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Abstract 

Biomarkers detected in liquid biopsy (such as circulating tumour cells, CTCs) demonstrate 

high concordance with biomarkers detected in conventional tissue biopsy. Prostate cancer, 

when metastatic, is treated with androgen deprivation therapy (ADT).  However, resistance to 

ADT evolves into a clinical state referred to as castrate resistant prostate cancer (CRPC), in 

which increased, abnormal, androgen receptor (AR) signalling through changed AR structures 

(amplification, point mutations or variant expression) occurs. Although CRPC also facilitates 

development of other, complex signalling pathways that promote cell survival, our hypothesis 

is that the abnormal AR signalling is tightly linked to PTEN/AKT and Hippo/YAP pathways 

that contribute to the oncogenic driver role that confers ADT resistance.  

This PhD project aims to evaluate the role of AR, PTEN, and Hippo driver pathways in CRPC 

through analysis of CTCs, which have become important biological correlates and sources to 

study tumour biology in prostate cancer. The main focus was on the AR splice variant 7 (AR-

V7), a promising predictive and prognostic CRPC biomarker.  

Outcomes: 

• Initially a comprehensive literature review indicated a likely triangular relationship 

between AR/AR-V7, the PTEN/AKT signalling pathway and the Hippo/YAP pathway 

in CRPC. This is summarized in the Introduction chapter (and is in parts published ([1], 

attachment 1). Thus, demonstrating the linkage of these pathways through multiplex 

staining of CTCs for markers of these pathways became a goal of this project. 

• This was followed by systematic review to evaluate whether there was sufficient 

evidence in the current literature to support the concept of ARV7 within liquid biopsies 

as an important clinical (prognostic and predictive) biomarker of CRPC. An extensive 
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meta-analysis (Chapter 3, published in Frontiers in Oncology [2], attachment 2) 

confirmed that liquid biopsy-based detectable AR-V7 significantly associates with 

worse overall survival (OS), progression free survival (PFS), PSA-PFS in general and 

in the context of specific therapy. Thus, we can conclude that AR-V7 is an important 

biomarker that is useful in guiding therapy and to potentially stratify patients for clinical 

trials. 

• Our team had previously developed the most sensitive method in the world to detect 

AR-V7 transcript in CTCs. Here we aimed to add analysis of AR-V7 protein in CTCs. 

While there are 7 commercial antibodies in theory capable of selective AR-V7 

detection, our initial observation of antibody binding to AR-V7 negative cells suggested 

that a thorough comparison of all available anti-AR-V7 antibodies was needed. The 

work in Chapter 4 (corresponding manuscript under revision with the journal Scientific 

Reports (attachment 3)) is based on identifying the best anti-AR-V7 antibody [clone 

E308L] to detect AR-V7 by immunocytostaining; we found that the number of CRPC 

CTCs detected varies considerably, depending on the antibody used in the 

methodology. 

• Chapter 5 summarises integral steps of method development, such as CTC enrichment, 

CTC immobilization to optical surfaces (slides, glass bottom plates) for extensive 

multiplex immunocytostaining analysis (“proteomic microscopy”), and optimisation of 

a range of antibodies to detect relevant biomarkers in cultured cells (and ultimately 

CTCs).  

The overall outcomes of this PhD project were to (i) investigate the role of AR, PTEN, and 

Hippo pathways implicated in CRPC, (ii) validate liquid-biopsy-detected AR-V7 as a CRPC 

biomarker, (iii) define the best antibody to detect AR-V7 CTCs in CRPC patient blood, and 
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(iv) optimise methods that enable multiplex immunocytostaining of prostate cancer cells, 

including CTCs with a view to conduct ‘proteomic microscopy’ in the future. 

This work in this PhD puts in place basic procedures and methods that will enable CTC 

multiplex “proteomic microscopy” a method that could change the current paradigm of CTC 

analysis by allowing analysis of these rare cells for multiple markers targeting multiple 

biological pathways at the same time. 
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Chapter 1: Introduction and Literature Review 

Note, extensive parts of this chapter have been published as a review manuscript [1]: Prospect 

of Identifying Resistance Mechanisms for Castrate Resistant Prostate Cancer using 

Circulating Tumour Cells: is Epithelial to Mesenchymal Transition a Key Player? Prostate 

Cancer, 2020 :7938280, doi.org/10.1155/2020/7938280 (Attachment 1 is the published pdf 

document). 

1.1 Introduction 

Prostate cancer (PCa) is highly prevalent in the Western world; it ranks sixth among cancers in 

regards to mortality among men [3]. In 2021 there were 18,110 new cases of PCa diagnosed in 

Australia and 3,323 PCa deaths [4]. Despite dramatic improvements in five-year survival, 

mortality from PCa is poised to remain a major health problem due to increasing longevity, 

particularly in western countries. The most significant factors associated with morbidity and 

mortality are the development of metastatic spread to other organs, particularly bone, and 

emerging resistance to therapy. 

In the 1940s Charles Huggins found that androgen deprivation reduced PCa growth [5]. This 

was followed in the 1960s by discovering the role of androgen receptor (AR) signalling in the 

progression of PCa [6-8]. The AR, located on the X chromosome (Figure 1.1a), is a hormone 

dependent transcription factor [9]. In the unstimulated state, the receptor is cytoplasmic and 

bound by heat-shock proteins [10]. When its ligand, dihydrotestosterone (DHT) or testosterone, 

binds via the AR ligand binding domain (LBD) (Figure 1.1a), a structural change results in the 

detachment of AR from the heat-shock protein 90 (HSP90) complex, homo-dimerization of the 

receptor, and nuclear translocation.  
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In the nucleus, AR acts as a transcription factor by binding to androgen-response elements 

(AREs) in the promoter region of androgen-regulated genes [11, 12]. AR transactivates genes 

which are responsible for cell growth, differentiation and cell survival [13]. Consequently, 

increased AR signalling can potentially transform normal prostate cells into malignant PCa 

cells. Moreover, it has been shown that androgen deprivation therapy (ADT) can select for 

cancer cells with further increased AR activity, for example due to AR gene amplification [14]. 
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Figure 1. 1 AR and AR-V7 gene and protein 

The schematic indicates (a) the structural organisation of the AR gene and protein (NTD: amino 

terminal domain, DBD: DNA binding domain, LBD: ligand binding domain) (b) shows the 

transcription and translation of the splice variant AR-V7 protein, including the exon/intron 

composition of the AR, highlighting the CE3 (middle) and indicates domains of the AR retained 

in the AR-V7 protein (bottom) (c) AR splice variants structures (d) AR splice variants frequency 

in hormone sensitive and CRPC. 

The expression of alternative AR splice variants (shown in Figure 1c and 1d) has been proposed 

as a mechanism underlying resistance to ADT [15, 16]. Most splice variants result in the 

translation of a truncated AR protein lacking a functional C-terminal LBD but containing a 

functional transactivating N-terminal domain. Without being capable of binding ligand, the 



   

5 
 

resulting proteins are constitutively active as transcription factors and able to promote 

expression of certain target genes [13, 17]. At least 20 splice variants of AR have been identified 

in human prostate tissue and have been implicated in the development of mCRPC [17-20]. 

Amongst AR variants, AR-V7 is highly expressed in mCRPC and is the most frequently disease 

associated variant identified in the clinic [21, 22]. The AR-V7 transcript results from alternative 

splicing of the AR gene such that the transcript contains exon 1, 2 and 3 together with a cryptic 

exon 3 (CE3) resulting in a truncated transcript (U), resulting in premature transcriptional 

termination (Figure 1.1b). AR-V7 is constitutively active irrespective of androgen binding, 

which is a proposed mechanism of escape from ADT [23, 24]. 

Many alternative signalling pathways are involved in the development of CRPC [25]. In 40% 

CRPC, AR independent signalling results in ADT resistance [26, 27]. On the molecular level, 

PCa is almost always initially driven by excessive signalling through the AR pathway 

(reviewed in [28]). Consequently, men with metastatic PCa will be offered ADT as the primary 

treatment. After a median of around 18-24 months, the disease tends to become resistant to 

hormonal manipulation and progresses towards so called metastatic castration-resistant 

prostate cancer (mCRPC). In mCRPC, the concentration of the current blood-based clinical 

PCa biomarker, prostate-specific antigen (PSA), continues to increase over time. As PSA is 

regulated via AR signalling this suggests in general, the common ongoing involvement of AR 

signalling in disease progression to mCRPC [29-32]. Abiraterone [33, 34] and enzalutamide 

[35, 36] have been developed to be used for mCRPC, as ‘second generation’ ADT treatments, 

and responses are generally good, but a median progression – free survival of 5.6 months [33] 

suggests resistance to treatment once again supervenes. Indeed, despite the difference in 

mechanisms of action, cross-resistance between enzalutamide and abiraterone is very common 

[33, 37-39], suggesting the development of true hormone resistance following second line ADT 

therapy, as opposed to castrate-resistance. Thus, androgen signalling through AR within the 
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context of the oncogenic effect of other signalling pathways, remains an important area of 

research. There are, as yet no effective treatments or markers for true hormone resistance. This 

study explores the involvement of two critical signalling pathways, the phosphatidylinositol-

3-kinase/AKT (PI3K/AKT) and Hippo/YAP pathway, which interact with the AR pathway in 

mCRPC and which have links to epithelial to mesenchymal transition (EMT). EMT is thought 

to play an important role in the development of both metastasis and therapy resistance [40, 41]. 

A special focus of this project is the AR variant 7 (AR-V7), a transcriptional variant that has 

been associated with and may be a cause of mCRPC [21, 22]. Indeed, the presence of AR-V7 

may differently affect the interplay of the PI3K/AKT and the Hippo/YAP pathway and EMT 

regulation in PCa. The data generated in this project initiate a path to analyse AR, AR-V7 and 

the PI3K/AKT and the Hippo/YAP pathway in circulating tumour cells (CTCs) derived from 

PCa patient liquid biopsies.  

CTCs are cells that dislodge from tumour tissue and enter the blood stream. In blood, CTC 

number is small relative to number of blood cells. CTCs express tumour markers that allow the 

differentiation of different stages of cancer. In addition, CTCs are identifiable by their physical 

properties such as their size is generally larger than blood cells. CTC isolation and 

characterization may help in better treatment selection because AR-V7 expression in CTCs 

might be associated with resistance to second generation anti-androgens in mCRPC [42-44]. 

Antonarakis et al. found a correlation between the expression of AR-V7 in CTCs, decreased 

PSA response rates, shorter progression free survival and overall survival in mCRPC patients 

treated with enzalutamide or abiraterone [45].  

1.2 Circulating Tumour Cells and EMT in Metastasis 

In solid tumours including PCa, tissue biopsy, while used for diagnosis and staging, is rarely 

available for ongoing analysis of the disease. The challenges in the management of PCa 
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includes but is not limited to, heterogenous signalling mechanisms, limitation of tissue biopsies 

and limited biomarkers to guide treatment of PCa. In the case of the latter, CTCs are used as 

tumour biopsy surrogates, through liquid biopsy [46-48]. While CTCs are generally rare in 

early disease, recent technologies allow us to enrich CTCs from the billions of other cells in a 

blood sample [49, 50], which allows detailed analysis for genetic and proteomic characteristics 

that can be used as biomarkers to monitor disease and importantly guide best treatment options. 

CTCs from various solid cancers have been successfully analysed for cancer associated 

mutations, gene expression, amplifications, protein expression and phenotype [51-53]. 

Moreover, CTCs are thought to “get a ride” to distant organs via the circulation, enabling 

distant cancer metastases to be established [54]. Several methods have been used for the 

detection and isolation of CTCs [55]. 

At the cellular level, metastasis involves a sequence of steps, and current evidence suggests 

that EMT as well as the reverse process mesenchymal to epithelial transition (MET) (reviewed 

by [56]) are important mechanisms by which tumour cells migrate and re-establish themselves 

at distant sites. Cancer cells are believed to lose their tight adhesion to neighbouring cells and 

become more mobile when undergoing EMT, which in turn, favours their ability to shed from 

the tumour mass, intravasate into the blood stream and thus become CTCs. MET on the other 

hand is thought to aid CTCs after leaving the vascular system to be able to settle in other tissue 

and form new tumours [54, 57] (Figure 1.2). Thus, CTC counts in the bloodstream have been 

recognized as a marker of metastatic disease, and importantly, EMT markers have been found 

in patient CTCs including those with PCa. For instance, of 54 patients, 53% of whom had 

advanced metastatic disease, intermittent epithelial to mesenchymal phenotype of CTCs 

correlated with metastasis in these patients, while another study found that the mesenchymal 

CTC phenotype correlated with increased rates of progression to CRPC in a cohort of 108 PCa 



   

8 
 

patients recruited with high volume metastatic disease whilst hormone sensitive, and 

longitudinally followed during the study [58-60].  
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Figure 1. 2 EMT in Cancer Metastasis 

(a) Schematic representation of the role of EMT in cancer metastasis, (b) A cascade of 

transcriptional regulation underlies the transition from an epithelial to mesenchymal 

phenotype, (c) During EMT, epithelial markers are downregulated while mesenchymal 

markers are upregulated. 
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Metastatic spread of cancer is thought to involve different stages (Figure 1.2a) in which cancer 

cells (i) lose cell-cell tight junctions and detach from the primary site/organ, (ii) penetrate the 

basal lamina and enter nearby tissue, (iii) evade programmed cell death normally induced by 

loss of substrate adhesion (anoikis), (iv) breach blood or lymphatic vessels and migrate to other 

sites via blood/lymphatic circulation, (v) leave the blood stream or lymphatic vessels at distant 

organs (vi) form a micro-metastatic core and finally (vii) adjust and reprogram the surrounding 

stroma to form detectable macro-metastases [61]. At a molecular level, EMT has been studied 

in various cancers, including PCa. In the development of mCRPC, it has been proposed that 

activation of transcription factors (TFs) results in the loss of epithelial properties and 

acquisition of mesenchymal characteristics as well as the change of cell shape-change, leading 

to enhanced invasion and increased mortality [62, 63].  

EMT is inducible by environmental factors such as radiation or hypoxia (Figure 1.2b) and there 

is accumulating evidence that radiation or chemotherapy, used to treat earlier stage PCa, may 

induce EMT changes [64, 65]. Hypoxia induces the production of hypoxia-inducible factor 

(HIF), and HIF-1α stimulates transcription factors (TF’s), such as Snail and Twist, to trigger 

EMT [66, 67]. EMT then results from activation of a mesenchymal transcriptional program 

induced by specific transcription factors (EMT-TF’s) [64]. Mechanistically, central EMT- TF’s 

ZEB1, Snail, Slug, Twist, along with other TFs such as TCF4 and FOXC2 suppress the 

expression of key epithelial markers such as cytokeratin, E-cadherin, occludin and claudin 

while causing upregulation of mesenchymal markers such as N-cadherin, fibronectin, and 

vimentin, which enable cancer cells to be more motile and consequently more aggressive 

(Figure 1.2c).  

Regulation by signalling cascades and signalling molecules including EGF, Hedgehog, Wnt, 

FGF, Notch, TGF-β and HGF in turn, induce signalling via NF-κB, MAPK, PI3K/AKT, or 

Wnt/β-catenin pathways to regulate EMT-TFs and ultimately induce EMT phenotypic changes. 
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More recently the Hippo-pathway has been implicated in regulating EMT via its down-stream 

transcriptional modulator Yes associated protein (YAP) and the transcriptional coactivator 

TAZ [66, 68-76]. Importantly, there is evidence in the literature that these pathways can be 

successfully analysed in CTCs even though in some cases these analyses may not have yet been 

reported for PCa CTCs. Table 1.1 summarises key evidence implicating signalling pathways 

in PCa EMT as well as the analysis of these pathways, available mainly from other cancers, in 

CTCs. Nevertheless, this analysis indicates pathways where examination in PCa CTCs may be 

warranted.  
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Table 1. 1 Signalling Pathways implicated in EMT and relevance to PCa 

Pathway Implication in cancer-

related EMT 

Roles in PCa CTC analysis 

AR Opposing data: Elevation of 

AR expression and AR 

signalling  in prostate 

tumours promotes PCa 

metastasis by induction of 

EMT [77], other data 

suggest AR reverses EMT 

and ADT can induce EMT 

[78, 79] 

Cell proliferation and 

tumour progression [80, 

81] 

Different AR expression 

patterns, amplification, 

mutation and variant 

expression in PCa CTC [51, 

82-84]  

AKT  PI3K-AKT directly or in 

crosstalk with other 

signalling  pathways can 

induce EMT [85, 86]. 

Drugs inhibiting EMT via 

the AKT/GSK-3β/Snail 

pathway, decrease the 

invasiveness of PCa cells 

[87] 

Implicated in PCa cell 

proliferation and 

resistance to apoptosis 

[88, 89] 

Phosphorylated EGFR and 

PI3K/AKT signalling  

kinases detected in breast 

cancer patient CTCs [90], 

pERK/AKT pathway in 

CTCs in hepatocellular 

carcinoma patients [91], 

PTEN loss in circulating 

tumour cells in CRPC 

patients [92]. No report in 

PCa CTCs. 
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Hippo Deregulation of the Hippo 

pathway contributes to 

EMT in colorectal cancer 

[93], FZD2 could promote 

clinically relevant EMT in 

hepatocellular carcinoma 

involving Hippo pathway 

[94] 

Emerging roles in PCa 

development, 

progression, EMT and 

mCRPC [95, 96]  

TAZ expression detected in 

NSCLC CTCs [97], YAP 

association with metastasis 

in human gastric cancer 

[98]. No report in PCa 

CTCs. 

MAPK MAPK mediates epithelial 

to mesenchymal transition 

in cooperation with TGF-β / 

Smad2 signalling  and 

increased Snail, Twist 

expression [99, 100] [101] 

Linked to proliferation, 

early relapse and 

development of 

mCRPC [102, 103]  

MAPK gene expression 

signature shown in 

pancreatic CTCs [104], 

detection of mutant RAS 

and RAF in CRC and in 

melanoma CTCs [105, 

106]. No report in PCa 

CTCs. 

NF-κB Hypoxia or overexpression 

of HIF-1α induces the EMT 

via NF- κB in pancreatic 

cancer cells [107] and 

inhibition of NF-B 

deregulates EMT [108]  

Promotes PCa cell 

survival, tumour 

invasion, metastasis and 

chemoresistance [109, 

110] 

NSCLC- CTC gene 

expression profile was 

associated with cellular 

movement, cell adhesion 

and differentiation, and 

cell-to-cell signalling  
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linked to PI3K/AKT, 

ERK1/2 and NF-κβ 

pathways [111]. No report 

in PCa CTCs. 

JAK / 
STAT 

IFNγ can induce epithelial 

to mesenchymal transition 

(EMT) in PCa cells via the 

JAK–STAT signalling  

pathway [112], STAT3 may 

directly mediate EMT 

progression and regulate 

ZEB1 expression in CRC 

[113] 

PCa progression, cell 

proliferation and 

inhibition of apoptosis 

[88, 89] 

No direct analysis of these 

pathways in CTCs. 

Wnt/β-
Catenin   

Dysregulation of Wnt/β-

catenin signalling have been 

implicated in the 

development of cancer in 

different tissues like lung, 

skin, liver and prostate [89] 

, via regulating Zeb1 in 

CRC [114]  

Wnt/β‐catenin pathway 

promotes the metastatic 

spread of PCacells by 

inducing EMT [115] 

Epithelial type CTCs and 

activation of Wnt/β-catenin 

signalling in lung cancer 

cells [116]. No report in 

PCa CTCs. 

Notch Crosstalk between the 

Jagged1/Notch and 

Notch signalling  

results in prostate 

Increased production of 

ROS results in the 
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JAK/STAT3 signalling  

pathways by promoting 

EMT through Jagged-1 in 

ovarian cancer [117]  

tumour recurrence via 

EMT [118] 

upregulation of Notch1 in 

CTCs in metastatic breast 

and melanoma cancer [119]. 

No report in PCa CTCs. 
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1.3 Clinical Relevance of EMT Markers in PCa  

Several studies have assessed EMT markers for their clinical importance at various stages of 

human PCa. Table 1.2 shows typical EMT markers detected in PCa tissue. A possible clinical 

utility of these EMT markers at different phases of the disease is suggested by their prognostic 

correlation with both recurrence-free and overall survival. For example, the presence of EMT 

markers Twist and vimentin as measured by immunohistochemistry in radical prostatectomy 

samples - are independent markers for biochemical recurrence as defined by a resurgence in 

serum prostate-specific antigen (PSA) levels post-surgery [120, 121]. A recent study found that 

Cathepsin L (Cat L), which is an EMT-associated target of the EMT-TF Snail may be a 

biomarker of PCa progression [122]. In addition, loss of membrane-bound E-cadherin staining 

appears to be linked with higher Gleason score, advanced clinical stage, and poor prognosis in 

PCa [123]. EMT markers like Zeb1, E-cadherin and vimentin play important roles at different 

stages of disease progression from primary tumour stage 2 to CRPC. In CRPC, increased 

expression of Zeb1 correlated with decreased survival [120]. Further, in a study of 108 patients 

with newly diagnosed castrate sensitive PCa, expression of mesenchymal markers in CTCs at 

baseline was found to be an independent prognostic factor that was predictive of time to 

progression to CRPC following standard ADT. Patients who had mesenchymal CTCs at 

baseline showed a significantly shorter time to progression to CRPC than patients without 

CTCs or patients whose CTCs were negative for mesenchymal markers [59]. Several studies 

show that E-cadherin suppresses invasion and metastasis in vitro  and consistent with these 

findings, E-cadherin staining in tumour tissue correlates with longer overall survival [120]. 

However, the relationship of E-cadherin to metastasis is not clear in all cases since, in a recent 

study, it has been shown that loss of E-cadherin reduced metastatic potential in invasive ductal 

carcinomas [124], suggesting that E-cadherin plays opposing roles in tumour progression by 

suppressing cancer cell invasion while promoting metastasis. Nonetheless, on balance, the data 
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suggest that EMT markers may have predictive value with respect to recurrence and overall 

survival both in tissues and in CTCs [120]. Different studies show that E-cadherin suppresses 

invasion and metastasis. However, in a recent study it has been shown that loss of E-cadherin 

reduced metastatic potential in invasive ductal carcinomas [124] .  
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Table 1. 2 EMT markers detected in PCa tissue 

 

Epithelial markers Mesenchymal markers 

 Snail, Cat L [122] 

E-cadherin [120] Vimentin, N-cadherin [120] 

Cytokeratin[125] Vimentin [125] 

 Twist [126, 127] 

E-cadherin[128] N-cadherin [128] 

E-cadherin, Cytokeratin 
[129]  
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1.4 AR, ADT, EMT and Drug Resistance 

There is no clear consensus with respect to the role of androgen signalling in the regulation of 

EMT. An early study using cell lines showed that androgen stimulation promoted EMT in both 

LNCaP and PC-3 cells but that there was an inverse relationship between AR receptor levels 

and androgen-mediated EMT marker expression and EMT-associated cytoskeletal changes. 

The use of  shRNA to reduce AR levels, promoted PCa cell metastatic ability by inducing EMT 

while high AR levels did not [130]. In contrast, a recent study has shown that AR mRNA and 

protein expression is higher in metastatic tumour tissues than in primary tumours and increases 

with tumour stage and Gleason score. Patients with higher AR expression showed shorter 

recurrence-free survival, indicating a positive association between AR expression and tumour 

progression. Further, knockdown of AR using siRNA in C4-2B cells, suppressed functional 

markers of EMT, viz cell migration and invasion and mesenchymal marker proteins associated 

with EMT, while increasing the epithelial marker E-cadherin. These effects were recapitulated 

by treatment with the antiandrogen bicalutamide [77]. Thus, it appears that AR stimulation 

induces or suppresses EMT in cell culture in a cell-type dependent fashion. More work is 

needed to clarify how AR affects EMT in such a context-specific manner. 

Studies with both normal mouse prostate and human prostate tumour models in mice have 

shown that androgen deprivation through surgical castration, while suppressing tumour growth, 

induces EMT mesenchymal markers and markers of a stem cell phenotype, while suppressing 

epithelial markers. These changes were also seen in tissues of patients treated with ADT [131], 

supporting the view that AR signalling suppresses EMT, while ADT promotes it. 

In further support of this view, ADT with enzalutamide in C4-2 cells (a clonal cell line derived 

from parental LNCaP cells), but not in PC-3 cells, induced EMT markers in a Snail-dependent 

fashion. Induction of EMT required both suppression of AR signalling and activation of Snail. 
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Interestingly, Snail was downregulated by androgen in AR-expressing C4-2 and VCaP cells 

but again, not in PC-3 cells. Importantly the inverse correlation between AR signalling and 

Snail expression observed in C4-2 xenografts, castration-resistant patient-derived metastases 

in mice and in clinical samples supports the view that the induction of EMT is an adaptive 

response to ADT with enzalutamide [78]. ADT may favour acquisition of stem cell and EMT 

characteristics, expression of oncogenes or suppression of tumour suppressor genes in AR-

positive PCa cells, implying that mCRPC at least in part is achieved through EMT [79, 131-

135].  

Other data suggests that AR splice variants are involved in the development of drug resistance 

in PCa [21, 136-138]. One corollary of this hypothesis is that inhibition of the AR variants or 

their specific function might lead to reversal of EMT phenotype and that might in turn inhibit 

tumour spread [79, 139]. Overall, however, this area remains understudied, and more data are 

needed to fully understand how the AR pathway and its manipulation during therapy may 

regulate EMT and potentially, as a result, regulate metastasis. Since mCRPC is ultimately the 

principal cause of death in many patients, the fundamental biological processes for the 

development and establishment of mCRPC need to be understood [140]. It is noteworthy that 

there is now mounting evidence in CTCs that the expression of EMT markers is associated 

with mCRPC [141, 142], highlighting the potential benefit in the analysis of CTCs to address 

the role of AR in metastasis and drug resistance. 

1.5 AKT Pathway in mCRPC 

As indicated above, due to the hormone-independent nature of mCRPC, it is unresponsive to 

all current forms of ADT. At this stage AR expression may even be completely lost [143-145], 

raising the question as to how survival and proliferation of PCa cells occurs. The main 

oncogenic signalling pathway implicated at this juncture, is the PI3K/AKT-pathway, 
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predominantly activated through frequent functional loss of the inhibitory tumour suppressor 

phosphatase and tensin homolog (PTEN), which is less common in localised PCa (20-30%) 

but becomes more dominant and is found in up to 50-60% of mCRPCs. The result is 

uncontrolled, oncogenic AKT signalling (reviewed by [146, 147]). The PI3K/AKT and AR 

pathways are highly networked with both positive and negative feedback loops [146] and in 

mCRPC, current literature indicates that negative feedback dominates. That is, inhibition of 

one pathway leads to reciprocal activation of the other [148-151]. Carver and colleagues have 

elucidated part of this interaction, demonstrating that the AR reduces AKT activation through 

the intermediary PHLPP, while AKT can transcriptionally down-regulate AR output via HER 

kinase activity [148]. The exact role of PTEN in mediating this interaction is controversial. On 

one hand PTEN deletion has been associated with AKT activation and reduced AR levels [149, 

152], on the other hand it may independently increase AR gene expression by removing 

transcriptional repression [151, 153-155]. Given the interconnected signalling network, 

outcomes of AR and AKT signalling, or silencing may affect overall outcomes in a context-

specific fashion, which is likely dependent on the presence and activity of other proteins that 

can affect the balance of feedback loops. For example, it has been shown that AR can 

transcriptionally repress PTEN expression in PCa cells while it increases PTEN expression in 

breast cancer cells and the report suggested this may be due to tissue dependent availability of 

transcriptional co-factors [156]. Moreover, ADT may also affect the balance in these 

interconnected signalling pathways. Importantly, loss of PTEN has been associated with EMT 

driven through the AKT pathway or in cooperation with RAS signalling, thereby lack of PTEN 

function could promote metastasis [157, 158]. 
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1.6 Hippo Signalling Pathway and Its Role in CRPC and EMT 

As indicated above, several signalling pathways may contribute to the induction of EMT and 

ultimately metastasis, with the AKT pathway of importance in the context of PCa. More 

recently the YAP1 transcriptional co-activator regulated by the Hippo-pathway has emerged 

as an important player in this scenario and in regulating PCa cell motility [159]. In the context 

of gastric cancer PTEN inactivation has been proposed to link the Hippo and PI3K/AKT 

pathways to promote cancer development and tumorigenesis [160]. In normal tissue, the Hippo 

signalling pathway appears central to cell growth control and limits organ size by coordinating 

cell proliferation, growth and death [161]. Different signals like cell polarity, cell-cell contact, 

extracellular matrix characteristics and stress can result in the activation of the Hippo pathway 

(reviewed in [162]. Hippo signalling through a kinase-cascade results in phosphorylation of 

oncogenic co-transcription factors known as YAP and TAZ, promoting their cytoplasmic 

retention and proteasomal degradation [163-165] (Figure 1.3).  
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Figure 1. 3 Hippo signalling pathway 

Active Hippo signalling represses YAP and TAZ via phosphorylation (left), while inactive Hippo leads to dephosphorylation, nuclear 

translocation and thus activation of TFs (right).
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Inactivation of the Hippo pathway allows for YAP and TAZ activation via dephosphorylation, 

which is required for translocation into the nucleus. Although TAZ and YAP lack intrinsic 

DNA-binding domains, they are recruited by and enhance the activity of other TFs at their 

target promoters [166, 167]. Nuclear YAP results in castration resistance and metastasis [168]. 

Hippo signalling can act as a tumour suppressor. Functional impairment of Hippo signalling is 

often due to the loss of MST1/2 or LATS1/2 function or due to YAP1 gene amplification. YAP1 

is the most studied YAP isoform and aberrant YAP1 activation  is associated with the etiology 

of various malignancies including stomach [169] thyroid [170], lung [171], colon [172], head 

and neck [173] ovarian [174], liver [175] and PCa [176].  

Most interestingly, YAP1 and AR directly interact in PCa cells. One study demonstrates that 

unlike in hormone sensitive PCa cells, YAP1-AR interactions are androgen insensitive and 

may cause resistance to enzalutamide in mCRPC cells. The WW/SH3 domain of YAP1 most 

likely facilitates the interaction with the AR amino terminal domain (NTD) [177].  

One study proposes that increased nuclear YAP1, possibly due to the loss of Hippo 

signalling, may lead to increased complex formation between AR and YAP1 leading to 

androgen-independent binding of the complex to AREs located in AR-driven promoters 

resulting in aberrant AR target gene expression possibly promoting mCRPC [95].  

Importantly, YAP has been shown to promote metastasis through several mechanisms 

including EMT, and there is some evidence that the PTEN - AKT axis is involved in YAP1 

induced EMT [166, 178, 179]. The underlying mechanisms of EMT regulation by YAP are 

still emerging but given the role of YAP as a transcriptional co-regulator it is not surprising 

that the pathways centrally involve EMT-TFs. Critically, YAP1 has been shown to network 

with the main EMT-TFs. For instance, high glucose-induced polyubiquitination of PTEN 

results in alteration of its phosphatase targets, including an increased focus on 
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dephosphorylation and activation of EMT regulators like Twist, Snail and YAP1 [180]. YAP1 

was also reported to drive EMT and likely NSCLC metastasis by TEAD dependent 

transcriptional induction of SLUG [181]. Focusing on YAP’s role in osteoblast 

differentiation one study identified two links between YAP and Snail/Slug. In Snail/Slug-

null skeletal stem/stromal cells the levels of both YAP and TAZ were reduced via protein 

degradation due to activation of the Hippo pathway, while direct interaction of YAP with Snail 

and with Slug was shown to alter YAP/TEAD transcriptional activity [182]. Another study 

found that Twist-induced EMT in breast cancer cells is dependent on TAZ activity. The 

mechanism involved increased expression of the Hippo pathway inhibitors PAR-1 and PAR-

3, which drive TAZ nuclear localisation. One would expect that YAP nuclear localisation may 

also be induced via PAR-1/-3 in this context, although this was not examined [183]. Another 

study revealed that increased extracellular matrix stiffness can induce EMT in breast cancer 

cells and that blocking β1-integrin-mediated matrix stiffness prevented both Twist and YAP 

nuclear translocation albeit, interestingly, by different mechanisms [184].  

In epithelial cells, cells are connected to each other by membrane structures called tight 

junctions, adherens junctions and desmosomes. Any dysregulation in these junctions is 

implicated in metastasis and EMT [185, 186]. Zona occludens-1 (ZO-1) is a tight junction 

protein that is present in normal epithelial cells. Though not yet studied in PCa, in melanoma, 

lung cancer cells and breast cancer, ZO-1 expression correlates with the invasive properties of 

cancer cells [187-189]. One study found that YAP overexpression resulted in downregulation 

of ZO-1 and induced metastasis through EMT in NSCLC [181].  

YAP (but not TAZ) has been shown to interact directly with ZEB1 and remarkably, this 

interaction turns this transcriptional repressor into an activator. This is highlighted by the fact 

that ZEB1-mediated CDH1 (E-cadherin) repression is independent of YAP binding. Critically, 

gene upregulation by the ZEB1-YAP complex correlated with gene expression signatures of 
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claudin-low breast cancer, a breast cancer subtype overall exhibiting an EMT phenotype. More 

importantly ZEB1-YAP complex-mediated gene expression was related to poor patient 

survival in hormone-independent breast cancers and linked to drug resistance and metastasis 

[190]. ZEB1 is known to repress several EMT-related miRNAs including miR375, which is 

associated with an epithelial phenotype. Nevertheless, miR375, a known YAP target, is 

commonly over expressed in PCa and in fact has been indicated as a plasma marker of PCa. 

The suggested mechanism by which miR375 supports an epithelial phenotype is via 

feedback regulation, such that it targets and suppresses YAP transcript and thus YAP protein 

levels and thereby reversing EMT in PCa cells. Surprisingly however, high plasma miR375 

level were associated with CTC positivity [191], suggesting that further investigations are 

needed to understand the complex network between YAP, ZEB1, miR375, EMT and CTC 

formation. Additionally, hypoxia may, at least in part, induce EMT by stabilizing YAP and 

its nuclear translocation in PCa cell lines [192]. 

Not surprisingly, another study showed that inhibiting a key characteristic of epithelial tissue, 

namely E-cadherin-mediated cell–cell interaction, resulted in EMT and increased 

dissemination of Madin–Darby canine kidney cells. Interestingly, dissemination could be 

partially prevented by YAP knock-down. The same study found that not only is YAP required 

to allow nuclear entry of the MET initiating Wilms Tumour protein 1 (WT1), but both WT1 

and YAP form a complex at the CDH1 (E-cadherin) promoter and repress its transcription. 

These data, together with confirmation that E-cadherin inhibition upregulates YAP levels, 

indicates double-negative feedback where E-cadherin and YAP mutually inhibit each other. 

This may be part of a switch between EMT and MET, thus potentially explaining the 

plasticity of the EMT process [193]. 
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1.7 YAP Cross Talk with AR and AKT Pathways 

One possible mechanism for PTEN loss of function is mediated by YAP. The pathway involves 

nuclear YAP-mediated activation of the TEAD family of transcription factors, leading to 

synthesis of the PTEN transcriptional repressor miRNA29c. Conversely, when YAP is 

inactivated via phosphorylation PTEN levels are restored and the oncogenic function of YAP 

is inhibited [194]. Moreover, as mentioned above, PTEN ubiquitination can dephosphorylate 

and thus activate YAP causing its nuclear accumulation indicating a possible positive feed-

back regulation [180].  

On the other hand, PTEN was identified as a negative regulator of AR activity such that the 

AR/PTEN interaction may mediate a tumour suppressor role for PTEN via suppression of AR 

and apoptosis induction in PCa cells [195]. However, as outlined above, the PTEN and AR 

network is still poorly understood, and data are conflicting. This is exemplified by another 

study with opposing findings, wherein PTEN deletion reduces both AR expression and AR 

transcriptional activity in PCa [152].  

Taken together, emerging evidence indicates that YAP is part of the complex functional 

network that connects the AR and AKT pathways and thereby modulates PCa and mCRPC - 

at least in part - via EMT (Figure 1.4). However, more work is needed to better understand this 

interplay and its implications for the development of strategies to treat advanced PCa.  
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Figure 1. 4 AR AKT and YAP interaction 

Schematic presentation of reported and likely (dotted lines) network connections between ADT, AR, AKT and YAP. 
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1.8 Analysis of PCa CTCs to Explore the AR-AKT-YAP Connection and 

EMT 

The evaluation of molecular pathways underlying mCRPC is challenging because tissue 

biopsies are generally not available from late disease stages and animal models; further, 

although examination of tissue can provide some signalling pathway information, this mode of 

studying PCa has limitations. Liquid biopsies, and analysis of mCRPC CTCs, may be an 

alternative. While diagnostic CTC analysis in PCa is still in its infancy, there is ample evidence 

of its utility in this disease. Certainly, CTCs have been investigated by imaging and molecular 

technologies for expression of proteins, gene amplifications, mutations and transcript 

expression on both targeted and comprehensive levels [196]. For PCa, increased CTC counts 

are associated with earlier disease progression and shorter OS, with enumeration of PCa CTCs 

using the CellSearch CTC platform gaining FDA approval as a prognostic indicator [197]. 

While common CTC isolation and analysis techniques favour epithelial CTCs, there have been 

numerous advances in improving capture, detection and analysis of EMT-CTCs by screening 

for epithelial and mesenchymal marker expression [198-203]. Equally, as Table 1.1 shows, 

several major signalling pathways implicated in EMT have, to some extent, been analysed in 

CTC samples. This project focusses on the AR, AKT and Hippo pathways as being central to 

mCRPC, at least in part via EMT regulation. It is important to consider how these pathways 

have been explored in CTCs, in order to gauge the potential for CTC analysis to advance our 

understanding of these pathways in mCRPC. Accordingly, we note that DNA-, RNA- and 

protein-centric analyses for AR and AR-V7 levels in isolated CTCs has become a busy field of 

PCa research. In the US, epic sciences is a commercially available test for identification of AR-

V7 in CTCs and its localisation in single CTCs [42]. Moreover, efforts are being made to 

translate CTC-based AR and AR-V7 detection into clinical settings aimed initially at stratifying 
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patients to define either eligibility criteria or outcome markers for clinical trials 

(https://clinicaltrials.gov) [204].  

mCRPC associated AR amplification and mutation analysis has been performed in CTCs using 

hybridisation techniques such as fluorescent in-situ hybridization (FISH) and other molecular 

approaches. In general, these studies were able to validate association of CTC-based AR 

amplification or mutation with mCRPC, while the relevance of AR cellular localisation in 

CTCs was shown in mCRPC and in response to taxanes [52, 83, 84, 205-208]. The presence 

of full-length AR and AR-V7 in CTCs has been studied extensively at the RNA level and CTC-

based AR-V7 in particular was found to correlate with mCRPC and primary resistance to 

abiraterone and enzalutamide [45, 51, 204, 206, 209]. There have also been efforts at detecting 

both AR and AR-V7 as biomarkers in other liquid biopsy entities, including plasma-derived 

circulating tumour RNA (ctRNA), exosomes or even in urine. We recently compared some of 

these strategies and found both AR full length and V7 RNA detection is more sensitive and 

specific if performed on CTC samples, as compared to ctRNA or exosomes [210]. Our lab also 

demonstrated that AR-V7 is detectable from CTC-RNA up to 48 hrs post blood draw into 

common EDTA vacutubes [211]. With improved AR-V7-specific antibody availability, CTC 

immunocytostaining more recently provided evidence that specific detection of AR-V7 in CTC 

nuclei may be an even better predictor of overall survival (OS) and progression free survival 

(PFS) in CRPC patients [42, 43]. Different studies were conducted to study the prognostic and 

predictive value of AR-V7 in PCa patients. AR-V7 in CTCs was associated with worse OS and 

PFS [45]. Wang et al. showed that AR-V7 positive patients do not respond well to ARS 

compared to AR-V7 negative patients. Taxane treatment is a better option for AR-V7 positive 

patients [212]. Thus, the detection of AR-V7 before treatment may assist the selection of the 

best treatment option.  
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In general, it appears nuclear AR-V7 is found in most CTCs positive for AR-V7 RNA, 

reflecting the predominant tendency for AR-V7 to be nuclear localised in mCRPC tissue [209, 

213]. In CRPC patients, AR-V7 positive CTCs have been shown to correlate with enzalutamide 

and abiraterone resistance [45]. In any case, when investigating the interplay of AR/AR-V7 

with other pathways, especially transcriptional co-activators, immunocyto-detection in CTCs 

appears to be the most logical strategy. In particular, high resolution immunodetection of AR-

V7 in CTCs may also open opportunities to investigate colocalisation with other proteins or 

cellular structures and this capability may help refine the utility of AR-V7 as an important 

CRPC biomarker. 

