Moroianu et al., 1995).  

Though β-catenin lacks NLS, but an interaction may occur to recognise β-catenin between arm 

domain of β-catenin and NPC component proteins. Once β-catenin is in a close proximity to NE 

due to activation of Wnt signalling, it encounters a considerable obstacle to enter the 

nucleoplasm as β-catenin is of 92 kDa and negatively charged. As mentioned above, [Ca2+]i ions 

also play important role in the trans-NE transport of macromolecules (Mazzanti et al., 2001). 

Reduction of intracellular [Ca2+]i can obstruct macromolecular transport of particularly 

intermediate size (70k Da) but also small (<10 kDa) macromolecules across NE (Stehno-Bittel et 

al., 1995). The main purpose of Wnt/β-catenin signalling pathway is to transverse β-catenin (92 

kDa, transcription factor) from cytosol to nucleus through NE. Activation of Wnt/β-catenin signal 

with Wnt3A and Wnt9B release β-catenin in cytosol. Wnt5A activated Wnt/Ca2+ signalling 

pathway increase intracellular [Ca2+]i which depolarises the NE. This facilitates the β-catenin to 

transverse the NE to enter nucleus where it interacts with LEF/TCF for transcription of target 

genes (Thrasivoulou et al., 2013).  

5.5.2. Possible explanation of increased expression of AR in DHT treated LnCAP cell 

There was an increased expression observed in cytosol and membrane in DHT treated LnCAP cell 

compared to untreated LnCAP cells. It could be due to excessive transcription of AR which results 

in higher protein expression in cytosol and membrane. DHT treatment can regulate androgen-

regulated gene expression which involves a coordinated interactions of the receptor protein and 

other transcription factors. The AR gene could be autoregulated by androgens and thus regulate 

AR gene expression in cytosol. An interesting point to note is that the AR do not contain TATA 

box, androgen response element (ARE) or Androgen regulatory region) (ARR) over 2kb 

downstream of the start codon site (Grad et al., 1999). TATA box, ARE and ARR are the androgen 

binding sites on target genes. This would indicate that increased AR expression in cytoplasm 

could be associated secondary messenger which relates a potential cAMP response element 

located 5’ promoter region of the AR genes (Lindzey et al., 1994). Thus, AR gene expression in 
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LnCAP involve AR interactions with cAMP rather than more proximal upstream AREs (Stubbs et 

al., 1996).  

5.5.3. Translocation of AR and Wnt signalling target proteins into nucleus: possible 

importance in gene transcription and cell function particularly in cancer 

PC3 cells do not express AR gene and although AR protein is not expressed in PC3, does not 

indicate absence of AR gene. To understand AR signalling and its impact on Wnt signalling 

pathway, PC3 cells were transfected with AR inserted plasmid and empty plasmid (Fig. 5.11). 

Once AR expression in PC3 (designated as PC3(AR+)) was stable and the PC3(AR+) cell was treated 

with DHT (Fig. 5.12). The untransfected PC3 cells did not show any AR expression. The least 

expression of AR was found in nucleus in untreated PC3(AR+) cells; AR expression was found 

decreased in cytosol and membrane but increased abruptly in nucleus in DHT treated PC3(AR+) 

cells compared to cytosol, membrane and nucleus in control PC3(AR+) cells. This indicates 

translocation of AR into nucleus from membrane and probably from cytosol as well.  

It should however be noted that there has been some controversy regarding the expression of 

AR in PC3 cells. Alimirah et al. showed presence of AR mRNA and protein in PC3 cells, albeit at a 

much lower level than LnCAP cells and also reported nuclear translocation of AR protein in 

response to DHT (Alimirah et al., 2006). The data presented here, demonstrating the close 

interaction and reciprocal activation of both Wnt and AR signalling pathways by the ligands for 

either, offers another explanation for the translocation of AR in PC3 cells: in the basal state Wnt 

signalling activation might be responsible for the translocation of AR into nucleus in PC3  cells 

used by (Alimirah et al., 2006).  

In my experiments, the results from Wnt treatment of PC3(AR+) showed similar levels of AR 

translocation into the nucleus as it’s known activator, namely, DHT. This close interaction has 

important implications both for Wnt and AR induced gene expression analysis and also for 

functional regulation, as I have also shown that there is a physical interaction between AR and β-

catenin. For example, it is known that β-catenin mediated transcription could be cell context 

dependent (Masuda and Ishitani, 2017). This means that some genes are activated by β-catenin 

transcriptional activity during embryogenesis and may not be transcribed during organogenesis 
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or during normal compared to disease. For example, β-catenin transcriptional activity transcribes 

the expression of cell cycle-related genes and consequent cell proliferation in neural progenitor 

cells, whereas it activates the expression of neural differentiation-related genes in differentiating 

neurons (Masuda and Ishitani, 2017). My results showing close cross-talk and close interaction 

between Wnt and AR pathways suggests that this could be one mechanism of differential, 

context dependent gene transcription. This proposition also opens up the possibility of AR and 

β-catenin interacting with other transcription factors and further differences in gene 

transcriptional activity by activation of one signalling pathway.  

Ideally, I would have liked to have conducted whole genome sequencing and expression analysis 

to identify the common transcriptional targets of both Wnt and AR signalling, however, this plan 

was derailed due to intervention of Covid19. This would have allowed to dissect the complex 

transcriptional activity, with and without AR or β-catenin transcription, for example in Wnt ligand 

or DHT treated PC3(AR-) and PC3(AR+) cells and also PC3(β-catenin-) cells (we have previously used a β-

catenin knockdown cells to measure its interaction with Cx43). Another interesting path would 

be to investigate if Connexins, which I have also shown to be closely related to both Wnt and AR 

signalling, play role in this context dependent transcription. 

5.5.4. Inhibition of translocation β-catenin in PC3 cell treated with DHT 

In PC3 cells, the majority of β-catenin is located in membrane where it directly links the E-

cadherin, which is in turn bound to the actin-based cytoskeleton, forming an adhesion complex 

(Weis and Nelson, 2006). The unbound cytoplasmic β-catenin is kept at low level by degradation 

of destruction complex made of GSK-3β, Axin, Casein Kinase1α (CK1α) and APC (Adenomatous 

polyposis coli protein) (Chen et al., 2013). Wnt signalling pathway controls the degradation and 

stability of cytoplasmic β-catenin which is responsible for the balance between cytoplasmic and 

nuclear β-catenin during development (van Leeuwen et al., 1994). Activation of Wnt signalling 

with Wnt ligands desequesters β-catenin which accumulates in the cytoplasm and subsequently 

transverse the NE and inter nucleus. 

I mentioned above that PC3 do not express AR protein, although there is at least one dissent by 

(Alimirah et al., 2006) in this regard.  It was, however, clear that the PC3 cells used in this project 
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did not express AR (e.g., Fig. 5.9). When these PC3, AR receptor negative, cells were treated with 

DHT, an AR ligand, there was observed, decrease in the expression of β-catenin in nucleus (Fig.  

5.9). It is to be noted that a minimal amount of β-catenin is found in the nucleus in most cells as 

they express low level of endogenously secreted Wnt glycoproteins (Blauwkamp et al., 2012). 

The DHT effect was time dependent as increasing the time of incubation, progressively reduced 

nuclear β-catenin expression (Fig. 5.9).  As there is no AR expression in these PC3 cells, this signal 

cannot be transduced via the conventional DHT receptor, i.e., AR. This raises the possibility that 

DHT may be binding to another unknown receptor. This is something that needs to be further 

investigated.  It is important to note that the treatment of PC3 cells with DHT does not release 

any excess β-catenin in cytoplasm, rather it may enhance proteasomal degradation of 

cytoplasmic β-catenin. This is unlikely to be via DHT action of other key elements of Wnt/β-

catenin signalling such as GSK-3β. This is because Schutz and colleagues have suggested that DHT 

promotes inhibition of GSK-3β and is therefore more likely to desequester β-catenin from the 

destruction complex and increase nuclear availability of β-catenin (Schütz et al., 2010) 

Following treatment of DHT treated PC3 cells with Wnt9B, it was observed that nuclear β-catenin 

translocation was reversed (Fig. 5.10), indicating that Wnt signal activation over-rides the non-

AR dependent DHT function in AR negative PC3 cells. The mechanism of how DHT may reduce 

nuclear β-catenin expression requires further studies. 

5.5.5. Translocation of β-catenin into nucleus in PC3(AR+) treated with DHT and Wnt9B 

An investigation was carried out by transient expression of AR in PC3 to establish AR signalling 

pathway in PC3 to observe pattern of interaction between AR and Wnt signalling pathway. PC3 

cells were transfected with both control plasmid (empty plasmid) and AR inserted plasmid 

containing GFP reporter gene (Fig. 5.11). The PC3(AR+) was treated with DHT to explore whether 

DHT affects the Wnt signalling pathways? The WB image (Fig. 5.12) showed slightly lower nuclear 

expression of β-catenin compared to control, vehicle treated, PC3 cells. These results indicate 

that transient expression of AR in PC3 cell initially inhibited expression of β-catenin as similar 

manner as described by others (e.g., (Kim et al., 2005 and Du et al., 2011)). Treatment of PC3(AR+) 

with DHT increased the translocation of β-catenin in nucleus (Fig. 5.12), as observed in 

endogenously AR+ LnCAP cells. Conversely, treatment of PC3(AR+) with Wnt9B activated the 
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Wnt/β-catenin and Wnt/Ca2+ which redistributed β-catenin across the cytosol, membrane and 

nucleus (Fig. 5.13).  This showed membrane expression of β-catenin was decreased but nuclear 

expression was increased compared to PC3 and PC3(AR+). This indicates membrane bound β-

catenin may have translocated into the nucleus.  

5.5.6. Colocalization of AR and β-catenin into nucleus in LnCAP and PC3(AR+) Cells: 

implications for castration resistant prostate cancer  

A critical role of AR signalling pathway is well studied in CRPC (Chen et al., 2004a). Recent findings 

also demonstrated that advanced prostate cancer is implicated with the Wnt/β-catenin signalling 

pathway (Chesire and Isaacs, 2003).  

There is a crosstalk between AR and Wnt signalling pathway that Wnt ligands can transactivate 

the AR (Verras et al., 2004). β-catenin interacts with the AR to elevate its transcriptional activity 

(Truica et al., 2000 and Yang et al., 2002), a phenomenon whose mechanisms I have attempted 

to elucidate in this chapter. Previous studies have not examined the interaction of AR and Wnt 

signalling pathways while both are activated with their corresponding ligands. The result showed 

AR and β-catenin were translocated in nucleus in LnCAP when treated with ligands of either 

signalling pathway.  

New questions about AR and β-catenin colocalization in the nucleus?                                             

I have examined the mutual advantages that interaction of Wnt and AR pathways may confer on 

each other’s function, above. Exploration of colocalization of AR and β-catenin in LnCAP cells may 

give insight into interaction of the AR and Wnt signalling pathways. AR contains NLS that directs 

translocation of AR into nucleus.  β-catenin structure lacks NLS, its translocation into nucleus is 

independent of the importin/karyopherin and Ran pathways (Yang et al., 2002 and Chesire et al., 

2002). A previous study showed APC (adenomatous polyposis coli, a tumour suppressor protein) 

can shuttle β-catenin for nuclear localization (Henderson, 2000). Co-expression of TCF protein 

stimulate β-catenin to enter nucleus (Huber et al., 1996). These findings indicate that auxiliary 

proteins are needed to chaperone β-catenin to translocate into nucleus and I have made the 

argument, based upon my new observations, that AR may perform such a function for β-catenin 

to facilitate its entry into the nucleus.  
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This supports the notion that ligand bound AR may act chaperone for β-catenin translocation in 

nucleus in LnCAP cells. The mechanism appears to be used for β-catenin translocation associated 

with direct protein-protein interaction, so no secondary signalling might involve.  Hou et al. 

showed that Cx43 may be a chaperone protein for β-catenin. The implication of these 

observation is that β-catenin may be an opportunistic hijacker of proteins that may facilitate its 

entry into the nucleus (Hou et al., 2019). As Wnt signalling is critical in so many cellular processes 

and its dysregulation cause of serious diseases, it makes evolutionary sense to limit its ability to 

enter the nucleus except under tightly regulated context with strict regulatory control. 

Additionally, my study (and other studies) demonstrated that ligand bound AR, but not GR 

(Glucocorticoid receptor), progesterone receptor (PR), oestrogen receptor α (ERα) translocated 

β-catenin into nucleus  (Pawlowski et al., 2002a).  

In addition, Co-IP result (Fig. 5.14) showed AR and β-catenin are interacted which is taken place 

between LBD of AR and armadillo repeat β-catenin. Binding of β-catenin to LBD region, dissociate 

the heat shock protein (Pawlowski et al., 2002a and Song et al., 2003). Armadillo repeats and 

ARDBD/LBD sequence is sufficient for ligand-dependent nuclear translocation of AR and 

transcription activation (Mulholland et al., 2002). AR does not require to be dimerized to bind β-

catenin as it is already in a heterodimeric state (Schweizer et al., 2008a) and able to enter the 

nucleus. AR/β-catenin complex can then directly bind to an AR regulated promoter (Mulholland 

et al., 2002). However, the inference is that binding of β-catenin to LBD of AR dissociate HSP and 

its NLS is exposed to importin and translocate into nucleus and bind to promoter of target gene. 

5.5.7. Translocation of Cx43 into nucleus in PC3 treated with Wnt ligand 

In this chapter, I also investigated a newly discovered partner of β-catenin, namely, Cx43 (Cx31 

in LnCAP cells) to elucidate its role in the interaction of Wnt and AR signalling pathways. 

Cx43 is a member of Gap Junction intercellular communication (GJIC) which plays a key role in 

tissue homoeostasis and regulation of cell growth and differentiation (Aasen et al., 2019). Cx43 

is most widely studied member among 21 members of connexin family (Aasen et al., 2019) and 

expressed in different cell types (Willecke et al., 2002). The crucial part of Cx43 is its carboxyl 

terminal domain (CTD), that plays a significant role in multiple proteomic interactions. Cx43 
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functions as a tumour suppressor (Li et al., 2012), its dysregulation is involved in multiple types 

of cancer including PCa. Cx43 is expressed in PC3  and DU145, but not detectable expression in 

LnCAP cells (Zhang et al., 2015). Cx31, isomer of Cx43 was detected in LnCAP. A study from our 

laboratory was based on translocation of Cx43 into nucleus in PC3 cells treated with Wnt5A and 

Wnt9B (Hou et al., 2019). The study demonstrated, in addition of β-catenin, Cx43 is also a Wnt 

target protein. Cx43 was also included in this study to explore any relationship with AR signalling 

pathway.  

Until the work reported here, there was no previous study conducted on Cx31 in PCa.   