Several studies have also analysed PTEN loss in CTCs, which as outlined above, may allow 

oncogenic activation of the AKT pathway and is an important PCa biomarker. Loss of PTEN 

and gain of AR copy numbers was reported in PCa CTCs [214-216], while testing for activation 

of the AKT pathway has been performed for example by phosho-AKT or phospho-S6 kinase 

immunostaining in breast cancer CTCs [217]. 

Reports on hippo signalling and YAP1 analysis in CTCs, by contrast, are still scarce. One study 

assessed expression of TAZ using RNA in situ hybridization (RNAish) probing of NSCLC 

CTCs. TAZ expression was detected more frequently in EGFR wild type cancers while its 

expression in CTCs was associated with lymph node status of the disease [97]. It is likely that 

YAP1 could be analysed in a similar fashion in CTCs or preferentially using 

immunocytostaining, as the latter would also reveal cellular localisation and thus activity as 

well as co-localisation with other proteins. However, to our knowledge direct detection of 

YAP1 in CTCs has not yet been reported, although the relationship of YAP1 to EMT suggests 

that activated YAP1 should correlate with increased formation of CTCs. Some indirect 

evidence lends further strength to this idea, as a recent report showed that the Rho GTPase 

activating protein 29 (ARHGAP29) is a transcriptional target of YAP1 in gastric cancer. High 
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ARHGAP29 levels were shown to regulate cytoskeletal actin and cell migration. Importantly, 

the authors also demonstrated using a mouse model that CTCs exhibited increased ARHGAP29 

RNA levels compared with primary tumour site cells [98, 218]. Final proof of a YAP1-

ARHGAP29 connection in CTCs remains pending, however. Another transcriptional target of 

YAP is miR375 which was associated with CTC positivity, yet a direct connection could not 

be shown in CTCs [191]. 

Taken together, the reviewed data suggest that AR-AKT-YAP1 network can be analysed in 

CTCs. Since tumour tissue is rarely available in the mCRPC setting, whereas blood samples 

can be easily taken, future endeavours in CTC analysis could open the way to better understand 

ADT resistance and thereby inform the development of improved diagnostic, prognostic and 

therapeutic capabilities. 

1.9 CTC Enrichment and Analysis Strategies 

Analysis of CTCs has provided a foundation for liquid biopsy, especially in the absence of 

biopsy tissue. However, there are serious challenges with CTC isolation, detection and 

downstream analysis. One is that CTC numbers are relatively small within large populations 

of blood cells and the volume of blood that can be taken depends on the patient’s general 

condition. CTCs are quite heterogenous in terms of physical properties (size, elasticity, surface 

charge), biological characteristics and expression of different tumour markers making 

enrichment or isolation of all CTCs difficult (reviewed by [219]). Various methods to enrich, 

detect and analyse CTCs have been developed. In general CTCs are isolated according to their 

physical properties such as larger size than most blood cells and differences in plasticity or 

more commonly CTC cell surface markers are immuno-targeted by magnetic beads or other 

techniques. CTC enrichment methods might include density dependent isolation, size-based 

isolation and positive selection or blood cell depletion using immunomagnetic beads. Most 
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commonly the cell surface marker EpCAM is targeted to capture CTCs. Apart from single cell 

picking or compartmentalisation most methods will lead to an CTC enriched sample containing 

CTCs and hundreds to thousands of residual blood cells and additional analysis helps to 

distinguish CTCs. Immunostaining to exclude cells expressing the CD45 lymphocyte marker 

and positive detection of CTCs using for example cytokeratin staining is common. Specific 

cancer markers can also be stained for such as AR or prostate specific membrane antigen 

(PSMA) as a marker for PCa CTC detection (reviewed by [220]).  

In general, the low CTC counts make down-stream analysis of CTCs another challenge and the 

main method of CTC isolation is positive selection of cells that express the cell surface marker 

and epithelial protein EpCAM [55]. Given CTC heterogeneity and the downregulation of 

EpCAM during EMT, which in turn is implicated in CTC formation as outlined above, 

unbiased CTC enrichment using depletion of lymphocytes [221] may result in a more complete 

representation of heterogeneity in CTC enriched samples. Moreover, protein detection in CTCs 

is usually based on immunocytostaining which relies on antibody-based detection limited to 

the number of microscope channels available with 3 usually dedicated to detection of a CTC 

marker (often cytokeratin), a nuclear marker such as DAPI or Hoechst and exclusion of a blood 

cell marker usually CD45. Nevertheless, some studies have detected additional proteins such 

as EMT markers [59, 60, 198] or post translational modifications such as phosphorylation of 

pFAK, pPI3K, pSRC, pEGFR and pAKT [90, 222-225].  

This project planned to generate the foundations for a new technology of extensive multiplex 

immunostaining of CTCs to overcome the technical limitation of detecting insufficient markers 

using immunocytostaining by traditional methods. In brief, this method relies on a semi-

automated workflow that allows for cells to be stained for various markers using 

immunofluorescence and then imaged, followed by elution of the first staining cycle antibodies 

and re-staining and re-imaging of the same cells for a suite of new antigens in cycle 2 and 
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subsequent staining cycles. A sophisticated artificial intelligence-based machine learning 

analysis pipeline can then be used to correlate high resolution cellular and subcellular staining 

with patient data. Adaptation of this single cell analysis method to CTCs is part of this project. 

1.10 Hypothesis 

The overarching hypothesis of this PhD project is that PCa patient CTCs can be analysed using 

a multiplex staining approach for single cells.  

1.11 Aims 

Embedded in this overall hypothesis and in order to lay important foundations to enable testing 

it in future, this PhD project addressed the following aims: 

Aim 1: To systematically review and perform meta-analysis on the clinical relevance of liquid 

biopsy detection of the known CRPC biomarker AR-V7. 

Aim 2: To determine the best anti-AR-V7 antibody to reliably detect AR-V7 in CTCs. 

Aim 3:  To optimise a range of methods as a prerequisite and preparation for the use of 

multiplex immunofluorescence to analyse AR, AR-V7, AKT and Hippo pathway components, 

as well as markers for EMT using both cultured cells and CTCs.  
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Chapter 2: Material and Methods 

2.1 Chemicals and Research Consumables 

All chemicals used in this study were analytical grade. Chemicals and consumables used, 

together with suppliers are listed below: 

96-well plate (Greiner-Bio-One, Frickenhausen, Germany) 

BioRad DC protein quantification kit (Bio-Rad Laboratories, Hercules, CA) 

Bovine Serum Albumin (BSA) (Sigma-Aldrich, Castle Hill, Australia) 

Cell scraper (Sigma-Aldrich) 

Cell tracker (Invitrogen, Life Technologies) 

Coverslips 13 mm (Menzel-Glaser, Braunschweig, Germany) 

Cryovials (Interpath, Melbourne, Australia) 

Dimethyl sulfoxide (DMSO; Sigma-Aldrich) 

Dulbecco’s modified eagle medium (DMEM; Lonza, Basel, Switzerland)  

EDTA vacutubes (Greiner-Bio-One)  

Ethanol 100% (Sigma-Aldrich) 

Ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich) 

Falcon tubes (50 mL, 15 mL; ThermoFisher, Scoresby, Australia) 

Foetal bovine serum (FBS; Interpath, Melbourne, Australia) 

Formaldehyde (VMR International, Tingalpa, Australia)  
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Goat serum (Sigma-Aldrich) 

HCl (Sigma-Aldrich) 

HEPES (Lonza) 

Heraeus Pico 21 Microcentrifuge (ThermoFisher)  

Hoechst (ThermoFisher) 

L-glutamine (Sigma-Aldrich)  

Lymphoprep (Stemcell Technologies, Vancouver, Canada) 

Minimum Essential Medium (MEM; Gibco, ThermoFisher) 

Methanol (Univar, Downers Grove, IL) 

NaCl (Rowe Scientific, Sydney, Australia 

Paraformaldehyde (Sigma-Aldrich) 

Phosphate buffered saline (PBS, Life Technologies, Mulgrave, Australia) 

Polyvinyl difluoride (PVDF) membrane (Amersham, GE Healthcare, Buckinghamshire, UK) 

Precast 4-12% polyacrylamide gels (Invitrogen) 

ProLong Gold Antifade reagent (ThermoFisher) 

RosetteSepTM CTC enrichment cocktail Containing Anti-CD36 (Stemcell Technologies, 

Victoria, Australia) (Catalogue number 15167) 

RosetteSepTM Human CD45 depletion cocktail (Stemcell Technologies) (Catalogue number 

15162) 
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Roswell Park Memorial Institute 1640 medium (RPMI; Lonza) 

SepMate tubes (Stemcell Technologies) 

Skim milk powder (Woolworths, Sydney, Australia)  

Superfrost glass slides (Menzel-Glaser) 

T25 cm2 and T75 cm2 tissue culture flasks (Corning, MA, US) 

Tris base (Sigma-Aldrich) 

Triton X-100 (Sigma-Aldrich) 

Tween-20 (Sigma-Aldrich) 

2.2 Equipment 

BX53 microscope (Olympus, Notting Hill, Australia) 

Haemocytometer (Sigma, Castle Hill, Australia) 

IX71 microscope (Olympus, Notting Hill, Australia) 

Milli-Q water (Merck, Bayswater, Australia) 

Mr. Frosty freezing container (ThermoFisher) 

NanoDropTM2000 spectrophotometer (ThermoFisher)  

Odyssey Gel documentation system (LI-Cor Biosciences, Lincoln, NE) 

Zeiss LSM 800 confocal microscope (Zeiss, Oberkochen, Germany) 
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2.3 General Methods 

The methods below are commonly used throughout Chapters 4 and 5 and are described here in 

detail, and briefly described in Chapters 4 and 5, with any minor changes/deviations noted. 

2.3.1 Patient Recruitment 

Patients were recruited from Liverpool Cancer Therapy Centre and St George Private Hospital. 

Clinical information was sourced from patient medical records.  Clinical information at time 

of blood sampling was collected including age, sex, primary cancer site and stage. Treatment 

information was collected including chemotherapy regimen, previous lines of therapy prior to 

circulating tumour cell (CTC) isolation, serum biomarker levels and radiological assessments. 

Blood samples from healthy individuals were collected as controls for initial optimisation 

studies. All studies were undertaken with approval from the South Western Sydney Local 

Health District (SWSLHD) human ethics committee (HREC/13/LPOOL/158), and patients 

gave written consent to participate. 

2.3.2 Tissue Culture 

PCa cell lines 22RV1, LNCaP, VCaP and PC3 were maintained in DMEM medium 

supplemented with 10% Foetal bovine serum (FBS), 2 mM L-glutamine and HEPES in a 

humidified atmosphere with 5% CO2 at 37°C. DU145 cell line was maintained in MEM 

medium, supplemented as above, in a humidified atmosphere with 5% CO2 at 37°C. All cell 

lines were grown from frozen stocks that were STR authenticated and confirmed to be free of 

mycoplasma at time of freezing (Australian Genome Research Facility Ltd, Melbourne, 

Australia) and maintained for no more than 35 passages. Cells were seeded at 15-20% 

confluency and cultured for three to four days before passaging. When growing cell lines, 

media was changed twice a week. When cells reached 80-90% confluency, cell were split as 

follows. Cells were washed with PBS, 2 mM trypsin-EDTA (2 mM) was added to detach the 



   

39 
 

cells and the flask was kept at 37°C 5% CO2 for 3-5 minutes. Trypsin-EDTA was then 

neutralized in the required medium (containing 10% FBS) at 1:5 or 1:10 dilution depending on 

types of cells, transferred to a new flask, and kept at 37°C.  

2.3.3 Western Blotting 

Cells were lysed in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 2 mM EDTA, 

2 mM EGTA 25 mM NaF, 25 mM β-glycerophosphate, 10% glycerol, phosphatase inhibitor 

and 1x protease inhibiters (Roche) for 30 minutes on ice followed by clearing at 4000 g at 4°C. 

Protein concentrations were measured with SPECTRAMAX M2e Plate reader (Molecular 

Devices, USA). 30 µg of total protein per sample was SDS PAGE separated on 4-12% Bis-

Tris gels and transferred to PVDF membranes. The primary antibodies were prepared in 1x 

Tris buffered saline containing 0.05% Tween-20 (TBS-T) containing 5% skim milk powder 

and incubated with membranes overnight under gentle agitation at 4°C. After washing the 

membrane in TBS-T (3 times), membranes were incubated with ECL TM Anti-Rabbit IgG, 

Horseradish Per oxidase linked whole antibody (from donkey) (Lot 9526417) and ECL TM Anti-

mouse IgG, Horseradish Peroxidase linked F(ab’)2 fragment (from sheep) (Lot 312511) (Life 

technologies, Eugene, OR, USA) for 1 hour at room temperature, washed 3 times in TBS-T 

and images were developed by using Western Lightning TM Plus-ECL Enhanced Luminol 

Reagent Plus (LOT 275-13481) and Western Lightning TM Plus-ECL Oxidinzing Reagent Plus 

(LOT 265-13481) (PerkinElmer, Waltham, MA). Membranes were washed in TBS-T after 

taking images by using an Odyssey imager and reprobed for GAPDH primary antibody 

overnight. After washing 3 times in TBS-T, membranes were incubated with ECL TM Anti-

Rabbit IgG, Horseradish Per oxidase linked whole antibody (from donkey) (Lot 9526417). The 

images were taken by using an Odyssey imager (Li-Cor Biosciences, Lincoln, NE). 
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2.3.4 Immunocytostaining and Fluorescence Microscopy 

Cells were seeded at ~2 x 104 cells onto sterile coverslips in 6-well plates. After approx. three 

days, cells were fixed by using 3.7% paraformaldehyde (PFA) for 10 minutes. Cells were 

washed with PBS (2x) and kept in PBS until staining was done. Fixed cells were permeabilized 

by using 0.2% Triton X-100 for 10 minutes followed by washing with PBS. Permeabilized 

cells were blocked with 10% goat serum in PBS for 30 minutes and washed with PBS. Cells 

were stained with specific antibody in 0.5% goat serum and incubated for an hour. Coverslips 

were washed three times with PBS containing 0.5% Tween-20 (PBST), followed by PBS (1x). 

The cells were stained with Hoechst in PBS for 10 minutes, followed by washes with PBST 

(3x), PBS (1x) and a Milli-Q water rinse. The coverslips were mounted onto glass slides with 

ProLong Gold Antifade reagent. Cells were visualised with a BX53 or IX71fluorescence 

microscope (Olympus). Images were captured with the 20X objective with Cell Sens 

Dimension imaging software (1.18, Build 16686). 

2.3.5 CTC isolation from Patient Blood 

Patient blood was drawn into 9 mL EDTA vacutubes (Greiner Bio-One) and processed within 

24 hours. RosetteSep CD36 enrichment kits were used to isolate CTCs. The blood was 

incubated with antibody cocktail (50 µL/mL of blood sample) for 10 minutes and diluted with 

recommended medium (2% FBS in PBS). Then diluted blood sample was transferred to a 

Sepmate tube containing 15 mL density-gradient medium and centrifuged at 1200 x g for 10 

minutes with brakes on. After centrifugation, supernatant was transferred to a 50 mL falcon 

tube and topped up with recommended media. The tube was centrifuged again at 300 x g for 

10 minutes with low brake. The supernatant was discarded, and the tube was resuspended by 

tapping manually in residual supernatant. The tube was refilled with recommended media and 

once again centrifuged at 300 x g for 10 minutes with low brakes. After discarding the 
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supernatant, the pellet was resuspended in 2 mL recommended media and split into 3 different 

wells of 24-well glass bottom plate. The plate was centrifuged at 200 x g for 10 minutes and 

the cells were fixed with 3.7% formaldehyde in PBS for 10 minutes followed by washing with 

1 x PBS (2 times). There was 500 µL PBS in the wells and CTCs were stored for up to 1-2 

days at 4°C before doing staining.  

2.3.6 RNA Isolation 

Total RNA from cell lines was extracted with the ISOLATE II RNA Micro Kit (Bioline, 

Sydney, Australia) and any residual genomic DNA contamination was removed by on-column 

DNase I treatment for 15 minutes. RNA was eluted in 50 µL RNase-free H2O. RNA quality 

and quantity were measured using the NanoDrop 2000 (Thermo Scientific, Waltham, MA). 

cDNA synthesis was performed from 1 µg total RNA with the SensiFAST cDNA Synthesis kit 

(Bioline, Sydney, Australia). Total RNA from CTC samples or healthy control PBMCs was 

extracted with the RNA purification Mini kit (Norgen Biotek Corp., Thorold, Canada) and 

double-eluted in a total volume of 30 µL RNase-free H2O. 15 µL of this RNA was converted 

into cDNA with the SensiFAST cDNA Synthesis kit (Bioline, Sydney, Australia).  

2.3.7 Droplet Digital PCR (ddPCR) 

Primers and TaqMan probes were designed by our team using NCI primer software 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/. ddPCR samples for total AR and AR-V7 

were set up with 20 µL reaction mixture containing 10 µL ddPCR Supermix for probes, no 

dUTP (Bio-Rad, Hercules, CA, USA), each forward primer (FP, 500 nM) and reverse primer 

(RP, 500 nM) and probes (FAM and HEX, each 250 nM). Droplets were generated with 70 µL 

oil using a QX200 droplet generator (Bio-Rad). Amplification was performed at 95°C, 10 

minutes; followed by 40 cycles of 94°C, 30 s and 55°C (or 60°C for actin) 1 minute using a 
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C1000 Touch thermocycler (Bio-Rad). After amplification, the droplets were read on a QX200 

droplet reader (Bio-Rad) and analysed with QuantaSoft software V1.7.4 (Bio-Rad).  

 

 

2.3.8 Primers and probes 

AR-
Specie
s 

 
Primers Probes 

Total 
AR 

 FP: 5′-
GGAATTCCTGTGCATGAAAGC-3′ 5′-[HEX] 

CTTCAGCATTATTCCAGTG[BHQ1]
-3′ 

 RP: 5′-
CGATCGAGTTCCTTGATGTAGTTC-

3′ 

AR-V7 

 FP: 5′-
CGGAAATGTTATGAAGCAGGGATG

A-3′ 5′-[6FAM] 
CGGAATTTTTCTCCCAGA[BHQ1]-

3′  RP: 5′-
CTGGTCATTTTGAGATGCTTGCAAT-

3′ 

GAPDH  FP: 5′- 
CGGGAAGCTTGTCATCAATGG-3′ 

5′-
[FAM]TCTTCCAGGAGCGAGATCCC

T-[BQ1]- 3′   RP: 5′- CTCCACGACGTACTCAGCG-3′ 
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Chapter 3: Prognostic and Predictive Value of Liquid-Biopsy-

Derived Androgen Receptor Variant 7 (AR-V7) in Prostate 

Cancer: A Systematic Review and Meta-Analysis 

3.1  Introductory Background 

As detailed in Chapter 1, Section 1.8, Androgen receptor variant 7 (AR-V7) is an important 

biomarker in PCa, particularly when castrate resistant prostate cancer (CRPC) develops. 

Current therapies for CRPC include second-generation androgen axis inhibitors, such as 

abiraterone or enzalutamide, docetaxel, cabazitaxel, or other agents more generally available 

in the US, such as Radium 223, and sipueluecel T. Docetaxel chemotherapy is now aimed at 

AR-V7 positive CRPC patients, and eligibility for recruitment onto the current clinical trials 

includes expression of AR-V7 [204]. However, in advanced stage PCa, recent tissue biopsies 

are often unavailable and archival tissue may not reflect current AR-V7 status. This challenge 

has prompted exploratory studies to detect AR-V7 from other tissues, specifically easily 

accessible and repeatable liquid biopsies. Chapter 3 reviewed the evidence for and assessed the 

importance of AR-V7 in PCa patients as detected in liquid biopsy compartments, namely 

CTCs, ctDNA, exosomes and whole blood. For this purpose, a meta-analysis was performed 

according to systematic guidelines. Our meta-analysis showed significant association of liquid 

biopsy-based AR-V7 with overall survival and in context of specific therapies, as outlined here.   
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3.1.1 Published Manuscript 

This study was published as a systematic review. 

Front Oncol. 2022; 12: 868031. doi: 10.3389/fonc.2022.868031. Published online 2022 

Mar 18.  (Attachment 2). 

Publication Details: Tanzila Khan, Therese M. Becker, Kieran F. Scott, Joseph Descallar, 

Paul de Souza, Wei Chua, Yafeng Ma. 

Contribution of Authors: 

Project development, methodology, data collection and analysis: TK and YM; 

Conceptualization: YM and TK; Project development: TB, KS, PDS and WC; Statistics: JD, 

TK and YM; Manuscript writing, editing, and reviewing: all authors; All authors read and 

approved the final manuscript. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8971301/
https://doi.org/10.3389%2Ffonc.2022.868031
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3.2  Abstract 

In advanced PCa, access to recent diagnostic tissue samples is restricted, and this affects the 

analysis of the association of evolving biomarkers such as AR-V7 with metastatic castrate 

resistance. Liquid biopsies are emerging as alternative analytes to traditional tissue biopsies. 

To clarify the clinical value of AR-V7 detection from liquid biopsies, here we performed a 

meta-analysis on the prognostic and predictive value of androgen receptor variant 7 (AR-V7) 

detected from liquid biopsy for patients with prostate cancer (PCa). Three databases (Embase, 

Medline and Scopus) were searched up to September 2021. A total of 37 studies were included. 

The effects of liquid biopsy AR-V7 status on overall survival (OS), radiographic progression-

free survival (PFS) and prostate-specific antigen (PSA)-PFS were calculated with RevMan 5.3 

software. AR-V7 positivity detected in liquid biopsy significantly associates with worse OS, 

PFS and PSA-PFS (P <0.00001). A subgroup analysis of patients treated with androgen 

receptor signalling inhibitors (ARSi such as abiraterone and enzalutamide) showed a 

significant association of AR-V7 positivity with poorer OS, PFS and PSA-PFS. A statistically 

significant association with OS was also found in taxane-treated patients (P = 0.04), but not for 

PFS (P = 0.21) or PSA-PFS (P = 0.93). For AR-V7 positive patients, taxane treatment has 

better OS outcomes than ARSi (P = 0.01). Study quality, publication bias and sensitivity 

analysis were integrated in the assessment. Our data suggest that liquid biopsy AR-V7 may be 

a clinically useful biomarker that is associated with poor outcomes of ARSi-treated castrate 

resistant PCa (CRPC) patients and thus has the potential to guide patient management as well 

as to stratify patients for clinical trials. More studies on chemotherapy treated ARV7+ patients 

are warranted. 
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3.3  Introduction 

Prostate cancer (PCa) is one of the most common male cancers. The androgen receptor (AR) 

pathway is critical in maintaining normal prostate tissue homeostasis, cancer development and 

progression [226]. Therapies for PCa include surgery and radiation for localised or early-stage 

cancer, while for advanced or metastatic PCa, androgen deprivation therapy (ADT), with or 

without chemotherapy, is standard of care. However, patients eventually develop castration 

resistant PCa (CRPC). Recent incorporation of novel androgen receptor signalling inhibitors 

(ARSi, e.g., enzalutamide (Enz), abiraterone (Abi)) and taxane-based chemotherapy have 

improved outcomes of CRPC patients over the past two decades [227]. 

Biomarkers detected in liquid biopsy (such as circulating tumour cells and cell-free tumour 

DNA) demonstrate good concordance with biomarkers detected in conventional tissue biopsy, 

especially for metastatic CRPC [228]. Liquid biopsy is emerging as a reliable source of 

biological data for biomarker discovery, especially in advanced PCa, when tissue biopsy is 

often not obtainable or cannot be used longitudinally to monitor tumour evolution and changes 

in biomarker characteristics. In CRPC, one of the most promising prognostic markers is the 

constitutively active AR splice variant 7 (AR-V7). AR-V7 lacks the ligand binding domain and 

substitutes for functional AR even in absence of the ligand testosterone, and differentially 

regulates AR-dependent gene expression [229]. Thus far, the current literature suggests that 

expression or nuclear subcellular location of AR-V7 is associated with overall survival (OS) 

and progression free survival (PFS) when found in tissue biopsy [209] or liquid biopsy [whole 

blood [230, 231], circulating tumour cells [232], exosomes [233, 234]]. However, the statistical 

power of studies varies, depending on cohort sizes, clinical stages of patients under study, and 

also treatment options; the clinical relevance of AR-V7, especially liquid biopsy detectable 

AR-V7, is still not clear or widely accepted, and needs further investigation. 
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To clarify the clinical utility of AR-V7 detection from liquid biopsies, we undertook a 

comprehensive systematic review and meta-analysis to evaluate the available data from clinical 

studies published up to September 2021. Prognostic and predictive value of liquid biopsy 

derived AR-V7 data in PCa patients were evaluated from 37 studies that met inclusion criteria. 

3.4  Methods 

3.4.1 Study Design and Literature Searches 

This study was conducted according to preferred reporting items for systematic reviews and 

meta-analysis (PRISMA) [235]. The protocol has been registered on PROSPERO 

(CRD42021239353). Detailed literature searches up to September 10, 2021, in the Embase, 

PubMed and Scopus databases were conducted thoroughly to check the prognostic role of AR-

V7 in PCa. The used search terms were (~Androgen Receptor Variant 7) OR (~ARV7) OR 

(~AR3) AND (~"prostate cancer"). The searched study citations were imported to EndNote 

(version X9) for duplicate checking and title and/or abstract screening and then uploaded to 

online systematic review research tool Rayyan (https://www.rayyan.ai/) for independent 

systematic review according to selection criteria. Two independent, blinded observers (TK and 

YM) reviewed all candidate articles. Any discrepancies in the article selections were resolved 

by discussion. 

3.4.2 Selection Criteria 

Pre-set exclusion criteria of this study were: (1) publication type: review articles, letters, 

comments, questionnaires, conference papers, corrections, reply to editor, case reports, book 

chapters, abstracts only, research highlights, summaries; (2) non-human studies (animal or cell 

line study); (3) non-prostate cancer; (4) AR-V7 data are not derived from human; (5) survival 

data not related to AR-V7 or with insufficient data to calculate hazard ratios (HRs) and 95% 

confidence intervals (Cis), or insufficient data from the Kaplan-Meier (K-M) curves that 

https://www.rayyan.ai/
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prevented calculation of HRs and 95% CI parameters. Finally, studies were only included when 

they met the following criteria: (1) AR-V7 assayed in liquid biopsies (whole blood, circulating 

tumour cells, PBMC, plasma, exosome); (2) A reported relationship between AR-V7 and 

prognostic/predictive indicators, including OS, PFS and PSA-PFS; (3) patient cohorts with n 

>25, and (4) English language only. 

3.4.3 Data Extraction and Quality Assessment 

This study focuses on the prognostic value of AR-V7 detected from liquid biopsy and its 

predictive value for ARSi and chemotherapy outcomes. According to a pre-designed table, 

items of data extraction included the last name of the first author, publication year, study 

country, number of patients included, age of patient, sample resource (processing method) and 

AR-V7 detection method, type of therapies, endpoints of oncological outcomes, HRs and 95% 

CIs (from univariate or multivariate Cox analysis), follow-up durations and definitions of OS, 

PFS and PSA-PFS (Supplemental Table 3.1). When HRs and 95% CIs were not presented in 

the study, an Engauge Digitizer (version 12.1) was used to digitalise the K-M survival curve to 

re-calculate HRs and 95% CI as described previously [236]. Data was extracted by two authors 

(TK and YM) independently and any inconsistencies were resolved by discussion. Notably, 

when several publications were retrieved that reported the same trial or patient cohort or were 

from same author(s), the study question and data from this publication were discussed by two 

authors (TK and YM) and uniqueness of the included data was ensured. 

The adapted Newcastle-Ottawa Scale (NOS) scales for cohort study [237] were used to 

evaluate the quality of enrolled studies, which embraced three aspects, namely, patient 

selection, comparability, and assessment of outcome with a total score of 9. In addition, the 

quality of statistical evaluation was assessed to give a maximal score of 1 as described in 
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Supplemental Table 3.2; a score of 7 or more is considered as high-quality and a score of 6 or 

less is considered as low quality.  

3.4.2 Statistical Analysis 

Pooled HR and 95% CI were used to evaluate the prognostic and predictive value of AR-V7 

presence or high expression (in some studies, authors set a threshold to discriminate high or 

low expression level) on the patient survival parameters (OS, PFS, PFA-PFS) in Review 

Manager 5.3 software (RevMan v.5.3, Denmark). The Cochran Q and I2 statistical methods 

were applied to evaluate the heterogeneity among included studies and a random effects model 

was used for data consolidation. If the heterogeneity was very high, only a descriptive score 

was given. Further subgroup analysis based on patient treatment was also conducted. The 

inverted funnel plots with Egger’s test were used to analyse potential publication bias with R 

software. A sensitivity analysis was carried out to assess the influence of each individual study 

on the pooled results by sequentially excluding each study. A two-tailed p-value <0.05 was 

regarded as statistically significant.  

3.5  Results 

3.5.1 Search Results, Study and Patient Characteristics 

The flowchart outlining the results of the literature search and application of the strategic 

inclusion and exclusion criteria is presented in Figure 3.1. 
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Figure 3. 1 Flow chart of literature search and study selection 
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A total of 1,180 relevant articles were identified in initial database searches (Embase: 321, 

Medline: 537, Scopus: 322). After screening research title and abstract to remove duplicates (n 

= 410) and excluding the non-relevant studies based on publication type (n = 353), non-human 

studies (n = 193), non-prostate cancer (n = 5) and foreign language (n = 3) followed by a review 

of full text for eligibility, 37 articles were identified based on inclusion criteria ‘human data’, 

‘AR-V7’, ‘liquid biopsy’, and ‘survival’. Although we initially only searched quite a broad 

terminology ‘prostate cancer’, all 37 studies investigated CRPC (n = 4) or metastatic CRPC 

(mCRPC) (n = 33) as defined in the reports (Supplemental Table 3.1). Baseline characteristics 

of all eligible articles are listed in Table 3.1. All articles were published from 2014 to 2021 and 

included studies from Europe (46%), America and Canada (46%) and Asia-Pacific (8%). 

Liquid biopsy AR-V7 was detected from CTC (n = 28), PBMC (n = 2), whole blood (n = 4) or 

exosomes (n = 3). The patient cohort size ranged from 26 to 202 and the median or mean patient 

age ranged from 56 to 78. CTC enrichment methods included (modified) AdnaTest ® (Qiagen) 

(n = 13), OncoQuick® (Greiner Bio-One GmbH) (n = 1), red blood cell (RBC) lysis (n = 3), 

and immunomagnetic beads-based methods (such as CellSearch® or IsoFlux®, dynabeads) (n 

= 9). The method of AR-V7 detection was primarily by PCR (quantitative PCR and droplet 

digital PCR, 92%). Endpoint of patient outcomes include OS (n = 30), PFS (n = 28) and PSA-

PFS (n = 10) (Table 3.1). 
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Table 3. 1 The basic characteristics of eligible studies 
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Study  Year,  
country  

Study 
type  

Patients  Age  Resource, 
method  

Treatment  Endpoin
t  

outcome
  

Follow 
up(month)  

NOS 
scor

e  

Antonaraki
s  

et al. [238] 

2015  
US  

Pros  37 CTC+  67  
(46-82) B  

CTCs (mAdna),  
qRT-PCR  

Taxane  OS, 
PFS,  
PSA-
PFS  

7.7 (0.7-19.0) B  10  

Antonaraki
s  

et al. [239] 

2017  
US  

Pros  53 CTC-,   
113 CTC+ 
/AR-V7-
, 36 CTC+ 
/AR-V7 +  

70 
71 

70 A 

CTCs (mAdna),  
qRT-PCR  

Abi/Enz  OS, 
PFS,  
PSA-
PFS  

CTC-:15.0  
CTC+/ARV7-

:21.7  
CTC+/ARV7+:1

4.6A  

9  

Antonaraki
s  

et al. [45] 

2014  
US  

Pros  Enz:31, 
 Abi: 31  

Enz:70 (56-
84), Abi:69  

(48-79) B  

CTCs (mAdna),  
qRT-PCR  

Abi/Enz  OS, r 
PFS,  
PSA-
PFS  

Enz: 5.4 (1.4-
9.9)  

Abi: 4.6 (0.9-
8.2) B  

9  

Armstrong  
et al. [204] 

2019  
US  

Pros, blin
ded, multi
-center   

118  73  
(45-92) B  

CTCs  
(Adna, CellSear

ch),  
qRT-PCR  

Abi/Enz  OS, PFS  19.6 A  10  

Armstrong  
et al. [240] 

2020  
US  

Pros, 
blinded  

ARSi:118  
Taxane: 

51  

72(48-82)  
72(45-87) 

B   

CTCs 
(Adna, CellSear
ch), qRT-PCR  

ARSi,  
Taxane  

OS, PFS  ARSi:35  
Tax:23 A  

9  

Belderbos  
et al. [241] 

2019  
Netherland

s  

Pros  94  69  
(65-75) C  

CTCs (CellSear
ch),  

qRT-PCR)  

Cabazitaxel
   

ARSi  

OS  NA  9  

Cattrini  
et al. [242] 

2019  
Italy  

Pros  39  72  
(56-84) B  

CTCs (Adna),  
qRT- PCR  

ARSi,  
Taxane  

OS  NA  8  

Chung  
et al. [243] 

2019  
US  

Pros  37  72  
(67-79) C  

CTCs (Dynabea
ds),  

qRT-PCR  

Abi/Enz  OS, rPF
S,  

PSA-
PFS  

11.4 (4.7-21.3) C  7  

De Laere  
et al. [244] 

2019  
Belgium  

Pros  168  76 ± 7.7 E  CTCs (CellSear
ch),   

Abi/Enz  OS, PFS  12.4 (7-17.3) C  10  
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multi-
center  

RNA-seq   

Del Re  
et al. [245] 

2017  
Italy  

Pros  36  66  
(51-81) B  

Plasma 
exosomes  

(exoRNeasy),  
ddPCR  

ARSi  OS, PFS  9 (2.0-31.0) B  8  

Del Re  
et al. [233] 

2021  
Italy  

Retros  84   78 (47-
91) B  

Plasma 
exosomes 

(exoRNeasy),  
ddPCR  

ARSi  OS, PFS  NA  9  

Del Re  
et al. [234] 

2019  
Italy  

Retros  73  NA  Plasma 
exosomes 

(exoRNeasy),  
ddPCR  

Abi/Enz  OS, PFS  NA  7  

Erb  
et al. [246] 

2020  
Germany  

Pros  26  74.3 ± 9 A  CTCs (OncoQui
ck), 
IHC  

ARSi,  
Taxane  

PFS  NA  6  

Graf  
et al. [247] 

2020  
US  

Pros, cros
s-

sectional   

193  69 (62.5-75) 
C  

CTCs (RBC lysi
s),  
IF  

ARSi,  
Taxane  

OS  28.4 (24.4 -
33.0) C  

9  

Gupta  
et al. [248] 

2019  
US  

Pros  ARSi:120  
Radium:2

0   

ARSi:73 
(45-92)   

Radium:72 
(54-86) B  

CTCs 
(Adna, CellSear
ch), qRT-PCR 
and Epic assay  

Abi/Enz,  
Radium  

PFS  NA  9  

Joncas  
et al. [249] 

2019  
Canada  

Pros  35  75 (67,79) 
C   

EVs (UC, 
miRNeasy),  

ddPCR  

ARSi,  
Taxane  

OS, PFS  27 (16,33) C  8  

Kwan  
et al. [250] 

2019  
Australia  

Pros  115  72 (46-
91) B  

WB,  
qRT-PCR  

ARSi, Taxa
ne  

OS  15.5 (1.4 -29) B  10  

Lorenzo    
et al. [251] 

2021   
Italy  

Pros, 
multi-
center  

53 (45 dat
a only)  

72.1 (54-
86) B  

CTCs,  
(Flow 

cytometry)  

Enz  OS, rPF
S  

27A  10  

Maillet  
et al. [252] 

2019  
France  

Pros  41  73 A  CTCs (AdnaTes
t),  

ARSi  OS, rPF
S,  

31 ARSi treated 
patients: 10.5 A   

8  



   

 

55 

qRT-PCR  PSA-
PFS   

Marín  
et al. [253] 

2020  
Spain  

Pros  136   ARSi:70.2 
(53.3-93.3) 
Tax: 62.8 

(32.8-
79.4) B 

PBMC 
and CTCs (IsoFl
ux) qRT-PCR  

Abi/Enz,  
Taxane   

OS, 
rPFS,  
PSA-
PFS  

ARSi:14.9  
(1.5-57.9)  
Tax:13.8 

(1.37-82.27) A  

10  

Markowski   
et al. [254] 

2021  
US  

Multicoho
rt  

phase II  

Post-
Abi: 29, 

Post-
Enz: 30 

Post-Abi:  
71(49-85)  
Post-Enz: 

74(50-89) B  

CTCs (Adna),   
qRT-PCR  

BAT,   
ARSi  

rPFS  NA  7  

Miyamoto  
et al. [255] 

2018  
US  

Pros  27  67 D  CTCs (CTC-
iChip),  
ddPCR  

Abi  OS, rPF
S  

13.0 A  8  

Okegawa  
et al. [256] 

2018  
Japan  

Retros  49 CTC -
,   

23 CTC 
+/AR-V7 -

,  
26 CTC 

+/AR-V7 
+  

69  
71  

72 D  

CTCs (on-chip 
FC),  
PCR  

Abi/Enz  OS, rPF
S,  

PSA-
PFS  

20.7 (3.0-37.0) B  9  

Onstenk  
et al. [257] 

2015  
Netherland

s  

Pros, mult
i-

center, ph
ase II   

29  70 ± 7 E  CTCs 
(CellSearch),  

qRT-PCR  

Cabazitaxel
  

OS, PFS  7 (2-27) B  7  

Qu  
et al. [258]  

2017  
US  

Retros  Abi: 81,  
Enz: 51  

Abi: 68.3 
(62-74)   
 Enz:69.0 
(63-74) C  

PBMC(Ficol),  
ddPCR  

Abi/Enz  OS, PFS 
(TTF)  

29.7 (3.6- 47.5)   
23.9 (0.9- 48.3) 

B   

10  

Scher 
et al. [259] 

2018  
US  

Pros, cros
s-

sectional  

142   69.5 ± 9.6 E  CTCs (RBC lysi
s), 
 IF  

ARSi,  
Taxane  

OS  4.3 years  8  
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Scher  
et al. [43] 

2017  
US  

Pros, cros
s-

sectional  

161  68  
(45-91) b  

CTCs (RBC 
lysis),  

IF  

ARSi,  
Taxane  

OS  11 (1-30) A  9  

Scher  
et al. [42] 

2016  
US  

Pros, cros
s-

sectional  

161  68  
(45-91) B  

CTCs,  
IF  

ARSi,  
Taxane  

OS, PFS  36  10  

Seitz  
et al. [260] 

2017  
Germany  

Pros  85  71  
(66-74) C  

WB,  
ddPCR  

Abi/Enz  OS, rPF
S,  

PSA-
PFS  

7.6 (4.7-12.7) C  8  

Sepe  
et al. [261] 

2019  
Italy  

Pros  Abi:26,  
Enz: 11  

75  
(68-80) B  

CTCs (Adna),  
qRT-PCR  

Abi/Enz  OS, rPF
S,  

PSA-
PFS  

25 A  9  

Sharp  
et al. [232] 

     2019  
      UK  

Pros  181  CTC -:71.0 
(66.8-
75.6), CTC 
+/AR-V7 -
:  69.6 
(64.9-
72.3), CTC 
+/AR-V7 -
: 70.4 (65.3-
74.6) C  

CTCs (Adna,  
CellSearch),  
qRT-PCR  

ARSi, Taxa
ne  

OS  19 (11-31) C  10  

Škereňová  
et al. [262] 

2018  
Czech  

Republic  

Retros  41  71 (54-82) B CTCs (Adna),   
qRT-PCR  

Docetaxel  OS  23.5 A  7  

Stuopelyte  
et al. [230] 

2020  
Lithuania  

Pros  102  75.4 
(11.4) C 

WB,  
qRT-PCR  

Abi  PFS,  
OS  

30.5 A  9  

Tagawa  
et al. [263] 

2019  
US  

Pros  54  
  

71 (53-84) B CTCs,  
ddPCR  

Taxane  PFS  NA  7  

Todenhöfer  
et al. [231] 

2016, Cana
da  

Pros  37    
70 (53-87) B 

WB,  
qRT-PCR  

Abi   OS  
PSA-
PFS  

NA  8  
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Tommasi  
et al. [264] 

2018  
Italy  

Pros  44  71.5 (55-
87) B 

CTCs (Adna),  
qRT-PCR  

ARSi,  
Taxane  

PFS  20.5 A  7  

Wang  

et al. [265] 

2018  

China  

Pros  36  56.2 ± 8.6 E CTCs (immuno-

beads),  

qRT-PCR  

Abi/Enz  PFS  NA  6  

 

Studies are labelled as last name of first author, et al. and presented in alphabetical order; Patient number and age are all patients included in 

study; Pros: prospective; Retros: retrospective;  a : median, b : median (range), c : median IQR , d : mean, e: mean ± STD; WB: whole blood; 

CTC: circulating tumour cells; RBC: red blood cell lysis; PBMC: peripheral blood mononuclear cell; Ficoll: density gradient medium; 

Adna: AdnaTest ProstateCancerPanel AR-V7; mAdna: modified Adna; IF: immunofluorescent staining; qRT-PCR: quantitative real time-

polymerase chain reaction; ddPCR: droplet digital PCR; UC: ultracentrifuge; FC: flow cytometry; ARSi: androgen receptor signalling 

inhibitor; Abi: abiraterone; Enz: Enzalutamide; BAT: bipolar androgen therapy; NA: not available; some studies include healthy control for 

threshold setting or discovery cohort (the data is insufficient and not included in table).  
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Thirty studies including 976 AR-V7 positive (or high level, as defined by authors) and 2,056 AR-V7 

negative (or low level) patients were used for OS comparison, while 28 studies including 697 AR-V7 

positive and 1,553 AR-V7 negative patients were used for PFS analysis and 10 studies including 216 

AR-V7 positive and 425 AR-V7 negative patients for PSA-PFS analysis. Most patients in the cohort 

of studies were treated with ARSi (either enzalutamide, abiraterone, or not specified) or taxane-based 

chemotherapy. Some reports included miscellaneous treatments [such as Bipolar Androgen-based 

therapy [254]]. Overall AR-V7 positive patients had significantly worse OS (HR 3.36, 95% CI 2.56-

4.41, P <0.00001), PFS (HR 2.96, 95% CI 2.20-3.98, P <0.00001) and PSA-PFS (HR 4.34, 95% CI 

2.15-8.76, P <0.00001) than AR-V7 negative patients. Due to significant study heterogeneity (I2 ≥ 

80%), random effects model was applied to calculate HR value and 95% CI for all survival parameters. 