The figure 5.8. shows increased expression of Cx43 in nucleus in PC3 cell treated with Wnt9B 

compared to that of control PC3 cell. The treated PC3 showed expression of Cx43 was found 

higher in nucleus and membrane as it was expected whereas  basal expression of Cx43 in nucleus 

was expected. As Cx43 possesses a nuclear targeting sequence in its COOH-domain (Zhou and 

Jiang, 2014) and this is true  for both, the whole, or partial (COOH terminus), acetylated or 

phosphorylated Cx43 protein (Chen et al., 2016 and Gago-Fuentes et al., 2015). There is another 

reason for Cx43 expression commonly observed in the nucleus, for instance, analysis of 

immunoprecipitation and mass spectrometric recommends that Cx43 binds to two components 

of the nuclear translocation system: the GTP-binding nuclear protein Ran (RAN) and importin 

(KPNB1) (Gago-Fuentes et al., 2015). In addition, using the NLS map, the Cx43 COOH-terminal tail 

has been demonstrated to carry two conceivably nuclear localization signals identified by the 

importin complex that ship proteins to the nucleus through the RAN-GTP cycle (Gago-Fuentes et 

al., 2015). This implies that Cx43 or its COOH terminal tail may influence chromatin organization, 

nuclear activity, rRNA transcription, and termination (Gago-Fuentes et al., 2015). Cx43 

translocates into the nucleus through A-kinase anchoring protein 95 (AKAP95) at the late G1 

phase throughout the cell cycle advancement of cell lines of A549 lung cancers. In the nucleus, 

the Cx43-AKAP95 protein complex concurrently binds DNA and this colocalization indicates the 

Cx43 governs DNA expression or participates in DNA aggregation and condensation (Chen et al., 

1995). Again, the utility of Connexins co-translocating with β-catenin could be their nuclear 

targeting capability to allow β-catenin entry into the nucleus. 
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5.5.8. Inhibition of Cx43 translocation into nucleus in PC3 cells treated with DHT 

As Cx43 is integral to Wnt signalling in PC3 cells (Hou et al., 2019), I also investigated the 

interaction between AR and Cx43. DHT treatment to PC3 altered the distribution of Cx43 in PC3 

(Fig. 5.9). PC3 was treated with DHT and incubated for 2 h and showed decreased nuclear 

expression of Cx43 (Appx. 5.6.2). A time dependent experiment was conducted to observe the 

pattern of distribution of Cx43 expression in the cytosol, membrane and nucleus. The result 

showed (WB image; Fig. 5.9) Cx43 expression in cytosol was gradually reduced with increasing of 

time but a concurrent increase in its membrane expression was observed. Expression was also 

decreased in nucleus with increasing time. This indicates DHT treatment inhibited translocation 

of Cx43. There is a reciprocal relationship between DHT and nuclear translocation of Cx43. This 

result is supported by (Chen et al., 2015a), who reported that testosterone addition decreased 

the Cx43 expression.  

DHT treatment displayed expression of Cx43 in cytoplasm was decreased compared to untreated 

PC3 cells, which might affect the translocation of Cx43 in nucleus (Fig. 5.9). However, it also 

indicated that Cx43 appeared to be degraded in cytoplasm due to addition of DHT in PC3 cell. 

The mechanism of degradation of Cx43 could be similar as Cx32 (Kumar and Gilula, 1996), 

another member of the Connexin family of proteins. As previously shown Cx32 and Cx43 were 

degraded by the proteasomal and lysosomal pathways in several cell culture model systems 

(Musil et al., 2000 and VanSlyke and Musil, 2005). This result is, indirectly, supported by other 

study in which activation of AR pathway repress the Cx43, and inhibition of AR pathway increased 

Cx43 expression (Chen et al., 2015a).  

5.5.9. Suppression of DHT function in PC3 cells with Wnt9B 

PC3 cells do not have AR signalling pathway. DHT treatment to PC3 inhibit translocation of Wnt 

signalling target proteins (Fig. 5.9). But the activity of DHT in PC3 cells might be neutralized or 

suppressed with Wnt signalling activation.  Induction of Wnt signalling suppress the activity of 

DHT in PC3 cells or became dominant over DHT activity. Wnt9B was added to PC3+DHT cells, 

result showed expression of Cx43 was increased in nucleus (Fig. 5.10). Treatment of DHT treated 
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PC3 cells with Wnt9B might inhibit Cx43 degradation and subsequently increase Cx43 in cytosol 

and translocated into nucleus.  

5.5.10. Expression analysis of AR and Wnt target proteins  

AR and Wnt signalling pathways function separately in different individual cell under normal 

conditions. But their interaction initiates PCa initiation and progression. A series of findings have 

documented the physical, functional and genetic interaction between AR and Wnt signalling 

targets (Li et al., 2009). I believe, this study further enhances our understanding and molecular 

mechanisms of this interaction which can be critical association in the progression of prostate 

cancer. It is very likely that the manifestation of the effects of this interaction between AR and 

Wnt signalling is through activation of gene transcription and protein synthesis and stabilization 

(discussed above section 5.5.3). 

In this study, AR and Wnt signalling protein such as AR, Nkx3.1, TMPRSS2, PSA, β-catenin, Cx43 

and Cx31, GSK-3β were analysed for their expression in LnCAP and PC3 cells treated with AR (e.g., 

DHT) and Wnt ligand (e.g., Wnt9B) (Fig. 5.19).   

The oncogenic effect of Connexins and β-catenin has been discussed above. TMPRSS2 is the 

transmembrane serine protease 2 (TMPRSS2) and an androgen-regulated member of the type 

two transmembrane protease (TTSP) family (Chen et al., 2010). TMPRSS2 expression was 

increased by the incubation of LnCAP cells with both Wnt and AR ligands. TMPRSS2 expression is 

increased in high grade prostate cancer (Lucas et al., 2008). 

NKx3.1 encodes a prostate specific homeobox protein which is involved in the development of 

normal prostate (Bieberich et al., 1996). This protein is believed to be a tumour suppressor 

(Mogal et al., 2007). Androgen-sensitive LNCaP prostate cancer cells, which retain Nkx3.1 

expression, this gene still has a function which might differ from its role in prostate development 

and carcinogenesis (Possner et al., 2008). Further investigation is required to understand these 

mechanisms in prostate carcinogenesis. 

GSK-3β (Glycogen Synthase kinase-3β) is one of the prominent members of β-catenin destruction 

complex which plays an important role in degradation of β-catenin to maintain the level of β-

catenin in cytosol (Stamos and Weis, 2013). In the absence of Wnt, APC directs β-catenin to the 
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destruction complex (Salic et al., 2000). Following being phosphorylated by GSK-3β or CK1, the 

phosphorylated APC recruits unphosphorylated β-catenin to the destruction complex. After 

being dephosphorylated by protein phosphatase 2A (PP2A), APC hands β-catenin to Axin to 

undergo phosphorylation and ubiquitination (Kennell and Cadigan, 2009). Following priming of 

phosphorylation of β-catenin at Ser45 by CK1α, β-catenin is phosphorylated by GSK-3β at Ser33, 

Ser37 and Thr41 and this present the phosphorylated β-catenin to E3 ligases (Amit et al., 2002). 

In the presence of Wnt, phosphorylated LRP5/6 produce a binding site for Axin and GSK-3β  

through the PPPsPxS motifs which disassembles the destruction complex and increase GSK-3β  

and β-catenin in cytosol (Zeng et al., 2008). 

My results from in situ investigation of prostate cancer tissue (Chap III and IV) show that both AR 

and Wnt signalling related proteins are over-expressed in high grade and CRPC.  My results from 

in vitro experiments indicate that one mechanism of this increase in multiple targets of both AR 

and Wnt signalling targets could be due to the amplification effect due to co-operative 

interaction between Wnt and AR signalling pathways. 

5.5.11. Expression of AR and Wnt target RNA  

AR and Wnt target protein expression was analysed in LnCAP and PC3 cells treated with AR and 

Wnt signalling ligands. It is also important to observe the RNA expression of AR and Wnt signalling 

target whether to see what changes may occur at gene and protein expression. The mechanism 

of increased expression of AR in LnCAP cell have been described previously (Sec. 5.5.1). For KLK3, 

Wnt9B treatment did not change the RNA expression in LnCAP cells and DHT treatment increased 

the KLK3 RNA expression (Fig. 5.22.B). Similar results for RNA expression were found for TMPRSS2 

(Fig. 5.22.C) and Nkx3.1 (Fig. 5.22.D) with Wnt9B treatment to LnCAP cells. DHT treatment 

increased their RNA expression. In PC3 cells, CTNNB1 and GJA1 were not changed in PC3 and 

LnCAP cells treated with Wnt9B (Fig. 5.22.E) but CTNNB1 RNA expression was increased while 

LnCAP treated with DHT but GJA1 RNA expression was decreased while treated with DHT (Fig. 

5.22.F). Cx43 for GJA1 do not express in LnCAP cells. Its reduced RNA expression was observed in 

LnCAP cells.  
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A limited analysis of selected gene transcription targets using qPCR was conducted in this study. 

LnCAP and PC3 cells were treated with Wnt and AR signalling ligands. RNA expression of AR, KLK3, 

TMPRSS2, Nkx3.1, CTNNB1 and GJA1 genes were analysis (Fig. 5.22). AR RNA expression was 

slightly increased when treated the cells with Wnt9B. But the gene expression changes were 

more pronounced when treated with DHT. Treatment of LnCAP cells with DHT reduced AR RNA 

expression. On the other hand, upregulation of AR RNA by androgens has been observed in other 

cell types including human hepato cellular carcinoma and osteoblastic cell lines (Wiren et al., 

1997). The 5’ and 3’ untranslated region (UTR) plays a key role in maintaining AR RNA level at 

post transcriptional level. The human AR RNA has relatively long 5’-UTR of about 1100nt (Dang, 

2012). Yeap et al. (1999) showed DHT/testosterone decreases AR RNA levels but increase the AR 

protein level in both prostate cancer LnCAP and breast cancer MDA453 cell (Yeap et al., 1999). 

The AR is autoregulated by androgen, which reduces AR RNA in both rat tissue and LNCaP cells 

(Quarmby et al., 1990 and Krongrad et al., 1991). However, the AR 5’ upstream promoter location 

does not have a typical TATA box, but contains Sp1-binding sites at -46bp (Takane and McPhaul, 

1996);  (Ren et al., 2000). The TATA box is binding site for general transcription factor IID 

(TFIID)/TFIID binding protein and is required for directing accurate transcription initiation sites 

(Roeder, 1996). 

5.6. Summary 

I believe the following new key information has been described in the results in this chapter: 

1. Results from in vitro, functional and mechanistic studies, indicated AR, Wnt and Connexin 

signalling interact closely in PC3 and LnCAP cells. These results complement the results from in 

situ protein expression analysis in human prostate cancer tissue presented in previous chapters. 

2. DHT ligand activates AR signalling as well as Wnt signalling pathway. Ligand dependent 

activation of AR signalling translocate AR and Wnt target protein β-catenin into nucleus. The 

translocation of AR into nucleus stimulates transcription of AR signalling target genes and 

proteins. This was confirmed by the translocation of AR (N-ter) which acts as a transactivation 

agent. This suggests that increasing testosterone level in blood may increase the expression of 

AR signalling and Wnt signalling proteins enhance prostate cancer progression. DHT treatment 
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to PC3 cells, where AR signalling is absent, inhibit the translocation of Wnt signalling proteins 

e.g., β-catenin and Cx43. It was observed β-catenin and Cx43 was moved towards cell membrane. 

I propose that DHT treatment to PC3 cells decrease the transcription of β-catenin target genes 

and increase the cell adhesion and GAP junction communication between two adjacent cells to 

establish well communication and thus limiting the progression of cancer.  

3. Wnt ligands (e.g., Wnt3A, Wnt5A, Wnt9B) can functionally activate AR signalling, reciprocally, 

in addition to Connexin signalling. Activation of Wnt signalling in AR dependent cells can 

stimulate transcription of AR target genes by translocating AR in nucleus. It is highly likely that 

cells in the CRPC tissue could be highly proliferative not only for the presence of AR signalling, 

Wnt signalling activation could be another major factor. 

4. Activation of AR and Wnt signalling translocate both AR and β-catenin into nucleus. My result 

indicated the translocation of AR and β-catenin occurs together amplifying the carcinogenic 

potential via AR and β-catenin induced transcription. 

5.7. Limitations 

A major limitation is the in vitro nature of the work and limitations of the interpretation of the 

data to in vivo conditions. A mitigation for this in this project is that I have used human prostate 

cancer tissue to investigate AR and Wnt related proteins and the overall mechanism seem to be 

similar between in situ and in vitro experiments. It is to be noted that dissecting signalling 

mechanisms can only be done in vitro. Some experiments can be replicated in mouse models, 

although these have limitations to human condition. This is particularly true for prostate cancer 

for which very few useful mouse models are available. 

A further limitation is the identification of target genes that transcribed when AR and Wnt 

signalling is activated by ligands of either signalling pathways. An interesting experiment would 

be to conduct gene expression analysis in cells treated with AR or Wnt ligands and also both 

together. 
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6. Conclusions and future perspectives 

6.1. An overall summary of findings 

Interactions between AR and Wnt signalling pathways, in PCa tissue in situ and cell line models 

in vitro, were investigated in this thesis. The expression of AR for AR signalling and β-catenin, 

FRA-1, PYGO2, TCF-1 and Cx43 proteins for Wnt signalling pathways was investigated in normal 

prostate tissue (NPT), benign prostatic hyperplasia (BPH), Grade 3+3, Grade 4+4, Grade 4+5/5+4 

and castration resistant prostate cancer (CRPC) PCa tissue (Chaps. III and IV). AR expressing 

(LnCAP), non-expressing (PC3) cells, and additionally, AR transfected PC3 cells (PC3AR+) were 

used to investigate functional and structural changes (signal activation and protein-protein 

interaction) of AR, AR (N-ter), β-catenin, Cx43 and Cx31 (surrogate for Cx43 in LnCaP cells) in 

response to signal activation by DHT,for AR signalling and Wn3A, Wnt5A and Wnt9B, for the Wnt 

signalling pathway. 

 
Quantitative IHC showed AR expression was decreased in high grade prostate cancer tissue and 

increased in BPH and CRPC tissue compared to NPT. β-catenin expression was increased in Grade 

4+5/5+4 and CRPC but remained unchanged in BPH, compared to NPT. FRA-1 expression was 

increased in Grade 3+3, Grade 4+4 and Grade 4+5/5+4 compared to NPT (Chap-III, Sec. 3.4.3.3).  

PYGO2 and TCF-1 expression was increased in Grade 4+5/5+4 compared to NPT (Chap-III, Sec. 

3.4.3.4; 3.4.3.5). Cx43 expression was decreased in Grade 4+4 and Grade 4+5/5+4 (Chap-III, Sec 

3.4.3.6), CRPC (Chap-IV, Sec. 4.4.3.2) but increased in BPH compared to NPT (Chap-IV, Sec 

4.4.3.2). PYGO2 expression was significantly increased in Grade 4+5/5+4 PCa tissue compared to 

NPT and TCF1 expression was also significantly increased in Grade 4+5/5+4 PCa tissue compared 

to NPT. I also demonstrated, for the first time, a combinatorial approach of using single molecule 

RNA measurement (Chap IV) in different types of PCa and protein expression in large sample sets. 

This combined, automated approach, in conjunction with unbiased quantitative analysis, as 

employed here, could prove useful for biomarker discovery for diagnosis and prognostication of 

PCa. 

A key mechanistic discovery in this project was the reciprocal functional activation of AR 

signalling with Wnt ligands and Wnt signalling with AR (Chap-V). The results show that activation 
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of AR signalling with DHT resulted in the translocation of AR (detected with both full length AR 

and N-terminal AR antibodies), β-catenin, Cx43 and Cx31 into cell nucleus (Chap-V, Sec. 5.4.1.4).  

Reciprocally, exposure of LnCAP cells to Wnt3A, Wnt5A and Wnt9B also resulted in the 

translocation of AR, β-catenin, Cx43 and Cx31 into nucleus (Chap-V, Secs. 5.4.1.5; 5.4.1.6; 

5.4.1.7). An obvious implication of these novel observations is that prostate carcinogenesis may 

be a result of activation and co-operativity between AR and Wnt signalling mechanisms resulting 

in an eventual amplification of gene expression to initiate proliferative and anti-apoptotic 

programs. These data support the proposed hypothesis (Chap-IV and V) regarding interaction 

between AR and Wnt signalling pathways acting as an amplifier of carcinogenesis in the prostate.   

DHT treatment of PC3 cells, without AR expression, inhibited nuclear translocation of β-catenin 

and Cx43, interestingly, these proteins were redirected towards cell membranes (Chap-V, Fig. 

5.9). However, in PC3(AR+) cells (PC3 cells transfected with AR as PC3 cells do not express AR), 

DHT behaved as it does in AR expressing cells, i.e., facilitating the translocation of AR and as 

discovered here, β catenin into cell nucleus. This indicates that without AR expression androgens 

may act as a brake on Wnt signal mediated β-catenin and Cx43 translocation into the nucleus and 

inhibit Wnt/β-catenin induced carcinogenic gene expression programs. Close interaction 

between AR and Wnt signalling pathways is also confirmed by a physical interaction between AR 

and β-catenin (Chap-V, Fig 5.14). The gene expression induced by AR and Wnt signalling was 

demonstrated in a limited manner here: cells treated with AR and Wnt ligands increased the 

translocation of AR and β-catenin into the nucleus (Chap-V, Fig. 5.4-5.7) and increased the 

transcription of the AR and Wnt signalling related targets such as TMPRSS2, KLK3, Nkx3.1 (Chap-

V, Fig. 5.19).  A gene expression analysis should be conducted in the future to confirm the PCR 

data as it will allow a global view of the gene transcriptional effects of AR and Wnt signalling 

activation by AR. 

Thus, in addition to reciprocal AR and Wnt signal activation by ligands for either signalling 

pathway, there appears to be further antagonistic interaction between AR ligands and Wnt 

signalling. This new mechanism of AR and Wnt signalling requires further studies.  These new 

findings indicate that activation of AR signalling alone is not the only factor in the progression of 
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CRPC, interaction of AR signalling and Wnt signalling may also be a contributing factor for CRPC 

development. 

6.2. AR expression in higher grade and castration resistant prostate cancer (CRPC)  

A functional AR, activated by testosterone and dihydrotestosterone, is required for the growth 

and development of the prostate and for the development, growth and progression of PCa. AR 

expression is observed in primary prostate cancer and detected throughout in both hormone 

sensitive and hormone refractory PCa (Sadi et al., 1991 and Chodak et al., 1992). The mechanisms 

associated in initiation and progression of prostatic carcinogenesis and the development of CRPC 

are not well known and it is generally considered that AR is thought to play an important role in 

these changes to the prostatic cell phenotype. Evaluation of AR expression in normal, lower to 

high grade PCa and CRPC has been a major focus to understand the mechanisms responsible for 

malignant transformation and CRPC. 

In a study with biopsy tissue, the expression intensity of AR was found to be significantly higher 

in cancer tissue with a low Gleason score than those with higher Gleason scores (Takeda et al., 

1996). The intensity of AR staining in prostate cancer significantly reduces as the Gleason grade 

of the tumour increases. In addition, other studies showed AR expression was inversely 

proportional to histological grade (Chodak et al., 1992 and Masai et al., 1990). Segawa and 

colleagues found a decrease in AR expression in poorly-differentiated carcinomas as well as 

metastatic carcinomas (Segawa et al., 2001) but another study described decreased AR 

expression in moderately differentiated carcinomas (G2) and an increase in poorly differentiated 

carcinomas (Qiu et al., 2008). In this thesis I observed that there was a progressive decrease of 

AR expression in lower to higher grade PCa. Epigenetic silencing of AR expression by methylation 

may occur and has been observed in 8% of primary prostate cancers (Sasaki et al., 2002). Another 

possibility for the loss of AR expression in tumour cells is a decrease in AR protein stability that 

reduces the AR protein level to one difficult to detect immunohistochemically. AR is also 

degraded by ubiquitin targeting to the proteasome (Lin et al., 2002). ). Ubiquitination of AR is 

promoted by Akt kinase-mediated phosphorylation of the receptor, suggesting that cells with 

increased Akt activation may have a reduced AR protein level). Ubiquitination of AR is promoted 
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by Akt kinase-mediated phosphorylation of the receptor, suggesting that cells with increased Akt 

activation may have a reduced AR protein level (Lin et al., 2002).  

PCa progression could activate PI3K/Akt pathway as prostate cancer progresses toward a 

resistant and metastatic disease. Signalling of this pathway activates numerous survival, growth, 

metabolic, and metastatic characteristics of aggressive cancer. Biomarkers of this pathway have 

correlated activation of this pathway to high grade disease and higher risk of disease progression 

(Toren and Zoubeidi, 2014).  

However, this variation in study results may be due to heterogeneous expression of AR in 

prostate carcinoma, differences in the antibodies used to detect AR receptor in various studies 

and differences in quantitation of AR immune reactivity. Although a cutting-edge multiplex 

staining methodology and standard AR immunoreactivity counting system were used, further are 

recommended with a greater number of normal and PCa samples to demonstrate molecular 

markers of prostate carcinoma. 

The androgen/AR signalling pathway continues to be an important predictor of cell proliferation 

in CRPC, in spite of decreased amounts of androgens after ADT (Litvinov et al., 2003). AR 

hypersensitivity, local intracrine production of androgen, promiscuous activation of AR by 

adrenal androgens, non-androgenic steroids and even anti-antiandrogen, as well as activation of 

the AR by growth factors and cytokines have all been implicated in the recurrence and 

upregulation of androgen/AR signalling pathway in CRPC (Debes and Tindall, 2004).  

6.3. Wnt signalling in high grade PCa and CRPC tissue 

The Wnt signalling pathway has been revealed to be dysregulated in a variety of cancers, with 

few substantial modifications discovered in PCa (Kypta and Waxman, 2012).  

In my study, expression of Wnt signalling proteins, including β-catenin, FRA-1, PYGO2, TCF-1, 

Cx43 and c-MYC, was investigated to measure their expression in low to high grade PCa and CRPC 

tissues. The result showed β-catenin, PYGO2 and FRA-1 expression was significantly increased in 

higher grade PCa only, but FRA-1 showed significant increase in low grade as well as higher grade 

PCa. 
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In my study, expression of Wnt signalling proteins, including β-catenin, FRA-1, PYGO2, TCF-1, 

Cx43 and c-MYC, was investigated to measure their expression in low to high grade PCa and CRPC 

tissues. The result showed β-catenin, PYGO2 and FRA-1 expression was significantly increased in 

higher grade PCa only, but FRA-1 showed significant increase in low grade as well as higher grade 

PCa. 

A hallmark of canonical Wnt signalling is the stabilization and nuclear translocation of β-catenin 

which acts as a transcription factor co-activator of target genes. The function of β-catenin in 

human prostate cancer is unclear (Kypta and Waxman, 2012), but unlike colon cancer it is unlikely 

to be due to gene structure changes in CCTNNB1 (e.g. shown in only 5% or prostate cancers 

(Murillo-Garzón and Kypta, 2017)). However, it is most likely to play a role at the protein and 

functional levels through release of intracellular calcium (Thrasivoulou et al., 2013) or through ß-

catenin-mediated gene transcriptional programs, consistent with previous observations of β-

catenin stabilization and translocation as prostate cancer progresses (Chen et al., 2004b). Mouse 

models have demonstrated that activation of β-catenin, through generation of a non-degradable 

form of this protein, leads to prostate neoplasia and squamous trans-differentiation. Yu and his 

colleagues demonstrated β-catenin contributed to prostate cancer progression and increased in 

high grade prostate cancer (Yu et al., 2009). 

6.4. AR and Wnt signalling in high grade PCa and CRPC  

AR signal activation was significantly reduced but Wnt signalling activation was significantly 

increased in high grade PCa (Chap-III). This indicates AR signalling act as a brake of Wnt signalling 

activation. As the cancer progresses, cells started to turn from a moderately to a poorly 

differentiated state, that possibly explains why reduction of AR expression occurs. In CRPC Wnt 

signalling, β-catenin acts as a co-factor with AR, suggesting it has a role in CRPC. Nuclear 

localization of β-catenin may result in increased complexation between AR and β-catenin in 

prostate cancer cells, deleteriously altering target gene activation (Mulholland et al., 2003). In 

my study, the result showed a significant increase of Wnt and AR signalling activation in CRPC 

tissue. 
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TCF-LEF family members are the key transcription factors for Wnt/β-catenin-dependent 

transcription, but other transcription factors, such as FRA-1 and PYGO2 also interact with β- 

catenin in specific cell types and tissues. I have shown that AR is an important, functional and 

physical, interacting partner of β-catenin in prostate cancer. Given the influence of AR in prostate 

cancer, the importance of this interaction has been speculated in review papers (Terry et al., 

2006 and Wang et al., 2008). The correlation between higher malignancy related to CRPC and β-

catenin implies Wnt/β-catenin signalling pathway upregulation in CRPC, as has also been 

previously suggested (Lombardi et al., 2013). The data presented in this thesis further supports 

the notion that co-expression of AR and β-catenin in CRPC tissues is likely to be correlated with 

disease progression. 

The results obtained from this study were analysed using statistical analyses described in Chap-

III, Sec 3.3.7. The expression of each protein in normal, lower and higher grade PCa and CRPC 

tissues was compared using nonparametric tests, Mann–Whitney U tests, with data expressed as 

medians and interquartiles, and so independent of the number of data samples in each 

independent group of tissues. During image analysis colour threshold was determine using hue, 

saturation and brightness from 0 to 255 and the data were not normally distributed.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

6.5. Further research  

The work presented here could be progressed to develop a better understanding of both 

fundamental scientific mechanisms and to develop clinically useful biomarkers and therapies. I 

believe the research presented here provides a firm foundation for further research to enhance 

our knowledge of the mechanisms of interaction between AR and Wnt signalling. My research 

also provides molecular evidence for co-operativity between AR and Wnt, the two key cellular 

signalling pathways in cancer. I believe the following further research could prove useful: 

6.5.1. To identify new targets of AR and Wnt signalling and validate the proteins tested here as 

biomarkers for diagnosis and prognosis of prostate cancer. As a first step, gene expression with 

and without DHT and Wnts, in vitro, and in different grade prostate cancer tissue, in situ, needs 

to be investigated. This may also shed light on (i) whether transcriptional or translational 

mechanisms are dominant during carcinogenesis and (ii) how AR and Wnt signalling are involved 
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in prostate cancer becoming resistant to ADT and what role the balance of activation between 

these two signalling pathways may play? This could be performed by isolating RNA from frozen 

or FFPE prostate tissue from different types of PCa and subjecting these samples to RNA 

sequencing; expression analysis of AR+ and AR- cells ±DHT ±Wnt ligands followed by RNA 

sequencing to measure gene expression to identify the network of genes that are under the 

control of transcription of AR and Wnt signalling. Such an approach would also ‘reverse-validate’ 

the single molecule RNA and protein expression in situ. Indeed, this was my plan but was 

disrupted due to the Covid 19 pandemic. 

My results also hint towards a number of RNAs and protein targets that could be used a 

biomarker for diagnosis and perhaps a molecular stratification of PCa. To convert this proof of 

concept into clinically useful, validated predictive biomarkers, gene, RNA and protein expression 

analysis in an unbiased, quantitative manner with appropriate sample size should be conducted. 

6.5.2. Translocation of AR, AR (N-ter), β-catenin, Cx31 was demonstrated in LnCAP and PC3(AR+) 

cells using DHT, Wnt3A, Wnt5A, Wnt9B. To confirm the reciprocal activation of each ligand, 

knockdown and over-expression experiments for each key element in the signalling pathways 

(AR, β-catenin, Cx43 would be desirable. For instance, (i) AR signalling could be deactivated by 

treating LnCAP cells with flutamide, which inhibits binding of AR receptor to its ligands, 

testosterone or DHT. This could be followed by treatment of cells with Wnt ligands, to activate 

Wnt signalling pathways, to observe translocation of β-catenin and AR into translocation, 

individually or together.  (ii) AR expression could be silenced by using siRNA/shRNA AR to observe 

the translocation of β-catenin into the nucleus. (iii) AR/β-catenin gene knockout using 

Cas9/CRISPR strategy. This kind of knockdown/knockout/over-expression will validate the role 

and importance of each component in a signalling pathway. This is also important to identify the 

key steps that could be targeted for therapeutic purposes. 

6.6. Future perspective 

A clinical implication of the in situ and in vitro results shows Wnt signalling contributing to high 

grade malignancy and CRPC progression and development. Therefore, blocking Wnt signalling 

may be implemented to impair the disease progression. Together with the cooperativity between 
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AR and Wnt signalling, this could interfere with both signalling mechanisms, hence, perhaps 

providing greater inhibition of prostate carcinogenesis. 

6.6.1. Treatment by Membrane Potential Regulatory Compounds (MPRCs) – a discovery from 

our laboratory 

Recent research in our laboratory has identified a novel mechanism of Wnt signalling showing 

that Wnt ligands activate ion channels (e.g. TRPM8) on the cell membrane followed by releasing] 

of intracellular [Ca2+]
i; the same mechanism for Wnt signal activation occurs in both AR+ (LnCAP) 

and AR-(PC3) cell lines. It has been further suggested that membrane potential regulating 

compounds (MPRC) could be used to inhibit Wnt/Ca2+ and Wnt/β-catenin signalling (Ahmed, A, 

International Patent Application PCT/GB2014/053138; British patent application No. 1318659.8; 

USPTO 2016/0271157A1), thus providing a new anti-cancer, therapeutic target. The 

development of Wnt signalling inhibitors has had limited success (Polakis, 2012 and Kahn, 2014) 

and few Wnt modulators have been approved for clinical use (Harb et al., 2019) (also see below). 

Indeed among MRPCs (e.g. propranolol, a repurposed drug) could be used to intervene Wnt 

signalling pathway and may present several advantages: (i) this could target one of the earlier 

steps in Wnt pathway (e.g., Wnt signalling receptor), (ii) this could exert its effect at the cell 

membrane level, as MPRCs act on cell surface and do not need to enter the cell, (iii) its dose, 

adverse effects and contraindications are already established. These imply that this candidate, 

which inhibits Wnt signalling, could readily be applied to clinical practice: a more time and cost 

effective alternative than drug development of new anti-cancer agents (Ashburn and Thor, 2004 

and Bhattarai et al., 2016).  