3.5.2 Predictive Value of AR-V7 for ARSi-Treatment  

AR-V7 positive patients treated with ARSi (enzalutamide or abiraterone) had significant poorer OS 

(HR 4.34, 95% CI 3.00-6.28, P <0.00001), PFS (HR 2.89, 95% CI 2.15-3.87, P <0.00001) and PSA-

PFS (HR 4.69, 95% CI 2.50-8.82, P <0.0001) compared with AR-V7 negative patients (Figure 3.2-

3.4). When analysed based on specific treatment, compared to negative patients, AR-V7 positive 

patients also had significant worse OS (Enz: HR 2.93, 95% CI 1.71-5.01, P <0.0001; Abi: HR 6.59, 

95% CI 2.18-19.94, P = 0.0008, respectively) (Figure 3.2), PFS (Enz: HR 4.38, 95% CI 2.44-7.84, P 

<0.0001; Abi: HR 6.88, 95% CI 1.99-23.73, P = 0.002, respectively) (Figure 3.3) and PSA-PFS (Enz: 

HR 7.40, 95% CI 2.66-20.60, one study, P = 0.0008; Abi: HR 11.39, 95% CI 4.53-28.67, two studies, 

P <0.00001, respectively) (Figure 3.4).  
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Figure 3. 2 Forest plot of hazard ratios (HRs) for association of liquid biopsy AR-V7 status with 

overall survival (OS) in all included studies 

Pooled HRs were calculated using random effect model. AR-V7, androgen receptor splice variant 7; 

CI, confidence interval and bars indicate 95% CIs. Subgroup analysis (ARSi, enzalutamide or 

abiraterone; Enz, enzalutamide; Abi, abiraterone; Chemo, taxane based chemotherapy; Miscellaneous, 

treatments that do not belong to above treatments or not clearly defined) were assessed. 
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Figure 3. 3 Forest plot of hazard ratios (HRs) for association of liquid biopsy AR-V7 status with 

PFS in all studies 

Pooled HRs were calculated using random effect model. AR-V7, androgen receptor splice variant 7. 

CI, confidence interval and bars indicate 95% CIs. Subgroup analysis (ARSi, enzalutamide or 

abiraterone; Enz, enzalutamide; Abi, abiraterone; Chemo, taxane based chemotherapy; Miscellaneous, 

treatments that do not belong to above treatments or not clearly defined) were assessed. 



   

 
61 

 

 

Figure 3. 4 Forest plot of hazard ratios (HRs) for association of liquid biopsy AR-V7 status with 

PSA-PFS in all studies 

Pooled HRs were calculated using random effect model. AR-V7, androgen receptor splice variant 7. 

CI, confidence interval and bars indicate 95% CIs. Subgroup analysis (ARSi, enzalutamide or 

abiraterone; Enz, enzalutamide; Abi, abiraterone; Chemo, taxane based chemotherapy; Miscellaneous, 

treatments that do not belong to above treatments or not clearly defined) were assessed. 
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3.5.3 Chemotherapy-Treated Patients and Outcome Association with AR-V7 

In the subgroup analysis of the patients treated with taxane-based chemotherapy, the association of 

AR-V7 positivity with worse OS was observed (HR 1.70, 95% CI 1.03-2.81, P = 0.04) (Figure 3.2), 

but no conclusive association between AR-V7 positive status and worse PFS and PSA-PFS were 

apparent, likely due to inadequate power (PFS: HR 1.81, 95% CI 0.71-4.61, P = 0.21, Figure 3.3; PSA-

PFS: HR 0.93, 95% CI 0.21-4.22, P = 0.93, Figure 3.4). It is to be emphasised that data is only derived 

from two studies and a total of 129 patients (Figure 3.4). 

3.5.4 AR-V7 Effect on Non-Defined (Miscellaneous) Treatments 

For the studies in which the authors did not clarify treatments and were unable to be classified as either 

ARSi or taxane chemotherapy, AR-V7 presence is associated with worse OS (HR 3.47, 95% CI 1.85-

6.49, P = 0.0001, 5 studies) and PFS (3 studies, HR 1.68, 95% CI 1.03-2.76, P = 0.04) (Figure 3.2 and 

3.3). 

3.5.5 ARSi vs. Chemotherapy in AR-V7 Positive or Negative Patients 

Four studies compared treatment response in AR-V7 positive or negative patients. Taxane treatment is 

linked to superior OS (HR 0.54, 95% CI 0.34-0.87, P = 0.01) in patients positive for AR-V7, compared 

to ARSi (Figure 3.5A). In contrast, for AR-V7 negative patients, OS in taxane or ARSi treated patients 

is not significantly different (HR 1.17, 95% CI 0.71-1.92, P = 0.54) (Figure 3.5B). 
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Figure 3. 5 Forest plots for association of liquid biopsy AR-V7 status with OS in (A) AR-V7 

positive (ARSi vs. Chemotherapy) and (B) AR-V7 negative patients (ARSi. vs. Chemotherapy) 

Pooled HRs were calculated using random effect model. AR-V7, androgen receptor splice variant 7; 

CI, confidence interval and bars indicate 95% CIs. 
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3.5.6 Quality Assessment, Publication Bias and Sensitivity Analysis 

Thirty-five articles were assessed as high-quality studies while 2 were deemed low quality studies 

(Table 3.1 and Supplemental Table 3.2). Overall, the average quality of studies is 8.5. Publication 

biases were evaluated for subgroups with more than 10 publications; no publication bias was observed 

for OS (Egger’s test P = 0.9925, 15 publications, Supplemental Figure 3.1A) whereas publication bias 

was observed for PFS (Egger’s test P = 0.0411, 17 publications, Supplemental Figure 3.1B) in ARSi-

treated subgroups. Sensitivity analyses were performed on the subgroups of more than 6 studies and 

the results were relatively stable except for overall survival in chemotherapy-treated group, where 

missing data in one study [253] had a significant effect on data outcome (Supplemental Table 3.3). 

3.6  Discussion 

AR splice variants have been proposed as a cause of resistance to ARSi and taxane-based chemotherapy 

[266]. AR-V7, the most well-studied AR splice variant, is emerging as a clinically relevant biomarker 

in CRPC, with a detection incidence ranging between 20-60%, depending on biopsy source, detection 

methods and disease stage. Given that tumour tissue of advanced PCa is rarely available and archival 

tissue may not reflect the biology of the current tumour stage, liquid biopsies, mainly blood, are 

becoming attractive resources for AR-V7 and other biomarker evaluation. The majority of studies were 

conducted on CTC analysis (see table 3.1) and separate meta-analysis of the few studies conducted on 

other liquid biopsy forms was not statistically meaningful. Those studies did however generally have 

outcomes in line with the CTC based studies and were not excluded from overall analysis. 

Nevertheless, analysis of the data plus/minus these studies was performed to evaluate their impact on 

overall data. Technical advances, different detection methods for AR-V7 from liquid biopsies are now 

available, including modified AdnaTest Prostate Cancer, and droplet digital PCR of CTCs enriched by 

various platforms (see Table 3.1). We recently confirmed CTC-based AR-V7 testing is more reliable 
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than exosomal RNA and cell free tumour RNA in plasma [210]. Accumulating reports on the 

association of AR-V7 detectability in liquid biopsy with therapy response and patient survival have 

prompted us to perform this systematic review and meta-analysis on the prognostic and predictive 

utility of liquid biopsy-based AR-V7 identification. Our data show that liquid biopsy detectable AR-

V7 significantly associates with poor outcomes to ARSi treatment as shown for OS, PFS, PSA-PFS (P 

<0.001). This strongly supports the notion that AR-V7 detection from CRPC patient liquid biopsies 

has prognostic and predictive power. This observation is highly clinically relevant and could affect 

how clinicians make treatment decisions for patients with (metastatic) CRPC and when to transition 

patients to taxane-based chemotherapy. 

While on taxane-based treatment, the association of AR-V7 presence with poorer outcome is still 

significant (P = 0.04) for OS data and lack adequate power for PFS (P = 0.21) or PSA-PFS (P = 0.93). 

However, there are relatively fewer publications in this subgroup, so these conclusions are based on 

weaker datasets compared to the ARSi treated subgroup; for instance, omitting one publication changes 

the P-value, and AR-V7 impact on OS would no longer be significant (Supplemental Table 3.3). Our 

data agree with a recent report that AR-V7 may contribute to taxane resistance by circumventing 

taxane-induced inhibitory effects both in vitro (cell lines) and in vivo (PCa tissue) [263, 267]. On the 

other hand, we cannot exclude the possibility that AR-V7 expression was induced in CRPC patients 

who had received ARSi prior to chemotherapy, and that its effect on OS has not been completely 

washed out by taxanes. We note that four studies suggest that chemotherapy would be a better option 

compared to ARSi (HR 0.54, P = 0.01) in AR-V7 positive CRPC, suggesting that AR-V7 determination 

is important in chemotherapy-treated patients. More studies in this subgroup are warranted.  

Three other meta-analyses on AR-V7 prognostication [212, 237, 268] have been published recently, 

but given the common inaccessibility of current tissue biopsies, our meta-analysis exclusively focuses 

on liquid biopsies and includes the most up-to-date studies. Further, we not only include all studies 
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with author self-reported HR and 95% CI, but also calculate HR and 95% CI with established methods 

[236] for some papers with insufficient and incomplete statistical reporting. Nevertheless, our 

systematic review has limitations. We only examined OS, PFS and PSA-PFS, and did not assess other 

treatment outcomes such as PSA response. Discrepancies in the definition of PSA response (e.g., extent 

of PSA fall in a specific timeframe) exist across studies and given our selection criteria, papers were 

excluded if they only reported PSA response without survival data. Secondly, statistical power was 

limited by the numbers of studies available and small sample sizes in some of the subgroups analysed. 

Thirdly, included study designs differed greatly in biological material investigated (type of liquid 

biopsy and content such as CTCs or exosomes). For some studies, patients were enrolled from a single 

centre, potentially leading to publication bias and selection bias. Also, no randomized study has ever 

directly compared the predictive value of AR-V7 in patients treated with chemotherapy vs. ARSi. 

Therefore, the findings here are considered preliminary. Lastly, the variability of techniques used to 

determine AR-V7 positivity, namely, qRT-PCR and ddPCR of mRNA derived from CTC, whole 

blood, exosome, could result in differing conclusions. The cut-off value is essential in defining and 

interpretation of AR-V7 positivity, due to the continuous nature of this variable; more work is required 

to answer the question of whether the degree of AR-V7 presence is important. Last but not least, other 

CTC AR detection methods have been adopted such as RNA-seq and immunostaining. Despite the 

variety of methodologies, we found that liquid biopsy detectable AR-V7 correlates with disease 

outcomes (Supplemental Figure 3.2). 

In conclusion, ARSi and taxane-based chemotherapy are approved treatment options for CPRC patients 

and are used globally. Use of emerging methodologies, such as liquid biopsy- determined AR-V7, to 

optimise utility of a known predictive biomarker could help to guide the optimal treatment sequencing 

pathway for each patient in a personalised manner and is therefore of clinical importance. 

Standardisation of liquid biopsy AR-V7 detection would underpin utility in clinical practice. Avoiding 
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ineffective therapies or early switching to more effective approaches should ensure better outcomes for 

patients. However, further studies on chemotherapy-treated patient cohort and direct comparison of 

chemotherapy vs. ARSi are warranted.  
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3.7  Supplementary Material 

Supplemental Table 3. 1 Definitions of OS, PFS, PSA-PFS and tumour stages in each included 

study
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Study Outcom
e 

Stage of 
disease 

 OS PFS PSA-PFS 

Antonaraki
s 

et al 2015 

OS, PFS, 
PSA-PFS 

mCRPC  The time to 
death from any 
cause 

Symptomatic progression 
and radiologic progression 
or death, whichever 
occurred first 

NA 

Antonaraki
s 

et al 2017 

OS, PFS, 
PSA-PFS 

CRPC  The interval 
from enrolment 
to death from 
any cause 

Same as above NA 

Antonaraki
s et al 2014 

OS, PFS, 
PSA-PFS 

mCRPC  Same as above 
in 1 

Same as above in 1 NA 

Armstrong 
et al 2019 

OS, PFS mCRPC  NA From date of registration to 
clinical/radiographic 
progression or death, 
whichever occurred first 

 

Armstrong 
et al 2020 

OS, PFS mCRPC  NA Same as above in 4  

Belderbos 
et al 2019 

OS mCRPC  The date from 
enrolment to 
death from any 
cause 

  

Cattrin 
et al 2019 

OS mCRPC  The time 
elapsed from 
blood 
collection date 
and the date of 
death for any 
cause 
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Chung 
et al 2019 

OS, 
rPFS, 

PSA-PFS 

mCRPC  NA A ≥20% increase in the 
sum of the soft tissue lesion 
diameters during computed 
tomography, ≫2 new bone 
lesions on nuclear medicine 
bone scan, or symptomatic 
progression (pain 
aggravation or cancer-
related complications) 

PSA progression was 
defined using the Prostate 
Cancer Working Group 3 
definition as a ≥25% 
increase in PSA levels 
above the nadir (and by 
≫2 ng/ml), with 
confirmation ≥4 weeks 
later 

De Laere 
et al 2019 

OS, PFS mCRPC  NA According to Prostate 
Cancer Clinical Trials 
Working Group 3 criteria 

 

Del Re 
et al 2017 

OS, PFS CRPC   Patients must have had at 
least three increasing serum 
PSA values taken at least 2 
wk before the last value of 
at least 2.0 ng/ml, 
consistent with the Prostate 
Cancer Working Group-2 
guidelines 

 

Del Re 
et al 2021 

OS, PFS mCRPC   According to Prostate 
Cancer Clinical Trials 
Working Group 3 
(PCWG3) guidelines 

 

Del Re 
et al 2019 

OS, PFS CRPC   The Prostate Cancer 
Working Group-2 
guidelines 
 

 

Erb 
et al 2020 

PFS mCRPC     

Graf 
et al 2020 

OS mCRPC  From the time 
of treatment 
decision to 
death 
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Gupta 
et al 2019 

PFS mCRPC   The date from registration 
to radiographic progression 
using PCWG2 criteria, 
clinical progression 
requiring a change in 
systemic therapy, or death, 
whichever came first 

 

Joncas 
et al 2019 

OS, PFS CRPC  NA  NA  

Kwan 
et al 2019 

OS mCRPC  Time from 
systemic 
treatment 
commencemen
t to death from 
any cause 

  

Lorenzo   
et al 2021  

OS, rPFS mCRPC  The time from 
the date of the 
enrolment to 
the date of 
death due to 
any cause 

The time from enrolment to 
radiographic progressive 
disease or death due to any 
cause 

 

Maillet 
et al 2019 

OS, 
rPFS,  

PSA-PFS  

mCRPC  NA  Radiological progression 
was defined using PCWG3 
criteria 

PSA progression was 
defined using PCWG3 
criteria as a post-treatment 
PSA level increase of 
>25% above the nadir, 
which is confirmed by a 
second value 3 wk later 
and a PSA measurement of 
2ng/ ml 

Marín 
et al 2020 

OS, r-
PFS, 

PSA-PFS 

mCRPC  Calculated 
from the date 
of treatment 
initiation to 

Calculated from the date of 
treatment initiation to RX 
progression 

Calculated from the date 
of treatment initiation to 
date of progression 
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death or last 
follow-up visit 

Markowski 
et al 2021 

rPFS mCRPC   Clinical or radiographic 
progression was defined by 
RECIST 1.1 (soft tissue 
lesions) and PCWG2 
(clinical and bone lesions) 

 

Miyamoto 
et al 2018 

OS, rPFS CRPC  The interval 
between the 
start of therapy 
and the date of 
death or censor 

The interval between the 
start of therapy and the date 
of radiographic 
progression, death, or 
censor 

 

Okegawa 
et al 2018 

OS, 
rPFS, 

PSA-PFS 

CRPC  NA  Determined by independent 
blinded review of available 
radionuclide bone scans, 
CT, or MRI, using the 
PCWG2 criteria (rPFS was 
defined as ≥2 new lesions 
on an 8-week bone scan 
plus two additional lesions 
on a confirmatory scan, ≥2 
new confirmed lesions on 
any scan ≥12 weeks after 
random assignment, 
progression in nodes or 
viscera on cross-sectional 
imaging, or death.) 

PSA progression was 
determined by PSAWG2; 
a patient was considered as 
experiencing biochemical 
failure if their PSA post-
treatment determination 
increased by 50% and PSA 
measurement was ≥2 
ng/mL 

Onstenk 
et al 2015 

OS, PFS mCRPC   Reported end points were 
based on the Prostate 
Cancer Working Group 2 
guidelines 
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Qu 
et al 2017 

 

OS, PFS 
(TTF) 

CRPC  Time from 
treatment 
initiation to 
death from any 
cause, censored 
at the date of 
last follow-up 
for patients 
who were still 
alive 

Time from treatment 
initiation until the date of 
drug discontinuation for 
any reason, censored at the 
date of last follow-up for 
patients who were still on 
therapy 

 

Scher 
et al 2018 

OS mCRPC  NA    

Scher 
et al 2017 

OS mCRPC  Calculated 
from initiation 
of therapy to 
death from any 
cause, with 
right censoring 
for patients 
alive at last 
follow-up 

  

Scher 
et al 2016 

OS, PFS mCRPC  Calculated 
from initiation 
of therapy to 
death from any 
cause. Patients 
still alive at 
time of last 
follow-up were 
right-censored 

Radiographic progression 
was determined by 
independent blinded review 
of available radionuclide 
bone scans, CTs, or MRIs, 
using the PCWG2 
criteria,17 and calculated 
from therapy initiation until 
radiologically confirmed 
progression or death owing 
to any cause within 60 days 
of stopping treatment. 
Patients without evidence 
of radiologic progression at 
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the time of last stable scan 
or end of therapy, 
whichever occurred later, 
were right censored 

Seitz 
et al 2017 

 

OS, 
rPFS, 

PSA-PFS 

mCRPC  NA Clinical progression was 
defined as worsening of 
disease related symptoms 
or new cancer-related 
complications, 
radiographic progression 
according to Response 
Evaluation Criteria In Solid 
Tumours, two or more new 
bone lesions on bone scan, 
or death, whichever 
occurred first 

PSA progression-free 
survival (PSA-PFS) 
according to PCWG2 
criteria 

Sepe 
et al 2019 

OS, 
rPFS, 

PSA-PFS 

mCRPC  The time from 
the date of the 
start of 
treatment to 
death from any 
cause 

Defined as the time from 
the start of treatment to the 
first objective evidence of 
radiographic disease 
progression 

Defined as freedom time 
from PSA progression 

Sharp 
et al 2019 

OS mCRPC  Defined as 
time from PB 
draw to date of 
death or last 
follow 
up/contact 

  

Škereňová 
et al 2018 

OS CRPC  NA    

Stuopelyte 
et al 2020 

PFS, 
OS 

CRPC  The time from 
the initiation of 
the AA 
treatment until 

The time from the initiation 
of the AA treatment until 
documented evidence of 
disease progression 

 



   

 

75 

death from any 
cause 

Tagawa 
et al 2019 

 

PFS mCRPC   The time between 
randomization and the first 
documentation of 
radiographic tumour 
progression (using RECIST 
1.1), clinical progression 
(including skeletal-related 
events, increasing pain 
requiring escalation of 
narcotic analgesics, urinary 
obstruction, etc.), PSA 
progression, or death from 
any cause. PFS was 
required to be confirmed at 
least 3 weeks after initial 
assessment 

 

Todenhöfer 
et al 2016 

OS 
PSA-PFS 

mCRPC  NA   PSA progression 
according to Prostate 
Cancer Working Group 2 
criteria 

Tommasi 
et al 2018 

PFS CRPC   NA   
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Wang 
et al 2018 

PFS CRPC   NA   
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Supplemental Table 3. 2 Quality assessment of included studies based on adapted NOS scales 

It was hard to display this table in Excel format in Word document. Please follow the link to view this table. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8971301/bin/Table_2.xlsx.
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Supplemental Table 3. 3 Sensitivity analysis of subgroups with more than 6 studies 

OS   

ARSi HR (95% CI) Test for overall effect: Z (p-value) 

Antonarakis 2017 4.30 [2.88, 6.41]   7.14 (<0.00001) 

Armstrong 2019 4.44 [2.95, 6.66]   7.18 (<0.00001) 

Armstrong 2020 4.59 [3.06, 6.88]   7.37 (<0.00001) 

Chung 2019 4.16 [2.88, 6.02]   7.56 (<0.00001) 

De Laere 2019 4.63 [3.14, 6.84]   7.71 (<0.00001) 

Del Re 2017 4.10 [2.80, 5.99]   7.28 (<0.00001) 

Del Re 2019 4.44 [3.04, 6.48]   7.74 (<0.00001) 

Del Re 2021 4.36 [2.93, 6.47]   7.30 (<0.00001) 

Maillet 2019 4.38 [3.00, 6.40]   7.65 (<0.00001) 

Marín-Aguilera 2020 4.83 [3.59, 6.49]   10.39 (<0.00001) 

Okegawa 2018 4.46 [2.80, 7.11]   6.29 (<0.00001) 

Scher 2016 3.98 [2.73, 5.79]   7.20 (<0.00001) 

Scher 2017 4.20 [2.88, 6.13]   7.45 (<0.00001) 

Seitz 2017 4.51 [3.04, 6.68]   7.49 (<0.00001) 

Sepe 2019 3.99 [2.77, 5.74]   7.46 (<0.00001) 

All included 4.34 [3.00, 6.28]   7.79 (<0.00001) 

   
Abi   

Antonarakis 2014 6.06 [1.84, 19.89]   2.97 (0.003) 

Del Re 2019 3.52 [1.50, 8.28]   2.88 (0.004) 

Miyamoto 2018 5.31 [1.72, 16.42]   2.90 (0.004) 

Qu 2017 11.20 [2.24, 56.03]   2.94 (0.003) 
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Stuopelyte 2020 11.31 [2.41, 53.11]   3.07 (0.002) 

Todenhofer 2016 6.85 [1.88, 24.87]   2.92 (0.003) 

All included 6.59 [2.18, 19.94]   3.34 (0.0008) 

   
Chemo   

Antonarakis 2015 1.64 [0.95, 2.81]   1.78 (0.07) 

Armstrong 2020 1.73 [0.96, 3.11]   1.82 (0.07) 

Belderbos 2019 1.79 [0.96, 3.34]   1.84 (0.07) 

Marín-Aguilera 2020 2.02 [1.44, 2.83]   4.10 (< 0.0001) 

Onstenk 2015 1.72 [0.98, 3.00]   1.90 (0.06) 

Scher 2016 1.47 [0.91, 2.39]   1.57 (0.12) 

Scher 2017 1.56 [0.91, 2.65]   1.63 (0.10) 

Škereňová 2018 1.69 [0.97, 2.96]   1.85 (0.06) 

All included 1.70 [1.03, 2.81]   2.06 (0.04) 
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PFS   

ARSi HR (95% CI) 
Test for overall effect: 

Z (p-value) 

Antonarakis 2017 3.02 [2.20, 4.14]   6.84 (< 0.00001) 

Armstrong 2019 2.98 [2.15, 4.13]   6.56 (< 0.00001) 

Armstrong 2020 2.99 [2.16, 4.15]   6.57 (< 0.00001) 

Chung 2019 2.83 [2.10, 3.82]   6.81 (< 0.00001) 

De Laere 2019 3.02 [2.19, 4.15]   6.78 (< 0.00001) 

Del Re 2017 2.83 [2.09, 3.82]   6.77 (< 0.00001) 

Del Re 2019 2.80 [2.09, 3.77]   6.84 (< 0.00001) 

Del Re 2021 2.75 [2.04, 3.70]   6.67 (< 0.00001) 

Erb 2020 2.93 [2.17, 3.96]   6.99 (< 0.00001) 

Gupta 2019 2.88 [2.12, 3.93]   6.72 (< 0.00001) 

Maillet 2019 2.81 [2.09, 3.77]   6.86 (< 0.00001) 

Marín-Aguilera 2020 3.06 [2.39, 3.90]   8.94 (< 0.00001) 

Markowski 2021 2.97 [2.19, 4.03]   6.97 (< 0.00001) 

Okegawa 2018 2.76 [2.05, 3.71]   6.72 (< 0.00001) 

Scher 2016 2.86 [2.11, 3.88]   6.74 (< 0.00001) 

Seitz 2017 2.95 [2.16, 4.03]   6.79 (< 0.00001) 

Sepe 2019 2.67 [2.03, 3.50]   7.05 (< 0.00001) 

All included 2.89 [2.15, 3.87]   7.10 (< 0.00001) 

   
Abi   

Antonarakis 2014 5.80 [1.56, 21.59]   2.62 (0.009) 

Del Re 2019 3.24 [1.30, 8.06]   2.53 (0.01) 
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Miyamoto 2018 6.45 [1.67, 24.84]   2.71 (0.007) 

Qu 2017 11.33 [1.86, 68.97]   2.63 (0.008) 

Stuopelyte 2020 11.65 [2.08, 65.12]   2.80 (0.005) 

Wang 2018 7.42 [1.74, 31.51]   2.71 (P0.007) 

All included 6.88 [1.99, 23.73]   3.05 (0.002) 

   
Chemo   

Antonarakis 2015 1.70 [0.60, 4.82] 1.00 (0.32) 

Armstrong 2020 1.82 [0.62, 5.37]   1.09 (0.28) 

Del Re 2017 1.35 [0.80, 2.28]   1.11 (0.27) 

Erb 2020 1.88 [0.69, 5.11]   1.24 (0.22) 

Marín-Aguilera 2020 2.19 [0.93, 5.19]   1.78 (0.07) 

Onstenk 2015 2.03 [0.74, 5.59]   1.37 (0.17) 

Scher 2016 1.88 [0.66, 5.35]   1.18 (0.24) 

Tagawa 2019 1.71 [0.59, 4.97]   0.98 (0.32) 

All included 1.81 [0.71, 4.61]   1.24 (0.21) 
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PSA-PFS   

ARSi HR (95% CI) Test for overall effect: Z (p-value) 

Antonarakis 2017 5.72 [3.24, 10.12]   6.00 (< 0.00001) 

Chung 2019 4.86 [2.37, 9.96]   4.32 (< 0.0001) 

Maillet 2019 4.25 [2.22, 8.15]   4.36 (< 0.0001) 

Marín-Aguilera 2020 5.59 [2.58, 12.09]   4.36 (< 0.0001) 

Okegawa 2018 4.40 [2.20, 8.78]   4.20 (< 0.0001) 

Seitz 2017 4.43 [2.22, 8.85]   4.21 (< 0.0001) 

Sepe 2019 3.94 [2.15, 7.20]   4.45 (< 0.00001) 

All included 4.69 [2.50, 8.82]   4.80 (< 0.00001) 
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Supplemental Figure 3. 1 Inverted funnel plot to evaluate potential publication bias in 

OS (A) and PFS (B) of ARSi treated patients 
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Supplemental Figure 3. 2 Forest plot of hazard ratios (HRs) for association of liquid 

biopsy AR-V7 status with OS (A), PFS (B), PSA-PFS (C) in all studies 

Subgroup analyses were performed based on AR-V7 detection technique type. Pooled HRs 

were calculated using random effect model. AR-V7: androgen receptor splice variant 7. CI: 

confidence interval and bars indicate 95% CIs. PCR: polymerase chain reaction; qRT-PCR: 

quantitative real time PCR; ddPCR: droplet digital PCR; IF: immunofluorescence; IHC: 

marker immunohistochemistry; FC: flow cytometry; RNA-seq: RNA-sequencing.  
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3.8  Conclusion 

This study establishes, using a systematic metanalysis of current literature, that use of new 

methodologies like liquid biopsies based ARV7 detection can help in the selection of individual 

best treatment option, and ultimately would be expected to improve treatment outcomes. These 

findings provide strong evidence that further exploration of AR-V7 as a predictive marker for 

CRPC, both alone and in combination with other potential biomarkers is warranted. In this 

study, we found that by selecting a specific therapeutic option, AR-V7 shows strong association 

with worse OS, PFS and PSA-PFS and thus might be useful to guide the therapy and to stratify 

patients for clinical trials as some trials have been done (https://beta.clinicaltrials.gov/). AR-

V7 presence might indicate poor response to current treatment options and help decision to 

consider clinical trials options for the patient.  

https://beta.clinicaltrials.gov/
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Chapter 4: Establishing Reliable Immunocytostaining for AR-V7 
 

4.1 Introduction 

From the systematic analysis of the literature presented in Chapter 3, Section 3.5, we can see 

that AR-V7 is linked with CRPC progression and significantly associated with worse OS, PFS 

and PSA-PFS. These data emphasized AR-V7 as a potential biomarker in CTCs. To date, AR-

V7 immunocytostaining in CTCs as reported in the literature has relied on the anti-AR-V7 

antibody clone EPR15656 [259]. Our early studies, however, showed that EPR15656 was non-

specific for AR-V7 in its staining pattern, as it stained known AR-V7-negative cell lines. Given 

the focus of this project was on AR-V7 immunocytostaining of CTCs, it became clear that the 

first task was to find a suitably specific antibody for AR-V7 detection. This chapter outlines a 

comparison of all commercially available anti-AR-V7 antibodies. As a critical resource, our 

lab has well - characterised PCa cell lines with known AR-V7 status [51]. Antibodies were 

ranked for their staining intensity and specificity in these cell lines and PCa patient CTCs.  
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4.1.1 Published Manuscript 

The findings from this study have been published as a preprint (DOI: 

https://doi.org/10.21203/rs.3.rs-1602818/v1) and is currently in revision for publication in the 

journal Scientific Reports. The manuscript text is presented below. 

Publication Details: Tanzila Khan, John Lock, Yafeng Ma, David Harman, Paul de Souza, 

Wei Chua, Bavanthi Balakrishnar, Kieran F. Scott, Therese M. Becker.  

Authors' Contributions: 

Conceptualisation: TK, JL, KS, TB; Experimental/Analysis: TK, JL, YM, DH, KS, TB; Patient 

recruitment: PdS, WC, BB; Manuscript drafting: TK, KS, TB; Manuscript finalisation: all 

authors.  
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4.2 Abbreviation 

aa Amino Acid 

ADT Androgen Deprivation Therapy  

AR Androgen Receptor  

AR-V7 Androgen Receptor Variant 7  

CRPC Castration-Resistant Prostate Cancer 

CTCs Circulating Tumour Cells  

CE3 Cryptic Exon 3 

DBD DNA Binding Domain  

ddPCR Droplet Digital PCR  

FBS Foetal Bovine Serum  

AR-FL Full Length AR  

Knime Konstanz Information Miner  

LBD Ligand Binding Domain 

NTD N-Terminal Domain  

PVDF Polyvinyl Difluoride  

PCa Prostate Cancer  

TBS-T Tris-Buffered Saline with 0.1% Tween-20 Detergent  
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4.3 Abstract 

Background: Androgen receptor variant 7 (AR-V7) is an important biomarker to guide 

treatment options for castration-resistant prostate cancer (CRPC) patients. Its detectability in 

circulating tumour cells (CTCs) opens non-invasive diagnostic avenues. While detectable at 

the transcript level, AR-V7 protein detection in CTCs may add additional information.  

Aims: The aim of this study was to compare commercially available anti-AR-V7 antibodies 

and establish reliable AR-V7 immunocytostaining applicable to CTCs from prostate cancer 

(PCa) patients. 

Methods: We compared seven AR-V7 antibodies by western blotting and 

immmunocytostaining, using a set of PCa cell lines with known AR/AR-V7 status. The best 

antibody was then validated for detection of AR-V7 in CTCs from CRPC patients, enriched by 

negative depletion of leucocytes. 

Results: The anti-AR-V7 antibody, clone E308L emerged as the best antibody in regard to 

signal to noise ratio with a specific nuclear signal. Moreover, this antibody detects CRPC CTCs 

more efficiently compared to an antibody previously shown to detect AR-V7 CTCs.  

Conclusion: We have determined the best antibody for AR-V7 detection in CTCs, which will 

enable future studies to correlate AR-V7 subcellular localisation and potential co-localisation 

with other proteins and cellular structures to patient outcomes.  
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4.4 Introduction 

First line therapy for patients with metastatic PCa is androgen deprivation therapy (ADT), 

which targets androgen receptor (AR) signalling [2, 226]. However, ADT resistance inevitably 

occurs with time, and the disease is then referred to as castrate resistant prostate cancer (CRPC).  

The expression of altered AR proteins translated from alternative AR splice variants has been 

proposed as a mechanism of ADT resistance [15, 16]. Expression of the AR splice variant 7 

(AR-V7), is correlated with the establishment of CRPC, and is the most frequently identified 

disease associated variant. AR-V7 is proposed to be ligand independent and constitutively 

active as a nuclear transcription factor [21, 22].  

Splicing of the AR gene including exon 1, 2 and 3 together with a cryptic exon 3 (CE3) results 

in the AR-V7 transcript (Figure 4.1A). The unique cryptic exon has allowed the generation of 

highly sensitive and specific assays to detect AR-V7 at the mRNA level [45, 239, 257, 258]. 

Importantly, given the general lack of matching tumour tissue for biomarker analysis at the 

CRPC stage, these methods have been used to successfully detect AR-V7 transcripts from 

liquid biopsies, such as urine, plasma, exosomes and circulating tumour cells (CTCs), with the 

most reliable data originating from AR-V7 analysis in CTCs [210]. Our recent metanalysis 

emphasises the potential of AR-V7 detection in liquid biopsies as clinical biomarker, as it 

demonstrates significant correlation with patient survival overall and in context of specific 

treatment [2]. The presence of full-length AR (AR-FL) and AR-V7 in CTCs has been 

investigated at the RNA level in a number of studies and CTC-based AR-V7 was found to 

correlate with metastatic CRPC and primary resistance to abiraterone and enzalutamide [45, 

109, 204, 206, 209]. 

The AR-V7 protein has 16 distinctive C-terminal amino acids, encoded by an alternate cryptic 

exon 3 producing a unique AR- V7 C-terminal protein domain, allowing for generation of 
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specific antibodies to this part of the protein. To our knowledge, seven antibodies are now 

commercially available designated to specifically detect the AR-V7 protein and have been 

raised to C-terminal peptides (Figure 4.1A). AR-V7 protein detection opens opportunities for 

immunobiological analysis, however, as outlined above, tissue is rarely available for advanced 

PCa analysis. Liquid biopsy derived CTCs lend themselves for immunocytostaining of AR-V7 

in addition to mRNA information that is readily obtained from these samples. Indeed, Scher et 

al. reported that information regarding AR-V7 subcellular localisation within CTCs may add 

important information correlating to disease progression and therapy response [204, 240, 259]. 

This is an important finding, as it potentially increases the value of AR-V7 screening as a 

biomarker in PCa. Additionally, cellular AR-V7 protein analysis may enable future detailed 

investigations into interactions of AR-V7 with other proteins and nucleic acids to help 

understanding its CRPC - related functions.  

Here, using a cohort of well characterised PCa cell lines with known and experimentally 

validated AR-V7 expression, we tested the seven commercially available AR-V7 antibodies 

for their ability to truly detect AR-V7 by immunoblotting and immunocytostaining. Our 

findings highlight the sensitivity, specificity and cross reactivities of antibodies and point 

towards an antibody of choice for AR-V7 immunocytostaining of CTCs. The antibody 

prioritised in this study performed well when employed for detection of CTCs from CRPC 

patients by immunocytostaining. Our finding is highly relevant for AR-V7 screening in patients 

to guide therapy decisions, or to stratify patients for relevant clinical trials. 

4.5 Methods 

4.5.1 Cell Lines 

22RV1, LNCaP, VCaP, PC3 and DU145 PCa cell lines are here referred to as 22RV1AR+/AR-

V7+++, LNCaPAR+/AR-V7-, VCaPAR+++/AR-V7+, PC3AR(+)/AR-V7-, DU145AR-/AR-V7- according to their 
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published and in this study validated AR-FL and AR-V7 expression [17, 42, 269]. Cells were 

grown in DMEM supplemented with 10% Foetal Bovine Serum (FBS), 2 mM L-Glutamine, 4 

nM HEPES or MEM supplemented with 10% FBS, 2 mM L-Glutamine, 4 nM HEPES at 37°C 

in 5% CO2. Cell lines were tested to be mycoplasma free (MycoAlert Mycoplasma Detection 

Kit, Lonza, Rockland, USA) and STR authenticated (AGRF, Melbourne, Australia). Cells were 

seeded at approximately 30-40% confluency and harvested after 72 hours culture for 

immunoblotting and gene expression analysis.  