 
Given the reciprocity of Wnt and AR signalling and that DHT also activates release of intracellular 

[Ca2+]i and β-catenin translocation into the nucleus, it could be hypothesized that AR signalling 

may also require upstream activation of ion channels. This hypothesis could be tested in LnCAP 

cells by measuring ion channel and release of intracellular [Ca2+]i with ±DHT ±Wnt ±membrane 

potential regulating compounds. This will answer the question whether membrane potential 

regulating compounds could be used to inhibit AR signalling? If true, this could open another 

avenue to counteract prostate cancer becoming androgen resistant. If successful, the membrane 
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potential regulating compounds could be used adjuvant to ADT which initially works well to 

inhibit prostate carcinogenesis. 

6.6.2. Treatment to inhibit Wnt signalling in PCa cells and CRPC  

In situ analysis showed an increased expression of β-catenin and AR in CRPC. Wnt and AR 

signalling pathways are reciprocally activated at ligand binding and translocate β-catenin and AR 

for transcription activities in PCa cells. These results suggest both signalling pathways are 

activated in CRPC and PCa cells. To treat the disease, it would be logical to inhibit translocation 

of β-catenin and AR into nucleus or to deactivate the Wnt and AR signalling pathways in CRPC.  

To treat the CRPC patient, the Food and Drug Administration (FDA) approved Olaparib (Lynparza, 

an inhibitor of PARP enzymes), darolutamide (Nubeqa), Enzalutamide (an androgen-receptor 

inhibitor), apalutamide (Erleada, an androgen-receptor inhibitor) and docetaxel (testosterone 

blocking). It is possible that these drugs may also block the Wnt pathway and this should be 

investigated. 

As described above, deregulation of the Wnt/β-catenin pathway is closely associated in initiation 

and progression of various types of cancers (Gajos-Michniewicz and Czyz, 2020 and He and Tang, 

2020). Several strategies targeting Wnt signalling as therapies have been proposed and discussed 

briefly, below. 

6.6.2.1. Porcupine inhibitors 

Porcupine (PORCN), a family member of membrane-bound O-acyltransferases (MBOT), is the key 

enzyme for the secretion of Wnt ligands (Torres et al., 2019). Several inhibitors that target PORCN 

prevent palmitoylation of Wnt proteins in the endoplasmic reticulum, which subsequently 

prevents their secretion (Krishnamurthy and Kurzrock, 2018). Blocking the acylation of Wnt with 

a PORCN inhibitor to abolish Wnt secretion becomes an effective treatment strategy. Wnt974 

(LGK974) is an orally accessible small molecule inhibitor that reduces the viability of epithelial 

ovarian cancer (EOC) in vitro and supresses tumour growth in vivo. Wnt974 exhibits increased 

anti-tumour activity in EOC preclinical mouse models when combined with paclitaxel(Doo et al., 

2020). Patients with pancreatic cancer, triple-negative breast cancer, cervical squamous cell 
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carcinoma are currently being studied in a phase I clinical trial using Wnt974 monotherapy 

(NCT01351103). 

Table 6.1. Wnt/β-catenin signalling inhibitors in current and past clinical trials. Adapted from  (Jung and Park, 2020)  

 

6.6.2.2. Wnt/Fzd antagonists 

The canonical Wnt signalling pathway can be inhibited by antagonising Wnt ligands and Fzd 

receptors. Ipafricept (OMP54F28; IPA) is a recombinant fusion protein, including the cysteinerich 

domain of Fzd8 fused to a human IgG1 Fc fragment This molecule may easily bind to Wnt 

signalling ligands, compete with the Fzd8 receptor for Wnt binding, thereby suppressing Wnt 

regulated activities (Moore et al., 2019). Fischer et al showed, using a patient-derived ovarian 
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cancer xenograft mice model, that ipafricept decreased the population of stem cells, suppressed 

tumour formation and promoted differentiation. Furthermore, when taken two to three days 

ahead of chemotherapy, ipafricept showed synergistic anti-tumour effects when paired with 

texanes in preclinical tests, with 82% of patients attained a partial or complete response (Fischer 

et al., 2017). 

 

Figure 6.1. Schematic overview of Wnt/β-catenin signalling pathway targeted interventions in cancer studies. 
Promising therapeutics targeting Wnt ligand/receptor interface, β-catenin destruction complex and TCF/β-catenin 
transcription complex is investigated in preclinical and clinical evaluations. Adapted from (Zhang and Wang, 2020). 



370 
 

6.6.2.3. LRP5/6 inhibitors 

The phosphorylation of LRP5/6, a Wnt co-receptor, increases the activation of the Wnt/β-catenin 

signalling pathway. The Wnt-Fzd-LRP5/6-DVL molecular complex generates a structural site for 

Axin to bind which prevents β-catenin degradation. Utilizing pharmacophore-based virtual 

screening and in vitro testing, BMD4503-2, a quinoxaline moiety, was found as a novel small 

molecule inhibitor of the LRP5/6 sclerostin interaction. The compound, BMD4503-2 has the 

potential to restore the Wnt/β-catenin signalling activity through competitively binding to the 

LRP5/6-sclerostin complex (Choi et al., 2018).                                                                                                                                                                                                                                

6.6.2.4. DVL inhibitors  

DVL is a vital element in the Wnt signalling pathway by engaging components of the β-catenin 

destruction complex to the cell membrane. PDZ domain of DVL binds to the cytoplasmic carboxyl 

terminal end of Fzd proteins (Wong et al., 2003). NSC668036, FJ9, and 3289–8625 are some of 

the compounds that inhibit the signal transduction pathway by blocking the DVL-PDZ interaction 

(Grandy et al., 2009). 

6.6.2.5. Tankyrase inhibitors  

Given that the β-catenin protein destruction complex plays a key role in negatively regulating 

Wnt signalling, restoring this protein destruction complex could effectively suppress Wnt/β- 

catenin signalling. Tankyrase interacts with Axin and uses ubiquitin-mediated proteosomal 

degradation to degrade it. Inhibitors of tankyrase have been produced. β-catenin stabilization is 

decreased by tankyrase inhibitors. Tankyrase inhibitors including XAV939, JW-55, RK-287107, 

and G007-LK, stabilized AXIN by inhibiting the poly-ADP-ribosylating enzyme Tankyrase (Morrone 

et al., 2012). However, currently, no clinical trials are being conducted with Tankyrase inhibitors. 

6.6.2.6. CK1 agonists  

Accumulation of β-catenin destruction complex in the cytoplasm prevents β-catenin entering the 

nucleus, rendering it a promising therapeutic target. Pyrvinium is an anti-helminthic medication 

that has been approved by the FDA. Pyrinium binds to members of the CK1 family in vitro, 

elevating CK1 activity (Thorne et al., 2010). 
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6.6.2.7. Inhibitors of β-catenin transcriptional activity  

β-catenin act as a transcription factor co-activator of target genes such as CCND1, CD44, Axin2 

and MYC97-100 which contribute to tumorigenesis. Thus, approaches that inhibit either β-

catenin transcriptional activity or β-catenin target genes have been developed as potential 

therapeutic candidates for Wnt signalling-associated malignancies. β-Catenin/CBP (CREB-binding 

protein) binds to WRE (Wnt-responsive element; 5ʹ-CTTTGA/TA/T-3ʹ) and activates target gene 

transcription (Yu et al., 2017). PRI-724 (ICG-001; NIH clinical trial numbers: NCT01302405, 

NCT02413853, NCT01764477, and NCT01606579) inhibits the interaction between CBP and β- 

catenin and prevents transcription of Wnt target genes (Takemaru and Moon, 2000 and Jung and 

Park, 2020).  

Whether any of these modulators will reach the clinic remains to be seen. It is therefore 

important to discover alternatives to inhibit the Wnt pathway, for example, as proposed through 

MPRC inhibition of Wnt signalling. This, as indicated, has the advantage of cell surface 

interactivity and detailed, known and minimal side-effects. 

Implementation of novel strategies are also imperative to improve the prognosis of cancer 

patients. With the advancement in understanding of molecular mechanisms and continuous 

endeavour for the improvement, preclinical research and clinical trials have been performed on 

Wnt/β-catenin signalling targeted therapies in malignancies. Wnt/β-catenin signalling targeted 

therapies have been shown to be viable options for customised cancer therapy approaches. 

These strategies have not been implemented for PCa treatment as identification of association 

of Wnt signalling in PCa and CRPC development has not been investigated and discovered prior 

to these studies (Chap-III, IV and V). Nevertheless, obstructing the Wnt signalling may impairs 

tissue homeostasis and regeneration. Therefore, further investigations are required to the safety, 

efficacy, patient stratification and drug delivery of innovative Wnt/β-catenin targeted therapies 

in PCa. 
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APPENDIXES (APPX) 

APPX I 
 

1.  AR signalling pathway in Castration Resistant Prostate Cancer (CRPC) 
 

 
 

Figure 1.1. Complexity of AR signalling in CRPC (http://saweb2.sabiosciences.com/pathway.php?sn 

=WNT_Signalling). Five possible pathways for AIPC development. (a) hypersensitive pathway: AR 

stimulate sensitivity to balance low androgen levels. (b) promiscuous pathway: the ligand binding 

specificity of AR is extended to allow for the activation by non-androgenic compound present in the 

circulation. (c) outlaw pathway: Receptor tyrosine kinase (RTKs) are activated and the AR is either 

phosphorylated by the AKT (protein kinase B) or by the mitogen-activated protein kinase (MAPK) pathway 

for generating a ligand-independent AR. (d) bypass pathway: parallel survival pathways which includes 

that containing the BCL2 (B-cell lymphoma 2) anti-apoptotic protein, avoid AR and its ligand. (e) lurker cell 

pathway: androgen-independent malignant cells that are evident in the prostate throughout its life. 

Adapted from Feldman and Feldman, (2001).   
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APPX II 
 

2. Catalogue of Prostate cancer tissue and layout of slide 

Paraffin embedded 86 normal prostate tissue and prostate cancer samples with their exam 

number and block references were obtained from Rui Henrique (Pathologist, Portugal). Following 

H&E, the samples were categorized in normal prostate tissue (NPT): 36, benign prostatic 

hyperplasia :10, Gleason grade 3+3: 10, Gleason grade 4+4: 5 and Gleason grade 4+5/5+4: 5 and 

CRPC: 20 by pathologist using the grading and scoring guideline of the International Society of 

Urological Pathologists (ISUP). Total 171 cores composed of normal tissue cores: 66, BPH: 10, 

Gleason grade 3+3: 25, Gleason grade 4+4: 15, Gleason grade 4+5/5+4:15, CRPC cores: 40 were 

distributed over the 5 slides including RH16, RH17, RH18, RH19 and RH20.  

At the first phase of conducting experiment, the prostate cancer tissue of Gleason grade 3+3, 

Gleason grade 4+4 and Gleason grade 4+5/5+4 was used to construct tissue array slide RH16, 

RH17 and RH18. The blocks are shown with their exam number and block reference in the 

following table: 

Table 2.1. Catalogue of PCa tissue with different Gleason grades. Gleason grade 3+3 shaded with yellow, 

grade 4+4 shaded with grey and grade 4+5/5+4 with green. The tissues were examined and categorized 

by a pathologist.  

 Gleason Grade 
Grade: 3+3 Grade: 4+4 Grade: 4+5/5+4 

Exam number Block reference Exam number Block reference Exam number Block reference 
1 H0901804 A A5 H1307652 A D1 H0810764 A1 
2 H0912369 A3 H1307856 A A5 H0909375 C1 
3 H1103610 A1 H1308297 D2 H1313961 C4 
4 H1104892 C4 H1313345 C2 H1400020 A1 
5 H1109027 A4 H1505541 A2 H1400073 B1 

 
Three slides RH16, RH17 and RH18 were constructed using the cores of PCa tissue with Gleason 

grade 3+3, Gleason grade 4+4 and Gleason grade 4+5/5+4 stated in the table 1.1. The slides were 

prepared using one tumour core and one adjacent control core in the A1 and B1 positions 

respectively and thus the three slides were constructed. 
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2.1. Designing of RH16 

Table 2.2. Layout of slide RH16 displaying tumour cores (Column: A, C, E) and control cores (Column: B, D, 
F) remain adjacent. Cores from Gleason grade 3+3 tissue displayed in yellow, Gleason grade 4+4 in grey 
and Gleason grade 4+5/5+4 in green coloured shade. T: Tumour core, C: Control core 
 

RH16 A B C D E F 
1 H0901804 - T H0901804 - C H0912369 -T H0912369 - C H1103610 -T H1103610 - C 
2 H1104892 - T H1104892 - C H1109027 - T H1109027 - C H1307652 - T H1307652 - C 
3 H1307856 - T H1307856 - C H1308297 - T H1308297 - C H1313345 - T H1313345 - C 
4 H1505541 - T H1505541 - C H0810764 - T H0810764 - C H0909375 - T H0909375 - C 
5 H1313961 - T H1313961 - C H1400020 - T H1400020 - C H1400073 - T H1400073 - C 

 
The RH16 slide contains 30 cores which are composed of: 

 Grade 3+3: 10 cores: Grade 3+3: A1 (T), B1 (C), C1 (T), D1 (C), E1 (T), F1 (C), A2 (T), B2 (C), C2 (T), D2 (C)= 

5 normal prostate tissue + 5 cancer tissue  

 Grade 4+4: 10 cores: Grade 4+4: E2 (T), F2 (C), A3 (T), B3 (C), C3 (T), D3 (C), E3 (T), F3 (C), A4 (T), B4 (C) = 

5 normal prostate tissue + 5 cancer tissue 

 Grade 4+5/5+4: 10 cores: C4 (T), D4 (C), E4 (T), F4 (C), A5 (T), B5 (C), C5 (T), D5 (C), E5 (T), F5 (C)= 5 

normal prostate tissue + 5 cancer tissue 

 
2.2. Designing of RH17 slide 
 
Table 2.3. Layout of slide RH_17 displaying tumour core (Column: A, C, E) and control core (Column: B, D, 
F) remain adjacent. Cores from Gleason grade 3+3 tissue displayed in yellow, Gleason grade 4+4 in grey 
and Gleason grade 4+5/5+4 in green coloured shade. T: Tumour core, C: Control core 

RH17 A B C D E F 
1 H1307652 - T H1307652 - C H1307856 - T H1307856 - C H1308297 - T H1308297 - C 
2 H1313345 - T H1313345 - C H1505541 - T H1505541 - C H0810764 - T H0810764 - C 
3 H0909375 - T H0909375 - C H1313961 - T H1313961 - C H1400020 - T H1400020 - C 
4 H1400073 - T H1400073 - C H0901804 - T H0901804 - C H0912369 -T H0912369 - C 
5 H1103610 -T H1103610 - C H1109027 - T H1109027 - C H1104892 - T H1104892 - C 

 
The RH17 slide contains 30 cores which are composed of: 

Grade 3+3: 10 cores: Grade 3+3: C4 (T), D4 (C), E4 (T), F4 (C), A5 (T), B5 (C), C5 (T), D5 (C), E5 (T), 

F5 (C)= 5 normal prostate tissue + 5 cancer  tissue 

Grade 4+4: 10 cores: Grade 4+4:  A1 (T), B1 (C), C1 (T), D1 (C), E1 (T), F1 (C), A2 (T), B2 (C), C2 

(T), D2 (C)= 5 normal prostate tissue + 5 cancer tissue 

Grade 4+5/5+4: 10 cores: Grade 4+5: E2 (T), F2 (C), A3 (T), B3 (C), C3 (T), D3 (C), E3 (T), F3 (C), 