4.5.2 Antibodies 

Six rabbit anti-human-AR-V7 antibodies were compared in this study: clone EPR15656 

(Abcam, VIC, Australia), clone E308L and polyclonal antibody (Cell Signaling, Danvers, MA, 

USA), clone SN8 (Creative Diagnostic, Shirley, NY, USA), clone DHH-1 (RQ4683, Assay 

Matrix, VIC, Australia), and clone RM7 (RevMab Biosciences, San Francisco, CA, USA), as 

well as the mouse anti-human-AR-V7 clone AG10008 (Precision Antibody, Columbia, MD, 

USA). The available information of antigens used for the anti-AR-V7 antibody generation is 

shown in Figure 4.1A. Additional antibodies used in this study are: mouse anti-human AR-FL, 

clone ER179 (Abcam, NSW, Australia), rabbit anti-GAPDH clone 14C10 (Cell Signaling, 

VIC, Australia), Alexa fluor 488 goat anti-rabbit IgG (H+L) (LOT 1423009) or Alexa fluor 

488 goat anti-Mouse (H+L) (LOT 1252783) (Life technologies, Eugene, OR, USA), 

horseradish peroxidase-labelled donkey anti-Rabbit IgG (1:1000 dilution) (Lot 9526417, GE 

Healthcare, Buckinghamshire, UK) or sheep anti-mouse IgG, Horseradish Peroxidase linked 

F(ab’)2 fragment (1:1000 dilution) (Lot 312511, Amersham, GE Healthcare, Buckinghamshire, 

UK) and Alexa fluor 555 Phalloidin (Abcam, NSW, Australia). 
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4.5.3 Droplet Digital PCR (ddPCR) 

In brief, total RNA was extracted with ISOLATE II RNA Mini Kit (Bioline, London, UK) 

from approximately 5x106 cells. The quality and quantity of RNA was tested using a fragment 

analyser (5200 Fragment Analyzer System, CA, USA). cDNA was synthesised from 1 µg of 

total RNA per cell line using the SensiFAST cDNA Synthesis Kit (Bioline, London, UK). 

ddPCR to detect AR-V7 and full-length AR (AR-FL) was performed as described previously 

[109]. The quality of RNA was confirmed by conducting GAPDH ddPCR as described 

previously [210] (data not shown).  

4.5.4 Western Blotting 

Approximately 1x106 cultured cells were harvested and lysed in RIPA lysis buffer (50 mM 

Tris-Cl pH7.5, 150 mM NaCl, 0.5% Triton X-100, 2 mM EDTA, 2 mM EGTA 25 mM NaF, 

10% glycerol) containing 1x protease inhibitors (Roche, Basel, Switzerland) for 30 minutes 

placed on ice, followed by maximum microfuge centrifugation speed (11,700g, 4°C, 20 

minutes) and recovery of supernatant. Protein concentrations were determined using the DC 

protein assay kit (Bio-Rad Laboratories, Hercules, CA). 30 µg total protein per sample was 

separated on 4-12% Bis-Tris gels (Invitrogen, Life Technologies) and transferred to Polyvinyl 

difluoride (PVDF) membrane (Amersham, GE Healthcare, Buckinghamshire, UK). 

Membranes were incubated with primary antibodies (dilutions see Supplemental Table 4.1) 

overnight under gentle agitation at 4°C. After three Tris-buffered saline with 0.1% Tween-20 

detergent (TBS-T) washes, membranes were incubated with horseradish peroxidase-

conjugated donkey anti-rabbit IgG (1:1000 dilution) or sheep anti-mouse IgG, horseradish 

peroxidase linked F(ab’)2 fragment (1:1000 dilution) for 1 hour at room temperature and again 

washed three times in TBS-T. Membranes were developed using Western Lightning TM Plus-

ECL Enhanced Luminol Reagent Plus (LOT 275-13481) and Western Lightning TM Plus-ECL 
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Oxidizing Reagent Plus (LOT 265-13481) (PerkinElmer, Waltham, MA, USA) and imaging 

was performed with an Odyssey imager (LI-Cor Biosciences, Lincoln, NE).  

4.5.5 Immunocytostaining of Cell Lines 

For each cell line approximately 20,000 cells were seeded on sterile, round coverslips in 12-

well plates and cultured for 72 hours followed by fixation with 3.7% paraformaldehyde for 10 

minutes. Cells were permeabilized with 0.2% Triton X-100 for 10 minutes and blocked using 

10% goat serum in PBS for 30 minutes. Primary antibodies were diluted in 0.5% FBS in PBS 

(Supplemental Table 4.1) and incubated for 1 hour. Secondary antibodies conjugated with 

Alexa fluor 488 goat anti-rabbit IgG (H+L) (1:5000) or Alexa fluor 488 goat anti-mouse (H+L) 

(1:5000) were diluted in PBS with 0.5% goat serum and incubated 30 minutes. Cells were 

stained with Alexa fluor 555 phalloidin for 30 minutes followed by nuclear staining by using 

1x Hoechst (Fluxion, San Francisco, CA, USA) in PBS for 10 minutes. Coverslips were 

mounted with Pro Long TM Glass Antifade Mountant (Eugene, OR, USA). Images were taken 

with Olympus IX71 microscope (Olympus, Tokyo, Japan) at 20X magnification with 

consistent exposure times.  

4.5.6 CTC Enrichment and Immuncytostaining 

For each patient, 2 x 9 mL peripheral blood was collected into 2 EDTA vacutubes (Greiner 

Bio-One) and processed within 24 hours. Eighteen mL blood was used to isolate CTCs using 

RosetteSepTM CTC enrichment cocktail containing anti-CD36 (Stemcell Technologies, 

Victoria, Australia) according to the supplier’s instructions. In brief, blood was incubated with 

antibody cocktail for 10 minutes and then diluted with 2% FBS in PBS as recommended by the 

manufacturer, transferred to a Sepmate tube containing lymphoprep density gradient medium 

(Stemcell technologies, VIC, Australia) and centrifuged at 1200 x g for 10 minutes. The 

supernatant with cellular layer was recovered and topped up to 50 mL with 2% FBS in PBS 
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and gently mixed. After a 10 minutes 300 x g spin, the supernatant was discarded, and cells 

were suspended in residual fluid by gentle tapping. Cells were washed once with PBS and spun 

again (300 x g, 10 minutes), resuspended in 1.5 mL PBS and transferred to a well of a 24-well 

glass bottom plate (Greiner Bio-One GmbH, Frickenhausen, Germany) coated with 3.5 µg of 

CellTak (FAL354240, InVitro technologies, VIC, Australia) per cm2. After spinning the cells 

onto the glass (200 x g, 10 minutes) immunocytostaining was essentially performed as above 

including probing for CD45 to exclude lymphocytes and Hoechst to secure nucleated cellular 

identity. 

4.5.7 Image Analysis and Statistics 

Image J (1.53c, National Institute of Health, USA) was used for RGB stacking and merging of 

images before doing quantitative image analysis using CellProfiler (Broad Institute, MIT, 

Massachusetts, USA) an automated image analysis software to measure biological phenotypes 

in images [270]. CellProfiler segmented cell data for at least 150 cells per sample (nucleus and 

cytoplasm) based on staining and extracted data on nucleus, cell body and cytoplasm and AR-

V7 intensity were saved in excel to transfer to Konstanz Information Miner (Knime) [271]. 

The quantitative data from CellProfiler was used in Knime to compare the intensity of AR-V7 

detected by different antibodies as well as cellular localisation of AR-V7.  

4.6 Results 

For any antibody to be selective for AR-V7, it must recognise a C-terminal peptide epitope 

corresponding to the 16 amino acid peptide sequence (EKFRVGNCKHLKMRP) unique to 

AR-V7, encoded by the cryptic exon 3. Supplier information regarding the exact antigens used 

for antibody generation is considered imprecise for five of the seven antibodies tested here. 

Nevertheless, one can deduce that the entire 16 amino acids, or most, are part of any antigenic 

peptide used for antibody generation. Three of the antibodies are known or implied to have 
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antigen peptides containing parts of at least the DNA binding domain (DBD) shared by AR-

V7 and AR-FL (Figure 4.1A) [51].  

To be able to compare these antibodies, the AR-V7 status of several PCa cell lines was 

validated. ddPCR confirmed high and detectable AR-V7 in 22RV1 AR+/AR-V7+++ and lower but 

readily detectable transcript AR-V7 expression in VCaPAR+++/AR-V7+, while AR-V7 is negative 

for LNCaPAR+/AR-V7-, PC3AR(+)/AR-V7-, DU145AR-/ARV7-, ddPCR also confirmed known AR-FL 

status for all lines (Figure 4.1B).  

To test whether all of the anti-AR-V7 antibodies interact with a protein of the expected AR-V7 

size of ~80 kDa in our AR-V7 expressing cell lines, or whether the antibodies may cross react 

with other proteins, we first tested the antibodies by immunoblotting of full protein lysates 

from all cell lines (Figure 4.1C). We also included an anti-AR-FL antibody to clarify whether 

the AR-V7 antibodies identified protein bands of AR-FL size. None of the specific anti-AR-

V7 antibodies produced a band considered AR-FL. Interestingly, only the anti-AR-V7 antibody 

clones E308L, SN8, RM7 and AG1008 produced a distinct band appearing around the expected 

AR-V7 size for AR-V7 positive 22RV1AR+/AR-V7+++ and VCaPAR+++/AR-V7+ cells, while not 

detecting anything above background in AR-V7 negative cell lines in that protein size range. 

However, there was clearly some cross-reactivity detected for proteins of smaller size. We 

considered E308L was the “cleanest” antibody with negligible cross-reactivity detected for 

AR-V7 negative cell lines. SN8, RM7 and especially AG1008 produced strong reaction to 

proteins of other size than 80 kDa in all, including AR-V7 negative cell lines with one band 

appearing relatively dominant just below the 28 kDa range. 
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Figure 4. 1 AR-V7 specific peptide and antigens for antibody generation 

(A) Schematic presentation of the AR-gene encoding full length androgen receptor (AR-FL) 

and androgen receptor variant 7 (AR-V7) proteins. Amino acid (aa) sequences of cryptic exon 

(CE) 3 encoded AR-V7 specific domain (V7spec) and a section of DNA binding domain 

(DBD) shared with AR-FL are displayed and aa sequences representing antigens for antibody 

is indicated for the clones. Antigen information: as published by supplier or provided on request 
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(*: information is considered ambivalent for four peptides, consequently shown aa sequences 

may not reflect exact antigen peptides, but are based on “informed assumption” that the V7spec 

unique 16 aa are part of all peptides and uncertain proportions of the DBD shared with AR-FL 

as indicated); ???: DBD aa sequences uncertain; the epitope for AR-FL antibody ER179 is not 

publicly available. NTD: N-terminal domain; LBD: ligand binding domain; N-: N-terminal; -

C: C-terminal. (B) Validation of AR-FL and AR-V7 mRNA expression in the indicated cell 

lines by ddPCR.   -: no detection; + detection; +++ high levels of AR-V7 or AR-FL copies. 

The classification of cell lines in different groups was done according to the number of copies 

per 20 µL. For AR-FL, if the number of copies was above 1000 copies per 20 µL, the cell line 

was represented as +++ and if less than 1000, the cell line was classified as +. For AR-V7, if 

the number of copies was above 50 copies per 20 µL, the cell line was represented as +++ and 

if less than 1000, the cell line was classified as +. If there is no expression of AR-FL or AR-

V7, the cell line was classified as -. (C)  Immunoblotting of total protein lysates from the 

indicated cell lines for AR-V7 (left panel), or AR-FL (right) using the indicated antibodies in 

reference to GAPDH. M:  size marker, 1: 22RV1AR+/AR-V7+++, 2: LNCaPAR+/AR-V7-, 3: 

VCaPAR+++/AR-V7+, 4: PC3AR (+)/AR-V7-, 5: DU145AR-/AR-V7-.   
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Two anti-AR-V7 antibodies (EPR15656 and DHH-1), while detecting protein bands 

corresponding to AR-V7 size in 22RV1AR+/AR-V7+++ and VCaPAR+++/AR-V7+ cells, also detected 

a very strong band in AR-V7 negative PC3AR (+)/AR-V7- cells, while additional bands across cell 

lines suggested further cross-reactivity for these antibodies. The prominent PC3AR (+)/AR-V7- 

protein band was just below the expected AR-V7 size. AR-V7 detection with the polyclonal 

antibody proved to be nonspecific. (Figure 4.1C).  

Although there was a low likelihood that PC3AR (+)/AR-V7- with undetectable AR-V7 transcript 

expressed a slightly truncated form of AR-V7, we wished to rule out the AR-V7 identity of this 

band detected close to 80 kDa. Firstly, we conducted protein Blast searches 

(blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) of the full AR-V7 specific 16 amino acid 

sequence as well as the sequence from amino acid 580 and 600 (see Figure 4.1A) to the C-

terminus of AR-V7 against the human protein database (https://www.uniprot.org), which 

identified only the AR-V7 splice variant and for the 580/600 to C-terminus peptide additionally 

to AR-V7 the partially homologue AR variant 5 (see ref [272] for review of AR variants). We 

were also able to elute the PC3AR-/AR-V7- band of interest from a gel to perform mass 

spectroscopy, and the retrieved data confirmed our Blast data, with no proteins detected that 

share homology to AR-V7 or AR-FL in the excised protein band of interest from PC3AR-/AR-V7- 

cells (data not shown).  

With Western analysis already pointing towards clear specificity differences between the 

antibodies tested, we excluded two antibodies from further analysis - the polyclonal due to lack 

of specificity for AR-V7 detection sensitivity and specificity by Western analysis, and the 

mouse monoclonal AG10008. The latter was excluded due to very strong cross-reactivity in all 

cell lines with a protein band at ~28 kDa compared to specific AR-V7 band intensity. In our 

established CTC workflow, antibodies of rabbit origin are more easily integrated for technical 

reasons. Initial immunocytostaining analysis of the five remaining antibodies was performed, 
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focusing on the AR-V7-positive cell line, 22RV1AR+/AR-V7+++ and the AR-V7-negative cell line 

LNCaPAR+/AR-V7-. 

Representative immunocytostaining images of all remaining antibodies in the two cell lines 

used for monochromatic analysis of staining intensity and subcellular localisation are shown 

in Figure 4.2.   
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Figure 4. 2 AR-V7 staining with different antibodies in AR-V7 positive and negative 

cells 

AR-V7 staining with different antibodies in AR-V7 positive and negative cells. 

Immunocytostaining was performed with the indicated antibodies on 22RV1AR+/AR−V7+++ and 

LNCaPAR+/AR−V7− cells in comparison to no-primary antibody controls. Images were acquired 

with identical acquisition settings, with no pixel intensity saturation in the brightest cell 

labelling conditions. This enables quantitative comparison of intensity values across all 

antibodies and cell lines. Here, monochrome images are presented inverted, allowing easier 

visual detection of low intensity labelling patterns. Overview visual fields of stained cells are 

shown to the left with higher magnification images for representative regions (dotted boxes) to 

the right. 
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In comparison to “no primary” control staining, we analysed intensity of staining, and 

subcellular localisation of staining, as specific AR-V7 staining is expected to be predominantly 

nuclear [43]. Initial subjective visual analysis clearly favoured the E308L and SN8 antibodies 

that show distinct nuclear AR-V7 staining in 22RV1AR+/AR-V7+++, however, SN8 produces what 

appears to be cross-reactivity with nucleolar structures in the negative control LNCaPAR+/AR-

V7- cells. EPR15656, DHH-1 and RM7 appear to produce less distinct staining in 22RV1AR+/AR-

V7+++ vs. LNCaPAR+/AR-V7- cells. Analysing images using unbiased digital image analysis 

essentially confirmed these observations, presented in Figure 4.3 for nuclear intensity.   
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Figure 4. 3 AR-V7 staining nuclear intensity 

AR-V7 staining nuclear intensity. Cells (imaged as presented in Fig. 4.2) were segmented using 

CellProfiler based on identification of Hoechst as a nuclear marker and Alexa fluor 555 

phalloidin as a cell body marker. This permitted selective measurement of AR-V7 labelling 

intensities in individual whole cells, as well as in nuclear and cytoplasmic compartments, per 

cell. Here, nuclear AR-V7 labelling intensity (average and standard deviation of at least 150 

cells per condition) is depicted after normalisation to control values (no primary antibody 

labelling), allowing comparison of antibody signals in 22RV1AR+/AR−V7+++ and 

LNCaPAR+/AR−V7− cells. Fluorescence (Y-axis): in arbitrary units. The antibodies comparison 

between positive and negative cell lines P values are: EPR15656:0.77, E308L: 0.029, SN8: 

0.059, NSJ: 0.258, RM7: 0.058 list all antibodies (Statistical test: student unpaired t test using 

prism). 

 

  

https://www.nature.com/articles/s41598-022-20079-w#Fig2
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E308L produced the second highest nuclear staining intensity after SN8 in 22RV1AR+/AR-V7+++ 

cells, and that corresponded to the second lowest nuclear staining intensity in AR-V7 negative 

LNCaPAR+/AR-V7-. Since the staining in LNCaPAR+/AR-V7- can be attributed to non-specific 

antibody binding, we concluded that E308L is the antibody with the best signal detection to 

noise ratio for AR-V7 immunocytostaining. 

The goal of this study was to find the best suited anti-AR-V7 antibody to probe and analyse 

AR-V7 in CTCs. While EPR15656 has been solely used in the literature for AR-V7 

immunocytostaining in CTCs [42, 43], our data suggested that E308L was better. A final 

comparison of both antibodies, E308L and EPR15656, was made by their ability to detect 

CTCs isolated from a small number of CRPC patients. Our data show that E308L detected PCa 

patient CTC counts in consistently higher numbers, indicating higher sensitivity. In addition, 

the heterogeneity of AR-V7 expression becomes more apparent since detection efficiencies are 

between 7-308% higher using E308L (Table 4.1). Representative CTC detection with both 

antibodies is shown in Figure 4.4.  
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Table 4. 1 AR-V7 staining CTC detection by antibody 

 
CTC counts 

Patient 
E308L EPR15656 

1 38 23 

2 29 20 

3 69 64 

4 45 5 

5 173 95 

6 184 45 

P value = 0.03 (Wilcoxon matched pairs signed rank test was performed using using prism) 
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Figure 4. 4 AR-V7 CTC detection 

Nucleated (blue, Hoechst) events were included in CTC counts if negative for CD45 (orange) 

and positive for AR-V7 (green). 
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4.7 Discussion 

Here, we compared various antibodies in detection of AR-V7 by immunocytostaining with the 

ultimate focus of detecting AR-V7 positive CTCs from PCa patient blood samples. Initially 

PCa cell lines with known and confirmed status of AR-V7 expression (Figure 4.1B), provided 

the tools to test cross-reactivity of antibodies in AR-V7 negative cells while specific staining 

and its subcellular localisation could be determined in AR-V7 expressing cells. Western 

analysis helped to determine sensitivity and specificity of antibodies first, since higher cross-

reactivity for immunocytostaining is suggested by the appearance of cross-reactive bands in 

AR-V7 negative cells, and for molecular weights other than the ~80 kDa of AR-V7 in positive 

cells. Indeed the “more specific” antibody by Western analysis, E308L, also emerged as our 

favoured antibody for immunocytostaining as well. The other antibody that performed well for 

immunocytostaining in AR-V7 positive 22RV1AR+/AR-V7+++ cells, clone SN8, caused clearly 

noticeable nuclear staining in AR-V7 negative LNCaPAR+/AR-V7- cells, interestingly of nucleolar 

appearance. Therefore, the use of this antibody for CTC detection could cause false positive 

AR-V7 detection in the cellular compartment that has been linked to AR-V7 activity [43], 

confounding the potential for “true” biomarker detection.  

AR-V7 detection in CTCs by immunocytostaining has been reported previously using the 

ERP15656 antibody [42, 43]. This prompted us to do a direct comparison of CTC detection in 

parallel patient blood samples with our favoured E308L as well as the ERP15656 antibody. 

The E308L did not only consistently detect more CTCs in liquid biopsies from a small cohort 

of 6 patients (Table 4.1), but did so to different extents, possibly reflecting heterogeneous AR-

V7 protein levels in patient CTCs. Non-specific bands seen with Western would indicate that 

the relevant antibody would possibly also detect more cells with immunostaining, although 

likely due, in part, to non-specific binding. This is not what we saw. The more specific antibody 

E308L showed better sensitivity than EPR15656 and increased the number of CTCs stained. 
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However, we need to consider that detection by western is different from detection by 

immunocytostaining as western uses SDS-page separation after complete denaturing of 

proteins while immunocytostaining uses only fixing. Thus, western may well detect more 

unspecific proteins. 

 More work is needed to verify the extent and heterogeneity of AR-V7 levels in CTCs. So far 

EPR15656 staining has shown correlation of AR-V7 CTC staining with patient outcome [43] . 

Nevertheless, evaluation in larger patient cohorts is needed to clarify if AR-V7 detection in 

CTCs by immunocytostaining is better suited to predict patient outcome than detection by 

mRNA, or if indeed a combination of both methods may have benefit. A clear benefit of 

detecting the AR-V7 protein rather than only mRNA in CTCs is that it opens opportunities to 

evaluate cell by cell heterogeneity and how AR-V7 expression and sub-cellular localisation is 

related to that of other proteins, which may not only add to our understanding of AR-V7 

function but reveal ways of therapeutically targeting it in the future. 

Here we evaluated the commercially available antibodies against AR-V7 for utility in 

immunocytostaining of cell lines with known AR-V7 status and for CRPC patient CTCs. The 

clone E308L emerged as the favoured antibody, considering sensitivity and specificity, as 

shown by immunoblotting and signal to noise ratio in immunocytstaining. With the growing 

appeal of liquid biopsies in diagnostic settings, identification of the best antibody to detect AR-

V7 in CTCs should help to develop a standardised approach for AR-V7 screening in patient 

CTCs. 
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4.8 Supplementary Material 

Supplemental Table 4. 1 Anti-AR-V7 antibodies and working dilutions 

Host [Clone] 

Western 

blot  

Immuno-

Cytostaining 

R [EPR15656] 1:1000 1:100 

R [E308L] 1:500 1:100 

R [polyclonal] 1:1000 1:100 

R [SN8] 1:2000 1:100 

R [DHH-1] 1:500 1:50 

R [RM7] 1:1000 1:100 

M [AG10008] 1:250 1:100 

R: rabbit; M: mouse;  
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4.9 Conclusion 

This study not only enabled the identification of the best anti-AR-V7 antibody for 

immunocytostaining (i.e., E308L), the data clarify that AR-V7 CTC detection is more sensitive 

using E308L compared to detection with an anti-AR-V7 antibody previously reported for CTC 

probing. Furthermore, the data while preliminary and only relying on a small patient cohort 

(see COVID Impact Statement), suggest a degree of heterogeneity of AR-V7 levels in different 

CTCs, which needs further validation. Importantly for this project, given the higher specificity 

of E308L compared to other anti-AR-V7 antibodies, we predict it to perform more reliable in 

multiplex immunocytostaining of cells, including CTCs. Multiplex staining will allow for 

study of AR-V7 in different contexts including interaction with important signalling pathways 

in PCa in liquid biopsies (CTCs).  
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Chapter 5: Method Development for Single Cell Multiplex Proteomic 

Microscopy with a View to Study Relationships Among the AR, AKT and 

Hippo Signalling Pathways in Prostate Cancer 

5.1 Introduction 

As detailed in Chapter 1, Section 1.8, liquid biopsies are an alternative biomarker information 

source to tumour biopsies and are being utilised at least in research settings, in many cancers 

including prostate cancer. Liquid biopsies have the advantage, over tissue biopsy, of being 

minimally invasive and therefore may be repeated several times during a patient’s cancer 

progression, thus providing an up-to-date analysis of the cancer both at therapy commencement 

and during treatment. CTCs are rare cells shed by the tumour into the bloodstream. These cells 

can be isolated and enriched from blood and subjected to detailed analysis for clinically 

relevant biomarkers [50]. The ultimate goal of this PhD project is to develop methodologies 

that will allow future detailed proteomic analysis of CTCs using multiplex immunocytostaining 

(“proteomic microscopy”) and future evaluation of CTC multiplex staining for its potential to 

screen for clinically relevant biomarkers. These approaches will enable the study of relative 

expression and cellular localisation, at the single-cell level, of protein components of complex 

signalling networks [273] that are relevant in the progression of ADT-sensitive PCa to CRPC. 

In turn, this information may be useful in the stratification of PCa patients for clinical trials and 

in monitoring changes in the multiplex CTC profile in response to therapy. Ultimately, 

multiplex CTC analysis may guide treatment decisions.  

The unique “proteomic microscopy” method of single cell analysis optimised by co-supervisor 

Dr John Lock [273], which we plan to transfer to CTC analysis, relies on a semi-automated 

workflow that allows for cells to be stained for various markers using immunofluorescence and 
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then imaged, followed by elution of the first staining cycle antibodies and re-staining and re-

imaging of the same cells for a suite of new antigens in staining-imaging cycle 2 and further 

staining-imaging cycles. A sophisticated machine learning analysis pipeline can then be used 

to correlate high resolution cellular and subcellular staining with patient data [273].  

To allow transfer of this method to multiplex immunocytostaining of CTCs, we have to 

consider a number of issues and develop approaches suitable for proteomic microscopy of 

CTCs (Figure 5.1). 

 a. CTC Enrichment:  Since CTCs are very rare events with numbers of cells in a 10 mL 

blood sample often only in the single digits, we need to establish the best way of isolating or 

enriching these cells that is efficient to minimise cell loss, reliable and gentle to not alter 

cellular protein patterns. Ideally an unbiased method (not selecting for expression of certain 

proteins) would be used for the enrichment process. 

b. CTC Immobilisation: To enable repeated cycles of staining, imaging, antibody elution and 

restaining it is an absolute prerequisite that the cells of interest, here CTCs, are reliably 

immobilised on glass slides or glass-bottom-plate wells, so they can be repeatedly located, 

phenotypically unchanged, for a series of imaging cycles. This allows for images from various 

cycles to be overlayed and merged to visualise expression and subcellular location and co-

localisation of the various antigens of interest in individual cells. 

c. Antibody Optimisation: All the antibodies used for this study need to be selected 

considering potential for parallel and sequential staining and need careful optimisation to 

achieve reliable staining. 
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The development of methods addressing these issues forms this chapter, which also contains 

some additional experimental work associated with Chapter 4, not mentioned in detail in that 

chapter.  
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Figure 5. 1 Multiplex CTC analysis methods development 

CTC enrichment by removing unwanted cells by immunodepletion followed by density centrifugation, immobilisation to attach CTC to the optical 

surface and antibody optimisation was initially established by mimicking CTCs by spiking defined numbers of cultured PCa cells into healthy 

donor blood.
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As reviewed in Chapter 1, Section 1.9, traditionally, CTC enrichment protocols rely most 

commonly on immuno-targeted CTC capture by enriching cells that express tumour-specific 

cell surface proteins that are generally absent from normal blood cells. As indicated, this 

approach may miss certain CTCs not expressing these proteins.  Specifically, the most common 

methods for targeted CTC isolation capture only CTCs that express the epithelial cell adhesion 

molecule (EpCAM) which may not be present on CTCs that have undergone EMT, or only at 

reduced levels [274-276]. EMT may be an important feature of cancer cells that have acquired 

resistance to therapy and thus this study aims to evaluate EMT phenotypes in CTCs, as well as 

the activity of signalling pathways. While there are targeted enrichment methods that can 

account for EMT CTCs [198], our team has previously successfully used an unbiased method 

of CTC isolation for culture of CTCs [277]. The method relies on the removal of blood cells 

rather than capture of CTCs using the RosetteSepTM CTC enrichment cocktail (Stemcell 

Technologies, Victoria, Australia) kit with anti-CD36, and is thus not biased towards specific 

protein presence. The advantage of the RosetteSep methods is that they are relatively gentle on 

the cells, evidenced by CTCs remaining viable as they can be grown in culture [277]. We 

considered that RosetteSep CTC enrichment should have minimal effects on the proteomic 

landscape of even rapidly changing proteins (such as phosphorylated proteins, relevant in 

signalling). There are two main candidate RosetteSep kits available here referred to as “CD36-

kit” and “CD45-kit” (Stemcell technologies, Melbourne, VIC, Australia). The principal of the 

CD36-kit is based on enrichment of CTCs from fresh whole blood by negative depletion of 

blood cells. CD36-kit removes the unwanted cells by crosslinking lymphocytes through 

targeting a number of lymphocyte specific cell surface markers including CD2, CD16, CD19, 

CD36, CD38, CD45, CD66b with glycophorin A expressed on the surface of red blood cells 

(RBCs). Significant numbers of lymphocytes/undesired cells are then pelleted and removed 

together with RBCs using density centrifugation. Any enriched tumour cells will locate 
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together with the residual lymphocytes in the interface between plasma and density gradient 

medium. The CD45-kit crosslinks all nucleated blood cells to RBCs which are pelleted with 

density centrifugation. The tumour cells are present in the interface between density gradient 

medium and plasma together with residual lymphocytes. This chapter describes the comparison 

of these RosetteSep kits to define the best CTC recovery and lymphocyte removal (i.e., fewer 

residual lymphocytes in the final CTC sample). Additionally, our team also uses traditional 

CTC enrichment methods based on EpCAM-targeted CTC isolation with either the IsoFlux or 

the the AutoMacs cell isolation platforms [51, 210, 211, 278]. For PCa CTCs, our lab 

predominately uses AutoMacs CTC enrichment [211]. Thus, I designed experimental 

workflows to compare RosetteSep CTC enrichment kits with AutoMacs EpCAM-based CTC 

enrichment in several experiments. Finally, a new unbiased method of CTC enrichment, 

OncoQuick CTC enrichment, allegedly better than Ficoll-based density gradient centrifugation 

[279] has recently been released and despite some supply problems (see COVID impact 

statement) I was able to obtain this kit for testing. 

It is important to emphasize that there are general considerations for CTC enrichment method 

comparisons: to make direct comparison of multiple methods would require the enrichment of 

CTCs from parallel drawn patient blood samples, and this is generally not feasible. For each 

method tested, 5-10 mL of patient blood is needed.  Our ethics approval would not allow us to 

take 40- or 50-mL blood from a cancer patient to compare four or five methods. Generally, 

initial comparisons of CTC enrichments may be performed using healthy donor blood which 

is spiked with a defined number of cultured cells. However, the issue remains, and although 

we would be able to draw larger volumes of blood such as 50 mL from healthy donors, in 

reality recruitment of donors is quite difficult for more than 20-30 mL blood draws. 

Additionally, an ultimate test using patient samples is still desirable, as cultured cells usually 

represent a relatively homogeneous population of cells selected for by tissue culture conditions, 
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while CTCs are known to be relatively heterogeneous even if analysed from one patient, let 

alone different patients [280]. Our solution was that comparisons of methods were done 

sequentially. This strategy was also more practical as processing in some cases relies on quite 

different experimental manipulations which are difficult to perform in parallel by one operator.

5.2 CTC Enrichment 

The first comparison for CTC enrichment to be conducted was the CD45-kit versus CD36-kit 

based RosetteSep enrichment, followed by the resulting better method being tested against 

either AutoMacs CTC enrichment or OncoQuick CTC enrichment-based CTC isolation 

protocols.  

5.2.1 Foundations for CTC Enrichment Experiments 

To test unbiased and targeted CTC enrichment methods, initially cultured PC3 cells (see 

Chapter 2, Section 2.3.2 for culture conditions) were used to model CTCs. 

For all spiking experiments, in order to protect cell surface proteins, which may be degraded 

by trypsin digest, PC3 (or 22RV1) cells were detached by using 0.2 mM EDTA in PBS and 

cells spiked into 9 mL blood drawn from healthy donors into EDTA tubes (the same donor for 

each experimental comparison).  

Enrichment experiments relied on either of two possible strategies of CTC detection for 

enumeration, labelling cultured cells prior to spiking with “Cell Tracker”, thereby allowing 

direct fluorescent microscopy CTC detection to distinguish PC3 CTCs from residual 

lymphocytes or immunocytostaining of non-labelled cells. 

Cell Tracker: To allow easy detection of enriched modelled CTCs, cell tracker (AF555) 

(Invitrogen) was added to PC3 cells at 1:1000 dilution and cancer cells for intended spiking 

experiments preincubated for 20 minutes.  



   

 

121 

Immunocytostaining: Cells were not pre-labelled, and CTCs identified using immune detection 

of cytokeratin in nucleated (Hoechst positive) events and exclusion of CD45 staining.   

Set up of cell spiking: Spiking of an exact relatively small cell number is not a trivial exercise. 

Haemocytometer counts have a user to user, but even a count to count, variation by the same 

operator. Generally, a count within ± 10% is considered acceptable if the aim is to seed 

relatively high numbers of cells for culture. However, in using haemocytometer cell counts to 

determine dilution to produce accurate small numbers of cells, even a 10% variation is not 

preferred, since dilution steps will increase inaccuracies further by the likely introduction of an 

additional error of at least 10% variation (estimated by our laboratory). This issue has been 

reviewed for spiking cultured cells into blood to mimic CTCs [281, 282]. Essentially to 

improve accuracy, recounts of diluted cell suspensions are required. These recounts can be 

done in the diluted cell suspension before spiking, but that means delay of the spiking, which 

may affect the biology of mimicked CTCs, but also can further affect spiking accuracy as 

cancer cells are heavy enough to slowly precipitate, and suspensions need to be constantly 

agitated to increase the chance of maintaining a uniform cell density in suspension. The other 

way to proceed experimentally, is to accept the inaccuracy of haemocytometer counting and 

dilution to define a certain cell number in the spiked cell suspension volume (for example a 

diluted cell dilution is calculated to have 500 cells in 70 µL); this strategy relies on production 

of input controls. Example: 70 µL of cell suspension with the calculated cell number of 500 is 

pipetted onto a glass slide, then 70 µL of the same cell suspension each is spiked into 9 mL 

blood samples needed for CTC isolation comparisons, and then 70 µL is again pipetted onto a 

glass slide. This produces two input control slides (a pre- and a post spiking input) which will 

be airdried and from which, more accurate cell numbers will be enumerated. Quality 

experiments should ideally have less than 10% deviation between cell numbers of both input 

controls, and these will be averaged to more accurately determine the “real” spiked cell 
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number, which is the base of defining efficiencies of “CTC” capture. The second strategy is 

the method that was used in this project; see Table 5.1 for a typical example of calculated cell 

numbers compared to experimental input controls used in this project. 
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Table 5. 1 Example of calculated cell counts vs. input control cell counts 

  Actual cell counts 
 Calculated  

cell count 
Pre-input            
cell count 

Post-input          
cell count Average 

CD36 CD45- 1 500 514 440 477 
CD36 CD45- 2 500 491 449 470 

 

The input controls are equivalent to the number of PCa cells spiked into 9 mL blood to mimic 

CTCs for different CTC isolation method comparisons. The average number is likely to be a 

better representation of the actual cell number and is used to calculate CTC isolation 

efficiencies. 
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For the CTC enrichment comparisons, PC3 cells were enumerated using haemocytometer 

counts, and diluted so a volume of 70 µL would contain calculated 500 PCa cells. 70 µL was 

spiked into each of two comparison 9 mL blood samples from the same blood draw of a healthy 

donor, in EDTA vacutubes. Two 70 µL input controls were pipetted on glass slides, one before 

and one after the spiking of the same volume into blood samples. The input controls were 

counted after airdrying using fluorescent microscopy for cell tracker (AF555) labelled cells or 

cytokeratin labelled cells.   

5.2.2 Comparison of CTC Enrichment Using RosetteSep CD36-kit vs. CD45-kit 

The method used for RosetteSep CD36/CD45-kits was followed according to the 

manufacturer’s instructions. In brief, 50 µL/mL RosetteSep cocktail CD36 or CD45 was added 

to each blood sample and incubated for 10 minutes at room temperature. Then the sample was 

diluted 1:1 with 2% FBS in PBS and mixed gently. The diluted sample was transferred to the 

top compartment of a Sepmate tube preloaded with 15 mL of lymphoprep density gradient 

medium in the bottom compartment and centrifuged at 1200 x g for 10 minutes with full brake. 

This process segregates the blood constituents into layers based on density, sequestering 

nucleated cells including PBMCs (peripheral blood mononuclear cells) and CTCs in a layer 

referred to as the buffy coat that is cushioned on the lymphoprep. The supernatant, together 

with this interphase, was transferred by a quick pouring step (quick to avoid contamination 

with the lymphoprep separated by the Sepmate compartment) to a 50 mL tube and topped up 

with 2% FBS in PBS to wash the cells, followed by centrifugation at 300 x g for 10 minutes 

with low brake. The supernatant was discarded, and the pellet was resuspended in PBS. The 

tube was again filled with further PBS to wash the cells and centrifuged as in the previous step. 

The supernatant was discarded, and the pellet was resuspended in 1.5 mL PBS. To account for 

the approximate number of residual lymphocytes retained in the sample, a 10 µL aliquot was 

taken at this point and diluted with 90 µL PBS to count lymphocytes by using a hemocytometer. 
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The remaining 1490 µL PBS containing the enriched CTCs was equally distributed into 3 

different wells of a 24-well glass bottom plate. The enriched cell tracker labelled PC3 cells 

“CTCs” were enumerated by fluorescence microscopy. The experiment was repeated four 

times. 

The recovery rate was 55.3% ± 4.9% for the CD36-kit compared to 43% ± 8.8% for the CD45-

kit (Table 5.2 and Figure 5.2). Residual lymphocyte numbers were 24765 vs. 41051 on average 

for the CD36-kit and the CD4-kit respectively (Table 5.2 and Figure 5.2). Despite some 

variation between the four experiments conducted, we conclude that the CD36-kit performs 

better than the CD45-kit for isolation of PCa CTCs.  
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Table 5. 2 Proportion of recovered with CD36-kit vs. CD45-kit  

Experiment CTCs [%] Residual lymphocytes [n] 

 CD36-kit CD45-kit CD36-kit CD45-kit 

Experiment 1 54.92 40.88 18198 51176 

Experiment 2 59.11 55.55 13482 62834 

Experiment 3 48.51 37.23 27846 24393 

Experiment 4 58.51 36.80 39536 25802 

Average 55.3 ± 4.9 43 ± 8.8 24765 ± 11520 41051 ± 19035 

 

500 PC3 cells were spiked into 9 mL healthy donor blood (same donor per experiment) and 

recovered using the indicated CTC isolation kit. Proportion [%] of recovered mimicked CTCs 

(PC3 cells) as calculated relative to the average input control in four independent experiments 

are presented together with the number of residual lymphocytes per experiment. P value for % 

CTC isolation comparison was 0.007 and for residual lymphocytes was 0.20 (Unpaired t-test 

with Welch’s correction was performed using prism). 
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Figure 5. 2 The comparison of CD36-kit vs. CD45 kit for the isolation of CTCs 

500 PC3 cells were spiked into 9 mL healthy donor blood and recovered using the indicated CTC isolation kit. Proportion [%] of recovered model 

CTCs (PC3 cells), as calculated relative to the average input control, in four independent experiments are presented together with the number of 

residual lymphocytes per experiment. (A) Proportion [%] of recovery of PC3 cells labelled with cell tracker using CD36-kit vs. CD45-kit, (B) the 

total number of residual lymphocytes for the same experiments.
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5.2.3 CD36-kit CTC Isolation vs. OncoQuick CTC Enrichment Isolation 

An additional kit for unbiased CTCs enrichment, OncoQuick, has recently been brought onto 

the market and the supplier (Greiner Bio-One) provided information suggesting CTC 

enrichment efficiencies of 87% [282]. Given that figure is significantly higher than a lot of 

published CTC isolation efficiencies, such as Ficoll (equivalent to lymphoprep) based density 

gradient medium centrifugation [279], including the one tested above, the CD36-kit (Section 

5.2.2) was compared to the OncoQuick CTC isolation method. 

Again, PC3 cells pre-labelled with cell tracker, as above, were used for this comparison.  

5.2.3.1 OncoQuick CTC Enrichment 

For this method both the OncoQuick tube, which includes a preloaded separation medium 

underneath a porous barrier, and the EDTA tube with the spiked blood specimen, were placed 

on ice for 10-15 minutes. Then the cooled whole blood (15-30 mL) was gently transferred into 

the upper compartment of the OncoQuick tube without disturbing the separation medium 

underneath the porous barrier and then centrifuged at 1600 x g at 4°C for 20 minutes with low 

acceleration and brake off. The supernatant containing the CTCs with the residual lymphocytes 

was transferred into a fresh centrifugation tube. The OncoQuick tube was washed with 5mL 

washing buffer (0.5% BSA in PBS) which was then transferred to the tube already containing 

the transferred liquid volume and the volume brought to a total of 50 mL with additional 

washing buffer. After mixing the suspension by gently inverting the tube 5 times, it was 

centrifuged at 200 x g for 10 minutes. 45 mL of supernatant was removed without disturbing 

the cell pellet which was left in the remaining 5 mL of washing buffer. The tube was tapped to 

loosen the pellet and to wash the cells, washing buffer was added to make up the volume up to 

50 mL. The cells were mixed by gently inverting tube five times and centrifuged at 200 x g for 
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10 minutes. The supernatant was removed, and pellet was resuspended in 1.5 mL PBS and 

distributed in three wells of 24-well glass bottom plate. 

To compare spiked “CTC” recovery by the CD36-kit vs. the OncoQuick tube, 500 PC3 cells 

were spiked into healthy human blood as outlined above. The tumour cell enrichment was done 

by a density gradient centrifugation as outlined for both the OncoQuick (Greiner BioOne, 

Frickenhausen, Germany) system and RosetteSep CD36 enrichment cocktail. The recovery rate 

was 51% ± 6% for CD36 enrichment cocktail and 17% ± 8.6% for the OncoQuick method 

(Table 5.3, Figure 5.3). While the capture performance of the OncoQuick method was below 

expectations, and below the CD36-kit, there was an additional drawback for this method. It 

produced a large amount of background (large aggregates of undefined origin or composition 

but interfering with cell visibility) when inspected by brightfield microscopy (Figure 5.4). Not 

only did this make it hard to count the cells, but we would expect interference of this 

background with future multiplex immunocytostaining as well. 
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Table 5. 3 Proportion of recovered CTCs with CD36-kit vs. OncoQuick CTC 

enrichment 

Experiment CTCs [%] Residual lymphocytes [n] 

 CD36-kit OncoQuick 

CTC 

enrichment 

CD36-kit OncoQuick CTC 

enrichment 

Experiment 1 51.68 7.04 55355 78679 

Experiment 2 55.85 23.37 45442 8137 

Experiment 3 43.97 19.85 3220 56101 

Average 51 ± 6 17 ± 8.6 34672 ± 27686 47639 ± 36024 

 

500 PC3 cells were spiked into 9 mL healthy donor blood, each, and recovered using the 

indicated CTC isolation kit. Proportion [%] of recovered mimicked CTCs (PC3 cells), as 

calculated relative to the average input control, in three independent experiments are presented 

together with the total number of residual lymphocytes per experiment. P value for % CTC was 

0.007 and for residual lymphocytes was 0.64 (Unpaired t-test with Welch’s correction was 

performed using prism). 
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Figure 5. 3 The comparison of CD36-kit vs. OncoQuick CTC enrichment 

500 PC3 cells were spiked into 9 mL healthy donor blood and recovered using the indicated CTC isolation kit. Proportion [%] of recovered 

mimicked CTCs (PC3 cells), as calculated relative to the average input control, in three independent experiments are presented together with the 

total number of residual lymphocytes per experiment. (A) Recovery of PC3 cells labelled with cell tracker using CD36-kit and using OncoQuick 

CTC enrichment, (B) the number of residual lymphocytes for the same experiment. CD36-kit performance was higher (51%) than OncoQuick 

CTC enrichment (17%). 
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Figure 5. 4 The OncoQuick CTC enrichment (left) and CD36 kit (right) 

500 PC3 cells labelled with cell tracker were spiked into 9 mL healthy donor blood and recovered using the indicated CTC isolation kit (CD36-

kit vs. OncoQuick CTC enrichment). Recovery of PC3 cells labelled with cell tracker using CD36-kit and using OncoQuick CTC enrichment was 

done. The image on the right demonstrated large aggregates typically seen with OncoQuick CTC enrichment in comparison to easy visibility of 

cells enriched by the CD36-kit (left). 
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Due to a low recovery rate and interfering aggregate residues, the OncoQuick CTC enrichment 

was ruled out for CTC enrichment.  

5.2.4 CD36-kit vs. AutoMacs CTC Enrichment Comparison 

Comparison of the CD36-kit with traditional CTC capture by EpCAM targeted AutoMacs CTC 

enrichment was also performed. However, this comparison was done using the 22RV1 cell line 

as this was growing in culture at the time, and with lab access varying (see COVID impact 

statement), DU145 cells were not used for this comparison.  

5.2.4.1 AutoMacs CTC Enrichment 

22RV1 (500) cells each were spiked into two 9 mL blood draws from healthy donors. Blood 

from each EDTA tube was layered over 15 mL lymphoprep in a 50 mL Sepmate tube. To 

remove any cells left behind the EDTA tube was washed with 9 mL PBS, which was added to 

the aqueous layer of the Sepmate tube, and the sample was spun at 1200 x g for 10 minutes 

with no brakes. The buffy coat and plasma layers were decanted into a sterile 50 mL tube and 

the top compartment of the Sepmate tube was washed with 7 mL of PBS. The wash was 

combined with the buffy coat in the 50 mL tube, and the cells were centrifuged for 10 minutes 

at 200 x g at room temperature. After centrifugation, the supernatant was removed, and the 

cells were resuspended in 5 mL of separation buffer (PBS with 0.5% FBS and 2 mM EDTA) 

and transferred to a 15 mL tube. The 50 mL tube was washed with 5 mL of separation buffer 

which was also transferred to the 15 mL tube. The sample was then centrifuged for a further 

10 minutes at 280 x g at room temperature. The supernatant was removed and leaving the pellet 

in approximately 200 µL supernatant. The pellet was loosened by tapping the tube on the palm 

of the hand, followed by adding 25 µL FcR blocking reagent and 25 µL EpCAM (CD326) 

microbeads (human, Miltenyi Biotech). The pellet was resuspended and incubated for 30 

minutes at 4oC. 10 mL separation buffer was added to the tube and centrifuged for 10 minutes 
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at 300 x g at room temperature, and the supernatant removed leaving 2 mL of supernatant in 

the tube. The pellet was then resuspended, and the sample loaded into the AutoMacs Pro 

Separator for isolation of EpCAM-positive cells using the inbuilt Posseld2 program. The eluted 

cells were then spun at 300 x g for 10 minutes at room temperature, resuspended in 2 mL 

separation buffer and transferred to a well of a 24-well glass bottom plate and the plate 

centrifuged the plate at 200 x g for 10 minutes. After centrifugation, cells were fixed by using 

4% PFA for 10 minutes followed by washing.  

The CD36-kit cell isolation was essentially performed as described above with 22RV1 cells 

instead of PC3 cells spiked into the matched healthy donor bloods. After enrichment, these 

“CTCs” were placed into 3 wells of the 24-well glass bottom plate. 

Cells were permeabilized with 0.2% Triton X-100 in PBS 10 minutes followed by blocking 

with 10% goat serum for 30 minutes. The cells were incubated with anti-CD45-PE and anti-

Cytokeratin-647 in 0.5% goat serum for 30 minutes, followed by 1x Hoechst in PBS for nuclear 

staining. Olympus microscope was used for imaging. 

The recovery rate for the CD36-kit in this study in the initial comparison experiments was 51-

55% (Table 5.2 and 5.3). To check whether we could get better cell recovery, the CD36-kit 

was compared with another commercially available method known as AutoMacs CTC 

enrichment. In AutoMacs CTC enrichment, the isolation is based on epithelial markers. 22RV1 

cells were spiked into healthy human blood and both methods were used to do the comparison 

by counting cytokeratin positive cells. The recovery rate was higher using the CD36-kit (55%) 

compared to AutoMacs (40%). 
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Table 5. 4 Proportion of recovered CTCs with CD36-kit vs. AutoMacs CTC enrichment 

Experiment CTCs [%] Residual lymphocytes [n] 

 CD36-kit AutoMacs 

CTC 

enrichment 

CD36-kit AutoMacs CTC 

enrichment 

Experiment  55 40 115921 9075 

 

500 22RV1 cells were spiked into 9 mL healthy donor blood, each, and recovered using the 

indicated CTC isolation kit. Proportion [%] of recovered mimicked CTCs (22RV1 cells), as 

calculated relative to the average input control, in three independent experiments are presented 

together with the total number of residual lymphocytes per experiment. This experiment could 

only be performed once (due to COVID impact). No statistical test was performed as there was 

only one experiment done. 
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Figure 5. 5 CD36-kit vs. AutoMacs CTC enrichment 

500 22RV1 cells were spiked into 9 mL healthy donor blood and recovered using the indicated CTC isolation kit. Proportion [%] of recovered 

mimicked CTCs (22RV1 cells), as calculated relative to the average input control, are presented together with the total number of residual 

lymphocytes per experiment. (A) Recovery of 22RV1 cells labelled with cell tracker using CD36-kit and bv AutoMacs CTC enrichment, (B) the 

number of residual lymphocytes for the same experiment. CD36-kit performance was higher (55%) than AutoMacs CTC enrichment (40%)
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In summary, the experiments that were done to design and validate the CTC isolation method, 

together with the conclusions from those experiments are shown in Figure 5.6. The first 

comparison for CTC enrichment to be conducted was the CD36-kit versus CD45-kit based 

RosetteSep enrichment, followed by the leading method (CD36-kit) being tested against 

AutoMacs CTC enrichment and OncoQuick CTC enrichment-based CTC isolation protocols.   
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Figure 5. 6 CTC enrichment method comparison  

Four different methods of CTC isolation were compared. These methods included CD36-kit, CD45-kit, OncoQuick CTC enrichment and 

AutoMacs CTC enrichment. The first two methods deplete blood cells expressing markers including CD2, CD16, CD19, CD36, CD45 while the 

OncoQuick includes “elimination of lymphocytes and mononuclear cells to a wide extent” by a not manufacturer specified mode of action. 

AutoMacs as used here is an EpCAM-based CTC enrichment method. Two kits were compared in each test and the best one chosen for comparison 

with another kit/method
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5.2.5 Preliminary Discussion of CTC Enrichment Method Comparison 

Comparing different methods for the isolation of CTCs showed that the CD36-kit was the 

leader, producing the highest CTC recovery rate. It is also the preferred method for CTC 

isolation as it results in lower residual lymphocytes compared to OncoQuick CTC enrichment. 

AutoMacs has lower residual lymphocyte contamination in comparison to CD36-kit (Table 

5.4), but this procedure only isolates epithelial CTCs which results in biased isolation, and 

lower CTC yields ultimately (Figure 5.3, 5.4, 5.6, 5.7).  

Overall, these experiments suggest CD36-kit is the best choice for CTC enrichment for future 

multiplex staining of CTCs. Although we still have high number of residual lymphocytes with 

this method, the advantage of our multiplex staining method is that we can clearly distinguish 

between CTCs and lymphocytes with many markers and the method can cope with even large 

number of residual lymphocytes. As long as individual CTCs are visible, we do not require 

further enrichment. 

Conclusion for CTC enrichment method: 

We conclude that CD36-kit is the best method of CTC isolation.
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Figure 5. 7 Comparison of four CTC enrichment methods 

To compare the results of CTC isolation efficiencies from the different experiments, the efficiency with the CD36-kit (used in every experiment) 

was set as 1 and the other data normalised to that for each comparison to generate this graph. CD36-kit performs the best and other kits (CD45-

kit, OncoQuick CTC enrichment and AutoMacs CTC enrichment) of CTC isolation were normalised against CD36-kit. 
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5.2.6 Additional CD36-kit Considerations and Tests 

The use of the CD-36 kit identified one issue of concern. The CD36-kit produced events that, 

by brightfield microscopy, appeared to result in anucleated, small cells (Figure 5.8). Given 

these observations, we assumed it would be better to separate the sample over several (3) wells 

in a 24-well glass bottom plate so cancer cells would not need to compete for attachment 

surface. However, with a view towards multiplex immunocytostaining, this solution would 

mean an excessive need for antibodies to stain a 9 mL blood-derived patient CTC sample in 3 

separate wells. In fact, this would make CTC multiplex staining an endeavour too expensive to 

be affordable in our team’s research budget. Thus, we decided to do some troubleshooting: 

From the size of these cells, we speculated they may be platelets or less likely RBCs due to 

lack of haemoglobin. Referring to the Stemcell (CD36-kit manufacturer) website it appears 

that not removing platelets may explain our observations. Simply pouring the supernatant 

together with the PBMC/CTC layer into the new tube to recover cells after the gradient 

centrifugation step may contribute to the potential platelet contamination. The reasoning was 

that platelets are light (small size, lack of nuclei) and many are likely to have remained in the 

supernatant. To test this idea using the CD36-kit, we compared our easy pouring method with 

carefully pipetting off most of the top plasma layer before recovery of the cell layer after 

gradient centrifugation. The rest of the procedure was the same. However, no obvious 

difference in the “anucleated” event count was seen between both approaches (Figure 5.8 (A 

and B)). 

Next, we wished to determine if these events were in fact interfering with CTC attachment to 

the glass bottom plate. Again, since we assume the cancer cells to be heavier, they should plate 

down first, meaning the “anucleated” cells may not be a source of experimental error. For this 

purpose, parallel CD36-kit spiked CTC isolates were either distributed into 3 wells or into 1 

well of a 24-well glass bottom plate. Then Hoechst positive cells (accounting for all nucleated 
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cells i.e., PBMCs and CTCs) were counted and we found 18387 cells and 34910 cells when 

distributed in to 1 well or 3 wells of a 24-well glass bottom plate respectively (Table 5.5). We 

found 15 cytokeratin positive cells when the cells were placed in one well whereas we found 

an average of 8 cytokeratin positive cells per well when the cells were distributed in three wells 

of the glass bottom plate (Table 5.5). Thus, these results show that CTC attachment may be 

affected to some degree by residual lymphocytes and anucleated cells, but the loss of CTCs is 

not as dramatic as we had expected. If indeed the presence of high numbers of PBMCs and 

annucleated cells would prevent cancer cells from adhesion, then one would expect fewer 

cancer cells attaching due to competition in the one well. However, we found more cancer cells 

adhering in the one well than the average for each of the three wells. This might be due to the 

reason that CTCs are big cells as compared to other cells, and so might fall to the bottom of the 

plate faster. Nevertheless, the one well yielded fewer cancer cells overall than the three wells 

combined. Given the potential antibody costs if using three wells for every staining cycle, we 

decided that a compromise may be the best way forward. Adding the CTCs recovered using 

the CD36-kit into one well instead of three wells may be associated with some (37%) loss of 

CTCs to analyse, but that loss may be necessary as the strategy is far more compatible with our 

research budget.  
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Figure 5. 8 Anucleated cells vs. nucleated cells 

9 mL healthy donor blood was processed to see whether by removing top plasma layer helps to get less numbers of anucleated cells which can 

interfere with the attachment of cancer cells to the surface. Cells were stained by using Hoechst and imaged by using fluorescent microscopy. 

Black dots showing nuclear stain were present while there were also anucleated cells (grey). There was no apparent difference in both conditions 

(Figure 5.8A and B).
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Table 5. 5 Number of CTCs after immunostaining 

Residual lymphocytes  Average cytokeratin positive cells 

18387 
8 

34910 
15 

 

After isolation of CTCs, the immunostaining was done (n=2), and we found that CTC recovery would be not that much affected even if we put all 

the cells in one well. 
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5.3 CTC Immobilisation 

Note: the data for this section were accumulated in parallel with the CTC kit comparisons and 

the concentration of adherent defined in this section were also used to coat the above used glass 

bottom plates to compare CTC capture by various methods. 

Multiplex immunocytostaining involves multiple cycles of washing, staining, imaging, elution 

of antibodies and restaining. In this strategy it is crucial that cells remain in the exact location 

in the glass bottom plate during the serial staining and data acquisition cycles so we can overlay 

the accumulated data for each single cell. Thus, losing cells due to poor attachment especially 

for rare cells such as CTCs, has to be limited as far as possible. Preliminary experiments 

suggested using a cell adhesive may improve cell adhesion. We had preliminary data which 

showed Cell-Tak was a suited adhesive to improve cell attachment and is optically inert, so it 

does not interfere with microscopy. Cell-Tak is a cell and tissue adhesive derived from a marine 

mussel known as Mytilus edulis, which is used to attach cells or tissue sections to many types 

of surfaces, including plastic, glass, metal, FEP Polymer, and biological materials. Importantly, 

it is inert optically, and even in the process of fluorescence microscopy, it produces limited 

background [283]. The most commonly used concentration of Cell-Tak is 3.5 µg/cm2 of surface 

area. pH (6.5-8.0) is an important factor in the regulation of adsorption, so any buffers can be 

used to neutralise Cell-Tak; 0.1 M sodium bicarbonate (NaHCO3 (pH 8.0)) works best. 1 N 

sodium hydroxide (NaOH), equal to half the volume of Cell-Tak, used can be added in 

combination to a neutral buffer to neutralise the pH. To test which Cell-Tak dilution works 

best, the following experiment was designed: 

Wells of a 24-well glass bottom plate were coated by using three different dilutions of Cell-

Tak: 1:5, 1:7 and 1:10 and the plate left at room temperature on the work bench overnight. The 

next day, the plate was washed with sterile water and PBS.  PC3 cells were harvested with 
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PBS/EDTA, and cells were counted using a haemocytometer; 1000 cells per well were added 

in a volume of 800 µL PBS.  

The plate was spun at 200 x g for 5 minutes using a special swinging adapter for spinning 24-

well glass bottomed plates. The cells were then fixed with 4% PFA containing Hoechst (nuclear 

stain diluted to 1x solution) for 10 minutes. My co-supervisor, Dr Lock, who has developed 

multiplex single cell immunostaining techniques has previously developed a gentler protocol 

for rotating wash and other solutions in the various steps. The method is based on never 

removing the entire fluid volume in the wells on top of the cells in order to avoid losing cells 

during washing steps. This approach was adopted, and some volume of PBS was always left in 

the wells, in this case 400 µL per well. For washing, PBS (200 µL) was added to the volume 

800 µL of PBS already in the well and then 600 µL of liquid was removed. Additional PBS 

(600 µL) was added, and the same volume was removed several times until the PFA was diluted 

to negligible levels. Then the Hoechst positive cells were counted by using fluorescent 

microscopy. 

5.3.1 Results and Discussion of CTC Adhesion Optimisation  

To produce firm cell adherence to glass bottom plates, and to prevent cells from dislodging 

during the multiple wash and elution steps required to perform multiplex immunostaining 

experiments in future, we tested a series of Cell-Tak dilutions (in NaOH and NaHCO3): 1:5, 

1:7 and 1:10 compared to no Cell-Tak as a control. Duplicate wells per condition were 

included, and the experiments were repeated three times. The results show that the cells 

generally adhere better in the presence of Cell-Tak than without Cell-Tak; the latter Cell-Tak-

free experiment only retaining 43% of cells on the glass bottom plate. While any Cell-Tak 

seemed advantageous, the best dilution was 1:5 (78%) closely followed by 1:7 and 1:10 (both 
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showed 68% cell retention) (Figure 5.9). Without Cell-Tak, an unacceptably high number of 

cells may be washed away during washing steps.
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Figure 5. 9 Cell immobilisation by using Cell-Tak 

The comparison of different dilutions of Cell-Tak to check the attachment of cancer cells (n=3). 1:5 dilution of Cell-Tak gives better attachment 

of the cells (78%) as compared to 1:7, 1:10 (68%) or no Cell-Tak (43%). P value for % CTC attachment is 0.01 for no Cell-Tak vs 1:5, 0.05 for 

no Cell-Tak vs 1:7 and 1:10 (One-way Anova multiple comparisons was performed using prism).
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5.4 Antigen and Antibody Selection and Optimisation 

To be able to move closer towards the overarching aim of this project, namely, to analyse the 

correlation of AR/AR-V7-AKT-Hippo pathways and EMT in PCa cells and CTCs, a decision 

needed to be made which antigens/antibodies would be most informative to use for future 

multiplex staining (Figure 5.10). Consequently, an extensive literature search was conducted 

to define the most useful antigens and relevant antibodies. 
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Figure 5. 10 Steps in multiplex proteomics 

This figure presents the three steps are involved in each cycle of multiplex staining: 

immunocytostaining (stain), imaging (image), elution (bleaching) and then the cycle is repeated 

multiple times to cover all markers to be screened. The slide shown is a specialized Ibidi slide 

that can be used for these experiments and allows all processes to be performed on the 

microscope stage (with small tubes attached to inlet and outlet tubes to pump through washing 

and staining solutions).
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The selected markers are listed in Table 5.6. These markers include EMT-MET markers, 

namely EpCAM, E-Cadherin and cytokeratin as epithelial markers and vimentin, NCAM, N-

Cadherin as mesenchymal markers. As CTCs are rare cells, and the protocol developed 

involves isolating CTCs using the unbiased CD36-kit, we expect to detect epithelial as well as 

mesenchymal CTCs representing various EMT stages. In order to differentiate normal blood 

cells from CTCs, we will include CD45 as a blood cell marker and also stain for MCAM, which 

is an endothelial marker and able to differentiate CTCs from circulating endothelial cells that 

are present at various numbers in blood samples from healthy and cancer individuals [198]. As 

the aim is to study the complex interaction among AR, AKT and Hippo signalling pathways in 

PCa cells and ultimately in CTCs by performing multiplexing, the following markers were also 

chosen AR-FL, AR-V7, PSMA, pAKT, PTEN, YAP and BIRC5 (see Table 5.6).  We selected 

these markers due to our literature review (Chapter 1). Analysing their expression and cellular 

localisation will help us to define the activity of the AR and related pathways.  



   

 

160 

Table 5. 6 List of shortlisted antigens for the AR/AR-V7–AKT–Hippo pathway study including cell line status for antibody optimisation 

Antigen Relevance[ref] Positive cell lines Negative cell lines 

CYTOKERATIN 

Epithelial & 
cytoskeletal protein, 

cytoplasm, CTC 
identification [284-

286] 

LNCaP, 22RV1, 
PC3 PBMCs 

EpCAM 
Epithelial protein 
CTC isolation / 

identification [287] 

PC3, DU145, 
LNCaP 

HN-3 (HNSCC), PBMCs 

E-CADHERIN 
Epithelial protein 

EMT marker [288-
292] 

DU145, LNCaP, 
PC3,22RV1 

MDA-MB231, U251, 
U2OS,  

N-CADHERIN 
Mesenchymal 

protein; EMT marker 
[288] 

PC3 DU145, LNCaP 

VIMENTIN 
Mesenchymal 

protein EMT marker 
[293, 294] 

PC3, LNCaP, 
DU145 (LOW) 

MCF-7  

MCAM 

Endothelial marker 
distinguishes, 

endothelial cells 
from CTCs [198, 

295, 296] 

DU145, PC3, 
U251-HUMAN 

ATLAS WEBSITE 
LNCaP, MCF7 
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CD45 

CTC identification, 
distinguishes 

lymphocytic cells 
from CTCs [142] 

PBMCs CTCs 

Actin (detected by 
phalloidin) 

Cytoplasmic marker, 
cytoskeletal, cell 

shape and plasticity 
[297-301] 

PC3, LNCaP, 
VCaP,22RV1, 

DU145 
NA 

ARFL 

Hormone driven 
transcription factor, 
driver of PCa [284, 

296] 

22RV1, LNCaP, 
VCaP PC3 

AR-V7 
AR variant, driver of 

CRPC [284] 
22RV1, VCaP LNCaP, PC3 

PSMA 

AR target expressed 
on most PCa cells, 
target for isotype 

therapy & imaging 
[285] 

LNCaP, 
22RV1(LOW) 

PC3, DU145 

PD-L1 

Checkpoint protein 
(target of checkpoint 
inhibitors to enhance 

anti-cancer 
immunity) [296, 302] 

22RV1, LNCaP, 
DU145 

MCF-7  
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pAKT (Ser473) 
Activation associated 

with CRPC [303] LNCaP, PC3 22RV1, DU145 

PTEN 
Phosphatase/tumour 

suppressor, AKT 
inhibitor [304] 

DU145, 22RV1 PC3 

YAP1 

Transcriptional co-
activator downstream 

Hippo pathway 
[296] 

U2OS Cell signaling antibodies 
comparison, Normal B cells 

BIRC5 

Active YAP induces 
higher BIRC5 

expression, 
Oncogene 

“surviving” [296] 

U2-OS PBMCs (not tested due to 
COVID) 
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In PCa cells and particularly CRPC cells, AR may be overactivated due to mutagenesis, 

amplification or expression of variants [26]. Often that renders the AR pathway active even in 

the absence of ligand and results in resistance to ADT, increased survival and proliferation 

[26]. The AR pathway markers we wish to evaluate are AR-FL, AR-V7, and PSMA, which is 

a cell surface protein commonly expressed in advanced PCa [305] and its expression is directly 

regulated by AR [306]. For AKT pathway evaluation, the important markers selected in this 

study are AKT and PTEN. PTEN is a tumour suppressor gene whose function is lost in 50%  

of advanced PCa and is associated with EMT [157, 307]. PTEN loss results in the activation 

of the AKT pathway and downstream components such as mTOR, resulting in apoptosis, 

autophagy and metastasis [307]. We hypothesise that there will be a positive correlation 

between AR-V7 and AKT activation as measured by PTEN loss and AKT phosphorylation in 

CTCs from ADT resistant patients [214]. The Hippo pathway is an important pathway in the 

development of PCa [159],  and the markers selected for this pathway are YAP1 and BIRC5. 

As outlined in Chapter 1, Section 1.6, YAP activity is determined by its cellular localisation 

(active when in the nucleus) and active YAP induces high expression of BIRC5 which would 

result in increased tumour development [157].  From the literature, we found that YAP and AR 

interact with each in the nucleus. AR target genes can be suppressed by downregulating YAP 

[96],  and hence can conclude that there is a positive relationship between YAP and AR-FL 

[96] and might result in poor prognosis and increased growth, while YAP activation results in 

loss of PTEN and then tumour formation [157]. PD-L1 was selected as an immune checkpoint 

marker, while Hoechst is a nuclear marker and actin (detected by phalloidin which directly 

binds to organised actin structures) is a cytoplasmic marker. 
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Table 5. 7 List of antibodies with company details, species and results 
 

Antibodies, 

conjugate anti- Clone 

Catalogue # 

Supplier 

Host 

species 

 Optimised 

in this 

project 

PE Cytokeratin C11 

5075S Cell 

Signaling M 

1:100 

Y 

PE EpCAM VU1D9 

8995S Cell 

Signaling M 

1:100 

Y 

FITC E-

Cadherin 67A4 

MA1-10194 

Thermofisher M 

1:100 

Y 

PE N-Cadherin 8C11 
12-3259-42 

Thermofisher M 
1:50 

Y 

FITC Vimentin V9 

NBP1-

97670F Invitro M 

1:50 

Y 
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FITC MCAM P1H12 

11-1469-42 

Thermofisher M 

1:50 Poor 

staining 

PE CD45 HI-30 30400 BioLegend M 1:100 Y 

Actin (detected 

by phalloidin) ab235137 

ab235137 

abcam NA 

1:4000 

Y 

PE AR-FL D6F11    

8428S Cell 

Signaling R 

1:100 

Y 

APC AR-V7 E308L 

36154BC Cell 

Signaling R 

1:100 

Y 

APC PSMA LNI-17 

12702S Cell 

Signaling M 

1:100 

Y 

PE PD-L1 E1L3N 

14123S Cell 

Signaling R 

1:100 Poor 

staining 

APC p-AKT D9E 

11962S Cell 

Signaling R 

1:50 

Y 
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APC PTEN 1C3 

250626-APC 

Assay Matrix M 

1:100 N (stains 

PTEN 

negative 

cells) 

FITC YAP 2F12 135472-APC Assay Matrix M 1:100 Y 

FITC Survivin 5B10 

134109-

FITC Assay Matrix M 

1:100 

Y 

 

Y: yes, N: no, M: mouse, R: rabbit
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Once the markers to probe for, and the correlating antibodies were decided on and purchased, 

protocols had to be optimised to work in our hands for immunocytostaining with methods that 

will allow future incorporation into multiplex staining protocols. 

I also did a literature search to identify cell lines that are either negative or positive for the 

markers of interest so that they could be used as negative and positive controls for antibody 

optimisation (see Table 5.6).  

For antibody optimisation, defined numbers of relevant cells (positive and negative control 

cells) were seeded on sterile coverslips (see Chapter 2, Section 2.3.2 for cell culture 

conditions). Cells were fixed after 72 hours with 4% PFA. The fixed cells were permeabilized 

by using 0.2% Triton X-100 for 10 minutes followed by one PBS wash. The cells were then 

blocked by using 10% BSA for 30 minutes followed by another PBS wash. The cells were 

incubated with the relevant conjugated antibodies (see Table 5.7 for dilutions) for one hour at 

room temperature followed by Hoechst staining (nuclear staining) for 10 minutes, two PBS-T 

washes, one PBS wash and one mili-Q water wash. The coverslips were transferred to slides 

with mounting media and sealed by using nail polish. Imaging was done using an Olympus 

microscope. 

5.4.1 Results 

To study the complex interaction between different pathways, we selected proteins that, if 

detected by immunocytostaining, allow us to make conclusions about their activity. For 

example, YAP a co-transcription factor, kept in its inactive form by Hippo-signalling in the 

cytoplasm and is potentially involved in regulation of EMT and CRPC as detailed in Chapter 

1, Section 1.6. YAP may be located in the nucleus as its active form, while the cytoplasmic 

form is prone to degradation and not functionally active [95, 163]. The proteins/antigens we 

selected are listed in Table 5.6. 
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All antibody optimisation included staining of positive (cell line expressing the antigen) and 

negative (cell lines not expressing the antigens) controls. A literature search was done to find 

the relative cell lines. PBMCs were selected as negative controls for some markers if sufficient 

evidence was found that they do not express these markers. Generally, adhered cell lines were 

used if applicable due to the ease of performing staining on adhered cells. Images of a 

representative staining experiment are shown for the anti- PE AR-FL antibody (Figure 5.11). 

Clear, predominantly nuclear staining is observed in AR-FL positive 22RV1 cells, while AR-

FL negative PC3 cells stain negative in the same experiment. Similarly, both no-antibody 

controls show no background fluorescence in both cell lines. All antibody optimisation used 

the same strategy and information regarding optimisation in this project is included in Table 

5.7, with most antibodies successfully optimized. Two antibodies, anti-PD-L1 and anti-

MCAM, showed poor staining and one antibody, anti-PTEN, evidently bound non-specifically 

to cells, with apparent staining in the negative control cells regardless of concentration trialled.
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Figure 5. 11 AR-FL antibody staining  

AR-FL staining in AR+ (22RV1) and AR- (PC3). PCa cells were stained with AR-FL PE 

conjugated antibody. The images were generated at 20x objective by using Olympus 

microscope. Hoechst staining shows nuclear staining. No antibody experimental procedures 

were included to check for background fluorescence.  
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5.5 Mass spectrometry 

When optimising AR-V7 antibodies (Chapter 4), Western analysis produced bands with a 

different, generally smaller, size than AR-V7. We thought it of interest to determine whether 

such bands were of proteins that may have some relation (homology) to AR-V7 to explain 

cross-reactivities detected. Some antibodies produced strong reaction to proteins of other size 

than that of AR-V7 (~80 kDa) in all cell lines, including those that are AR-V7 negative, with 

one band appearing relatively dominant just below the 28 kDa range (Fig 4.1C). There was 

also one protein band detected by two antibodies, including EPR15656, in AR-V7 negative 

PC3 cells that appeared just below the size of AR-V7. Despite the fact that we deemed it 

unlikely that PC3 expresses a protein homologue to AR-V7 this band and the other ones 

different from AR-V7 size prompted us to consider what proteins do cross-react with an 

assumed specific anti-AR-V7 antibody. To determine whether sequences homologous to AR-

V7 were dominantly present in these bands, detected by antibody EPR15656, mass 

spectrometry was performed on bands of interest excised and eluted following polyacrylamide 

gel electrophoresis (PAGE).  

First, total protein lysate from 22RV1 and PC3 prostate cancer cells was separated on 4-12% 

SDS PAGE gels and five bands corresponding to major cross-reactive bands were excised. The 

size of those bands (1, 2 and 3) was approximately 75 kDa, 62 kDa, 20 kDa from 22RV1 

proteins and bands (4 and 5) from PC3 proteins were approximately 62 kDa and 20 kDa. After 

excision, the gel with the cut bands was transferred to PVDF membrane (Figure 5.12) and 

probed with AR-V7 antibody (EPR15656) to see whether the bands were fully excised. As 

shown in Figure 5.12, reactivity to these bands was lost after excision in the blot of the gel 

from which the bands had removed, confirming that the bands had been appropriately isolated. 

Two independent gels were run to isolate and analyse protein bands of interest in duplicate. 
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Figure 5. 12 Isolation of cross-reacting bands identified on SDS PAGE gel electrophoresis and western blot with antibody EPR15656 



   

 

173 

The immunoblot on the left shows proteins separated by SDS PAGE from the indicated cell lines probed with EPR15656 as described (Chapter 

4, Section 4.5) and highlights the bands of interest (red framed) we wished to isolate from the 22RV1 and PC3 cell lines. To do so 22RV1 and 

PC3 protein lysates were run on another SDS gel with the same, coloured protein marker on each side of each lane. Coloured markers guided 

excision of the relevant bands relative to the Rf values of the markers prior to transfer. Probing the membrane with EPR15656 confirmed the 

relevant cross-reacting bands were successfully excised (right immunoblot, marked in red boxes). Bands were eluted and eluates analysed by 

mass spectrometry to identify major proteins in each band. Sample elution, preparation and mass spectrometry was performed in collaboration 

with Dr David Harman in the Western Sydney University Mass Spectrometry Facility).
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The bands were eluted, samples prepared, and mass spectrometry performed in order to 

determine whether peptide homology to the AR or its variant 7 (AR-V7) could be detected.  

Sample preparation was performed as follows. Gel slices were placed in protein Low-Bind 

tubes (500 µL, Eppendorf). Proteins were fixed by treatment with of 10% MeOH, 7% acetic 

acid (200 µL) for 20 minutes. Slices were washed twice with ultrapure water (200 µL per 

wash). Dehydration was performed by Speedivac and the shrunken slices were treated with 10 

mM DTT in 100 mM aqueous ammonium bicarbonate (200 µL). After heating at 60°C for 45 

minutes, supernatants were aspirated and discarded. Alkylation was accomplished by the 

addition of 50 mM iodoacetamide in 100 mM ammonium bicarbonate (100 µL), for 30 minutes 

at room temperature. Gel pieces were then washed with 100 mM ammonium bicarbonate (100 

µL) and dehydrated once more via Speedivac. Dried spots were treated with trypsin (20 µL,10 

ng/µL) in 100 mM ammonium bicarbonate and placed on ice for 45 minutes while 

rehydrating.  Digestion was continued at 22°C for 17 hours.  

Supernatants were aspirated and placed in fresh 500 µL tubes.  Remaining peptides were 

extracted twice with 50% aqueous acetonitrile, 2% formic acid (50 µL), with bath sonication 

for 10 minutes. Combined extracts were evaporated by Speedivac and peptides were 

reconstituted with 0.1% aqueous formic acid (15 µL), using sonication for 10 minutes. Tubes 

were centrifuged for 10 minutes at 20, 913 x g and the supernatants placed in Total Recovery 

chromatography vials (Thermo). 

The digested peptides were separated by UPLC-MS using a Waters nanoAcquity UPLC sample 

manager fitted with a binary solvent manager. Separation consisted of two mobile phases. 

Mobile Phase A (0.1% formic acid in Milli-Q water) and Mobile Phase B (0.1% formic acid in 

ACN). The trapping column was a Waters nanoEase M/Z Symmetry C18 trap column (180 µm 

x 20 mm) and the analytical column was a Waters nanoAcquity UPLC 1.7 µm BEH130 C18 

column (75 µm x 100 mm) thermostated to 35°C. Elution was achieved at a flow rate of 300 
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nL/minute with each sample run for 50 minutes. The gradient was 0-minute 1% B; 2 minutes 

10% B; 40 minutes 40% B; 42 minutes 85% B and 50 minutes 85% B. Samples were suspended 

in 0.1% formic acid and 1 µL injected for each run. 

Mass spectrometric detection was conducted using a Waters Synapt G2-Si, fitted with a 

nanoESI source, run in positive ion mode with a capillary voltage of 3 kV and a sampling cone 

voltage of 30 V as well as a source offset of 30 V for electrospray ionizations. The source 

temperature was set at 80°C. A desolvation flow of nitrogen gas at 600 L/hour and a desolvation 

temperature of 350°C was used. Lock spray configuration was conducted every 60 seconds 

with [Glu1]-fibrinopeptide B as the reference compound. Data acquisition was conducted over 

the mass to charge range of 50–2000. The data independent acquisition used an MSE 

experiment employing both low and high energy collision-induced dissociation of parent ions. 

Low energy collision was done at 6 V in the trap collision cell and at 4 V in the transfer collision 

cell. High energy collision used a collision energy ramp from 17 V to 60 V in the transfer 

collision cell. Scan time was 0.5 seconds and after each scan the system would switch from 

high to low energy collision. 

Analysis of raw data was conducted using ProteinLynx Global Server (Waters), searching 

against the UniProt database using a Human taxonomic restriction. Variable modifications of 

carbamidomethyl (C), deamidated (NQ), oxidation (M) and propionamide (C) were used. 

Identities of top five proteins in the gel slices is provided in Table 5.8–5.17. Those proteins 

detected in each of the duplicate bands are highlighted in grey. The molecular weight is given 

in kDa, The PLGS score is like a confidence score, the higher the better. The peptides identified 

is the number of peptides identified and % coverage is the proportion of all peptides in the 

protein identified. 
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Table 5. 8 22RV1 Band 1 (1) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

PRDX1_HUMAN 
 

22.3 13258 18 67 

SAR1A_HUMAN 
 

22.5 4278 7 49 

RL11_HUMAN 
 

20.5 4194 7 28 

Q5VVC8_HUMAN 
 

20.2 3020 6 23 

G3V1A4_HUMAN 
 

17.0 3496 3 24 

 

Table 5. 9 22RV1 Band 1 (duplicate) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

HSP7C_HUMAN 
 

71.1 31335 34 54 

Q53FA3_HUMAN 
 

70.8 7755 8 20 

F8W026_HUMAN 
 

5.5 2673 3 40 

HNRPM_HUMAN 
 

77.8 22028 32 47 

EZRI_HUMAN 
 

69.5 20871 42 63 

 

Table 5. 10 22RV1 Band 2 (1) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

DDX17_HUMAN 
 

80.9 1099 4 11 

ACADV_HUMAN 
 

70.7 559 11 31 

PUR9_HUMAN 
 

65.1 211 13 33 

DPYL2_HUMAN 
 

62.7 186 9 32 

MARCS_HUMAN 
 

31.7 154 3 18 
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Table 5. 11 22RV1 Band 2 (duplicate) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

TKT_HUMAN 
 

68.5 2597 20 33 

ACADV_HUMAN 
 

70.8 2251 15 36 

DDX5_HUMAN 
 

69.7 2031 14 31 

HS71A_HUMAN 
 

70.3 1343 22 53 

PUR9_HUMAN 
 

65.1 1319 19 44 

 

Table 5. 12 22RV1 Band 3 (1) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

PRDX1_HUMAN 
 

22.3 1988 9 53 

M0R0P7_HUMAN 
 

16.3 1614 4 28 

PPIB_HUMAN 
 

23.8 834 8 53 

TAGL2_HUMAN 
 

22.6 637 6 37 

PEBP1_HUMAN 
 

21.1 293 8 62 

 

Table 5. 13 22RV1 Band 3 (duplicate) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

PRDX1_HUMAN 
 

22.3 62689 23 79 

RAB1B_HUMAN 
 

22.3 25360 14 70 

K7EMA7_HUMAN 
 

7.9 23416 7 70 

PPIB_HUMAN 
 

23.8 22719 21 63 

PEBP1_HUMAN 
 

21.1 24712 16 88 
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Table 5. 14 PC3 Band 4 (1) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

HSP7C_HUMAN 
 

71.1 71145 53 68 

GRP75_HUMAN 
 

73.9 28103 36 60 

DDX5_HUMAN 
 

69.7 25438 27 39 

PABP1_HUMAN 
 

70.9 19804 26 45 

PUR9_HUMAN 
 

65.1 19797 28 63 

 

Table 5. 15 PC3 Band 4 (duplicate) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

HSP7C_HUMAN 
 

71.1 70027 51 67 

TKT_HUMAN 
 

68.6 25098 42 68 

PUR9_HUMAN 
 

65.1 24792 24 70 

DDX5_HUMAN 
 

69.7 23432 29 46 

GRP75_HUMAN 
 

80.0 22735 36 56 

 

 

Table 5. 16 PC3 Band 5 (1) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

PRDX1_HUMAN 
 

22.3 54832 25 80 

RAB1B_HUMAN 
 

23.3 42642 11 59 

COF1_HUMAN 
 

18.7 20956 6 58 

GSTP1_HUMAN 
 

23.6 16653 5 30 

PEBP1_HUMAN 
 

21.2 15745 7 40 
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Table 5. 17 PC3 Band 5 (duplicate) 
Protein Molecular 

weight (kDa) 
PLGS score Peptides 

identified 
% Coverage 

PRDX1_HUMAN 
 

22.3 13258 18 67 

SAR1A_HUMAN 
 

22.5 4278 7 49 

RL11_HUMAN 
 

20.5 4194 7 28 

COF1_HUMAN 
 

18.7 3496 3 22 

SAR1B_HUMAN 
 

22.5 3488 3 22 

 

No homology to AR-V7 (or AR) was detected by mass spectroscopy for any of the bands (the 

top ones listed in the above tables or any others (data not shown)). Interestingly, in duplicate 

bands the top 5 detected proteins were not always identical (any identical ones found in both 

duplicate bands highlighted in grey) with the best match of 4 of the 5 top proteins detected for 

the PC3 band 4 that runs close to the molecular weight of AR-V7. To confirm this result, as a 

next step to test if there are indeed any proteins with homology to AR-V7 specific peptide 

sequences used as antigens to generate the anti-AR-V7 antibodies, a BLAST homology search 

of human proteins in the UniProt database with the unique peptide present in the AR-V7 

sequence (See Chapter 4, Fig 4.1A) was performed using default parameters. The only 

sequence identified was AR-V7 itself.    
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5.6 Discussion 

Studying the complex signalling pathway interactions in PCa has some challenges. For 

example, a current tumour biopsy is often not available, or multiple, sequential biopsies cannot 

be done. Therefore, liquid biopsies are a better option in this scenario, because this approach 

is less invasive and multiple liquid biopsies can be taken sequentially to track disease progress. 