A4 (T), B4 (C) = 5 normal nrostate tissue + 5 cancer  tissue 
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2.3. Designing of RH18 slide 

Table 2.4. Layout of slide RH_18 displaying tumour core (Column: A, C, E) and control core (Column: B, D, 

F) remain adjacent. Cores from Gleason grade 3+3 tissue displayed in yellow, Gleason grade 4+4 in grey 

and Gleason grade 4+5/5+4 in green coloured shade. T: Tumour core, C: Control core 

RH18 A B C D E F 
1 H0810764 - T H0810764 - C H0909375 - T H0909375 - C H1313961 - T H1313961 - C 
2 H1400020 - T H1400020 - C H1400073 - T H1400073 - C H0901804 - T H0901804 - C 
3 H0912369 -T H0912369 - C H1103610 - T H1103610 - C H1104892 - T H1104892 - C 
4 H1109027 - T H1109027 - C H1307652 - T H1307652 - C H1307856 - T H1307856 - C 
5 H1308297 - T H1308297 - C H1313345 - T H1313345 - C H1505541 - T H1505541 - C 

 
The RH18 slide contains 30 cores which are composed of: 

 Grade 3+3: 10 cores: Grade 3+3: E2 (T), F2 (C), A3 (T), B3 (C), C3 (T), D3 (C), E3 (T), F3 (C), A4 (T), 

B4 (C)= 5 normal prostate tissue + 5 cancer  tissue 

 Grade 4+4: 10 cores:   Grade 4+4: C4 (T), D4 (C), E4 (T), F4 (C), A5 (T), B5 (C), C5 (T), D5 (C), E5 

(T), F5 (C)= 5 normal prostate tissue + 5 cancer  tissue 

 Grade 4+5/5+4: 10 cores: Grade 4+5: A1 (T), B1 (C), C1 (T), D1 (T), E1 (T), F1 (C), A2 (T), B2 (C), 

C2 (T), D2 (C)= 5 normal prostate tissue + 5 cancer  tissue 

The second phase of experiments was conducted using normal prostate tissue, BPH, grade 3+3 

and CRPC tissue and these were used to construct RH19 and RH20_CRPC in which RH19 slide is 

composed of normal prostate tissue (21 cores), Gleason grade 3+3 (10 cores) and BPH (10 cores) 

and slide RH20_CRPC consists of CRPC (40 cores: 20 core + 20 repeat). 

2.4. Designing of RH19 slide 

36 samples were collected from Rui Henrique (Pathologist) of which 21 normal prostate tissue 

(NPT), 10 BPH (Benign prostatic Hyperplasia), 5 Grade 3+3. The slide made of 41 cores= 21 cores 

(NPT)+ 10 cores (Grade 3+3: 5 cores and 5 repeats) + 10 cores (BPH) 

 
 

  Normal=21 

  3+3=5 

  3+3=5 REPEAT 

  BPH=10 
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Table 2.5. Layout of slide RH19 displaying the position of normal prostate tissue, BPH and Gleason grade 
3+3. Light green coloured font indicating the positions of normal cores, pink coloured font indicating 
location grade 3+3, brown coloured font indicating the locations of repeat of grade 3+3 and light blue font 
showing the locations of BPH. 
 

RH19 A B C D E F G 

1 12359/10 A B3 8022/06 B3 9394/11B4 9514/11 A B4 2905/10 A B3 3830/11 A B4 7057/12 A B4 
2 1804/09 A A5 12369/09 A3 3610/11 A1 9027/11 A1 4892/11 C4 9027/11 A1 12369/09 A3 
3 6632/05 B3 A631/12 A B3 3277/11 A PB4 4616/07 A B4 4225/07 AB3 7446/11 A B3 164/C3 C3 
4 1804/09 A A5 3610/11 A1 4892/11 C4 8096/16 2 6230/17 B 3721/15 3 3343/15 2 
5 975/11 A B3 4864/12 A B3 921/04 B3 1148/11 A B3 8925/10 A B3 1195/06 3630/03 B3 
6 6068/13 6 10682/12 4 1566/13 3 4011/14 1 9683/12 B4 11441/12 8 X 

 
The RH19 contains 41cores including: 

        Normal Core Position: A1, B1, C1, D1, E1, F1, G1, A3, B3, C3, D3, E3, F3, G3, A5, B5, C5, D5, E5, F5,     

                                                G5: Total 21                                                          

        BPH: 10 cores: D4, E4, F4, G4, A6, B6, C6, D6, E6, F6 = Total 10,                                                                               

        Grade (3+3): 10 cores: A2, B2, C2, D2, E2, F2 (R), G2 (R), A4 (R), B4 (R), C4 (R)= Total 10  

2.5. Designing of RH20_CRPC slide 

20 CRPC samples were obtained from Professor Rui Henrique (Pathologist). 20 samples were 

used to construct the slide RH20_CRPC. The slide contains 40 cores: 20 CRPC + 20 CRPC (repeat). 

The layout of cores on the slides are given below: 

 

  CRPC 

  CRPC REPEATS 
 
 
Table 2.6. Layout of slide Rh20_CRPC displaying the position of CRPC and CRPC repeat. Locations of CRPC 
tissue are indicated with brown coloured font and CRPC repeats indicated with pink coloured font. 
 

RH20_CRPC A B C D E F G 

1 1353/16 1 7402/12 1 12998/15 2 2067/08 1 14281/14 4 4406/15 3 7402/12 1 
2 588/13 4 14642/13 1 5652/16 3 6196/01 12528/14 2 4324/16 3 14642/13 1 
3 11020/10 5 1875/13 3 5310/16 4 7566/06 6059/15 4 13725/15 3 1875/13 3 
4 14281/14 4 2067/08 1 12998/15 2 4406/15 3 1353/16 1 5352/14 1 11845/14 1 
5 12528/14 2 6196/01 5652/16 3 4324/16 3 588/13 4 11845/14 1 5352/14 1 
6 6059/15 4 7566/06 5310/16 4 13725/15 3 11020/10 5 X X 

 
The RH20_CRPC slide contains 40 cores, composed of  
        CRPC: A1, A2, A3, B4, B5, B6, C1, C2, C3, D4, D5, D6, E1, E2, E3, F4, F5, G1, G2, G3, 
        CRPC (Repeat: R): A4 (R of E1), A5 (R of E2), A6 (R of E3), B1 (R of G1), B2 (R of G2),      
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                                        B3 (R of G3), C4 (R of C1), C5 (R of C2), C6 (R of C3), D1 (R of B4),           
                                        D2 (R of B5), D3 (R of B6), E4 (R of A1), E5 (R of A2), E6 (R of A3),         
                                        F1 (R of D4), F2 (R of D5), F3 (R of D6), G4 (R of F5), G5 (R of F4) =   
                                                      total 40 

2.6. Transient expression of AR protein in PC3 cells 

Androgen Receptor (AR) (NM_000044) Human Tagged ORF Clone (Cat: RG215316, Origene) was 

used to transfect PC3 cells. 

AR (NM_000044) with 2751bp was inserted into pCMV6-AC-GFP plasmid with ampicillin selection 

marker for E. coli and Neomycin marker in mammalian cell lection marker to express the 

complete ORF with the expression tag (GFP). The plasmid contains Human cytomegalovirus 

(CMV) promoter to trigger the expression of the protein. 

The following cloning sites was used for ORF insertion.  
 
>RG215316 representing NM_000044 
Red=Cloning site Blue=ORF Green=Tags(s) 
 
TTTTGTAATACGACTCACTATAGGGCGGCCGGGAATTCGTCGACTGGATCCGGTACCGAGGAGATCTG
CCGCCGCGATCGCCATGGAAGTGCAGTTAGGGCTGGGAAGGGTCTACCCTCGGCCGCCGTCCAAGAC
CTACCGAGGAGCTTTCCAGAATCTGTTCCAGAGCGTGCGCGAAGTGATCCAGAACCCGGGCCCCAGG
CACCCAGAGGCCGCGAGCGCAGCACCTCCCGGCGCCAGTTTGCTGCTGCTGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAAGAGACTAGCCCCAGGCAGCAG
CAGCAGCAGCAGGGTGAGGATGGTTCTCCCCAAGCCCATCGTAGAGGCCCCACAGGCTACCTGGTCC
TGGATGAGGAACAGCAACCTTCACAGCCGCAGTCGGCCCTGGAGTGCCACCCCGAGAGAGGTTGCGT
CCCAGAGCCTGGAGCCGCCGTGGCCGCCAGCAAGGGGCTGCCGCAGCAGCTGCCAGCACCTCCGGA
CGAGGATGACTCAGCTGCCCCATCCACGTTGTCCCTGCTGGGCCCCACTTTCCCCGGCTTAAGCAGCT
GCTCCGCTGACCTTAAAGACATCCTGAGCGAGGCCAGCACCATGCAACTCCTTCAGCAACAGCAGCA
GGAAGCAGTATCCGAAGGCAGCAGCAGCGGGAGAGCGAGGGAGGCCTCGGGGGCTCCCACTTCCTC
CAAGGACAATTACTTAGGGGGCACTTCGACCATTTCTGACAACGCCAAGGAGTTGTGTAAGGCAGTGT
CGGTGTCCATGGGCCTGGGTGTGGAGGCGTTGGAGCATCTGAGTCCAGGGGAACAGCTTCGGGGGG
ATTGCATGTACGCCCCACTTTTGGGAGTTCCACCCGCTGTGCGTCCCACTCCTTGTGCCCCATTGGCCG
AATGCAAAGGTTCTCTGCTAGACGACAGCGCAGGCAAGAGCACTGAAGATACTGCTGAGTATTCCCCT
TTCAAGGGAGGTTACACCAAAGGGCTAGAAGGCGAGAGCCTAGGCTGCTCTGGCAGCGCTGCAGCA
GGGAGCTCCGGGACACTTGAACTGCCGTCTACCCTGTCTCTCTACAAGTCCGGAGCACTGGACGAGGC
AGCTGCGTACCAGAGTCGCGACTACTACAACTTTCCACTGGCTCTGGCCGGACCGCCGCCCCCTCCGC
CGCCTCCCCATCCCCACGCTCGCATCAAGCTGGAGAACCCGCTGGACTACGGCAGCGCCTGGGCGGC
TGCGGCGGCGCAGTGCCGCTATGGGGACCTGGCGAGCCTGCATGGCGCGGGTGCAGCGGGACCCGG
TTCTGGGTCACCCTCAGCCGCCGCTTCCTCATCCTGGCACACTCTCTTCACAGCCGAAGAAGGCCAGTT
GTATGGACCGTGTGGTGGTGGTGGGGGTGGTGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCG
GCGGCGGCGGCGGCGGCGAGGCGGGAGCTGTAGCCCCCTACGGCTACACTCGGCCCCCTCAGGGGC
TGGCGGGCCAGGAAAGCGACTTCACCGCACCTGATGTGTGGTACCCTGGCGGCATGGTGAGCAGAGT
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GCCCTATCCCAGTCCCACTTGTGTCAAAAGCGAAATGGGCCCCTGGATGGATAGCTACTCCGGACCTT
ACGGGGACATGCGTTTGGAGACTGCCAGGGACCATGTTTTGCCCATTGACTATTACTTTCCACCCCAGA
AGACCTGCCTGATCTGTGGAGATGAAGCTTCTGGGTGTCACTATGGAGCTGTCACATGTGGAAGCTGC
AAGGTCTTCTTCAAAAGAGCCGCTGAAGGGAAACAGAAGTACCTGTGCGCCAGCAGAAATGATTGCA
CTATTGATAAATTCCGAAGGAAAAATTGTCCATCTTGTCGTCTTCGGAAATGTTATGAAGCAGGGATGA
CTCTGGGAGCCCGGAAGCTGAAGAAACTTGGTAATCTGAAACTACAGGAGGAAGGAGAGGCTTCCAG
CACCACCAGCCCCACTGAGGAGACAACCCAGAAGCTGACAGTGTCACACATTGAAGGCTATGAATGT
CAGCCCATCTTTCTGAATGTCCTGGAAGCCATTGAGCCAGGTGTAGTGTGTGCTGGACACGACAACAA
CCAGCCCGACTCCTTTGCAGCCTTGCTCTCTAGCCTCAATGAACTGGGAGAGAGACAGCTTGTACACG
TGGTCAAGTGGGCCAAGGCCTTGCCTGGCTTCCGCAACTTACACGTGGACGACCAGATGGCTGTCATT
CAGTACTCCTGGATGGGGCTCATGGTGTTTGCCATGGGCTGGCGATCCTTCACCAATGTCAACTCCAG
GATGCTCTACTTCGCCCCTGATCTGGTTTTCAATGAGTACCGCATGCACAAGTCCCGGATGTACAGCCA
GTGTGTCCGAATGAGGCACCTCTCTCAAGAGTTTGGATGGCTCCAAATCACCCCCCAGGAATTCCTGT
GCATGAAAGCACTGCTACTCTTCAGCATTATTCCAGTGGATGGGCTGAAAAATCAAAAATTCTTTGATG
AACTTCGAATGAACTACATCAAGGAACTCGATCGTATCATTGCATGCAAAAGAAAAAATCCCACATCC
TGCTCAAGACGCTTCTACCAGCTCACCAAGCTCCTGGACTCCGTGCAGCCTATTGCGAGAGAGCTGCA
TCAGTTCACTTTTGACCTGCTAATCAAGTCACACATGGTGAGCGTGGACTTTCCGGAAATGATGGCAGA
GATCATCTCTGTGCAAGTGCCCAAGATCCTTTCTGGGAAAGTCAAGCCCATCTATTTCCACACCCAG 
ACGCGTACGCGGCCGCTCGAG - GFP Tag – GTTTAA 
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The cloning of AR ORF in pCMV6-AC-GFP: 
 

 
 
Figure 2.1. Schematic representation of strategy of AR ORF cloning. Red font indicating the cloning site. 
The restriction site SgfI (5' G C G A T C G C 3') and MluI (5’ A C G C G T 3’) were used to clone the AR ORF. 
Top blue font indicating AR sequence of 2751bp to be cloned.  
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APPX III 
3. Staining and Imaging of the slides 

Following staining, the tissue cores were scanned with NanoZoomer-RS Scanner (Type: C10730-

02) with resolution 0.23μm/pixel (40x high resolution mode) using. The images were opened 

using NDP.view 2.3 software. 

3.1. Staining with anti-androgen receptor antibody 

Tissue cores of Grade 3+3, Grade 4+4 and Grade 4+5/5+4 on RH16, RH17, RH18 were stained 

with AR.  

 

Figure 3.1. A representation of high Gleason Grade cores stained with anti-AR antibody. 30 cores of Grade 

3+3, Grade 4+4 and Grade 4+5/5+4 on each slide stained with Ant-AR antibody to determine the 

expression of AR.  
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3.2. Staining with anti-!-catenin antibody 

 
Figure 3.2. Image of anti-β-catenin antibody stained: slides RH16, RH17 and RH18. 30 cores of Grade 3+3, 
Grade 4+4 and Grade 4+5/5+4 on each slide stained with anti-β-catenin antibody to determine the 
expression of β-catenin.  