CTCs are being studied in different types of cancer [308], but current approaches have 

limitations. For example, the most common method of CTC isolation is EpCAM-based 

isolation, in which CTCs that do not express this marker may be missed [282]. In the past, our 

team used the IsoFlux method in which CTCs were enriched by immunomagnetically targeting 

the cell surface molecule EpCAM [210]. It is also of note, there is already a commercial test 

offered for AR-V7 in CTCs by Epic sciences (https://www.epicsciences.com/ar-v7-test/). They 

process blood samples by first lysing red blood cells and then collecting nucleated cells on 

glass slides to probe for AR-V7 by immunostaining. In this study, we compared different CTC 

isolation methods with a focus on relatively fast, unbiased methods to retain the cellular protein 

landscape. We found that the CD36-kit performed better than the other tested CTC enrichment 

methods. However, the isolation efficiency was lower than that indicated by manufacturer 

which is over 80%. Our data of about 40-60% is consistently found in our lab by different 

operators. Other methods enrich CTCs based on cell surface markers such as EpCAM. For 

multiplex staining, we opted for unbiased depletion of lymphocytes to enrich as many CTCs 

as possible. In our hands, RosetteSep™ CTC enrichment cocktail containing anti-CD36 

(Stemcell Technologies) performs well for enrichment of viable CTCs that can be cultured 

[277]. While testing another novel method, (OncoQuick vs. CD36-kit), we found a lot of 

aggregates with the OncoQuick CTC isolation method. Although there was no obvious reason 

for this consistent result, we excluded this method as CTC enrichment method going forward. 
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Secondly, we wanted to attach CTCs firmly to the glass surface for imaging. Maintaining the 

number of CTCs bound to each slide or glass bottom well is important for repeated 

manipulations during multiplex staining procedures. We found that cell adhesive called 

Cell-Tak improves the attachment of cells.  

The work for this chapter also identified a set of 17 markers that, if immunocytostained for, are 

likely to have potential to inform not only about a cell’s EMT status but also about the activity 

and possible interaction of AR/AR-V7 with the AKT and Hippo pathways in single cells. 

Antibodies detecting these markers were purchased and immunocytostaining procedures for 

these markers were optimised. The next step is combining these antibodies in multiplex 

staining of cultured PCa cells and PCa patient CTCs. 

This chapter further describes some experiments and analysis to examine the anti-AR-V7 

antibodies compared in Chapter 4. We were intrigued by some of the cross-reactive bands and 

were able to test their identity by mass spectrometry. However, the data from mass 

spectrometry and the BLAST search analysis showed no homology with the AR-V7 sequence 

that would explain why the antibodies interacted with them. While not as informative as we 

hoped, it is interesting that analysis of the PC3 (AR-V7 negative) band that runs close to AR-

V7 in size, showed the most consistent data with 4 out of 5 top proteins detected in both 

duplicate bands. Whether one of these proteins indeed is the protein that cross reacts with the 

EPR15656 would however remain speculative, but if so, that may explain the band being very 

strong as the proteins appear abundant. Alternatively, the. affinity of the antibody for the cross-

reacting bands is likely to be very high if the cross-reacting protein is a minor component of 

the proteins eluted for the band. Overall, the mass spectrometry results indicate that the cross-

reacting sequences present in the western blot are not a major component of the proteins in the 

samples obtained from these 1-dimensional gels. Further work in this area was not pursued but 
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could involve running these samples on 2D gels followed by western blot identification of 

specific protein spots prior to mass spectrometry. Despite not identifying the source of the 

cross-reactivity, the detection of cross-reacting bands in SDS PAGE is a concern, especially if 

immunocytochemistry as described in Chapter 4 produces background by antibodies that 

clearly also interact with unrelated proteins in Western analysis. It is important to highlight that 

our favoured anti-AR-V7 E308L antibody showed the “cleanest” immunoblot suggesting it 

will mainly detect AR-V7 in immunocytostaining compared to the EPR15656 clone.  

5.7 Limitations 

Despite identifying the best CTC isolation method of the ones tested, still only just over 50% 

of CTCs are captured. Nevertheless, this efficiency of CTC detection is well in line with the 

literature. CTC isolation efficiencies between 30->90% have been reported in recent 

comprehensive reviews of the literature [282, 309] for various methods, and these reviews also 

highlight that unbiased CTC isolation (depletion of lymphocytes) performs similarly. Thus, 

although it is desirable to improve CTC detection, the CTC enrichment efficiency data 

presented here are within an expected range. Given we are aiming ultimately to perform 

multiplex immunocytostaining which involves various cycles of staining and elution and 

washing, our methods need to retain enough CTCs immobilised to glass surfaces to allow 

multiple analysis steps. With some cell losses unavoidable and compromises to our methods 

proposed (to reduce the volume of antibodies needed), only testing via actual multiplex staining 

will confirm feasibility, and that was beyond the scope of this project. It needs also to be 

highlighted that actual loss of CTCs in numbers is relatively low. For example, if we counted 

10 CTCs in a patient’s 10 mL blood sample, and were to recover over 50%, we would 

maximally lose 5 CTCs. If placing the sample into one well and other processing were to cause 

as much as another 20% loss that would lose another 2 CTCs. Thus, we still would expect to 
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analyse 3 CTCs in depth for >17 biomarkers. This may sound as if there are too few cells for 

analysis, but it is possible to improve CTC enrichment and immobilisation by increasing patient 

sample blood volume. If we start with 30 or 50 CTCs in a given sample, that will allow analysis 

of >17 markers in 9-15 CTCs, which is enough to allow us to detect heterogeneity to some 

extent. 

5.8 Future directions 

The next step is to progress towards multiplex staining in PCa CTCs which would not only 

pave the way for such a proof of concept, but it would also help to understand the complex 

biology of PCa. Ultimately, a robust method to detect true CTCs, in all EMT phenotypes, and 

with an almost real-time analysis of biological response to various therapies through multiplex 

immunocytostaining, could result in better methods for personalised treatment.   
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Chapter 6: General Discussion 

Summary of the project This PhD project aimed to study the relationship between the 

signalling pathways that are responsible for the transition from hormone sensitive PCa to 

CRPC. In particular, this project was planned to develop strategies that ultimately will allow 

future analysis of multiple pathways in CTCs at the single cell level. The overarching aim for 

this project was set to study the complex relationship between AR/AR-V7, pTEN/AKT and 

Hippo/YAP signalling which can, as reviewed in Chapter 1, contribute to the oncogenic driver 

role that confers ADT resistance. Project specific, the feasible aims were to make first steps 

towards this goal, with a major focus on AR-V7, one of the most promising prognostic CRPC 

biomarkers. 

For that purpose, the set aims were: 

Aim 1: To systematically review and perform meta-analysis on the clinical relevance of liquid 

biopsy detection of the known CRPC biomarker AR-V7. 

Aim 2: To determine the best anti-AR-V7 antibody to reliably detect AR-V7 in CTCs. 

Aim 3: To optimise a range of methods as prerequisite for the use of multiplex 

immunofluorescence to analyse AR, AR-V7, AKT and Hippo pathway components, as well as 

markers for EMT using both cultured cells and CTCs. 

Aim 1 was addressed in Chapter 3. The systematic review and meta-analysis were 

performed to study prognostic and predictive value of liquid biopsy-based AR-V7 

detection. Our data show that AR-V7 detection in liquid biopsy was significantly 

associated with poor outcomes to AR signalling inhibitor treatment as shown for OS, 

PFS, PSA-PFS (P <0.001). So, AR-V7 expression in CRPC patients can be used as a 

prognostic and predictive biomarker. In the taxane treated sub-group, AR-V7 
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expression was also significantly associated with poor OS (P = 0.04) while PFS (P = 

0.21) or PSA-PFS (P = 0.93) was insignificant.  

The reliability of systematic reviews is dependent on the quality of published literature. 

In the case of this study, of the 1180 papers identified, 37 (3%) papers were included 

in the final analysis. This number of analysed publications is greater than what is 

generally accepted in the field [310]. To include as much data as possible, if HR was 

not given, we calculated this by using the available method. Therefore, coupled with 

robust analysis procedures followed, we have confidence in the associations that 

systematic review has identified. A potential limitation of the study is that, at the time 

of writing, there were no randomised clinical trials looking at AR-V7 as measured by 

liquid biopsy. Consequently, there may be selection biased in the analysis.  

Aim 2 was addressed in Chapter 4 which thoroughly compared all commercially 

available anti-AR-V7 antibodies. Our laboratory had the advantage of having available 

well characterised PCa cell lines with known AR-V7 status [51]. After confirming the 

AR-V7 status using our well established ddPCR AR-V7 test, Western analysis and 

immunocytostaining experiments were performed which ultimately resulted in finding 

that the anti-AR-V7 antibody clone E308L is best suited for AR-V7 

immunocytostaining. Importantly, when I compared the E308L clone with the anti-

AR-V7 clone EPR15656 previously used to detect AR-V7 in patient CTCs [42] E308L 

clearly outperformed EPR15656 as I consistently detected more PCa CTCs using 

E308L in all patient samples tested.  

With the best anti-AR-V7 antibody at hand and optimised, Aim 3 addressed in Chapter 

5, embarked on optimisation of a range of methods which are a prerequisite for 

multiplex immunofluorescence to ultimately analyse pathway relations between AR, 
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AR-V7, AKT, Hippo pathway components and EMT using both cultured cells and 

patient CTCs. Firstly, I succeeded in defining the best unbiased method to enrich CTCs 

from blood samples (CD36-kit). I also identified and worked out the best concentration 

of a cell adhesive that assists in immobilisation of CTCs, which is critically important 

to progress to multiplex staining of these cells. Moreover, after extensive literature 

research and discussion with my supervisory team 17 critical markers for AR, AKT, 

Hippo signalling as well as EMT pathways were selected and antibodies recognizing 

these markers were optimised for future multiplex staining in CTCs. Although time did 

not allow me to utilise these technologies in multiplexed immunocytostaining, this 

work has laid the necessary foundations as the basis for multiplex immunocytostaining 

of patient CTCs. 

6.1 Implications and Considerations for Clinical Translation 

In Australia, PCa is the most commonly diagnosed cancer in men and second most lethal cancer 

[4]. AR signalling is important in normal prostate cells but often aberrantly regulated in 

malignant PCa cells [311]. Consequently, inhibition of the AR pathway by ADT is a critical 

way to treat PCa [312]. The expression of AR splice variants has been implicated as a 

mechanism for the resistance to ADT, ultimately resulting in progression to CRPC where 

enzalutamide and abiraterone have been proposed as a second line of treatment. Although these 

drugs are effective in the treatment of CRPC patients, some patients do not respond to this 

therapy, or alternatively, some patients develop resistance after some time. In PCa, tissue 

biopsy is not always acceptable to the patient, or possible, and multiple, sequential biopsies to 

follow changes of the cancer during progression are almost impossible. In CRPC, liquid 

biopsies can be used to monitor tumour progression [2] and multiple sequential timepoints can 

be studied. 
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The AR variant, AR-V7, has been studied in both normal and transformed prostate tissue [313]. 

AR-V7 remains constitutively active even in the absence of ligand binding and has been 

proposed as a means of resistance to different treatments.  

The systematic review and meta-analysis presented here showed clear association of liquid 

biopsy-based AR-V7 with survival in patients treated with early or new generation AR pathway 

inhibitors suggesting AR-V7 testing may guide treatment decisions and as such may be an 

important marker to implement for clinical trials. Interestingly, AR-V7 was even a marker of 

poorer outcome for taxane-based chemotherapy in our study. While more data are needed to 

confirm this finding, straight forward liquid biopsy-based AR-V7 may prove to be clinically 

useful in many clinical scenarios, including being tested as an eligibility criterion for future 

clinical trials in CRPC patients. 

Although liquid biopsy-based biomarkers testing has been promoted for a long time, clinical 

uptake of such tests remains limited, especially in Australia. Here, ctDNA testing for EGFR 

activating or first-line inhibitor resistance mutations has made some clinical headway for 

patients with non-small cell lung cancer [314], but apart from this liquid biopsy diagnostics is 

still in its infancy. Internationally, however, liquid biopsy testing is becoming more mainstream 

patient management, reimbursed by the relevant medicare equivalent, or paid for by the 

patients. One provider of commercial liquid biopsy testing is Epic Sciences in the USA, who 

conduct reimbursed tests for AR-V7 using CTCs from CRPC patients. Interestingly, our 

personal communication with Prof Howard Sher, a pioneer in immuncytostaining detection of 

AR-V7 in CTCs and collaborator of the Epic team, suggests that the EPR15656 anti-AR-V7 

clone is used for the Epic assay. My results demonstrated that EPR15656 produced unspecific 

background in AR/AR-V7 negative cells and detected fewer CTCs than the E308L antibody 
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clone in our hands. Thus, development of a better diagnostic AR-V7 test than provided by 

Epics Sciences is possible. 

In addition to the clinical benefits of AR-V7 testing by liquid biopsy described above, AR-V7 

biology investigation through immunocytostaining has advantages that can be further 

developed for the future. For example, this approach allows the detection, quantitation and 

definition of cellular localisation of target proteins at a single cell level. This capability opens 

the potential to study the impact of cellular heterogeneity on disease outcome which may lead 

to a highly specific assay to stratify patients according to their single cell target protein status. 

The capability to examine cellular localisation of multiple proteins also opens the potential to 

examine the spatial location of several proteins in the same cell, thus providing a method for 

identifying protein-protein interactions of clinically relevant markers in clinically relevant 

cells. Based on the extensive literature analysis of relevant signalling pathways in PCa 

presented here, the molecular complexity and interactions of the AR/AKT/Hippo pathways are 

important interactions to study. The new capabilities developed in this thesis will add 

significantly to the scope with which this complex biology underlying CRPC development and 

progression are explored in the future by our team and others.  

This project also defined the best CTC isolation method for down-stream multiplex staining of 

CTCs. We reasoned that an unbiased method, not preselecting CTCs by expression of cell 

surface markers such as EpCAM, that would also be relatively fast and gentle on the cells so 

as to avoid disturbing their proteomic landscape, was preferred. Since we already knew that 

the CD36-kit was able to isolate viable CTCs that may be cultured [277], it was satisfying to 

find it and the most effective CTC enrichment method of the ones tested. While still not ideal 

(efficiency around 50%), this optimized method is likely to be scaleable to a clinical setting, 

although further work will be necessary to evaluate this necessary goal.  
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This project also defined a method to immobilize CTCs on glass surfaces, which is critically 

important for future multiplex analysis that relies on imaging the same cells in different staining 

cycles and to overlay images. This is only possible if the cells are found at the same position 

in every staining cycle. Overall, this project made critical steps for future CTC analysis by 

multiplex immunocytostaining (proteomic microscopy). 

6.2 Limitations of This Project 

Chapter 3: The limitations for the systematic review and meta-analysis presented here were 

the heterogeneous methods of AR-V7 detection in multiple types of liquid biopsies from 

patients with a range of treatment regimens, in the various studies. With AR-V7 still being a 

relatively novel biomarker, the liquid biopsy research field still developing and clinicians 

making therapy decisions based on multiple parameters, this was not surprising. Given this 

variability, reports using different methods and liquid biopsy types were combined to increase 

the depth of the study and ultimately, the patient number included. Where possible, and the 

number of studies and patient numbers allowed it, sub-analyses were performed for the 

detection of AR-V7 in liquid biopsies based on different methods or patient treatments. Our 

data suggest predictive value of AR-V7 and found association of AR-V7 with response to the 

various treatments. The unexpected findings were that for AR-V7 positive patients it appeared 

that taxanes therapy was associated with better outcome. However, we realise that the 

limitation because most studies were not proper randomised trials. Despite the limitations, 

overall correlation with disease outcomes was evident in the analysis. Nevertheless, this study 

made it clear that development of one highly sensitive and specific method to detect AR-V7 

would be desirable to progress to routine diagnostic settings.  

Chapter 4: Although the use of well-characterised PCa cell models with respect to AR-V7 

expression allowed us to convincingly identify the best anti-AR-V7 antibody for 



   

190 
 

immunocytostaining, the potential to validate this antibody in PCa patients was limited to 

testing AR-V7 immunodetection in CTCs of only six patients (patient recruitment was beyond 

our control, see COVID impact statement). Nevertheless, I detected consistently more CTCs 

with the best E308L antibody in this small patient cohort, providing strong evidence, albeit 

from few patients, that E308L is the best anti-AR-V7 antibody to detect AR-V7 in patient 

CTCs. Larger patient cohorts are certainly needed to compare AR-V7 detection by 

immunocytochemistry with AR-V7 detection at the mRNA level by ddPCR. These studies 

should include correlation with disease outcomes to fully understand if combining both 

methods versus using one over the other is the best approach for development of practical 

assays for diagnostic settings. Cost, time, equipment and expertise needed to do the assays 

should also be considered. Even if these studies may not show added value of 

immunocytostaining for simple evaluation if a patient’s AR-V7 status is positive vs. negative, 

it is expected that AR-V7 immunocytochemistry detection in CTCs will reveal heterogeneity, 

and heterogeneity may be a powerful predictor if mono- or combination therapy is the better 

clinical approach for patient management or provide guidance to clinicians for next line therapy 

choices. 

Chapter 5: The most disappointing limitation of this project was that it did not reach the end 

point of performing multiplex staining of either cultured cells or patient CTCs. Nevertheless, 

important steps towards this goal were made. The best of the tested methods for unbiased CTC 

enrichment was defined in this study. For multiplex immunostaining, we want to isolate as 

many CTCs as possible in order to do multiple rounds of staining to probe for various markers, 

washing and then re-staining. We wanted to isolate CTCs independent of any cell surface 

markers in order to study the selected markers and in our comparison the CD36-kit (Stemcell 

Technologies) proved the best method. Regardless, this method has an efficiency of only 

capturing about 50%, which means only about half of a patient’s CTCs are expected to be 
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captured, which is suboptimal. CTC enrichment is a critical step if we want to perform 

multiplex CTC immunocytostaining in the future. Not enriching CTCs and instead analysing 

simply all the cells in a blood sample to avoid losing CTCs due to technical issues may appear 

an option. However, the number of blood cells in the sample make this a non-viable solution 

for multiplex staining. For instance, there are methods such as CTC detection using the 

Rarecyte CTC platform (Rarecyte Precision Biology for Life Sciences) [315] that essentially 

use a density gradient as only CTC enrichment, followed by spreading the entire PBMC/CTC 

fraction from 7.5 mL blood over 8 complete glass slides for immunostaining. 8 complete slides 

are necessary to achieve single cell layers for microscopy due to the large PBMC numbers. 

Given the rarity of CTCs, to analyse most CTCs, most slides will need to be immunostained. 

For multiplex staining that would lead to unaffordable costs of antibodies. As an example, my 

supervisors’ current NHMRC grant to develop CTC multiplex staining budgets ~$50,000 for 

antibodies (assuming staining on much smaller specialised ibidi slides (Fig 5.10)), however, if 

staining would need to be done on 8 complete slides for each patient and each biomarker to be 

tested, costs would increase to >$1,000,000 for antibodies alone. 

As indicated, the COVID-19 pandemic (see COVID impact statement) prevented further work 

on multiplex staining of CTCs or even PCa cell lines. This was due to limited access to the 

UNSW laboratories central to multiplex staining procedures. These events were mitigated by 

changes to the project plan and timeline which included i) addition of the initially unplanned 

systematic review, ii) detailed analysis based on the identified need to find the best anti-AR-

V7 antibody and iii) adding mass spectrometry analysis to interrogate certain anti-AR-V7 

antibody cross-reactions.  
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6.3 Future Directions 

While our laboratory has established an extremely sensitive ddPCR-based method of AR-V7 

(transcript) detection from as low as a single CTC [51], and also previously confirmed that 

CTCs are the best liquid biopsy source to detect AR-V7 [210], it is tempting to speculate that 

our method may be the basis of a standardised liquid biopsy testing for AR-V7 that could 

become a globally used diagnostic test. Further, I would propose that the ddPCR based 

detection of AR-V7 (transcript) would be complemented by also detecting AR-V7 protein by 

immunocytostaining of CTCs. My project has provided a basis for this as I identified the best 

suitable anti-AR-V7 antibody for AR-V7 detection in CTCs.  

A possible limitation of this study is that CTCs identified by antibody E308L may be false 

positives. The specificity and sensitivity of E308L was clearly shown to be superior to other 

antibodies by performing western blotting and immunocytostaining of AR-V7 positive and 

negative cell lines. To further confirm the specificity, future studies could include spiking 

defined numbers of cultured cells into blood to model CTCs and identify them by using these 

antibodies. AR-V7 protein detection would allow to observe heterogeneity and analyse cellular 

localisation as well as co-localisation with other proteins that may improve our understanding 

of AR-V7 biology. 

Clearly, future studies on larger patient cohorts are needed to work out how to best test for 

AR-V7 and compare utility of combined transcript (ddPCR) and protein (immunocytostaining) 

detection from liquid biopsy. This could become a future PhD project together with taking the 

final steps to progress my work of CTC isolation, immobilisation and optimisation of 

antibodies for probing CTCs to finally perform full CTC multiplex immunocytostaining 

combined with sophisticated analysis. 
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6.4 Conclusion 

This project was designed to study AR-V7 in liquid biopsies at the single cell level and the 

interaction with AKT and Hippo pathway in PCa. The important results of this project are: 

1. A thorough review of the AR/AR-V7 pathway and its interaction with other cancer 

associated signalling pathways has been performed. 

2. Liquid biopsy detection of AR-V7 has been confirmed as an important biomarker 

and its detection is associated with poor disease outcomes.  

3. Sensitivity and specificity of commercially available anti-AR-V7 antibodies varies 

widely and data presented here point towards the clone E308L being the best anti-

AR-V7 antibody for immunocytostaining, including in the detection of CTCs. 

4. RosetteSep CD36-kit is the best CTC isolation method of the ones tested. 

5. Cell-Tak is a suitable component to help attaching CTCs to glass bottom plates for 

immunocytostaining and imaging. 

6. 17 antigens/antibodies were identified in a literature review and are proposed to 

allow analysis of the AR/AR-V7 pathway, as well as interaction with the AKT and 

Hippo pathways and EMT status in CTCs. The relevant antibodies were purchased 

and optimised for immunocytostaining, and the developed optimisation can be 

transferred to multiplex CTC staining in the future. 

The translational goals of this project remain critically important, and the data from this 

project have added to the body of work that indicate these goals are achievable and 

necessary. The next step is to perform proteomic microscopy at the single CTC level in 

order to study the complex interactions of signalling pathways. Ultimately, these 

analyses may reveal key components of these pathways that could be screened for as 

novel biomarkers in down-scaled multiplex approaches that would be feasible for 
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automated staining platforms already available in many diagnostic labs. If this goal is 

achieved in the future, my project has provided the initial steps to aid better diagnostics 

followed by personalised treatment decisions in the clinic for men with currently 

incurable disease. Furthermore, it would have helped to revolutionise the utility of 

CTCs and liquid biopsies by assessing multiple relevant biomarkers at once. The latter 

is likely applicable to other biomarkers in other cancers. 

While the project had some limitations, these were either overcome, or analysis of data 

was valid despite those limitations, or the direction of the PhD project was meaningfully 

changed to pursue achievable goals in the circumstances posed by the pandemic. The 

project resulted in the delivery of novel outcomes that pave the way for future projects 

including multiplex immunocytostaining of CTCs.  
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Prostate cancer (PCa) is initially driven by excessive androgen receptor (AR) signaling with androgen deprivation therapy (ADT)
being a major therapeutic approach to its treatment. However, the development of drug resistance is a significant limitation on the
effectiveness of both first-line and more recently developed second-line ADTs. ,ere is a need then to study AR signaling within
the context of other oncogenic signaling pathways that likely mediate this resistance. ,is review focuses on interactions between
AR signaling, the well-known phosphatidylinositol-3-kinase/AKT pathway, and an emerging mediator of these pathways, the
Hippo/YAP1 axis in metastatic castrate-resistant PCa, and their involvement in the regulation of epithelial-mesenchymal
transition (EMT), a feature of disease progression and ADT resistance. Analysis of these pathways in circulating tumor cells
(CTCs) may provide an opportunity to evaluate their utility as biomarkers and address their importance in the development of
resistance to current ADT with potential to guide future therapies.

1. Introduction

Prostate cancer (PCa) is highly prevalent in the Western
world; it ranks sixth among cancers in regard to mortality
among men [1]. ,ere were 1,276,106 new cases of PCa and
358, 989 deaths due to PCa worldwide in 2018 [2]. Despite
dramatic improvements in five-year survival, mortality from
PCa is poised to remain a major health problem due to in-
creasing longevity, particularly in western countries.,emost
significant factors associated withmorbidity andmortality are
the development of metastatic spread to other organs, par-
ticularly bone, and emerging resistance to therapy.

On the molecular level, PCa is almost always initially
driven by excessive signaling through the androgen receptor
(AR) pathway (reviewed in [3]). Consequently, men with
metastatic PCa will be offered androgen deprivation therapy
(ADT) as the primary treatment. After a median of around
18–24 months, the disease tends to become resistant to
hormonal manipulation and progresses towards so-called
metastatic castration-resistant prostate cancer (mCRPC). In
mCRPC, the concentration of the current blood-based
clinical PCa biomarker, prostate-specific antigen (PSA),
continues to increase over time. As PSA is regulated via AR
signaling, this suggests, in general, the common ongoing
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involvement of AR signaling in disease progression to
mCRPC [4–7]. Abiraterone [8, 9] and enzalutamide [10, 11]
have been developed to be used for mCRPC, as “second-
generation” ADT treatments, and responses are generally
good, but a median progression-free survival of 5.6 months
[8] suggests resistance to treatment once again supervenes.
Indeed, despite the difference in mechanisms of action,
cross-resistance between enzalutamide and abiraterone is
very common [8, 12–14], suggesting the development of true
hormone resistance following second-line ADT therapy, as
opposed to castrate resistance. ,us, androgen signaling
through AR within the context of the oncogenic effect of
other signaling pathways remains an important area of
research as there are, yet, no effective treatments or markers
for true hormone resistance. Here, we review the involve-
ment of two critical signaling pathways, the phosphatidy-
linositol-3-kinase/AKT (PI3K/AKT) and Hippo/YAP
pathway, which interact with the AR pathway in mCRPC
and which have links to epithelial-to-mesenchymal transi-
tion (EMT). EMT is thought to play an important role in the
development of both metastasis and therapy resistance
[15, 16]. Our literature research indicates that the analysis of
circulating tumor cells (CTCs) isolated from PCa patients
may allow CTCs to be used as a tool to define how these
signaling pathways interact with the AR pathway to cause
ADT resistance and thereby investigate the mechanism by
which these pathways may contribute to castrate resistance.
In addition, CTCs may thus emerge as a useful PCa bio-
marker for personalized therapy.

2. Circulating Tumor Cells and
EMT in Metastasis

Metastasis in PCa is integrally linked to mCRPC. At the
cellular level, metastasis involves a sequence of steps, and
current evidence suggests that EMT and the reverse process
mesenchymal-to-epithelial transition (MET) (reviewed in
[17]) are important mechanisms by which tumor cells mi-
grate and reestablish themselves at distant sites. Cancer cells
are believed to lose their tight adhesion to neighboring cells
and become more mobile when undergoing EMT, which, in
turn, favors their ability to shed from the tumor mass,
intravasate into the bloodstream, and thus become CTCs.
MET, on the other hand, is thought to aid CTCs after leaving
the vascular system to be able to settle in other tissues and
form new tumors [18, 19] (Figure 1). ,us, CTC numbers
have been recognized as a marker of metastatic disease, and
importantly, EMTmarkers have been screened for in patient
CTCs including those of 54 patients with PCa, 53% of these
patients had advanced metastatic disease and intermittent
epithelial-to-mesenchymal phenotype of CTCs correlated
with metastasis in these patients, while another study found
that the mesenchymal CTC phenotype correlated with in-
creased rates of progression to CRPC in a cohort of 108 PCa
patients recruited with high volume metastatic disease at
hormone-sensitive disease stage and longitudinally followed
during the study [20–22].

Metastatic spread of cancer is thought to involve dif-
ferent stages (Figure 1(a)) in which cancer cells (i) lose cell-

cell tight junctions and detach from the primary site/organ,
(ii) penetrate the basal lamina and enter nearby tissue, (iii)
evade programmed cell death normally induced by loss of
substrate adhesion (anoikis), (iv) breach blood or lymphatic
vessels and migrate to other sites via blood/lymphatic cir-
culation, (v) leave the bloodstream or lymphatic vessels at
distant organs, (vi) form a micrometastatic core, and finally
(vii) adjust and reprogram the surrounding stroma to form
detectable macrometastases [23]. At a molecular level, EMT
has been implicated in various cancers, including PCa. In the
development of mCRPC, it has been proposed that acti-
vation of transcription factors (TFs) results in the loss of
epithelial properties and acquisition of mesenchymal
characteristics as well as the change of cell shape, leading to
enhanced invasion and increased mortality [24, 25].

EMT is inducible by environmental factors such as ra-
diation or hypoxia (Figure 1(b)), and there is accumulating
evidence that radiation or chemotherapy, used to treat
earlier stage PCa, may induce EMT changes [26, 27].
Hypoxia induces the production of hypoxia-inducible factor
(HIF), and HIF-1α stimulates transcription factors (TFs),
such as Snail and Twist, to trigger EMT [28, 29]. EMT then
results from activation of a mesenchymal transcriptional
program induced by specific transcription factors (EMT-
TFs) [26]. Mechanistically, central EMT-TFs ZEB1, Snail,
Slug, and Twist along with other TFs such as TCF4 and
FOXC2 suppress the expression of key epithelial markers
such as cytokeratin, E-cadherin, occludin, and claudin while
causing upregulation of mesenchymal markers such as
N-cadherin, fibronectin, and vimentin, which enable cancer
cells to be more motile and consequently more aggressive
(Figure 1(c)).

Regulation by signaling cascades and signaling mole-
cules including EGF, Hedgehog, Wnt, FGF, Notch, TGF-β,
and HGF in turn induces signaling viaNF-κB,MAPK, PI3K/
AKT, or Wnt/β-catenin pathways to regulate EMT-TFs and
ultimately induce EMT phenotypic changes. More recently,
the Hippo pathway has been implicated in regulating EMT
via its downstream transcriptional modulator Yes-associ-
ated protein (YAP) and the transcriptional coactivator TAZ
[28, 30–38]. Importantly, there is evidence in the literature
that these pathways can be successfully analysed in CTCs
even though in some cases these analyses may not have yet
been reported for PCa CTCs. Table 1 summarises some of
the evidence implicating signaling pathways in EMTof PCa
as well as the analysis of these pathways in CTCs mainly
from other cancers. CTC studies from other cancers are
included because they indicate the feasibility of investigating
these pathways in PCa CTC.

3. Clinical Relevance of EMT Markers in PCa

Several studies have assessed EMTmarkers for their clinical
importance at various stages of human PCa. Table 2 shows
typical EMT markers detected in PCa tissue. A possible
clinical utility of these EMT markers at different phases of
the disease is suggested by their prognostic correlation with
both recurrence-free and overall survival. For example,
EMT markers Twist and vimentin as measured by
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immunohistochemistry in radical prostatectomy samples are
independent markers for biochemical recurrence as defined
by a resurgence in serum prostate-specific antigen (PSA)
levels postsurgery [84, 90]. A recent study found that Ca-
thepsin L (Cat L), which is an EMT-associated target of the
EMT-TF Snail, may be a biomarker of PCa progression [83].
In addition, loss of membrane-bound E-cadherin staining
appears to be linked with higher Gleason score, advanced
clinical stage, and poor prognosis in PCa [91]. EMTmarkers
such as Zeb1, E-cadherin, and vimentin play important roles
at different stages of disease progression from primary tumor
stage 2 to CRPC. In CRPC, increased expression of Zeb1
correlated with decreased survival [84]. Further, in a study of

108 patients with newly diagnosed castrate-sensitive PCa,
expression of mesenchymal markers in CTCs at baseline was
found to be an independent prognostic factor that was
predictive of time to progression to CRPC following standard
ADT. Patients who had mesenchymal CTCs at baseline
showed a significantly shorter time to progression to CRPC
than patients without CTCs or patients whose CTCs were
negative for mesenchymal markers [21]. Several studies show
that E-cadherin suppresses invasion and metastasis in vitro,
and consistent with these findings, E-cadherin staining in
tumor tissue correlates with longer overall survival [84].
However, the relationship of E-cadherin to metastasis is not
clear in all cases since, in a recent study, it has been shown that
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Figure 1: EMT in cancer metastasis. (a) Schematic representation of the role of EMT in cancer metastasis. (b) A cascade of transcriptional
regulation underlies the transition from an epithelial to a mesenchymal phenotype, and (c) during EMT, epithelial markers are down-
regulated while mesenchymal markers are upregulated.
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loss of E-cadherin reduced metastatic potential in invasive
ductal carcinomas [92], suggesting that E-cadherin plays
opposing roles in tumor progression by suppressing cancer
cell invasion while promoting metastasis. Nonetheless, on
balance, the data suggest that EMT markers may have
predictive value with respect to recurrence and overall
survival both in tissues and in CTCs [84]. Different studies

show that E-cadherin suppresses invasion and metastasis.
However, in a recent study, it has been shown that loss of
E-cadherin reduced metastatic potential in invasive ductal
carcinomas [92].

4. AR, ADT, EMT, and Drug Resistance

,e AR, located on the X chromosome (Figure 2(a)), is a
hormone-dependent transcription factor [93]. In the
unstimulated state, the receptor is cytoplasmic and bound
by heat-shock proteins [94]. When its ligand, dihy-
drotestosterone (DHT) or testosterone, binds via the AR
ligand-binding domain (LBD) (Figure 2(a)), a structural
change results in the detachment of AR from the heat-shock
protein 90 (HSP90) complex, homodimerization of the
receptor, and nuclear translocation.

Table 1: Signaling pathways implicated in EMT and relevance to PCa.

Pathway Implication in cancer-related EMT Roles in PCa CTC analysis

AR

Opposing data: elevation of AR expression
and AR signaling in prostate tumors

promotes PCa metastasis by induction of
EMT [39]; other data suggest AR reverses
EMT and ADT can induce EMT [40, 41]

Cell proliferation and tumor
progression [42, 43]

Different AR expression patterns,
amplification, mutation, and variant
expression in PCa CTC [44–47]

AKT

PI3K-AKT directly or in crosstalk with
other signaling pathways can induce EMT
[48, 49]. Drugs inhibiting EMT via the
Akt/GSK-3β/Snail pathway decrease the

invasiveness of PCa cells [50]

Implicated in PCa cell proliferation
and resistance to apoptosis [51, 52]

Phosphorylated EGFR and PI3K/Akt
signaling kinases detected in breast cancer
patient CTCs [53], pERK/Akt pathway in
CTCs in hepatocellular carcinoma patients
[54], PTEN loss in circulating tumor cells
in CRPC patients [55]. No report in PCa

CTCs

Hippo

Deregulation of the Hippo pathway
contributes to EMT in colorectal cancer
[56], and FZD2 could promote clinically
relevant EMT in hepatocellular carcinoma

involving Hippo pathway [57]

Emerging roles in PCa development,
progression, EMT, and mCRPC

[58, 59]

TAZ expression detected in NSCLC CTCs
[60], YAP association with metastasis in
human gastric cancer [61]. No report in

PCa CTCs

MAPK

MAPK mediates epithelial-mesenchymal
transition in cooperation with TGF-

β/Smad2 signaling and increased Snail and
Twist expression [62–64]

Linked to proliferation, early
relapse, and development of

mCRPC [65, 66]

MAPK gene expression signature shown in
pancreatic CTCs [67], detection of mutant
RAS and RAF in CRC and in melanoma
CTCs [68, 69]. No report in PCa CTCs

NF-κB

Hypoxia or overexpression of HIF-1α
induces the EMT via NF-κB in pancreatic
cancer cells [70] and inhibition of NF-κB

deregulates EMT [71]

Promotes PCa cell survival, tumor
invasion, metastasis, and
chemoresistance [72, 73]

NSCLC-CTC gene expression profile was
associated with cellular movement, cell
adhesion and differentiation, and cell-to-
cell signaling linked to PI3K/AKT, ERK1/2,
and NF-κβ pathways [74]. No report in

PCa CTCs

JAK/
STAT

IFN-c can induce epithelial-to-
mesenchymal transition (EMT) in PCa
cells via the JAK-STAT signaling pathway
[75], and STAT3 may directly mediate
EMT progression and regulate ZEB1

expression in CRC [76]

PCa progression, cell proliferation,
and inhibition of apoptosis [51, 52]

No direct analysis of these pathways in
CTCs

Wnt/
β-catenin

Dysregulation of Wnt/β-catenin signaling
has been implicated in the development of
cancer in different tissues such as lung,
skin, liver, and prostate [52], via regulating

Zeb1 in CRC [77]

Wnt/β-catenin pathway promotes
the metastatic spread of prostate
cancer cells by inducing EMT [78]

Epithelial type CTCs and activation of
Wnt/β-catenin signaling in lung cancer

cells [79]. No report in PCa CTCs

Notch

Crosstalk between the Jagged1/Notch and
JAK/STAT3 signaling pathways by
promoting EMT through Jagged-1 in

ovarian cancer [80]

Notch signaling results in prostate
tumor recurrence via EMT [81]

Increased production of ROS results in the
upregulation of Notch1 in CTCs in

metastatic breast and melanoma cancer
[82]. No report in PCa CTCs

Table 2: EMT markers detected in PCa tissue.

Epithelial markers Mesenchymal markers

E-cadherin [84] Snail, Cat L [83]
Vimentin, N-cadherin [84]

Cytokeratin [85] Vimentin [85]
E-cadherin [88] Twist [86, 87]
E-cadherin, cytokeratin [89] N-cadherin [88]
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In the nucleus, AR acts as a transcription factor by binding
to androgen-response elements (AREs) in the promoter re-
gion of androgen-regulated genes [95, 96]. AR transactivates
genes which are responsible for cell growth, differentiation,
and cell survival [97]. Consequently, increased AR signaling
can potentially transform normal prostate cells intomalignant
PCa cells. Moreover, it has been shown that ADT therapy can
select for cancer cells with further increased AR activity, for
example, due to AR gene amplification [98].

,e expression of alternative AR splice variants has been
proposed as a mechanism underlying resistance to ADT
[99, 100]. Most splice variants result in the translation of a
truncated AR protein lacking a functional C-terminal LBD
but containing a functional transactivating N-terminal do-
main. Without being capable of binding ligand, the resulting
proteins are constitutively active as transcription factors and
able to promote expression of certain target genes [97, 101].
At least 20 splice variants of AR have been identified in
human prostate tissue and have been implicated in the de-
velopment of mCRPC [101–104]. Amongst AR variants, AR-
V7 is highly expressed in mCRPC and is the most frequently
disease-associated variant identified in the clinic [105, 106].
,e AR-V7 transcript results from alternative splicing of the
AR gene such that the transcript contains exons 1, 2, and 3
together with a cryptic exon 3E (CE3) resulting in a truncated
transcript (U), resulting in premature transcriptional termi-
nation (Figure 2(b)). AR-V7 is constitutively active

irrespective of androgen binding, which is a proposed
mechanism of escape from ADT [107, 108].

,ere is no clear consensus with respect to the role of
androgen signaling in the regulation of EMT. An early
study using cell lines showed that androgen stimulation
promoted EMT in both LNCaP and PC-3 cells but that
there was an inverse relationship between AR receptor
levels and androgen-mediated EMTmarker expression and
EMT-associated cytoskeletal changes. Low levels of AR
induced by shRNA promoted PCa cell metastatic ability by
inducing EMTwhile high levels did not [109]. In contrast, a
recent study has shown that AR mRNA and protein ex-
pression is higher in metastatic tumor tissues than in
primary tumors and increases with tumor stage and
Gleason score. Patients with higher AR expression showed
shorter recurrence-free survival, indicating a positive as-
sociation between AR expression and tumor progression.
Further, knockdown of AR using siRNA in C4-2B cells
suppressed functional markers of EMT, viz cell migration
and invasion, andmesenchymal marker proteins associated
with EMT, while increasing the epithelial marker E-cad-
herin. ,ese effects were recapitulated by treatment with
the antiandrogen bicalutamide [39]. ,us, it appears that
AR stimulation induces or suppresses EMT in cell culture
in a cell-type-dependent fashion.

Studies with both normal mouse prostate and human
prostate tumor models in mice have shown that androgen
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Figure 2: AR and AR-V7 gene and protein.,e schematic indicates (a) the structural organisation of the AR gene and protein (NTD: amino
terminal domain; DBD: DNA-binding domain; LBD: ligand-binding domain). (b) ,e transcription and translation of the AR-V7 protein
including the exon/intron composition of the AR, highlighting the cryptic exon CE3 (middle) and domains of the AR retained in the AR-V7
protein (bottom).
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deprivation through surgical castration, while suppressing
tumor growth, induces mesenchymal markers of EMT and
markers of a stem cell phenotype, while suppressing epi-
thelial markers. ,ese changes were also seen in tissues of
patients treated with ADT [110], supporting the view that
AR signaling suppresses EMT, while ADT promotes it.

In further support of this view, ADT with enzalutamide
in C4-2 cells, but not in PC-3 cells, induced EMTmarkers in
a Snail-dependent fashion. Induction of EMT required both
suppression of AR signaling and activation of Snail. Inter-
estingly, Snail was downregulated by androgen in AR
expressing C4-2 and VCaP cells but again, not in PC-3 cells.
Importantly, the inverse correlation between AR signaling
and Snail expression observed in C4-2 xenografts and
castration-resistant patient-derived metastases in mice and
in clinical samples supports the view that the induction of
EMTis an adaptive response to ADTwith enzalutamide [40].
ADT may favor acquisition of stem cell and EMT charac-
teristics, expression of oncogenes, or suppression of tumor
suppressor genes in AR-positive PCa cells, implying
that mCRPC at least in part is achieved through EMT
[41, 110–114].

Other data suggest that AR splice variants are involved in
the development of drug resistance in PCa [105, 115–117].
One corollary of this hypothesis is that inhibition of the AR
variants or their specific function might lead to reversal of
EMTphenotype and that might in turn inhibit tumor spread
[41, 118]. Overall, however, this area remains understudied,
and more data are needed to fully understand how the AR
pathway and its manipulation during therapy may regulate
EMT and thus potentially metastasis. Since mCRPC is ul-
timately the principal cause of death in many patients, the
fundamental biological processes for the development and
establishment of mCRPC need to be understood [119]. It is
noteworthy that there is now mounting evidence in CTCs
that the expression of EMT markers is associated with
mCRPC [120, 121], highlighting the potential benefit in the
analysis of CTCs to address the role of AR in metastasis and
drug resistance.

5. Akt Pathway in mCRPC

As indicated above, due to the hormone-independent nature
of mCRPC, it is unresponsive to all current forms of ADT.
At this stage, AR expression may even be completely lost
[122–124], raising the question as to how survival and
proliferation of PCa cells occur at this stage. ,e main
oncogenic signaling pathway implicated at this juncture is
the PI3K/AKT-pathway, predominantly activated through
frequent functional loss of the inhibitory tumor suppressor
phosphatase and tensin homolog (PTEN), which is less
common in localized PCa (20–30%) but becomes more
dominant and is found in up to 50–60% of mCRPCs. ,e
result is uncontrolled, oncogenic Akt signaling (reviewed in
[125, 126]). ,e PI3K/AKT and AR pathways are highly
networked with both positive and negative feedback loops
[125], and in mCRPC, current literature indicates that
negative feedback dominates. ,at is, inhibition of one
pathway leads to reciprocal activation of the other [127–130].

Carver and colleagues have elucidated part of this interaction,
demonstrating that the AR reduces AKT activation through
the intermediary PHLPP, while AKT can transcriptionally
downregulate AR output via HER kinase activity [127]. ,e
exact role of PTEN in mediating this interaction is contro-
versial. On the one hand, PTEN deletion has been associated
with AKTactivation and reduced AR levels [128, 131], and on
the other hand, it may independently increase AR gene
expression by removing transcriptional repression [130,
132–134]. Given the interconnected signaling network, out-
comes of AR andAKTsignaling or silencingmay affect overall
outcomes in a context-specific fashion, which is likely de-
pendent on the presence and activity of other proteins that
can affect the balance of feedback loops. For example, it has
been shown that AR can transcriptionally repress PTEN
expression in PCa cells while it increases PTEN expression in
breast cancer cells and the report suggested this may be due to
tissue-dependent availability of transcriptional cofactors
[135]. Moreover, ADT may also affect the balance in these
interconnected signaling pathways. Importantly, loss of PTEN
has been associated with EMT driven through the AKT
pathway or in cooperation with RAS signaling; thereby, lack
of PTEN function could promote metastasis [136, 137].

6. Hippo Signaling Pathway and Its Role in
CRPC and EMT

As indicated above, several signaling pathways may con-
tribute to the induction of EMT and ultimately metastasis,
with the AKTpathway of importance in the context of PCa.
More recently, the YAP1 transcriptional coactivator regu-
lated by the Hippo pathway has emerged as an important
player in this scenario and in regulating PCa cell motility
[138]. In the context of gastric cancer, PTEN inactivation has
been proposed to link the Hippo and PI3K/Akt pathways to
promote cancer development and tumorigenesis [139]. In
normal tissue, the Hippo signaling pathway appears central
to cell growth control and limits organ size by coordinating
cell proliferation, growth, and death [140]. Different signals
like cell polarity, cell-cell contact, extracellular matrix
characteristics, and stress can result in the activation of the
Hippo pathway (reviewed in [141]). Hippo signaling through
a kinase cascade results in phosphorylation of oncogenic
cotranscription factors known as YAP and TAZ, promoting
their cytoplasmic retention and proteasomal degradation
[142–144] (Figure 3).

Inactivation of the Hippo pathway allows for YAP and
TAZ activation via dephosphorylation, which is required for
translocation into the nucleus. Although TAZ and YAP lack
intrinsic DNA-binding domains, they are recruited by and
enhance the activity of other transcription factors at their
target promoters [145, 146].

Hippo signaling can act as a tumor suppressor. Func-
tional impairment of Hippo signaling is often due to the loss
of MST1/2 or LATS1/2 function or due to YAP1 gene
amplification. YAP1 is the most studied YAP isoform, and
aberrant YAP1 activation is associated with the etiology of
various malignancies including stomach [147], thyroid
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[148], lung [149], colon [150], head and neck [151] ovarian
[152], liver [153], and prostate cancer [154].

Most interestingly, YAP1 and AR directly interact in PCa
cells. One study demonstrates that unlike in hormone-
sensitive prostate cancer cells, YAP1-AR interactions are
androgen-insensitive and may cause resistance to enzalu-
tamide in mCRPC cells. ,e WW/SH3 domain of YAP1
most likely facilitates the interaction with the AR amino
terminal domain (NTD) [155].

One study proposes that increased nuclear YAP1, pos-
sibly due to the loss of Hippo signaling, may lead to in-
creased complex formation between AR and YAP1 leading
to androgen-independent binding of the complex to AREs in
AR-driven promoters resulting in aberrant AR target gene
expression possibly promoting mCRPC [58].

Importantly, YAP has been shown to promote metastasis
through several mechanisms including EMT, and there is
some evidence that the PTEN-AKTaxis is involved in YAP1-
induced EMT [145, 156, 157]. ,e underlying mechanisms
of EMT regulation by YAP are still emerging, but given the
role of YAP as a transcriptional coregulator, it is not sur-
prising that the pathways centrally involve EMT-TFs.
Critically, YAP1 has been shown to network with the main
EMT-TFs. For instance, high glucose-induced poly-
ubiquitination of PTEN results in alteration of its phos-
phatase targets, including an increased focus on
dephosphorylation and activation of EMTregulators such as
Twist, Snail, and YAP1 [158]. YAP1 was also reported to
drive EMT and likely NSCLC metastasis by TEAD-depen-
dent transcriptional induction of SLUG [159]. Focusing on
YAP’s role in osteoblast differentiation, one study identified

two links between YAP and Snail/Slug. In Snail/Slug-null
skeletal stem/stromal cells, the levels of both YAP and TAZ
were reduced via protein degradation due to activation of
the Hippo pathway, while direct interaction of YAP with
Snail and with Slug was shown to alter YAP/TEAD tran-
scriptional activity [160]. Another study found that Twist-
induced EMT in breast cancer cells is dependent on TAZ
activity. ,e mechanism involved increased expression of
the Hippo pathway inhibitors PAR-1 and PAR-3, which
drive TAZ nuclear localisation. One would expect that YAP
nuclear localisationmay also be induced via PAR-1/-3 in this
context, although this was not examined [161]. Another
study revealed that increased extracellular matrix stiffness
can induce EMT in breast cancer cells and that blocking β1-
integrin-mediated matrix stiffness prevented both Twist and
YAP nuclear translocation albeit, interestingly, by different
mechanisms [162].

In epithelial cells, cells are connected to each other by
membrane structures called tight junctions, adherens
junctions, and desmosomes. Any dysregulation in these
junctions is implicated in metastasis and EMT [163, 164].
Zona occludens-1 (ZO-1) is a tight junction protein that is
present in normal epithelial cells. ,ough not yet studied in
PCa, in melanoma, lung cancer cells, and breast cancer, ZO-
1 expression correlates with invasion properties of cancer
cells [165–167]. One study found that YAP overexpression
resulted in downregulation of ZO-1 and induced metastasis
through EMT in NSCLC [159].

YAP (but not TAZ) has been shown to interact directly
with ZEB1 and, remarkably, this interaction turns this
transcriptional repressor into an activator. ,is is
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Figure 3: Hippo signaling pathway. Active Hippo signaling represses YAP and TAZ via phosphorylation (a), while inactive Hippo leads to
dephosphorylation, nuclear translocation, and thus activation of TFs (b).,e crossed out symbol indicates pathwaymembers frequently lost
in cancer.
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highlighted by the fact that ZEB1-mediated CDH1 (E-
cadherin) repression is independent of YAP binding.
Critically, gene upregulation by the ZEB1-YAP complex
correlated with gene expression signatures of claudin-low
breast cancer, a breast cancer subtype overall exhibiting an
EMT phenotype. More importantly, ZEB1-YAP complex-
mediated gene expression was related to poor patient sur-
vival in hormone-independent breast cancers and linked to
drug resistance and metastasis [168]. ZEB1 is known to
repress several EMT-related miRNAs including miR375,
which is associated with an epithelial phenotype. Never-
theless, miR375, a known YAP target, is commonly over-
expressed in PCa and in fact has been indicated as a plasma
marker of PCa. ,e suggested mechanism by which miR375
supports an epithelial phenotype is via feedback regulation,
such that it targets and suppresses YAP transcript and thus
YAP protein levels and thereby reversing EMT in PCa cells.
Surprisingly however, high plasma miR375 level was asso-
ciated with CTC positivity [169], suggesting that further
investigations are needed to understand the complex net-
work between YAP, ZEB1, miR375, EMT, and CTC for-
mation. Additionally, hypoxia may, at least in part, induce
EMT by stabilizing YAP and its nuclear translocation in PCa
cell lines [170].

Not surprisingly, another study showed that inhibiting a
key characteristic of epithelial tissue, namely, E-cadherin-
mediated cell-cell interaction, resulted in EMTand increased
dissemination of Madin–Darby canine kidney cells. Inter-
estingly, dissemination could be partially prevented by YAP
knockdown. ,e same study found that not only is YAP
required to allow nuclear entry of the MET initiating Wilms
tumor protein 1 (WT1), but both WT1 and YAP form a
complex at the CDH1 (E-cadherin) promoter and repress its
transcription. ,ese data, together with confirmation that
E-cadherin inhibition upregulates YAP levels, indicate a
double-negative feedback where E-cadherin and YAP mu-
tually inhibit each other. ,is may be part of a switch be-
tween EMT and MET, thus potentially explaining the
plasticity of the EMT process [171].

7. YAPCrosstalkwithARAKTandARPathways

Interestingly, one possible mechanism for PTEN loss of
function is mediated by YAP. ,e pathway involves nuclear
YAP-mediated activation of the TEAD family of tran-
scription factors, leading to synthesis of the PTEN tran-
scriptional repressor miRNA29c. Conversely, when YAP is
inactivated via phosphorylation, PTEN levels are restored
and the oncogenic function of YAP is inhibited [172].
Moreover, as mentioned above, PTEN ubiquitination can
dephosphorylate and thus activate YAP causing its nuclear
accumulation indicating a possible positive feedback regu-
lation [158].

On the other hand, PTEN was identified as a negative
regulator of AR activity such that the AR/PTEN interaction
may mediate a tumor suppressor role for PTEN via sup-
pression of AR and apoptosis induction in PCa cells [173].
However, as outlined above, the PTEN and AR network is

still poorly understood, and data are conflicting. ,is is
exemplified by another study with opposing findings,
wherein PTEN deletion reduces both AR expression and AR
transcriptional activity in PCa [131].

Taken together, emerging evidence indicates that YAP is
part of the complex functional network that connects the AR
and AKT pathways and thereby modulates PCa and
mCRPC—at least in part—via EMT (Figure 4). However,
more work is needed to better understand this interplay and
its implications for the development of strategies to treat
advanced PCa.

8. Analysis of PCaCTCs to Explore theAR-AKT-
YAP Connection and EMT

,e evaluation of molecular pathways underlying mCRPC is
challenging because tissue biopsies are generally not avail-
able from late disease stages and animal models; further,
although examination of tissue can provide some signaling
pathway information, this mode of studying PCa has lim-
itations. Liquid biopsies, and analysis of mCRPC CTCs, may
be an alternative. While diagnostic CTC analysis in PCa is
still in its infancy, there is ample evidence of its utility in this
disease. Certainly, CTCs have been investigated by imaging
and molecular technologies for expression of proteins, gene
amplifications, mutations, and transcript expression on both
targeted and comprehensive levels [174]. For PCa, increased
CTC counts are associated with earlier disease progression
and shorter OS, with enumeration of PCa CTCs using the
CellSearch CTC platform gaining FDA approval as a
prognostic indicator [175]. While common CTC isolation
and analysis techniques favour epithelial CTCs, there have
been numerous advances in improving capture, detection,
and analysis of EMT-CTCs by screening for epithelial and
mesenchymal marker expression [176–181]. Equally, as
Table 1 shows, several major signaling pathways implicated
in EMT have, to some extent, been analysed in CTC samples.
In this review, we focussed on the AR, AKT, and Hippo
pathways as being central to mCRPC, at least in part via
EMT regulation. It is now important to consider how these
pathways have been explored in CTCs, in order to gauge the
potential for CTC analysis to advance our understanding of
these pathways in mCRPC. Accordingly, we note that DNA-,
RNA-, and protein-centric analyses for AR and AR-V7 levels
in isolated CTCs have become a busy field of PCa research.
Moreover, efforts are being made to translate CTC-based AR
and AR-V7 detection into clinical settings aimed initially at
stratifying patients to define either eligibility criteria or
outcome markers for clinical trials (https://clinicaltrials.gov)
[182].

mCRPC-associated AR amplification and mutation
analysis have been performed in CTCs using hybridization
techniques such as fluorescent in situ hybridization (FISH)
and other molecular approaches. In general, these studies
were able to validate the association of CTC-based AR
amplification or mutation with mCRPC, while the relevance
of AR cellular localisation in CTCs was shown in mCRPC
and in response to taxanes [46, 47, 183–186].,e presence of
full-length AR and AR-V7 in CTCs has been studied
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extensively at the RNA level and CTC-based AR-V7 in
particular was found to correlate with mCRPC and primary
resistance to abiraterone and enzalutamide [45, 182, 184,
187, 188]. Interestingly, there have also been efforts at
detecting both AR and AR-V7 as biomarkers in other liquid
biopsy entities, including plasma-derived circulating tumor
RNA (ctRNA), exosomes, or even in urine. We recently
compared some of these strategies and found both full-
length AR and V7 RNA detection is more sensitive and
specific if performed on CTC samples, as compared to
ctRNA or exosomes. We also demonstrated that AR-V7 is
detectable from CTC-RNA up to 48 h post blood draw into
common EDTA vacutubes [189, 190]. With improved AR-
V7-specific antibody availability, CTC immunocytostaining
more recently revealed that specific detection of AR-V7 in
CTC nuclei is an even better predictor of OS and PFS in
CRPC patients [191, 192]. In general, it appears nuclear AR is
found in most CTCs positive for AR-V7 RNA, reflecting the
predominant tendency for AR-V7 to be nuclear localized in
mCRPC tissue [188, 193]. In CRPC patients, AR-V7-positive
CTCs have been shown to correlate with enzalutamide and
abiraterone resistance [187]. In any case, when investigating
the interplay of AR/AR-V7 with other pathways, especially
transcriptional coactivators, immunocytodetection in CTCs
appears to be the most logical strategy.

Several studies have also analysed PTEN loss in CTCs,
which, as outlined above, may allow oncogenic activation of
the AKT pathway and is an important PCa biomarker. Loss
of PTEN and gain of AR copy numbers were reported in PCa
CTCs [194–197], while testing for activation of the AKT
pathway has been performed for example by phosho-Akt or
phospho-S6 kinase immunostaining in breast cancer and
multiple myeloma CTCs [198].

Reports on hippo signaling and YAP1 analysis in CTCs,
by contrast, are still scarce. One study assessed expression of
TAZ using RNA in situ hybridization (RNAish) probing of

NSCLC CTCs. TAZ expression was detected more fre-
quently in EGFR wild-type cancers while its expression in
CTCs was associated with lymph node status of the disease
[60]. It is likely that YAP1 could be analysed in a similar
fashion in CTCs or preferentially using immunocytostain-
ing, as the latter would also reveal cellular localisation and
thus activity as well as colocalisation with other proteins.
However, to our knowledge, direct detection of YAP1 in
CTCs has not yet been reported, although the relationship of
YAP1 to EMTsuggests that activated YAP1 should correlate
with increased formation of CTCs. Some indirect evidence
lends further strength to this idea, as a recent report showed
that the Rho GTPase activating protein 29 (ARHGAP29) is a
transcriptional target of YAP1 in gastric cancer. High
ARHGAP29 levels were shown to regulate cytoskeletal actin
and cell migration. Importantly, the authors also demon-
strated using a mouse model that CTCs exhibited increased
ARHGAP29 RNA levels compared with primary tumor site
cells [61, 199]. Final proof of a YAP1-ARHGAP29 con-
nection in CTCs remains pending, however. Another
transcriptional target of YAP is miR375 which was associ-
ated with CTC positivity, yet a direct connection was again
not shown in CTCs [169].

Taken together, the reviewed data suggest that AR-AKT-
YAP1 network can be analysed in CTCs. Since tumor tissue
is rarely available in the mCRPC setting, and blood samples
can be easily taken, future endeavours in CTC analysis could
open the way to better understand ADT resistance and
thereby inform the development of improved diagnostic,
prognostic, and therapeutic capabilities.

Analysis of CTCs has provided a foundation for liquid
biopsy, especially in the absence of biopsy tissue. However,
there are serious challenges with CTC isolation, detection,
and downstream analysis. One is that CTC numbers are
relatively small within large populations of blood cells and
the volume of blood that can be taken depends on the
patient’s general condition. CTCs are quite heterogeneous in
terms of physical properties (size, elasticity, and surface
charge), biological characteristics, and expression of dif-
ferent tumor markers making enrichment or isolation of all
CTCs difficult (reviewed in [200]). In general, the low CTC
numbers make downstream analysis of CTCs another
challenge. Protein detection is usually limited to immuno-
cytostaining which relies on antibody-based detection and
the number of microscope channels available with 3 usually
dedicated to detection of a CTC marker (often cytokeratin),
a nuclear marker such as DAPI, and exclusion of a blood cell
marker usually CD45. Nevertheless, some studies have de-
tected additional proteins such as EMTmarkers [21, 22, 176]
or posttranslational modifications such as phosphorylation
of pFAK, pPI3K, pSRC, pEGFR, and pAkt [53, 201–204].

9. Conclusion

Here, we reviewed connections between the AR pathway and
the AKTand Hippo pathways, exploring a potential role for
this signaling nexus in EMT and mCRPC. ,ough current
literature supports the importance of this tripartite rela-
tionship, further study is now needed to better evaluate its
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Figure 4: AR AKTand YAP interaction. Schematic presentation of
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importance in PCa, as well as its clinical potential in defining
biomarkers or drug targets. Analysis of PCa CTCs may
facilitate deeper investigations into AR/AKT/Hippo path-
way interactions, and how these drive EMT as well as ADT
resistance. Such analyses may ultimately mediate the
emergence of new diagnostic/prognostic assays directed
towards PCa, though at this time insufficient data are
available to establish feasibility of this concept. Indeed, while
some aspects of these pathways have already been investi-
gated in CTCs, optimisation of more comprehensive CTC
analysis methods is now needed to permit the dissection of
these pathway interactions, as a precursor to this significant
goal.
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In advanced prostate cancer, access to recent diagnostic tissue samples is restricted and
this affects the analysis of the association of evolving biomarkers such as AR-V7 with
metastatic castrate resistance. Liquid biopsies are emerging as alternative analytes. To
clarify clinical value of AR-V7 detection from liquid biopsies, here we performed a meta-
analysis on the prognostic and predictive value of androgen receptor variant 7 (AR-V7)
detected from liquid biopsy for patients with prostate cancer (PC), three databases, the
Embase, Medline, and Scopus were searched up to September 2021. A total of 37
studies were included. The effects of liquid biopsy AR-V7 status on overall survival (OS),
radiographic progression-free survival (PFS), and prostate-specific antigen (PSA)-PFS
were calculated with RevMan 5.3 software. AR-V7 positivity detected in liquid biopsy
significantly associates with worse OS, PFS, and PSA-PFS (P <0.00001). A subgroup
analysis of patients treated with androgen receptor signaling inhibitors (ARSi such as
abiraterone and enzalutamide) showed a significant association of AR-V7 positivity with
poorer OS, PFS, and PSA-PFS. A statistically significant association with OS was also
found in taxane-treated patients (P = 0.04), but not for PFS (P = 0.21) or PSA-PFS (P =
0.93). For AR-V7 positive patients, taxane treatment has better OS outcomes than ARSi
(P = 0.01). Study quality, publication bias and sensitivity analysis were integrated in the
assessment. Our data show that liquid biopsy AR-V7 is a clinically useful biomarker that is
associated with poor outcomes of ARSi-treated castrate resistant PC (CRPC) patients
and thus has the potential to guide patient management and also to stratify patients for
clinical trials. More studies on chemotherapy-treated patients are warranted.

Systematic Review Registration: PROSPERO, CRD42021239353.
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INTRODUCTION

Prostate cancer (PC) is one of the most common male cancers.
The androgen receptor (AR) pathway is critical in maintaining
normal prostate tissue homeostasis, cancer development and
progression (1). Therapies for PC include surgery and radiation
for localized or early-stage cancer, while for advanced or
metastatic PC, androgen deprivation therapy (ADT), with or
without chemotherapy is the standard of care. However, patients
eventually develop castration resistant PC (CRPC). Recent
incorporation of novel androgen receptor signaling inhibitors
(ARSi, e.g., enzalutamide (Enz), abiraterone (Abi)) and taxane-
based chemotherapy have improved outcomes of CRPC patients
over the past two decades (2).

Biomarkers detected in liquid biopsy (such as circulating
tumor cells and cell-free tumor DNA) demonstrate good
concordance with biomarkers detected in conventional tissue
biopsy, especially for metastatic CRPC (3). Liquid biopsy is
emerging as a reliable source of biological data for biomarker
discovery, especially in advanced PC when tissue biopsy is often
not obtainable or can be used longitudinally to monitor tumor
evolution and changes in biomarker characteristics. In CRPC,
one of most promising prognostic markers is the constitutively
active AR splice variant 7 (AR-V7). AR-V7 lacks the ligand
binding domain and substitutes for functional AR even in the
absence of the ligand testosterone, and differentially regulates
AR-dependent gene expression (4). Thus far, current literature
suggests that expression or nuclear subcellular location of AR-V7
is associated with overall survival (OS) and progression free
survival (PFS) when found in tissue biopsy (5) or liquid biopsy
[whole blood (6, 7), circulating tumor cells (8), and exosomes (9,
10)]. However, the study cohorts are variable in patient numbers
and stages and also treatment options; the clinical relevance of
AR-V7, especially liquid biopsy detectable AR-V7, is still not
clear or widely accepted and need further investigation.

To clarify the clinical utility of AR-V7 detection from liquid
biopsies, we undertook a comprehensive systematic review and
meta-analysis to evaluate the available data from the clinical
studies published up to September 2021. Prognostic and
predictive value of liquid biopsy derived AR-V7 data in PC
patients were evaluated from 37 studies that met the
inclusion criteria.
METHODS

Study Design and Literature Searches
This study was conducted according to preferred reporting items
for systematic reviews and meta-analysis (PRISMA) (11). The
protocol has been registered on PROSPERO (CRD42021239353).
Detailed literature searches up to September 10, 2021 in the
Embase, PubMed, and Scopus databases were conducted
thoroughly to check the prognostic role of AR-V7 in PC. The
used search terms were (~Androgen Receptor Variant 7) OR
(~ARV7) OR (~AR3) AND (~”prostate cancer”). The searched
study citations were imported to EndNote (version X9) for
duplicate checking and title and/or abstract screening and then
Frontiers in Oncology | www.frontiersin.org 2
uploaded to the online systematic review research tool Rayyan
(https://www.rayyan.ai/) for independent systematic review
according to selection criteria. Two independent, blinded
observers (TK and YM) reviewed all candidate articles. Any
discrepancies in the article selections were resolved by discussion.

Selection Criteria
Pre-set exclusion criteria of this study were: (1) publication type:
review articles, letters, comments, questionnaires, conference
papers, corrections, reply to editor, case reports, book chapters,
abstracts only, research highlights, summaries; (2) non-human
studies (animal or cell line study); (3) non-prostate cancer;
(4) AR-V7 data are not derived from human; (5) survival data
not related to AR-V7 or with insufficient data to calculate the
hazard ratios (HRs) and their 95% CIs, or the Kaplan–Meier (K–
M) curve unable to calculate HRs and 95% CI parameters.
Finally, studies were only included when they met the
following criteria: (1) AR-V7 assayed in liquid biopsies (whole
blood, circulating tumor cells, PBMC, plasma, exosome); (2) A
reported relationship between AR-V7 and prognostic/predictive
indicators, namely, OS, PFS, and PSA-PFS; (3) patient cohorts
with n >25, and (4) English language only.

Data Extraction and Quality Assessment
This study focuses on the prognostic value of AR-V7 detected
from liquid biopsy and its predictive value for ARSi and
chemotherapy. According to a pre-designed table, the items of
data extraction included the last name of the first author,
publication year, study country, number of patients included,
age of patient, sample resource (processing method) and AR-V7
detection method, type of therapies, endpoints of oncological
outcomes, HRs and 95% CIs (from univariate or multivariate
Cox analysis), follow-up durations and definitions of OS, PFS,
and PSA-PFS (Supplementary Table 1). When HRs and 95%
CIs were not presented in the study, an Engauge Digitizer
(version 12.1) was used to digitalize the K–M survival curve to
re-calculate HRs and 95% CI as described previously (12). Data
was extracted by two authors (TK and YM) independently and
any inconsistencies were resolved by discussion. Notably, when
several publications were retrieved reporting the same trial or
patient cohort or from same author(s), study question and data
from this publication were discussed by two authors (TK and
YM) and uniqueness of the included data was ensured.

The adapted Newcastle–Ottawa Scale (NOS) scales for cohort
study (13) were used to evaluate the quality of enrolled studies,
which embraced three aspects, namely, patient selection,
comparability, and assessment of outcome with a total score of
9. In addition, the quality of statistical evaluation was assessed to
give a maximal score of 1 as described in Supplementary
Table 2; a score of 7 or more is considered as high-quality and
a score of 6 or less is considered as low quality.

Statistical Analysis
Pooled HR and 95% CI were used to evaluate the prognostic and
predictive value of AR-V7 presence or high expression (in some
studies, authors set a threshold to discriminate high or low
expression level) on the patient survival parameters (OS, PFS,
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PFA-PFS) in Review Manager 5.3 software (RevMan v.5.3,
Denmark). The Cochran Q and I2 statistical methods were
applied to evaluate the heterogeneity among included studies
and a random effects model was used for data consolidation. If
the heterogeneity was very high, only a descriptive score was
given. Further subgroup analysis based on patient treatment was
also conducted. The inverted funnel plots with Egger’s test were
used to analyze potential publication bias with R software. A
sensitivity analysis was carried out to assess the influence of each
individual study on the pooled results by sequentially excluding
each study. A two-tailed p-value <0.05 was regarded as
statistically significant.
RESULTS

Search Results, Study and Patient
Characteristics
The flowchart outlining the results of the literature search and
application of the strategic inclusion and exclusion criteria is
presented in Figure 1. A total of 1,180 relevant articles were
identified in initial database searches (Embase: 321, Medline: 537,
Scopus: 322). After screening research title and abstract to remove
duplicates (n = 410) and excluding the non-relevant studies based
on publication type (n = 353), non-human studies (n = 193), non-
prostate cancer (n = 5) and foreign language (n = 3) followed by a
review of full text for eligibility, 37 articles were identified based on
inclusion criteria ‘human data’, ‘AR-V7’, ‘liquid biopsy’, and
‘survival’. Although we initially only searched quite a broad
terminology ‘prostate cancer’, all 37 studies investigated CRPC
(n = 4) or metastatic CRPC (mCRPC) (n = 33) as defined in the
reports (Supplementary Table 1). Baseline characteristics of all
eligible articles are listed inTable 1. All articleswere published from
2014 to 2021and included studies fromEurope (46%),America and
Canada (46%), and Asia-Pacific (8%). Liquid biopsy AR-V7 was
detected fromCTC (n = 28), PBMC (n = 2), whole blood (n = 4) or
exosomes (n=3). Thepatient cohort size ranged from26 to202 and
the median or mean patient age ranged from 56 to 78. CTC
enrichment methods included (modified) AdnaTest ® (Qiagen)
(n = 13), Oncoquick® (Greiner Bio-One GmbH) (n = 1), red blood
cell (RBC) lysis (n=3), and immunomagnetic beads-basedmethods
(such as CellSearch® or IsoFlux®, dynabeads) (n = 9). The method
of AR-V7 detection was primarily by PCR (quantitative PCR and
dropletdigital PCR,92%).Endpointofpatient outcomes includeOS
(n = 30), PFS (n = 28) and PSA-PFS (n = 10) (Table 1).

Thirty studies including 976 AR-V7 positive (or high level, as
defined by authors) and 2,056 AR-V7 negative (or low level)
patients were used for OS comparison, while 28 studies including
697 AR-V7 positive and 1,553 AR-V7 negative patients were used
for PFS analysis and 10 studies including 216 AR-V7 positive and
425AR-V7negative patients for PSA-PFS analysis.Most patients in
the cohort of studies were treated with ARSi (either enzalutamide,
abiraterone, or not specified) or taxane-based chemotherapy. Some
reports included miscellaneous treatments [such as Bipolar
Androgen-based therapy (32)]. Overall AR-V7 positive patients
had significantly worse OS (HR 3.36, 95% CI 2.56–4.41,
Frontiers in Oncology | www.frontiersin.org 3
P <0.00001), PFS (HR 2.96, 95% CI 2.20–3.98, P <0.00001) and
PSA-PFS (HR 4.34, 95% CI 2.15–8.76, P <0.00001) than AR-V7
negative patients. Due to significant study heterogeneity (I2 ≥80%),
randomeffectsmodelwas applied to calculateHRvalue and 95%CI
for all survival parameters.

Predictive Value of AR-V7 for ARSi-
Treatment
AR-V7 positive patients treated with ARSi (enzalutamide or
abiraterone) had significant poorer OS (HR 4.34, 95% CI 3.00–
6.28, P <0.00001), PFS (HR 2.89, 95% CI 2.15–3.87, P <0.00001)
and PSA-PFS (HR 4.69, 95% CI 2.50–8.82, P <0.0001) compared
with AR-V7 negative patients (Figures 2–4). When analyzed
based on specific treatment, compared to negative patients, AR-
V7 positive patients also had significant worse OS (Enz: HR 2.93,
95% CI 1.71–5.01, P <0.0001; Abi: HR 6.59, 95% CI 2.18–19.94,
P = 0.0008, respectively) (Figure 2), PFS (Enz: HR 4.38, 95% CI
2.44–7.84, P <0.0001; Abi: HR 6.88, 95% CI 1.99–23.73, P =
0.002, respectively) (Figure 3) and PSA-PFS (Enz: HR 7.40, 95%
CI 2.66–20.60, one study, P = 0.0008; Abi: HR 11.39, 95% CI
4.53–28.67, two studies, P <0.00001, respectively) (Figure 4).

Chemotherapy-Treated Patients and
Outcome Association With AR-V7
In the subgroup analysis of the patients treated with taxane-based
chemotherapy, the association of AR-V7 positivity with worse OS
was observed (HR 1.70, 95% CI 1.03–2.81, P = 0.04) (Figure 2),
but no conclusive association between AR-V7 positive status and
worse PFS and PSA-PFS were apparent, likely due to inadequate
power (PFS: HR 1.81, 95% CI 0.71–4.61, P = 0.21, Figure 3; PSA-
PFS: HR 0.93, 95% CI 0.21–4.22, P = 0.93, Figure 4). It is to be
emphasised that data is only derived from two studies and a total
of 129 patients (Figure 4).

AR-V7 Effect on Non-Defined
(Miscellaneous) Treatments
For the studies in which the authors did not clarify treatments
and were unable to be classified as either ARSi or taxane
chemotherapy, AR-V7 presence is associated with worse OS
(HR 3.47, 95% CI 1.85–6.49, P = 0.0001, 5 studies) and PFS (3
studies, HR 1.68, 95% CI 1.03–2.76, P = 0.04) (Figures 2, 3).

ARSi vs. Chemotherapy in AR-V7 Positive
or Negative Patients
Four studies compared treatment response in AR-V7 positive or
negative patients. Taxane treatment is linked to superior OS (HR
0.54, 95% CI 0.34–0.87, P = 0.01) in patients positive for AR-V7,
compared to ARSi (Figure 5A). In contrast, for AR-V7 negative
patients, OS in taxane or ARSi treated patients is not significantly
different (HR 1.17, 95% CI 0.71–1.92, P = 0.54) (Figure 5B).

Quality Assessment, Publication Bias and
Sensitivity Analysis
Thirty five articles were assessed as high-quality studies while 2
were deemed low quality studies (Table 1 and Supplementary
Table 2). Overall, the average quality of studies is 8.5. Publication
March 2022 | Volume 12 | Article 868031
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biases were evaluated for subgroups with more than 10
publications; no publication bias was observed for OS (Egger’s
test P = 0.9925, 15 publications, Supplementary Figure 1A)
whereas publication bias was observed for PFS (Egger’s test P =
Frontiers in Oncology | www.frontiersin.org 4
0.0411, 17 publications, Supplementary Figure 1B) in ARSi-
treated subgroups. Sensitivity analyses were performed on the
subgroups of more than 6 studies and the results were relatively
stable except for overall survival in chemotherapy-treated group,
FIGURE 1 | Flow chart of literature search and study selection.
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TABLE 1 | The basic characteristics of eligible studies.