3.3. Staining with anti-FRA antibody  

 

Figure 3.3. A representation of high Gleason Grade cores stained with anti-FRA antibody. 30 cores of 

Grade 3+3, Grade 4+4 and Grade 4+5/5+4 on each slide stained with Ant-FRA-1 antibody to determine 

the expression of FRA-1.  
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3.4. Staining with anti-TCF-1 antibody  

 

Figure 3.4. A representation of high Gleason Grade cores stained with anti-TCF-1 antibody. 30 cores of 

Grade 3+3, Grade 4+4 and Grade 4+5/5+4 on each slide stained with Ant-TCF-1 antibody to determine the 

expression of TCF-1.  

3.5. Staining with anti-PYGO2 antibody  

 
Figure 3.5. A representation of high Gleason Grade cores stained with anti-PYGO2 antibody. 30 cores of 

Grade 3+3, Grade 4+4 and Grade 4+5/5+4 on each slide stained with Ant-PYGO2 antibody to determine 

the expression of PYGOPUS2. 
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3.6. Staining with anti-Cx43 antibody  

                                                                                                      
Figure 3.6. A representation of high Gleason Grade cores stained with anti-Cx43 antibody. 30 cores of 
Grade 3+3, Grade 4+4 and Grade 4+5/5+4 on each slide stained with Ant-Cx43 antibody to determine the 
expression of Cx43. 

3.7. Binary Logistic Regression Model to identify biomarkers with improved diagnostic 

potential of NPT Grade 3+3, Grade 4+4 and Grade 4+5/5+4 for AR, β-catenin, FRA-1, PYGO2, 

TCF-1 and Cx43 

Table 3.7.1. Combination of PCa sample: NPT vs Grade 3+3 for AR, β-catenin, FRA-1, PYGO2, TCF-1 and 
Cx43 

Combination of PCa sample: NPT vs Grade 3+3 

Combination of AR and 
Wnt signalling protein 

% cases correctly classified AUC Std Error 95% CI 

AR and β-cat 91 0.93 0.06 0.7 to 0.9 
AR and FRA-1 86 0.89 0.07 0.6 to 0.9 
AR and PYGO 96 0.96 0.41 0.8 to 0.9 
AR and TCF-1 96 0.96 0.42 0.8 to 0.9 
AR and Cx43 96 0.96 0.05 0.8 to 0.9 

β-cat and FRA-1 95 0.95 0.05 0.7 to 0.9 
β-cat and PYGO2 95 0.95 0.05 0.7 to 0.9 
β-cat and TCF-1 95 0.95 0.05 0.7 to 0.9 
β-cat and Cx43 86 0.86 0.08 0.6 to 0.9 

FRA-1 and PYGO2 90 0.90 0.07 0.7 to 0.9 
FRA-1 and TCF-1 90 0.90 0.07 0.7 to 0.9 
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FRA-1 and Cx43 81 0.81 0.09 0.5 to 0.9 
PYGO2 and TCF-1 100 1.00 000 0.8 to 1.0 
PYGO2 and Cx43 92 0.92 0.06 0.7 to 0.9 
TCF-1 and Cx43 92 0.91 0.06 0.7 to 0.9 

Table 3.7.2. Combination of PCa sample: NPT vs Grade 4+4 for AR, β-catenin, FRA-1, PYGO2, TCF-1 and 
Cx43 

Combination of PCa sample: NPT vs Grade 4+4 
Combination of AR and Wnt signalling 
protein 

% cases correctly 
classified 

AUC Std 
Error 

95% CI 

AR and β-cat 92 0.92 0.05 0.7 to 0.9 
AR and FRA-1 88 0.89 0.06 0.7 to 0.9 
AR and PYGO 96 0.96 0.04 0.8 to 0.9 
AR and TCF-1 96 0.96 0.04 0.8 to 0.9 
AR and Cx43 96 0.96 0.04 0.8 to 0.9 

β-cat and FRA-1 96 0.95 0.04 0.7 to 0.9 
β-cat and PYGO2 96 0.96 0.04 0.8 to 0.9 
β-cat and TCF-1 96 0.96 0.04 0.8 to 0.9 
β-cat and Cx43 88 0.89 0.06 0.7 to 0.9 

FRA-1 and PYGO2 92 0.92 0.05 0.7 to 0.9 
FRA-1 and TCF-1 92 0.92 0.05 0.7 to 0.9 
FRA-1 and Cx43 84 0.85 0.07 0.6 to 0.9 

PYGO2 and TCF-1 100 1 0.00 0.8 to 1 
PYGO2 and Cx43 92 0.92 0.06 0.7 to 0.9 
TCF-1 and Cx43 92 0.92 0.05 0.7 to 0.9 

Table:3.7.3. Combination of PCa sample: NPT vs Grade 4+5/5+4 for AR, β-catenin, FRA-1, PYGO2, TCF-1 
and Cx43 

Combination of PCa sample: NPT vs Grade 4+5 
Combination of AR and Wnt 

signalling protein 
% Cases correctly 

classified 
AUC  

Std Error 
 

95% CI 
AR and β-cat 95 0.95 0.04 0.7 to 0.9 
AR and FRA-1 95 0.95 0.04 0.7 to 0.9 
AR and PYGO 96 0.96 0.04 0.8 to 0.9 
AR and TCF-1 88 0.90 0.06 0.7 to 0.9 
AR and Cx43 96 0.96 0.03 0.8 to 0.9 

β-cat and FRA-1 95 0.95 0.05 0.7 to 0.9 
β-cat and PYGO2 95 0.95 0.04 0.7 to 0.9 
β-cat and TCF-1 95 0.95 0.04 0.7 to 0.9 
β-cat and Cx43 86 0.87 0.08 0.6 to 0.9 
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FRA-1 and PYGO2 91 0.92 0.06 0.7 to 0.9 
FRA-1 and TCF-1 91 0.92 0.06 0.7 to 0.9 
FRA-1 and Cx43 84 0.85 0.07 0.6 to 0.9 

PYGO2 and TCF-1 100 1.00 0.00 0.8 to 1.0 
PYGO2 and Cx43 92 0.91 0.06 0.7 to 0.9 
TCF-1 and Cx43 92 0.92 0.06 0.7 to 0.9 

Table: 3.7.4. Combination of PCa sample: 3+4 vs Grade 4+4 for FRA-1, PYGO2, TCF-1 and Cx43 

Combination of PCa sample: Grade 3+3 vs Grade 4+4 
Combination of AR and Wnt 

signalling protein 
% cases correctly 

classified 
AUC  

Std Error 
 

95% CI 
FRA-1 and PYGO2 91 0.9 0.0 0.7 to 0.9 
FRA-1 and TCF-1 92 0.9 0.05 0.7 to 0.9 
FRA-1 and Cx43 84 0.85 0.07 0.6 to 0.9 

PYGO2 and TCF-1 100 1 000 0.8 to 1 
PYGO2 and Cx43 92 0.929 0.05 0.7 to 0.9 
TCF-1 and Cx43 92 0.929 0.05 0.7 to 0.9 

Table: 3.7.5. Combination of PCa sample: 3+3 vs Grade 4+5/5+4 for FRA-1, PYGO2, TCF-1 and Cx43 

Combination of PCa sample: Grade 3+3 vs Grade 4+5/5+4 

Combination of AR and Wnt 
signalling protein 

% cases correctly 
classified 

AUC Std Error 95% CI 

FRA-1 and PYGO2 91 0.923 0.06 0.7 to 0.9 
FRA-1 and TCF-1 83 0.846 0.08 0.6 to 0.9 
FRA-1 and Cx43 83 0.846 0.08 0.6 to 0.9 

PYGO2 and TCF-1 92 0.923 0.06 0.7 to 0.9 
PYGO2 and Cx43 92 0.923 0.06 0.7 to 0.9 
TCF-1 and Cx43 100 1.000 0.00 0.8 to 1.00 
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Table: 3.7.6. Combination of PCa sample: 4+4 vs Grade 4+5/5+4 for FRA-1, PYGO2, TCF-1 and Cx43 

Combination of PCa sample: Grade 4+4 vs Grade 4+5 
Combination of AR and Wnt 

signalling protein 
% cases 

correctly 
classified 

AUC  
Std Error 

 
95% CI 

FRA-1 and PYGO2 100 1 000 0.8 to 1 
FRA-1 and TCF-1 100 1 000 0.8 to 1 
FRA-1 and Cx43 100 1 000 0.8 to 1 

PYGO2 and TCF-1 100 1 000 0.8 to 1 
PYGO2 and Cx43 100 1 000 0.8 to 1 
TCF-1 and Cx43 100 1 000 0.8 to 1 
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APPX IV 

4. Expression analysis of AR and Wnt signalling pathways in non-CRPC and CRPC tissue 

4.1. Negative staining for anti-Cx43 and anti-AR antibodies 

Negative staining was performed before proceeding to antibody staining. Secondary antibody 

antibodies were checked whether they pick any virtual background. No background staining 

was observed. 

 

Figure 4.1. A Representation of negative staining for Anti-Cx43 and Anti-AR antibodies. Each of the slides 
contains 30 cores of Grade 3+3, Grade 4+4 and Grade 4+5/5+4 was stained for Cx43 and anti-AR 
antibodies. 
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4.2. AR and Wnt signalling protein expression analysis non-CRPC (castration resistant prostate 

cancer) and CRPC tissue using single label chromogenic (DAB) staining technique                          

4.2.1. Analysis of AR expression in non-CRPC and CRPC tissue using single label chromogenic 

(DAB) staining technique  

 

Figure 4.2. A Representation of non-CRPC and CRPC tissue cores stained with anti-AR antibody. Slide: RH19 
contain 41 non-CRPC tissue cores composed of 21 NPT+10 BPH+ 10 Grade 3+3 stained with Anti-AR 
antibody at 1:200 dilution (left), and 1:400 dilution (2nd from left). Slide: RH20_CRPC contains 40 cores of 
CRPC stained with Ant-AR antibody at 1:200 dilution (3rd from left) and 1:400 dilution (right). The stained 
cores were imaged and analysed for protein expression.  

4.2.2. Analysis of Cx43 expression in non-CRPC and CRPC tissue using single label chromogenic 

(DAB) staining technique 
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Figure 4.3. A Representation of non-CRPC and CRPC tissue cores stained with anti-Cx43 antibody. Slide: 
RH19 contain 41 non-CRPC tissue cores composed of 21 NPT+10 BPH+ 10 Grade 3+3 stained with anti-
Cx43 antibody at 1:1000 dilution (left). Slide: RH20_CRPC contains 40 cores of CRPC stained with Ant-Cx43 
antibody at 1:250 dilution (Right). The stained cores were imaged and analysed for protein expression.  

4.3. Expression analysis of AR and Wnt signalling protein in non-CRPC and CRPC using 

multilabel fluorescence staining technique 

The non-CRPC tissue cores on slide RH19 and CRPC tissue cores on slide RH20_CRPC were 

stained with four antibodies (namely, anti-FRA-1, anti-β-catenin, anti-AR and anti-c-MYC 

antibodies) for Wnt and AR signalling proteins namely, FRA-1, β-catenin, AR and c-MYC 

expression.  

 

Figure 4.4. A representation of non-CRPC and CRPC cores on slide: RH19 and RH20_CRPC stained with 
anti-FRA-1, anti-β-catenin, anti-AR and anti-c-MYC antibodies for FRA-1, β-catenin, AR, c-MYC, 
respectively, expression. The fluorophores tagged with TSA (Tyramide Signal Amplification) namely, Tyr-
Alexa 405, Tyr-FITC, Tyr-Cy3 and Tyr-Cy5 were used to visualise FRA-1, β-catenin, AR, c-MYC protein 
respectively in non-CRPC and CRPC tissue. Following imaged with AxioScan, protein expression and co-
localization were analysed. 

4.3.1. Fluorescence imaging of antibodies FRA-1, β-catenin, AR and c-MYC signal 

Image of each core of RH19 and RH20 were obtained using Zeiss Axioscan Z.1 slide scanner (Carl 

Zeiss) at 20x magnification (Arya et al., 2015). The fluorescent signals were optimised prior to 

conducting Axioscan to avoid oversaturation of signal faint for each antibody. For a standardized 

comparison, the power of Calibri.2 LED lights and integration times of the Hamamatsu ORCA 
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Flash4 camera (Hamamatsu Photonics) were kept constants for all samples. The imaging of the 

slides was carried out at the same time sequentially with identical image acquisition settings. 

Montages of each core were automatically generated and accumulated from multiple 2048x2048 

pixel with 16 bit gray level which were compiled locally on the acquisition computer. The images 

were then segregated categorically. 

4.3.2. AxioScan image of normal prostate tissue cores 

Image of each individual tissue core was indexed according to its configuration on the tissue array 

on the slide along with identification of the histological pattern of the NPT, BPH (benign Prostatic 

Hyperplasia and Grade 3+3) (Chap-4, Sec. 4.4.2.2). 

 
Figure 4.5. A representation of NPT cores used in this study. The tissue cores on the RH19 slide were 
stained with TSA tagged four fluorophores namely, Tyr-Alexa-405, -FITC, -Cy3, and -Cy5 for FRA-1, β-
Catenin, AR and c-MYC respectively and imaged using Zeiss AxioScan Z1 slide scanner. The displayed 
image of cores is composite (overlay of four fluorophores).  
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4.3.3. AxioScan image of BPH cores 
 

 
Figure 4.6. A representation of BPHe cores used in this study. The tissue cores on the RH19 slide were 
stained with TSA tagged four fluorophores namely, Tyr-Alexa-405, -FITC, -Cy3, and -Cy5 for FRA-1, β-
Catenin, AR and c-MYC respectively and imaged using Zeiss AxioScan Z1 slide scanner. The displayed image 
of cores is composite (overlay of four fluorophores). 
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4.3.4. AxioScan image of Grade 3+3 cores 
 

 
Figure 4.7. A representation of Grade 3+3 cores used in this study. The tissue cores on the RH19 slide were 
stained with TSA tagged four fluorophores namely, Tyr-Alexa-405, -FITC, -Cy3, and -Cy5 for FRA-1, β-
Catenin, AR and c-MYC respectively and imaged using Zeiss AxioScan Z1 slide scanner. The displayed image 
of cores is composite (overlay oof four fluorophores). 
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4.3.5. Four antibodies stained individual CRPC tissue cores obtained from RH20_CRPC slide 
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Fig 4.8. A representation of CRPC cores used in this study. The tissue cores on the RH20_CRPC slide were 
stained with TSA tagged four fluorophores namely, Tyr-Alexa-405, -FITC, -Cy3, and -Cy5 for FRA-1, β-
Catenin, AR and c-MYC respectively and imaged using Zeiss AxioScan Z1 slide scanner. The displayed image 
of cores is composite (overlay of four fluorophores). 
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APPX V 
 
5. Analysis of expression and interaction of AR and Wnt signalling proteins in PCa cells 

5.1. Expression analysis of AR and Wnt signalling proteins in DHT treated LnCAP cells 
 
Three independent experiments were performed to observe the translocation of AR and Wnt 

signalling target proteins in DHT treated LnCAP cell. 

5.1.1. Experiment-1 

LnCAP cell was treated with DHT at recommended dilution (Chap-2, Table 5.1). AR, AR (N-ter) 

and β-catenin translocation were observed.  
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Figure 5.1. A representative WB image showing of multiple use of single PVDF membrane for staining of 
AR, AR (N-ter), β-catenin and Cx31. 15μg of fractionated protein of LnCAP cells (±DHT) was loaded onto 
gel, such as cytosolic protein loaded into lane 2 and 3, membrane protein into lane 5 and 6 and nuclear 
protein in lane 8 and 9. 6μl of Colour Prestained Protein standard, Broad Range (Cat: P7719, NEB) was 
loaded into lane 1, 4, 7 and 10. The PVDF membrane was cut into two strips of 250 to 57 kDa and 57 to 
10kDa and incubated with anti-Lamin A and anti-β actin antibody. Following capturing image with GelDoc 
system (BioRad), the membranes were stripped off with “RestoreTM PLUS Western Blot Stripping buffer 
(Cat: 46430, Thermo Scientific).  The membranes were reprobed with anti-AR, anti-AR (N-ter) and anti-β-
catenin and anti-Cx31 antibodies sequentially.  

5.1.2. Experiment-2  

LnCAP cell of different batch and passage was treated with DHT at recommended dilution (Table 

5.1). AR, AR (N-ter) and β-catenin translocation were observed (Fig. 5.2). The stained main PVDF 

membranes are displayed below: 

 
a. Main PVDF membrane  
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Figure 5.2. A representative WB image for the translocation of AR, AR (N-ter) and β-catenin into nucleus 
in LnCAP cells treated with DHT. Figure description in details is given in previous section (Sec. 5.1.1, Fig. 
5.1). a. The WB images of a single membrane stained with multiple antibodies namely, anti AR, anti AR 
(N-ter), anti β-catenin and anti-Cx31 antibodies sequentially (Chap-II, Sec. 2.3.4.5). AR, AR (N-ter), β-
catenin and Cx31 were translocated into nucleus showed in figs: B, C, D and E respectively in LnCAP cell 
(±DHT) 
 
5.1.3. Experiment-3 

LnCAP cell of different batch and passage was treated with DHT at recommended dilution (Chap-

V, Table 5.1). AR, AR (N-ter) and β-catenin translocation were observed (Appx. Fig. 5.3).  
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a. The main PVDF membrane 
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Figure 5.3. A representative WB image for translocation of AR, AR (N-ter) and β-catenin into nucleus in 
LnCAP cells treated with DHT. Figure description in details is given previously (Fig. 5.2). a. A multiple 
antibodies staining of a PVDF membrane is showing band intensity of protein expression. B: WB showing 
intensity of Band indicating level of protein expression.  The intensity of bands was quantitated with 
ImageJ and the results were used to construct bar graph indicating redistribution of AR, AR (N-ter), β-
catenin and Cx31 showed in figs: B, C, D and E respectively, in cytosol, membrane and nucleus in LnCAP 
cell (±DHT) 
 
5.2. Analysis of translocation of AR and Wnt signalling proteins in Wnt3A treated LnCAP cells 

5.2.1. Optimization experiment 

An optimization experiment was performed with lower concentration of Wnt3A (5nM) which 

showed β-catenin was translocated (Appx. Fig. 5.4). AR was not translocated. 



464 
 

A. Main PVDF membrane 

 
 
B. WB image  
 

 
Figure 5.4.  A representative WB image for the translocation of β-catenin into nucleus in LnCAP cells 
treated with Wnt3A. Figure description in details are given previously (Appx. Fig. 5.2). A. showing the 
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multiple antibodies staining of a single membrane. B WB showing intensity of Band indicating level of 
protein expression in LnCAP cells treated with Wnt3A. 

5.2.2. Experiment-1 

LnCAP cell was treated with Wnt3A at recommended dilution (Table 5.1). The result showed 

AR, AR (N-ter) and β-catenin translocation into nucleus was observed.  

A. Western blot image of main PVDF membrane 
 

 

Figure 5.5. A representative WB image for the translocation of AR, AR (N-ter) and β-catenin and Cx31 
into nucleus in LnCAP cells treated with Wnt3A. Figure description in details are given (Appx. Fig. 5.2).  
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5.2.3. Experiment-2 
 
LnCAP cell was treated with Wnt3A at recommended dilution (Table 5.1). The result showed the 

translocation of AR, AR (N-ter) and β-catenin into nucleus in LnCAP cell treated with Wnt3A.  

a. The main PVDF membrane 
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Figure 5.6. A representation of WB displaying translocation of AR, AR (N-ter) and β-catenin  and Cx31 into 
nucleus in LnCAP cells treated with Wnt3A. a. The main PVDF membrane showed the expression of 4 
proteins along with marker proteins Lamin A (Nuclear marker protein), β-actin (loading control). Antibody 
for Cx43 did not produce any band indicating absence of Cx43 protein in LnCAP cells.  The selective parts 
(protein bands) of main PVDF were used to construct the image indicated with A.  The intensity of bands 
was quantitated with ImageJ. B, C, D and E displaying the comparative expression of AR, AR (N-ter), β-
catenin and Cx31 respectively, in cytosol, membrane and nucleus in LnCAP cell (±Wnt3A) 
 

5.2.4. Experiment-3 

LnCAP cell was treated with Wnt3A at recommended dilution (Table 5.1). The result showed AR, 

AR (N-ter) and β-catenin translocation into nucleus was observed.  
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a. Western blot image of main PVDF membrane 
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Figure 5.7. A representative WB image for translocation of AR, AR (N-ter) and β-catenin and Cx31 into 
nucleus in LnCAP cells treated with Wnt3A. a. The main PVDF membrane shows the expression of 4 
proteins along with marker protein Lamin A (Nuclear marker protein) and β-actin (loading control). 
Antibody for Cx43 did not produce any band indicating absence of Cx43 protein in LnCAP cells.  The 
selective parts (protein bands) of main PVDF were used to construct the image indicated with A.  The 
intensity of bands was quantitated with ImageJ which showed redistribution of AR, AR (N-ter) and β-
catenin and Cx31 across   cytosol, membrane and nucleus showed in B, C, D and E respectively, in LnCAP 
cell (±Wnt3A). 
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5.3. Analysis of translocation of AR and Wnt signalling proteins in Wnt5A treated LnCAP cells 

5.3.1. Optimization 

An optimization experiment was performed with lower concentration of Wnt5A (5 nM) which 

showed AR was only translocated (Appx. Fig. 5.8) into nucleus. β-catenin was not translocated. 

Cx43 antibody did not produce any band. 

A. Western blot image of main PVDF membrane 
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B. WB image 
 

 
 
Figure 5.8. A representative WB image for translocation of AR in LnCAP cells treated with Wnt5A. Figure 
description in details is given previously (Appx. Fig. 5.2). A. The main PVDF membrane stained with  five 

antibodies for AR, β-catenin, β-actin!"#$!%"&'#!( sequentially (Chap-II, Sec. 2.3.4). B WB shows intensity 

of Bands indicating level of protein expression in LnCAP cells treated with Wnt5A. 

5.3.2. Experiment-1 

LnCAP cell was treated with Wnt5A at recommended dilution (Table 5.1). The result showed that 

AR, AR (N-ter), β-catenin and Cx31 were translocated into nucleus.  
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A. Western blot image of main PVDF membrane 

 
 
Figure 5.9. A representation of WB for displaying translocation of  AR, AR (N-ter), β-catenin and Cx31 into 
nucleus in LnCAP cells treated with Wnt5A. Figure description in details is given in early figure (Appx. Fig. 
5.2). 

5.3.3. Experiment-2  

LnCAP cell was treated with Wnt5A at recommended dilution (Table 5.1). The result showed that 

AR, AR (N-ter) and β-catenin were translocated into nucleus.  
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a. Western blot image of main PVDF membrane 
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Figure 5.10. A representative WB image for translocation of AR, AR (N-ter) and β-catenin and Cx31 into 
nucleus in LnCAP cells treated with Wnt5A. a. Shows the multiple antibodies staining of a single PVDF 
membrane. A.  WB shows intensity of bands indicating level of protein expression.  The intensity of bands 
was quantitated with ImageJ. B, C, D and E showed redistribution of AR, AR (N-ter), β-catenin and Cx31 
respectively, in cytosol, membrane and nucleus in LnCAP cell (±Wnt5A). 

5.3.4. Experiment-3 

LnCAP cell was treated with Wnt5A at recommended dilution (Table 5.1). The result showed 

that AR, AR (N-ter), β-catenin and Cx31 were translocated into nucleus.  

a. Western blot image of main PVDF membrane 
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Figure 5.11. A representative WB image for translocation of AR, AR (N-ter) and β-catenin  and Cx31 into 
nucleus in LnCAP cells treated with Wnt5A.  a. Shows the multiple antibodies staining of a single 
membrane. A.  WB showing intensity of Band indicating level of protein expression.  The intensity of bands 
was quantitated with ImageJ. B, C, D and E are displaying translocation of AR, AR (N-ter), β-catenin and 
Cx31 into nucleus in LnCAP cell (±Wnt5A) 

5.3.5. Experiment-4  

LnCAP cell was treated with Wnt5A at recommended dilution (Table 5.1). The result showed that 

AR, AR (N-ter) and β-catenin were translocated into nucleus. Cx43 antibody did give any band. 
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a. Western blot image of main PVDF membrane 

 
 

 
Figure 5.12. A representative WB image for translocation of AR, AR (N-ter) and β-catenin and Cx31 into 
nucleus in LnCAP cells treated with Wnt5A. a. Shows the multiple antibodies staining of a single 
membrane. A.  WB are showing intensity of Band indicating level of protein expression.  The intensity of 
bands was quantitated with ImageJ. B, C, D and E are displaying the redistribution of AR, AR (N-ter), β-
catenin and Cx31 respectively, in cytosol, membrane and nucleus in LnCAP cell (±Wnt5A) 
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5.4. Analysis of translocation of AR and Wnt signalling proteins in Wnt9B treated LnCAP cells 

5.4.1. Optimization 

An optimization experiment was performed with lower concentration of Wnt9b (5nM) which 

showed AR was only translocated (Appx. Fig. 5.13). β-catenin was not translocated. Cx43 did 

not show any band in LnCAP cell. 

A. Western blot image of main PVDF membrane 
 

 
 
B. WB image 
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Figure 5.13. A representative WB image for translocation of AR in LnCAP cells treated with Wnt9B. A. 
Shows the multiple antibodies staining of a single PVDF membrane. B WB is showing intensity of Band 
indicating level of protein expression in LnCAP cells treated with Wnt9B. 

5.4.2. Experiment-1 

LnCAP cell was treated with Wnt9B at recommended dilution (Table 5.1). The result showed that 

AR, AR (N-ter), β-catenin and Cx31 were translocated into nucleus.  

a. Western blot image of main PVDF membrane 

 
 
Figure 5.14.  A representative WB image for translocation of AR, AR (N-ter), β-catenin and Cx31 into 
nucleus in LnCAP cells treated with Wnt9B. A. The stained PVDF is showing the translocation of AR, AR (N-
ter), β-catenin and Cx31 into nucleus in LnCAP cells treated with Wnt9B. Lamin A is a nuclear 
marker protein and β-actin and GAPDH are loading control. 
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5.4.3. Experiment-2 

A repeat experiment of LnCAP cell treated with Wnt9B at recommended dilution (Table 5.1) 

showed that AR, AR (N-ter), β-catenin and Cx31 were translocated into nucleus.  

a. Western blot image of main PVDF membrane 
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Figure 5.15. A representative WB image for translocation of AR, AR (N-ter) and β-catenin and Cx31 into 
nucleus in LnCAP cells treated with Wnt9B. a. The main PVDF membrane shows the expression of 4 
proteins along with marker proteins Lamin A (Nuclear marker protein) and β-actin (loading control). 
Antibody for Cx43 did not produce any band, indicating absence of Cx43 protein in LnCAP cells.  The 
selective parts (protein bands) of main PVDF were used to construct the image indicated with A.  The 
intensity of bands was quantitated with ImageJ which showed redistribution of AR, AR (N-ter) and β-
catenin and Cx31 across   cytosol, membrane and nucleus showed in B, C, D and E respectively, in LnCAP 
cell (±Wnt9B). 

5.4.4. Experiment-3 

LnCAP cell was treated with Wnt9B at recommended dilution (Table 5.1). The result showed that 

AR, AR (N-ter) and β-catenin were translocated into nucleus.  

a. Western blot image of main PVDF membrane 
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Figure 5.16. A representative WB image for translocation of AR, AR (N-ter) and β-catenin into nucleus in 
LnCAP cells treated with Wnt9B.  a. A multiple stained PVDF membrane shows the proteins indicating 
expression of the corresponding proteins. Following quantitation, the bar graph was constructed which 
shows translocation of AR, AR (N-ter) and β-catenin in nucleus in LnCAP (±Wnt9B) cells showed in graphs 
B, C and D respectively. 

5.5. Analysis of translocation of Wnt signalling protein in PC3 cell  

PC3 cell was treated with Wnt9B at recommended dilution (Table 5.1). The result showed that β-

catenin and Cx43 were translocated into nucleus.  
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Figure 5.17. A representative WB image for translocation of β-catenin and Cx43 into nucleus in PC3 cells 
treated with Wnt9B.  The image is showing the multiple antibodies staining of a single membrane 
indicating translocation of β-catenin and Cx43. AR did not show any band, indicating absence AR protein 
in PC3 cells.   
 
5.6. Analysis of translocation of Wnt signalling proteins in DHT treated PC3 cell 

5.6.1. Experiment-1                                                                                                                                                     

PC3 cells were treated with DHT at recommended dilution (Table 5.1). The result showed that β-

catenin  and Cx43 translocation into nucleus were inhibited. 
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Figure 5.18: A representative WB image for of translocation of β-catenin and Cx43 into nucleus in PC3 
cells treated with DHT.  A. 15μg of fractionated protein of PC3 cells (±DHT) was loaded onto gels, such as 
cytosolic protein loaded in lane 2, 3 and 4, membrane protein in lane 6, 7 and 8, and nuclear protein in 
lane 8, 10 and 11. The resulting shows the inhibition of translocation of β-catenin and Cx43 into nucleus 
in PC3 (±DHT) cells. 

5.6.2. Experiment-2 

A repeat experiment was performed of PC3 cells treated with DHT at recommended dilution 

(Table 5.1). The result showed that β-catenin and Cx43 translocated into nucleus were inhibited. 

a. Western blot image of main PVDF membrane 
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Figure 5.19: A representative WB image for inhibition of translocation of β-catenin and Cx43 into nucleus 
in PC3 cells treated with DHT. a. A PVDF membrane stained with six antibodies. The bands of the 
antibodies were cropped and construct the image A.  Following quantitation with ImageJ, bar graph for β-
catenin and Cx43 were made showed in B and C respectively. This indicated inhibition of β-catenin and 
Cx43 into nucleus in DHT treated PC3 cells. AR expression was not observed. 
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5.7. Analysis of translocation of Wnt signalling protein in DHT and Wnt9B treated PC3 cell 
 
5.7.1. Experiment-1 

PC3 cell was treated with DHT and Wnt9B at recommended dilution (Table 5.1). Wnt9B treatment 

to DHT treated PC3 cells showed the translocation of β-catenin and Cx43 into nucleus. 

 
 
Figure 5.20: A representation of WB displaying the translocation of β-catenin and Cx43 into nucleus in PC3 
cells treated with DHT followed by Wnt9B treatment. The image is displaying the PVDF membrane stained 
with multiple 4 antibodies indicating  their corresponding protein expression namely β-catenin and Cx43.  
 
5.7.2. Experiment-2  

PC3 cell was treated with DHT followed by Wnt9B at recommended dilution (Table 5.1). The 

result showed that β-catenin and Cx43 translocated into nucleus. This indicates effect of DHT 

treatment was altered. 
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a. The main stained PVDF membrane 
 

 
 

 
Figure 5.21: A representative WB image for inhibition and translocation of β-catenin and Cx43  into 
nucleus in PC3 cells treated with DHT or DHT followed by Wnt9B treatment.  Figure description in details 
is given previously (Chap-V, Fig. 5.10). a. The image indicates the multiple antibodies staining of a single 
membrane. A. WB shows intensity of bands indicating level of protein expression.  The intensity of bands 
was quantitated with ImageJ. B and C displaying the comparative expression of β-catenin and Cx43 
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respectively, in cytosol, membrane and nucleus in PC3  cell (+DHT) for B and  +DHT followed by application 
of   Wnt9B showed in C. 

5.8. Analysis of translocation of AR and Wnt signalling proteins in PC3 and PC3(AR+) and 

PC3(AR+) +DHT 

PC3 cells were transfected with AR and treated with DHT to observe the translocation of AR, β-

catenin and Cx43. The result showed that AR, β-catenin and Cx43 were translocated 

 
 

 
 
Figure 5.22: A representative WB image for translocation of AR, β-catenin and Cx43 into nucleus in PC3(AR+) 
and PC3(AR+) +DHT. Figure description is given previously (Chap-V, Fig. 5.12).  The image indicating the 
multiple antibodies stained single membrane.  
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5.9. Analysis of translocation of AR and Wnt signalling proteins in PC3 and PC3(AR+) and 

PC3(AR+) +Wnt9B 

5.9.1. Experiment-1 

PC3 cells were transfected with AR and treated with Wnt9B to observe the translocation of AR, 

β-catenin and Cx43. The result showed that AR, β-catenin and Cx43 were translocated. 

 
 

 
 
Figure 5.23: A representative WB image for translocation of AR, β-catenin and Cx43 into nucleus in PC3(AR+) 
and PC3(AR+) +Wnt9B. Figure description is given previously (Chap-V, Fig. 5.13).  The image indicating the 
multiple antibodies stained single membrane.  
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5.9.2. Experiment-2 

PC3 cells were transfected with AR and treated with Wnt9B to observe the translocation of AR, 

β-catenin and Cx43. The result showed that AR, β-catenin and Cx43 were translocated 

a. The main stained PVDF membrane 
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Figure 5.24: A representative WB image for translocation of AR, β-catenin and Cx43  into nucleus in PC3(AR+) 
and PC3(AR+) +Wnt9B. a. The image indicates the multiple antibodies stained single PVDF membrane. A.  
WB shows intensity of bands indicating level of protein expression.  The intensity of bands was quantitated 
with ImageJ followed by construction of bar graphs for AR, β-catenin and Cx43  showed in B, C and D 
respectively.   
 
5.9.3. Experiment-3 

PC3 cell were transfected with AR and treated with Wnt9B to observe the translocation of AR, β-

catenin and Cx43. The result showed that AR, β-catenin and Cx43 were translocated 
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Figure 5.25: A representative WB image for translocation of AR, β-catenin and Cx43  into nucleus in PC3(AR+) 
and PC3(AR+) +Wnt9B cells.  a. A sequential staining of the PVDF membrane with multiple antibodies shows 
the expression of AR, β-catenin and Cx43. Each of the proteins bands was used to construct the image A, 
which were used to quantitate the intensity of proteins expression using ImageJ. The results were used to 
construct the bar graph B, C and D for AR, β-catenin and Cx43, respectively, which indicates the 
translocation of AR, β-catenin and Cx43 into nucleus in PC3(AR+) and PC3(AR+) +Wnt9B cells. 
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5.10. Analysis of Expression of AR and Wnt signalling proteins in LnCAP cells treated DHT 

5.10.1. Experiment-1: LnCAP cells were treated with DHT to study the expression of AR and 

Wnt signalling proteins 

 
 
Figure 5.26: A representative WB image for the expression of AR, β-catenin, TMPRSS2, PSA, GSK-3β, 
Nkx3.1. The main PVDF membrane was used in multiple occasions to stain with Anti-AR antibody, anti-β-
catenin antibody, anti-PSA antibody, anti-TMPRSS2 antibody, anti-Nkx3.1. The bar graph for the 
measurement of the expression of the proteins were incorporated in Chap-V (Fig. 5.19) 
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5.10.2. Experiment-2: LnCAP cells were treated with DHT to study the expression of AR and 

Wnt signalling proteins 

 
a. The main stained PVDF membrane 
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Figure 5.27: Representation of WB displaying the expression of AR, β-catenin, TMPRSS2, PSA, Nkx3.1 and 
GSK-3β. The main PVDF membrane was used to stain with Anti-AR antibody, anti-β-catenin antibody, 
antibody, anti-PSA antibody, anti-TMPRSS2 antibody, anti-Nkx3.1 and anti-phospho-GSK-3β antibodies.  
a. The main PVDF membrane shows the expression of AR, β-catenin, TMPRSS2, PSA, Nkx3.1 and GSK-3β 
proteins. The protein expression was measured and constructed the bar graphs B, C, D, E, F and G for AR, 
β-catenin, PSA, Nkx3.1, TMPRSS2 and GSK-3β respectively.   

5.10.3. Experiment-3: LnCAP cells were treated with DHT to study the expression of AR and 

Wnt signalling proteins.  

The main stained PVDF membrane 
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Figure 5.28: A representative WB image for the expression of AR, β-catenin, β-actin, TMPRSS2, PSA, Nkx3.1 
and GSK-3β. The main PVDF membrane was used to stain with Anti-AR, -β-actin, -β-catenin, -PSA, -
TMPRSS2, -Nkx3.1 and -phospho-GSK-3β antibodies.  a. The main PVDF membrane shows the expression 
of AR, β-catenin, β-actin, TMPRSS2, PSA, Nkx3.1 and GSK-3β proteins. The protein expression was 
measured and constructed the bar graphs B, C, D, E, F, G and H for β-actin, AR, β-catenin, Nkx3.1, 
TMPRSS2, GSK-3β and PSA respectively.   
            
5.11. Analysis of Expression of Wnt signalling protein in PC3 cells treated Wnt9B 

5.11.1. Experiment-1 

PC3 cells were treated with Wnt9B to study the effects of Wnt9B on expression of Wnt 

signalling proteins. 

 
 
Figure 5.29. Representation of WB displaying the effect of Wnt9B on the expression of Wnt signalling 
proteins in PC3 cells. a. The PVDF membrane shows the expression of β-catenin, Cx43, TMPRSS2, β-actin, 
GAPDH was used to stain with multiple antibodies.  
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5.11.2. Experiment-2 

PC3 cells were treated with Wnt9B to study the effect of Wnt9B on expression of Wnt signalling 
proteins 
 
a. The antibody stained PVDF membrane 
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Figure 5.30. A representative WB image for the effect of Wnt9B on the expression of Wnt signalling 
proteins in PC3 cells. a. The PVDF membrane shows the expression of β-catenin, β-actin, c-MYC, Cx43, 
TMPRSS2. The protein bands were excised and produced the image A. Following quantitation of the 
intensity of the bands, the bar graphs B, C, D, E, F and G were constructed to illustrate the expression of 
β-actin, β-catenin, c-MYC, Cx43, TMPRSS2, GAPDH respectively.  
 

5.11.3. Experiment-3 

PC3 cells were treated with Wnt9B to study the effect of Wnt9B on expression of Wnt signalling 
proteins 
 

 
Figure 5.31. Representation of WB displaying the effect of Wnt9B on the expression of Wnt signalling 
proteins in PC3 cells. A. WB images shows the bands of β-actin, β-catenin, Cx43 and c-MYC which were 
measured and constructed bar graphs B, C, D and E to illustrate the expression of  β-actin, β-catenin, Cx43 
and c-MYC respectively. 
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The PVDF membrane was used for multiple staining sequentially with multiple antibodies. A. WB 

showing intensity of Band indicating level of protein expression.  

5.12. Normalisation of translocation of AR, AR (N-ter), β-catenin and Cx31 into nucleus in LnCAP 
cells using β-actin 

5.12.1. Expression of !"#$%&'( &'()*%+,+-.(/0/12#'0(#'3('4$-04,( &'(567(%20#%03(8')9:(

$0--,(
LnCAP cells were treated with DHT at recommended dilution (Chap-5, Table 5.1). The 

representative WB image (Fig. 5.32) shows the expression of β-actin of three independent 

experiments showed in Appx.5.1. β-actin is appeared slightly increased in nucleus. DHT might 

have also affected the redistribution of β-actin. The redistribution of β-actin by androgen was 

described in a review paper (Stournaras et al., 2014). 

 

 
 
Figure 5.32. A representative WB image for the expression of β-actin in cytosol, membrane and nucleus 
in LnCAP cells treated with DHT.  

5.12.2. Expression of β-actin in Cytosol, membrane and nucleus in Wnt3A treated LnCAP cells 

LnCAP cell were treated with Wnt3A at recommended dilution (Chap-5, Table 5.1). The 

representative WB image (Fig. 5.33) shows the expression of β-actin of three independent 

experiments showed in Appx.5.1. β-actin expression was not changed in nucleus following 

treatment with Wnt3A, indicating same amount of protein was loaded. 

(
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(
Figure 5.33. A representative WB image for the expression of β-actin in cytosol, membrane and nucleus 
in LnCAP cells treated with Wnt3A.  

5.12.3. Expression of β-actin in Cytosol, membrane and nucleus in Wnt5A treated LnCAP cells 

LnCAP cells were treated with Wnt5A at recommended dilution (Chap-5, Table 5.1). The 

representative WB image (Fig. 3.34) shows the expression of β-actin of three independent 

experiments showed in Appx.5.1. β-actin expression was not changed in nucleus following 

treatment with Wnt5A, indicating same amount of protein was loaded. 

 

 

 
Figure 5.34. A representative WB image for the expression of β-actin in cytosol, membrane and nucleus 
in LnCAP cells treated with Wnt5A.  

5.12.4. Expression of β-actin in Cytosol, membrane and nucleus in Wnt9B treated LnCAP cells 

LnCAP cells were treated with Wnt9B at recommended dilution (Chap-5, Table 5.1). The 

representative WB image (Fig. 5.35) shows the expression of β-actin of three independent 

experiments showed in Appx.5.1. β-actin expression was not changed in nucleus following 

treatment with Wnt9B, indicating same amount of protein was loaded. 
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(
Figure 5.35. A representative WB image for the expression of β-actin in cytosol, membrane and nucleus 
in LnCAP cells treated with Wnt9B.  

5.13. PCa cell lines  

There are more PCa cell line normally used in research field.  

5.13.1. The original PCa cell lines derived from primary tumours 

DU145 cell line 

The DU145 cells were the first PCa cell line, isolated from a brain metastatic prostate tumour of 

a 69-year-old man in 1975 (Mickey et al., 1977). Some of the cytokeratins such as CK-7, CK-8, CK-

18 and CK-19 are expressed in DU145, where CK-5, CK14 and CK-20 are not expressed. 

Meanwhile, later studies showed DU145 also express CK-5. The expression of PAP is low, but AR 

and PSA mRNA and proteins are not expressed in DU145. Since the majority of prostate tumours 

express AR,  these cells do not trustfully mimic the disease (Li et al., 2008).  

1013L 

This cell line was derived from primary prostate tumour in 1978 (Williams et al., 1978 and 

Williams and RD, 1980). These cells do not grow as a monolayer, grow as a small spheroids in 

stationary suspension cultures (Billström et al., 1995), do not express AR, PSA and urokinase type 

PA (Hartley-Asp et al., 1989). 

E006AA  

This cell line is pure epithelial cell line was developed from a 50-year-old African-American (AA) 

tissue in 2004 which had undergone a radical retropubic prostatectomy for clinically localised 
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PCa treatment (Koochekpour et al., 2004). The cells express cytokeratin-8, cytokeratin-18, Met 

proto-oncogene receptor and AR, but low in PSA mRNA expression. 

RC-77T/E  

This cell line was generated in 2010 from a radical prostatectomy received from a 63-year-old AA 

patient (Theodore et al., 2010), who had clinical stage T3c adenocarcinoma that was poorly 

differentiated (Gleason score, 7). These cells show androgen-regulated prostate-specific 

homeobox gene NKX 3.1, epithelial cell-specific cytokeratin-8, AR, PSA and p16. 

5.13.2. Original PCa cell lines originated from Xenograft tumours 

LuCAP cell line 

This cell line was originated from xenograft tumours obtained from a 63-year-old white man 

suffering from DI prostate adenocarcinoma at autopsy (Ellis et al., 1996). This cell line has 3 

sublines which were isolated from different metastases sites in this patient. The three sublines 

are LuCaP23.1 and 23.8 isolated from lymph node metastases and LuCAP 23.12 from liver 

metastases. PSA is highly expressed in these cell lines. Administering of ADT decreases PSA 

expression and size of xenograft tumour. 

LAPC-4 

This cell line was originated in 1997 from xenograft model which was the result of a series of 

subcutaneous xenografting of cells of a femoral PCa metastasis formed in a patient undergoing 

ADT (Klein et al., 1997). The cell expresses WT AR and PSA. LAPC-4 cells are used as AR-posotive 

PCa cells (Su et al., 2017 and Masko et al., 2017). 

22Rv1 cell line 

This cell line is representative of prostate carcinoma which was isolated in 1999 from the 

xenograft CWR22R which was obtained from a patient suffering from bone metastasis (Klein et 

al., 1997). The 22Rv1 cells are normally derived by plating on irradiated feeder cells followed by 

trypsinisation, isolation via CD44 staining. Two consecutive regrowths on feeder cells allow for 

the isolation of this cell line. The become double from 35-40 hours. It expresses AR and PSA 
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mRNA and AR proteins but not PSA protein. This cell is EGF sensitive but not inhibited by TGF-β. 

This cell expresses WT PTEN (Su et al., 2017; Masko et al., 2017 and Sramkoski et al., 1999). 

VCAP cell line                                                                                                                                                                                      

This cell line was first originated in 2001 from a vertebral metastatic lesion utilizing a 
procurement team designed to implement “warm” autopsies (Navone et al., 2000; Ellis et al., 
1996). This cell line is androgen sensitive and expresses WT AR and PSA mRNA as well as protein. 
 
KUCAP cell line 

The cell line was produced in 2005 from the autopsy of a liver metastasis sample collected from 

a Japanese 64-year-old male patient who died due to CRPC (Yoshida et al., 2005). The cell 

expresses AR with a W741L point mutation which is also present in ligand-binding domain in 

cancerous tissue used for production of KUCAP cells. 

PC346 

The cell was extracted from the PC346 xenograft tumour generated from a primary prostate 

tumour transurethral resection (Marques et al., 2006). It is androgen responsive and grows slowly 

in a steroid-stripped medium (Marques et al., 2006). 
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