Study Year,
country

Study
type

Patients Age Resource,
method

Treatment Endpoint
outcome

Follow up
(month)

NOS
score

Antonarakis
et al. (14)

2015
US

Pros 37 CTC+ 67
(46–82)b

CTCs (mAdna),
qRT-PCR

Taxane OS, PFS,
PSA-PFS

7.7 (0.7–
19.0)b

10

Antonarakis
et al. (15)

2017
US

Pros 53 CTC−, 113
CTC+/AR-V7-, 36
CTC+/AR-V7+

70
71
70a

CTCs (mAdna),
qRT-PCR

Abi/Enz OS, PFS,
PSA-PFS

CTC−:15.0
CTC+/
ARV7-:
21.7
CTC+/
ARV7+:
14.6a

9

Antonarakis
et al. (16)

2014
US

Pros Enz:31,
Abi: 31

Enz:70 (56–84), Abi:69 (48–79)b CTCs (mAdna),
qRT-PCR

Abi/Enz OS, r
PFS,
PSA-PFS

Enz: 5.4
(1.4–9.9)
Abi: 4.6
(0.9–8.2)b

9

Armstrong
et al. (17)

2019
US

Pros,
blinded,
multi-
center

118 73 (45–92)b CTCs
(Adna, CellSearch),
qRT-PCR

Abi/Enz OS, PFS 19.6a 10

Armstrong
et al. (18)

2020
US

Pros,
blinded

ARSi:118
Taxane: 51

72 (48–82)
72 (45–87)b

CTCs (Adna,
CellSearch), qRT-
PCR

ARSi,
Taxane

OS, PFS ARSi:35
Tax:23a

9

Belderbos
et al. (19)

2019
Netherlands

Pros 94 69 (65–75)c CTCs (CellSearch),
qRT-PCR)

Cabazitaxel
ARSi

OS NA 9

Cattrini
et al. (20)

2019
Italy

Pros 39 72
(56–84)b

CTCs (Adna), qRT-
PCR

ARSi,
Taxane

OS NA 8

Chung et al.
(21)

2019
US

Pros 37 72
(67–79)c

CTCs
(Dynabeads), qRT-
PCR

Abi/Enz OS, rPFS,
PSA-PFS

11.4 (4.7–
21.3)c

7

De Laere
et al. (22)

2019
Belgium

Pros
multi-
center

168 76 ± 7.7e CTCs (CellSearch),
RNA-seq

Abi/Enz OS, PFS 12.4 (7–
17.3)c

10

Del Re et al.
(23)

2017
Italy

Pros 36 66
(51–81)b

Plasma exosomes
(exoRNeasy),
ddPCR

ARSi OS, PFS 9 (2.0–
31.0)b

8

Del Re et al.
(9)

2021
Italy

Retros 84 78 (47–91)b Plasma exosomes
(exoRNeasy),
ddPCR

ARSi OS, PFS NA 9

Del Re et al.
(10)

2019
Italy

Retros 73 NA Plasma exosomes
(exoRNeasy),
ddPCR

Abi/Enz OS, PFS NA 7

Erb et al.
(24)

2020
Germany

Pros 26 74.3 ± 9a CTCs (OncoQuick),
IHC

ARSi,
Taxane

PFS NA 6

Graf et al.
(25)

2020
US

Pros,
cross-
sectional

193 69 (62.5–75)c CTCs (RBC lysis),
IF

ARSi,
Taxane

OS 28.4 (24.4–
33.0)c

9

Gupta et al.
(26)

2019
US

Pros ARSi:120
Radium:20

ARSi:73 (45–92)
Radium:72 (54–86)b

CTCs (Adna,
CellSearch), qRT-
PCR and Epic
assay

Abi/Enz,
Radium

PFS NA 9

Joncas
et al. (27)

2019
Canada

Pros 35 75 (67,79)c EVs (UC,
miRNeasy), ddPCR

ARSi,
Taxane

OS, PFS 27 (16,33)c 8

Kwan et al.
(28)

2019
Australia

Pros 115 72 (46–91)b WB, qRT-PCR ARSi,
Taxane

OS 15.5 (1.4–
29)b

10

Lorenzo
et al. (29)

2021
Italy

Pros,
multi-
center

53 (45 data only) 72.1 (54–86)b CTCs, (Flow
cytometry)

Enz OS, rPFS 27a 10

Maillet et al.
(30)

2019
France

Pros 41 73a CTCs (AdnaTest),
qRT-PCR

ARSi OS, rPFS,
PSA-PFS

31 ARSi
treated
patients:
10.5a

8

Marıń et al.
(31)

2020
Spain

Pros 136 ARSi:70.2
(53.3–93.3)

PBMC and CTCs
(IsoFlux) qRT-PCR

Abi/Enz,
Taxane

OS, rPFS,
PSA-PFS

ARSi:14.9
(1.5–57.9)
Tax:13.8

10

(Continued)
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where missing data in one study (31) had a significant effect on
data outcome (Supplementary Table 3).
DISCUSSION

AR splice variants have been proposed as a cause of resistance to
ARSi and taxane-based chemotherapy (46). AR-V7, the most-
Frontiers in Oncology | www.frontiersin.org 6
studied AR splice variant, is emerging as a clinically relevant
biomarker in CRPC, with a detection incidence ranging between
20 and 60%, depending on biopsy source, detection methods,
and disease stage. Given that tumor tissue of advanced PC is
rarely available and archival tissue may not reflect the biology of
the current tumor stage, liquid biopsies, mainly blood, are
becoming attractive resources for AR-V7 and other biomarker
evaluation. Technical advances, different detection methods for
TABLE 1 | Continued

Study Year,
country

Study
type

Patients Age Resource,
method

Treatment Endpoint
outcome

Follow up
(month)

NOS
score

Tax: 62.8
(32.8–79.4)b

(1.37–
82.27)a

Markowski
et al. (32)

2021
US

Multicohort
phase II

Post-Abi: 29,
Post-Enz: 30

Post-Abi:
71 (49–85)
Post-Enz:
74 (50–89)b

CTCs (Adna), qRT-
PCR

BAT, ARSi rPFS NA 7

Miyamoto
et al. (33)

2018
US

Pros 27 67d CTCs (CTC-iChip),
ddPCR

Abi OS, rPFS 13.0a 8

Okegawa
et al. (34)

2018
Japan

Retros 49 CTC−, 23
CTC+/AR-V7−,

26 CTC+/AR-V7+

69
71
72d

CTCs (on-chip FC),
PCR

Abi/Enz OS, rPFS,
PSA-PFS

20.7 (3.0–
37.0)b

9

Onstenk
et al. (35)

2015
Netherlands

Pros,
multi-
center,
phase II

29 70 ± 7e CTCs (CellSearch),
qRT-PCR

Cabazitaxel OS, PFS 7 (2–27)b 7

Qu et al. (36) 2017
US

Retros Abi: 81, Enz: 51 Abi: 68.3 (62–74)
Enz:69.0 (63–74)c

PBMC(Ficol),
ddPCR

Abi/Enz OS, PFS
(TTF)

29.7 (3.6–
47.5)
23.9 (0.9–
48.3)b

10

Scher et al.
(37)

2018
US

Pros,
cross-
sectional

142 69.5 ± 9.6e CTCs (RBC lysis),
IF

ARSi,
Taxane

OS 4.3 years 8

Scher et al.
(38)

2017
US

Pros,
cross-
sectional

161 68 (45–91)b CTCs (RBC lysis),
IF

ARSi,
Taxane

OS 11 (1–30)a 9

Scher et al.
(39)

2016
US

Pros,
cross-
sectional

161 68 (45–91)b CTCs, IF ARSi,
Taxane

OS, PFS 36 10

Seitz et al.
(40)

2017
Germany

Pros 85 71 (66–74)c WB, ddPCR Abi/Enz OS, rPFS,
PSA-PFS

7.6 (4.7–
12.7)c

8

Sepe et al.
(41)

2019
Italy

Pros Abi:26, Enz: 11 75 (68–80)b CTCs (Adna), qRT-
PCR

Abi/Enz OS, rPFS,
PSA-PFS

25a 9

Sharp et al.
(8)

2019
UK

Pros 181 CTC−:71.0 (66.8–75.6), CTC
+/AR-V7−: 69.6 (64.9-72.3), CTC
+/AR-V7−: 70.4 (65.3–74.6)c

CTCs (Adna,
CellSearch), qRT-
PCR

ARSi,
Taxane

OS 19 (11–31)c 10

Škereňová
et al. (42)

2018
Czech

Republic

Retros 41 71 (54–82)b CTCs (Adna), qRT-
PCR

Docetaxel OS 23.5a 7

Stuopelyte
et al. (6)

2020
Lithuania

Pros 102 75.4 (11.4)c WB, qRT-PCR Abi PFS, OS 30.5a 9

Tagawa
et al. (43)

2019
US

Pros 54 71 (53–84)b CTCs, ddPCR Taxane PFS NA 7

Todenhöfer
et al. (7)

2016,
Canada

Pros 37 70 (53–87)b WB, qRT-PCR Abi OS
PSA-PFS

NA 8

Tommasi
et al. (44)

2018
Italy

Pros 44 71.5 (55-87)b CTCs (Adna), qRT-
PCR

ARSi,
Taxane

PFS 20.5a 7

Wang et al.
(45)

2018
China

Pros 36 56.2 ± 8.6e CTCs (immuno-
beads), qRT-PCR

Abi/Enz PFS NA 6
March 20
22 | Volume
 12 | Article
Studies are labeled as last name of first author, et al. and presented in alphabetical order; Patient number and age are all patients included in study; Pros, prospective; Retros, retrospective.
amedian, bmedian (range), cmedian IQR, dmean, emean ± STD. WB, whole blood; CTC, circulating tumor cells; RBC, red blood cell lysis; PBMC, peripheral blood mononuclear cell; Ficoll,
density gradient medium; Adna, AdnaTest ProstateCancerPanel AR-V7; mAdna, modified Adna; IF, immunofluorescent staining; qRT-PCR, quantitative real time-polymerase chain
reaction; ddPCR, droplet digital PCR; UC, ultracentrifuge; FC, flow cytometry; ARSi, androgen receptor signaling inhibitor; Abi, abiraterone; Enz, Enzalutamide; BAT, bipolar androgen
therapy; NA, not available; some studies include healthy control for threshold setting or discovery cohort (the data is lack and not included in table).
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FIGURE 2 | Forest plot of hazard ratios (HRs) for association of liquid biopsy AR-V7 status with overall survival (OS) in all included studies. Pooled HRs were
calculated using random effect model. AR-V7, androgen receptor splice variant 7; CI, confidence interval and bars indicate 95% CIs. Subgroup analysis (ARSi,
enzalutamide or abiraterone; Enz, enzalutamide; Abi, abiraterone; Chemo, taxane based chemotherapy; Miscellaneous, treatments that do not belong to above
treatments or not clearly defined) were assessed.
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FIGURE 3 | Forest plot of hazard ratios (HRs) for association of liquid biopsy AR-V7 status with PFS in all studies. Pooled HRs were calculated using random effect
model. AR-V7: androgen receptor splice variant 7. CI, confidence interval and bars indicate 95% CIs. Subgroup analysis (ARSi, enzalutamide or abiraterone; Enz,
enzalutamide; Abi, abiraterone; Chemo, taxane based chemotherapy; Miscellaneous, treatments that do not belong to above treatments or not clearly defined)
were assessed.
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AR-V7 from liquid biopsies are now available, including
modified AdnaTest ProstateCancer, and droplet digital PCR of
CTCs enriched by various CTC isolation platforms (see Table 1).
We recently confirmed CTC-based AR-V7 testing is more
reliable than exosomal RNA and cell free tumor RNA in
plasma (47). Accumulating reports on the association of AR-
V7 detectability in liquid biopsy with therapy response and
patient survival have prompted us to perform this systematic
review and meta-analysis on the prognostic and predictive utility
of liquid biopsy-based AR-V7 identification. Our data show that
liquid biopsy detectable AR-V7 significantly associates with poor
outcomes to ARSi treatment as shown for OS, PFS, PSA-PFS (P
<0.001). This strongly supports the notion that AR-V7 detection
from CRPC patient liquid biopsies has prognostic and predictive
power. This observation is highly clinically relevant and could
Frontiers in Oncology | www.frontiersin.org 9
affect how clinicians make treatment decisions for patients with
(metastatic) CRPC and when to transition patients to taxane-
based chemotherapy.

While on taxane-based treatment, the association of AR-V7
presence with poorer outcome is still significant (P = 0.04) for OS
data and lack adequate power for PFS (P = 0.21) or PSA-PFS (P =
0.93). However, there are relatively fewer publications in this
subgroup, so these conclusions are based on weaker datasets
compared to the ARSi treated subgroup; for instance, the
omitting one publication changes the P-value and AR-V7
impact on OS would no longer be significant (Supplementary
Table 3). Our data agree with a recent report that AR-V7 may
contribute to taxane resistance by circumventing taxane-induced
inhibitory effects both in vitro (cell lines) and in vivo (PC tissue)
(43, 48). On the other hand, we cannot exclude the possibility
FIGURE 4 | Forest plot of hazard ratios (HRs) for association of liquid biopsy AR-V7 status with PSA-PFS in all studies. Pooled HRs were calculated using random
effect model. AR-V7, androgen receptor splice variant 7; CI, confidence interval and bars indicate 95% CIs. Subgroup analysis (ARSi, enzalutamide or abiraterone;
Enz, enzalutamide; Abi, abiraterone; Chemo, taxane based chemotherapy; Miscellaneous, treatments that do not belong to above treatments or not clearly defined)
were assessed.
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that AR-V7 expression was induced in CRPC patients who had
received ARSi prior to chemotherapy, and that its effect on OS
has not been completely washed out by taxanes. We note that
four studies suggest that chemotherapy would be a better option
compared to ARSi (HR 0.54, P = 0.01) in AR-V7 positive CRPC,
suggesting that AR-V7 determination is important in
chemotherapy-treated patients. More studies in this subgroup
are warranted.

Three other meta-analyses on AR-V7 prognostication (13, 49,
50) have been published recently, but given the common
inaccessibility of current tissue biopsies, our meta-analysis
exclusively focuses on liquid biopsies and includes the most
up-to-date studies. Further, we not only include all studies with
author self-reported HR and 95% CI, but also calculate HR and
95% CI with established methods (12) for some papers with
insufficient and incomplete statistical reporting. Nevertheless,
our systematic review has limitations. We only examined OS,
PFS, and PSA-PFS, and did not assess other treatment outcomes
such as PSA response. Discrepancies in the definition of PSA
response (e.g., extent of PSA fall in a specific timeframe) exist
across studies and given our selection criteria, papers were
excluded if they only reported PSA response without survival
data. Secondly, statistical power was limited by the numbers of
studies available and small sample sizes in some of the subgroups
analysed. Thirdly, included study designs differed greatly in
biological material investigated (type of liquid biopsy and
content such as CTCs or exosomes). For some studies, patients
were enrolled from a single centre, potentially leading to
Frontiers in Oncology | www.frontiersin.org 10
publication bias and selection bias. Also, no randomized study
has ever directly compared the predictive value of AR-V7 in
patients treated with chemotherapy vs. ARSi. Therefore, the
results are indirect with potential bias. Lastly, the variability of
techniques used to determine AR-V7 positivity, namely, qRT-
PCR and ddPCR of mRNA derived from CTC, whole blood,
exosome, could result in differing conclusions. The cut-off value
is essential in defining and interpretation of AR-V7 positivity,
due to the continuous nature of this variable; more work is
required to answer the question of whether the degree of AR-V7
presence is important. Last but not least, other CTC AR detection
methods have been adopted such as RNA-seq and
immunostaining. Despite the variety of methodologies, we
found that liquid biopsy detectable AR-V7 correlates with
disease outcomes (Supplementary Figure 2).

In conclusion, ARSi and taxane-based chemotherapy are
approved treatment options for CPRC patients and are used
globally. Use of emerging methodologies, such as liquid biopsy-
determined AR-V7, to optimize utility of a known predictive
biomarker could help to guide the optimal treatment sequencing
pathway for each patient in a personalised manner and is
therefore of clinical importance. Standardization of liquid
biopsy AR-V7 detection would underpin utility in clinical
practice. Avoiding ineffective therapies or early switching to
more effective approaches should ensure better outcomes for
patients. However, further studies on chemotherapy-treated
patient cohort and direct comparison of chemotherapy vs.
ARSi are warranted.
A

B

FIGURE 5 | Forest plots for association of liquid biopsy AR-V7 status with OS in (A) AR-V7 positive (ARSi vs. Chemotherapy) and (B) AR-V7 negative patients (ARSi
vs. Chemotherapy). Pooled HRs were calculated using random effect model. AR-V7, androgen receptor splice variant 7; CI, confidence interval and bars indicate
95% CIs.
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polymerase chain reaction; qRT-PCR, quantitative real time PCR; ddPCR, droplet
digital PCR; IF, immunofluorescence; IHC, immunohistochemistry; FC, flow
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Choice of antibody is critical 
for specific and sensitive detection 
of androgen receptor splice 
variant‑7 in circulating tumor cells
Tanzila Khan1,2,3,5*, John G. Lock3,4, Yafeng Ma1,2,3,5, David G. Harman6, Paul de Souza1,2,3, 
Wei Chua1,2,5,7, Bavanthi Balakrishnar7, Kieran F. Scott1,2 & Therese M. Becker1,2,3,5*

Androgen receptor variant 7 (AR-V7) is an important biomarker to guide treatment options for 
castration-resistant prostate cancer (CRPC) patients. Its detectability in circulating tumour cells 
(CTCs) opens non-invasive diagnostic avenues. While detectable at the transcript level, AR-V7 
protein detection in CTCs may add additional information and clinical relevance. The aim of this 
study was to compare commercially available anti-AR-V7 antibodies and establish reliable AR-V7 
immunocytostaining applicable to CTCs from prostate cancer (PCa) patients. We compared seven 
AR-V7 antibodies by western blotting and immmunocytostaining using a set of PCa cell lines with 
known AR/AR-V7 status. The emerging best antibody was validated for detection of CRPC patient CTCs 
enriched by negative depletion of leucocytes. The anti-AR-V7 antibody, clone E308L emerged as the 
best antibody in regard to signal to noise ratio with a specific nuclear signal. Moreover, this antibody 
detects CRPC CTCs more efficiently compared to an antibody previously shown to detect AR-V7 CTCs. 
We have determined the best antibody for AR-V7 detection of CTCs, which will open future studies to 
correlate AR-V7 subcellular localization and potential co-localization with other proteins and cellular 
structures to patient outcomes.

Abbreviations
aa	� Amino acid
ADT	� Androgen deprivation therapy
AR	� Androgen receptor
AR-V7	� Androgen receptor variant 7
CRPC	� Castration-resistant prostate cancer
CTCs	� Circulating tumour cells
CE3	� Cryptic exon E3
DBD	� DNA binding domain
ddPCR	� Droplet digital PCR
FBS	� Fetal Bovine Serum
AR-FL	� Full length AR
Knime	� Konstanz Information Miner
LBD	� Ligand binding domain
NTD	� N-terminal domain
PVDF	� Polyvinyl difluoride
PCa	� Prostate cancer
TBS-T	� Tris-buffered saline with 0.1% Tween 20 detergent
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Aberrant activity of the androgen receptor (AR) is central to prostate cancer development and first line therapy 
for metastatic prostate cancer is androgen deprivation therapy (ADT) which targets AR signalling1,2. However, 
ADT resistance inevitably occurs, and disease is then referred to as castrate resistant prostate cancer (CRPC).

The expression of altered AR proteins translated from alternative AR splice variants has been proposed as a 
mechanism of ADT resistance3,4. Expression of the AR splice variant 7 (AR-V7), is correlated with CRPC and 
is the most frequently identified disease associated variant. AR-V7 is proposed to be ligand independent and 
constitutively active as a nuclear transcription factor5,6.

Splicing of the AR gene including exon 1, 2 and 3 together with a cryptic exon 3E (CE3) results in the AR-
V7 transcript (Fig. 1A). The unique cryptic exon has allowed the generation of highly sensitive and specific 
assays to detect AR-V7 at the mRNA level7–10. Importantly, given the general lack of matching tumor tissue for 
biomarker analysis at the CRPC stage these methods have been used to successfully detect AR-V7 transcripts 
from liquid biopsies, such as urine, plasma, exosomes and circulating tumor cells (CTCs) with the most reliable 
data originating from AR-V7 analysis in CTCs11. Our recent metanalysis emphasises the potential of AR-V7 
detection in liquid biopsies as clinical biomarker, as it demonstrates significant correlation with patient survival 
overall and in context of specific treatment1. The presence of full-length AR (AR-FL) and AR-V7 in CTCs has 
been investigated at the RNA level in a number of studies and CTC-based AR-V7 was found to correlate with 
metastatic CRPC and primary resistance to abiraterone and enzalutamide8,12–15.

The AR-V7 protein has 16 distinctive C-terminal amino acids, encoded by an alternate cryptic exon 3 pro-
ducing a unique AR-V7 C-terminal protein domain, allowing for generation of specific antibodies. To our 
knowledge seven antibodies are now commercially available designated to specifically detect the AR-V7 pro-
tein and have been raised to C-terminal peptides (Fig. 1A). AR-V7 protein detection opens opportunities for 
immunohistological analysis, however as outlined above tissue is rarely available for advanced prostate cancer 
analysis. Again, liquid biopsy derived CTCs lend themselves for immunocytostaining of AR-V7 to add to mRNA 
information that is readily obtained from these samples. Indeed, Scher et al. reported that information regarding 
AR-V7 subcellular localization within CTCs may add important information correlating to disease progression 
and therapy response13,16,17. This is an important finding as it potentially increases the value of AR-V7 screen-
ing as a biomarker in prostate cancer. Additionally, cellular AR-V7 protein analysis may enable future detailed 
investigations into interactions of AR-V7 with other proteins and nucleic acids to help understanding its CRPC 
related functions.

Here, using a cohort of well characterised prostate cancer cell lines with known and experimentally validated 
AR-V7 expression, we thoroughly tested the seven commercially available AR-V7 antibodies for their ability to 
truly detect AR-V7 by immunoblotting and immunocytostaining. Our findings highlight sensitivity, specificity 
and cross reactivities of antibodies and point towards an antibody of choice for AR-V7 immunocytostaining of 
CTCs. The antibody prioritised in this study performed well when employed for detection of CTCs from CRPC 
patients by immunocytostaining. Our finding is highly relevant to enhance AR-V7 utility to screen patients for 
therapy decisions or to stratify patients for relevant clinical trials.

Methods
Cell lines.  22RV1, LNCaP, VCaP, PC3 and DU145 prostate cancer cell lines are here referred to as 
22RV1AR+/AR−V7+++, LNCaPAR+/AR−V7−, VCaPAR+++/AR−V7+, PC3AR(+/−)/AR−V7−, DU145AR−/AR−V7− according to their 
published and in this study validated AR-FL and AR-V7 expression18–20 and cells were grown in DMEM sup-
plemented with 10% Foetal Bovine Serum (FBS), 2 mM l-Glutamine, 4 nM HEPES or MEM supplemented with 
10% FBS, 2 mM l-Glutamine, 4 nM HEPES at 37 °C in 5% CO2. Cell lines were obtained directly or through 
Australian distributers (Merck/Sigma-Aldrich, Castle Hill; Invitro, Lane Cove, Australia) of the European Col-
lection of Authenticated Cell Cultures (ECACC) or American Type Culture Collection (ATCC) and tested to 
be mycoplasma free (MycoAlert Mycoplasma Detection Kit, Lonza, Rockland, USA) and STR authenticated 
(AGRF, Melbourne, Australia). Cells were seeded at approximately 30–40% confluency and harvested after 72-h 
culture for immunoblotting and gene expression analysis.

Antibodies.  Six rabbit anti-human-AR-V7 antibodies were compared in this study: clone EPR15656 
(Abcam, VIC, Australia), clone E308L and “polyclonal antibody” (Cell Signalling, Danvers, MA, USA), clone 
SN8 (Creative Diagnostic, Shirley, NY, USA), clone DHH-1 (RQ4683, Assay Matrix, VIC, Australia), and clone 
RM7 (RevMab Biosciences, San Francisco, CA, USA), as well as the mouse anti-human-AR-V7 clone AG10008 
(Precision Antibody, Columbia, MD, USA). The available information of antigens used for the anti-AR-V7 anti-
body generation is shown in Fig. 1A. Additional antibodies used in this study are: mouse anti-human AR-FL, 
clone ER179 (Abcam, NSW, Australia), rabbit anti-GAPDH clone 14C10 (Cell Signaling, VIC, Australia), Alexa 
fluor 488 goat anti-rabbit IgG (H + L) (LOT 1423009) or Alexa fluor 488 goat anti-Mouse (H + L) (LOT 1252783) 
(Life technologies, Eugene, OR, USA), horseradish peroxidase-labelled donkey anti-Rabbit IgG (1:1000 dilu-
tion) (Lot 9526417, GE Healthcare, Buckinghamshire, UK) or sheep anti-mouse IgG, Horseradish Peroxidase 
linked F(ab’)2 fragment (1:1000 dilution) (Lot 312511, Amersham, GE Healthcare, Buckinghamshire, UK) and 
Alexa fluor 555 Phalloidin (Abcam, NSW, Australia).

Droplet digital PCR (ddPCR).  In brief, total RNA was extracted with ISOLATE II RNA Mini Kit (Bio-
line, London, UK) from approximately 5 × 106 cells. Quality and quantity of RNA was tested using a fragment 
analyser (5200 Fragment Analyzer System, CA, USA). cDNA was synthesised from 1 µg of total RNA per cell 
line using the SensiFAST cDNA Synthesis Kit (Bioline, London, UK). ddPCR to detect AR-V7 and full-length 
AR (AR-FL) was performed as described previously15. Quality of RNA was confirmed by conducting GAPDH 
ddPCR as described previously11.
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A

Figure 1.   AR-V7 specific peptide and antigens for antibody generation. (A) Schematic presentation of the 
AR-gene encoding full length androgen receptor (AR-FL) and androgen receptor variant 7 (AR-V7) proteins. 
Amino acid (aa) sequences of cryptic exon (CE) 3 encoded AR-V7 specific domain (V7spec) and a section 
of DNA binding domain (DBD) shared with AR-FL are displayed and aa sequences representing antigens for 
antibody generation is indicated for the clones. Antigen information: as published by supplier or provided on 
request (*: information is considered ambivalent for four peptides, consequently shown aa sequences may not 
reflect exact antigen peptides, but are based on “informed assumption” that the V7 specific unique 16 aa are part 
of all peptides and uncertain proportions of the DBD shared with AR-FL as indicated); ???: DBD aa sequences 
uncertain; NTD: N-terminal domain; LBD: ligand binding domain; N-: N-terminal; -C: C-terminal. (B) 
Validation of AR-FL and AR-V7 mRNA expression in the indicated cell lines by ddPCR. – no detection; (+/−) 
low, but detectable; + detection; +++ high levels of AR-V7 or AR-FL copies; (C) Immunoblotting of total protein 
lysates from the indicated cell lines for AR-V7 (separate gels for each antibody, left), or AR-FL (right) using the 
indicated antibodies in reference to GAPDH (cropped from probing of the same membrane shown below each 
plot). M: size marker, 1: 22RV1AR+/AR−V7+++, 2: LNCaPAR+/AR−V7−, 3: VCaPAR+++/AR−V7+, 4: PC3AR(+/−)/AR−V7−, 5: 
DU145AR−/AR−V7−.
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Western blotting.  Approximately 1 × 106 cultured cells were harvested and lysed in RIPA lysis buffer 
(50 mM Tris–Cl pH7.5, 150 mM NaCl, 0.5% Triton X-100, 2 mM EDTA, 2 mM EGTA 25 mM NaF, 10% glycerol) 
containing 1 × protease inhibiters (Roche, Basel, Switzerland) for 30 min placed on ice, followed by maximum 
microfuge centrifugation speed (11,700×g, 4 °C, 20 min) and recovery of supernatant. Protein concentrations 
were determined using the DC protein assay kit (Bio-Rad Laboratories, Hercules, CA). 30 µg total protein per 
sample was separated on 4–12% Bis–Tris gels (Invitrogen, Life Technologies) and transferred to Polyvinyl dif-
luoride (PVDF) membrane (Amersham, GE Healthcare, Buckinghamshire, UK). Membranes were incubated 
with primary antibodies (dilutions see Supp. Table S1) overnight under gentle agitation at 4 °C. After three Tris-
buffered saline with 0.1% Tween 20 detergent (TBS-T) washes, membranes were incubated with horseradish 
peroxidase-conjugated donkey anti-rabbit IgG (1:1000 dilution) or sheep anti-mouse IgG, horseradish peroxi-
dase linked F(ab’)2 fragment (1:1000 dilution) for 1 h at room temperature and again washed three times. Mem-
branes were developed using Western Lightning ™ Plus-ECL Enhanced Luminol Reagent Plus (LOT 275–13,481) 
and Western Lightning ™ Plus-ECL Oxidizing Reagent Plus (LOT 265-13481) (PerkinElmer, Waltham, MA, 
USA) and imaging was performed with an Odyssey imager (LI-Cor Biosciences, Lincoln, NE).

Immunocytostaining of cell lines and PBMC.  For each cell line approximately 20,000 cells were seeded 
on sterile, round coverslips in 12-well plates and cultured for 72 h followed by fixation with 3.7% paraformalde-
hyde for 10 min. In case of PBMC probing cells were cytospun onto superfrost + slides. Cells were permeabilized 
with 0.2% Triton-X for 10 min and blocked using 10% goat serum in PBS for 30 min. Primary antibodies were 
diluted in 0.5% FBS in PBS (Supplementary Table S1) and incubated for 1 h. Secondary antibodies conjugated 
with Alexa fluor 488 goat anti-rabbit IgG (H + L) (1:5000) or Alexa fluor 488 goat anti-mouse (H + L) (1:5000) 
were diluted in PBS with 0.5% goat serum and incubated 30 min. Cells were stained with Alexa fluor 555 phal-
loidin for 0.5 h followed by nuclear staining by using 1 × Hoechst (Fluxion, San Francisco, CA, USA) in PBS for 
10 min. Coverslips were mounted with Pro Long ™ Glass Antifade Mountant (Eugene, OR, USA). Monochrome 
images were taken with Olympus IX71 microscope (Olympus, Tokyo, Japan) at × 20 magnification with identical 
acquisition settings, below any pixel intensity saturation in the brightest cell labelling conditions.

CTC enrichment and immuncytostaining.  To validate AR-V7 CTC detection six prostate cancer 
patients with advanced CRPC, likely to yield high CTC counts, were recruited. For each patient, 2 × 9 mL periph-
eral blood was collected into 2 EDTA vacutubes (Greiner Bio-One) and processed within 24 h. 2 × 9 mL blood 
was used to isolate CTCs using RosetteSep™ CTC enrichment cocktail containing anti-CD36 (Stemcell Technol-
ogies, Victoria, Australia) according to supplier’s instructions. In brief, blood was incubated with antibody cock-
tail for 10 min and then diluted with 2% FBS in PBS as recommended by manufacturer, transferred to a Sepmate 
tube containing lymphoprep density gradient medium (Stemcell technologies, VIC, Australia) and centrifuged 
at 1200xg for 10 min. The supernatant with cellular layer was recovered and topped up to 50 mL with 2% FBS in 
PBS and gently mixed. After a 10-min 300xg spin, the supernatant was discarded, and cells were suspended in 
residual fluid by gentle tapping. Cells were washed once with PBS and spun again (300xg, 10 min), resuspended 
in 1.5 mL PBS and transferred to a well of a 24-well glass bottom plate (Greiner Bio-One GmbH, Frickenhausen, 
Germany) coated with 3.5ug of CellTak (FAL354240, InVitro technologies, VIC, Australia) per cm2. After spin-
ning the cells onto the glass (200 × g, 10 min) immunocytostaining was essentially performed as above including 
anti-AR-V7 (E308L or EPR15656) staining and probing for CD45 to exclude lymphocytes and Hoechst to secure 
nucleated cellular identity. All patient CTC samples were stained in parallel to a positive control 22RV1 sample. 
To identify CTCs the definition CD45-, AR-V7 + and Hoechst positive was used, where AR-V7 positivity was 
determined by the parallel 22RV1 probing. Typically, weak but clear AR-V7 staining in 22RV1 was around an 
intensity value of 2000 (AR488 channel, Olympus cellSens Dimension image analysis software). Consequently, 
events with intensities below 2000 were considered AR-V7 negative (not CTCs) for patient CTC samples. Images 
in Fig. 4 are displayed using pseudocolors to allow for merging of images from various channels.

Image analysis and statistics.  Image J (1.53c, National Institute of Health, USA) was used for RGB stack-
ing and merging of immunostaining images from cell lines before doing quantitative image analysis using Cell-
Profiler (Broad Institute, MIT, Massachusetts, USA) an automated image analysis software to measure biological 
phenotypes in images21. CellProfiler segmented cell data for at least 150 cells per sample (nucleus and cytoplasm) 
based on staining and extracted data on nucleus, cell body and cytoplasm and AR-V7 intensity were saved in 
excel to transfer to Konstanz Information Miner (Knime)22. The quantitative data from CellProfiler was used 
in Knime to compare the intensity of AR-V7 detected by different antibodies as well as cellular localization of 
AR-V7.

Ethical approval and consent to participate.  All methods were performed in accordance with the rel-
evant guidelines and regulations and the study was approved by the South Western Sydney Local Health District 
Human Ethics Committee (HREC/13/LPOOL/158). Written informed consent was obtained from all patients 
participating in the study.

Consent for publication.  All authors agree on the submitted version of the manuscript.
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Results
For any antibody to be selective for AR-V7, it must recognise a C-terminal peptide epitope corresponding to 
the 16 amino acid peptide sequence (EKFRVGNCKHLKMTRP) unique to AR-V7, encoded by the cryptic exon 
3. Supplier information regarding the exact antigens used for antibody generation is considered imprecise for 
five of the seven antibodies tested here. Nevertheless, one can deduce that the entire 16 amino acids or most 
are part of any antigenic peptide used for antibody generation. Three of the antibodies are known or implied 
to have antigen peptides additionally containing parts of at least the DNA binding domain (DBD) shared by 
AR-V7 and AR-FL (Fig. 1A).

To be able to thoroughly compare these antibodies, AR-V7 status of several prostate cancer cell lines was 
validated. ddPCR confirmed high and detectable AR-V7 in 22RV1 AR+/AR−V7+++ and lower but readily detectable 
transcript AR-V7 expression in VCaPAR+++/AR−V7+, while AR-V7 is negative for LNCapAR+/AR−V7−, PC3AR(+/−)/AR−V7−, 
DU145AR−/ARV7−, ddPCR also confirmed known AR-FL status for all lines (Fig. 1B)15.

To test whether all of the anti-AR-V7 antibodies interact with a protein of the expected AR-V7 size of ~ 80 kDa 
in our AR-V7 expressing cell lines, or whether the antibodies may cross react with other proteins we first tested 
the antibodies by immunoblotting of full protein lysates from all cell lines (Fig. 1C). We also included an anti-
AR-FL antibody to clarify whether the AR-V7 antibodies identified protein bands of AR-FL size. None of the 
specific anti-AR-V7 antibodies produced a band considered AR-FL. Interestingly, only the anti-AR-V7 antibody 
clones E308L, SN8, RM7 and AG1008 produced a distinct band appearing around the expected AR-V7 size for 
AR-V7 positive 22RV1AR+/AR−V7+++ and VCaP AR+++/AR−V7+ cells, while not detecting anything above background 
in AR-V7 negative cell lines in that protein size range. However, there was clearly some cross-reactivity detected 
for proteins of smaller size. We considered E308L was the “cleanest” antibody with negligible cross-reactivity 
detected for AR-V7 negative cell lines. SN8, RM7 and especially AG1008 produced strong reaction to proteins of 
sizes other than 80 kDa in all, including AR-V7 negative cell lines with one band appearing relatively dominant 
just below the 28 kDa range.

Two anti-AR-V7 antibodies (EPR15656 and DHH-1), while detecting protein bands corresponding to AR-V7 
size in 22RV1AR+/AR−V7+++ and VCaP AR+++/AR−V7+ cells, additionally detected a very strong band in AR-V7 nega-
tive PC3AR(+/−)/AR−V7− cells, while additional bands across cell lines evidenced further cross-reactivity for these 
antibodies. The prominent PC3AR(+/−)/AR−V7− protein band was just below the expected AR-V7 size. AR-V7 detec-
tion with the polyclonal antibody proved to be highly nonspecific. (Fig. 1C). Complete raw data (images of all 
immunoblots) are provided as Supplementary Fig. S1.

Although deemed very unlikely that PC3AR(+/−)/AR−V7− with undetectable AR-V7 transcript express a slightly 
truncated form of AR-V7, we wished to rule out AR-V7 identity of this band detected close to 80 kDa. Firstly, 
we conducted protein Blast searches (blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE = Proteins) of the full AR-V7 
specific 16 amino acid sequence as well as the sequence from amino acid 580 and 600 (see Fig. 1A) to the 
C-terminus of AR-V7 against the human protein database (https://​www.​unipr​ot.​org), which identified only the 
AR-V7 splice variant and for the 580/600 to C-terminus peptide additionally to AR-V7 the partially homologue 
AR variant 5 (see ref23 for review of AR variants). Additionally, we were able to elute the ~ 62 kDa PC3AR(+/−)/

AR−V7− band of interest from a gel to perform mass spectroscopy and the retrieved data confirmed our Blast data 
with no proteins detected that share homology to AR-V7 or AR-FL in the excised protein band of interest from 
PC3AR(+/−)/AR−V7− cells. Out of interest the same was done for the 28 kDa band as cross reactivities for that size 
were detected by several anti-AR-V7 antibodies, no AR(-V7) homology was found. The datasets generated for 
these analyses are available (https://​doi.​org/​10.​26183/​7d43-​ze13).

With Western analysis already pointing towards clear specificity differences between the tested antibodies 
we excluded two antibodies from further analysis, the polyclonal due to lack of specificity for AR-V7 detection 
sensitivity and specificity by Western analysis, and the mouse monoclonal AG10008. The latter was excluded 
due to very strong cross-reactivity in all cell lines with a protein band at ~ 28 kDa compared to specific AR-V7 
band intensity and since ultimately, we aim to perform AR-V7 detection by immunocytostaining of CTCs. In 
our established CTC workflow antibodies of rabbit origin are more easily integrated for technical reasons. Initial 
immunocytostaining analysis of the five remaining antibodies was performed focusing on the AR-V7-positive 
cell line, 22RV1AR+/AR−V7+++ and the AR-V7-negative cell line LNCapAR+/AR−V7−.

Representative immunocytostaining images of all remaining antibodies in the two cell lines used for mono-
chromatic analysis of staining intensity and subcellular localization are shown in Fig. 2. In comparison to “no pri-
mary” control staining we analysed intensity of staining, and subcellular localization of staining as specific AR-V7 
staining is expected to be predominantly nuclear24. Initial subjective visual analysis clearly favours the E308L and 
SN8 antibodies that show distinct nuclear AR-V7 staining in 22RV1AR+/AR−V7+++, however SN8 produces what 
appears to be cross-reactivity with nucleolar structures in the negative control LNCapAR+/AR−V7− cells. EPR15656, 
DHH-1 and RM7 appear to produce less distinct staining in 22RV1AR+/AR−V7+++ vs LNCapAR+/AR−V7− cells. Analys-
ing images using unbiased digital image analysis essentially confirmed these observations, presented in Fig. 3 for 
nuclear intensity. E308L produced the second highest nuclear staining intensity after SN8 in 22RV1AR+/AR−V7+++ 
cells, and that corresponded to the second lowest nuclear staining intensity in AR-V7 negative LNCapAR+/AR−V7−. 
Since the staining in LNCapAR+/AR−V7− can be attributed to unspecific antibody binding, E308L is the antibody 
with the best signal detection to noise ratio for AR-V7 immunocytostaining.

The goal of the presented antibody comparison was to find the best suited anti-AR-V7 antibody to probe and 
analyse AR-V7 in CTCs. With E308L emerging as the favourite candidate anti-AR-V7 antibody while EPR15656 
was previously published to be used for AR-V7 immunocytostaining in CTCs20,24, a final validation of both anti-
bodies, E308L and EPR15656, was by detection of CTCs isolated from a small number of CRPC patients (to vali-
date antibody staining this pilot study focussed on patients with advanced CRPC only, see Table 1). It is evident 
that E308L detected prostate cancer patient CTC numbers are consistently higher, indicating higher sensitivity 

https://www.uniprot.org
https://doi.org/10.26183/7d43-ze13
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of E308L CTC detection. Additionally, heterogeneity of AR-V7 expression is apparent as detection efficiencies 
are between 7–308% higher using E308L (Table 1). Representative CTC detection with both antibodies is shown 
in Fig. 4. Importantly, using both antibodies on three healthy donor PBMCs, confirmed negligible background 
staining for residual blood cells with the anti-AR-V7 antibodies in blood cells (Supplementary Fig. S2).

Discussion
Here we compared various antibodies to establish specific detection of AR-V7 by immunocytostaining with 
ultimate focus to detect AR-V7 positive CTCs from prostate cancer patient bloods. Initially PCa cell lines with 
known and here confirmed status of AR-V7 expression (Fig. 1B) provided the tools to precisely judge cross-
reactivity of antibodies in AR-V7 negative cells while specific staining and its subcellular localization could 

Figure 2.   AR-V7 staining with different antibodies in AR-V7 positive and negative cells. Immunocytostaining 
was performed with the indicated antibodies on 22RV1AR+/AR−V7+++ and LNCaPAR+/AR−V7− cells in comparison to 
no-primary antibody controls. Images were acquired with identical acquisition settings, with no pixel intensity 
saturation in the brightest cell labelling conditions. This enables quantitative comparison of intensity values 
across all antibodies and cell lines. Here, monochrome images are presented inverted, allowing easier visual 
detection of low intensity labelling patterns. Overview visual fields of stained cells are shown to the left with 
higher magnification images for representative regions (dotted boxes) to the right.
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be determined in AR-V7 expressing cells. Western analysis helped to determine sensitivity and specificity of 
antibodies first, since higher cross-reactivity for immunocytostaining is likely mirrored by the appearance of 
cross-reactive bands in AR-V7 negative cells and for molecular weights other than the ~ 80 kDa of AR-V7 in 
positive cells. Indeed the “cleanest” antibody by Western analysis, E308L, in the end also emerged as our favoured 
antibody for immunocytostaining as well. The other antibody that performed highly for immunocytostaining in 
AR-V7 positive 22RV1AR+/AR−V7+++ cells, clone SN8, caused however clearly noticeable nuclear staining in AR-V7 
negative LNCapAR+/AR−V7− cells, interestingly of nucleolar appearance. This means use of this antibody for CTC 
detection likely would cause false positive AR-V7 detection in the cellular compartment that has been linked to 
AR-V7 activity24, affecting potential for “true” biomarker detection.

AR-V7 detection in CTCs by immunocytostaining has been reported previously using the ERP15656 
antibody20,24. This prompted us to do a direct comparison of CTC detection in parallel patient blood samples 
with our favourite E308L as well as the ERP15656 antibody. For proof-of-concept, we focused on a small highly 
advanced CRPC patient cohort (Table 1) to increase likelihood of high CTC numbers. We also used unbiased 
CTC enrichment using lymphocyte depletions as AR-V7 has been reported more common in EpCAM-negative 
CTCs25. Interestingly the E308L did not only consistently detect more CTCs in the small cohort of 6 patients 
(Table 1), but did so marginally to dramatically, which likely reflects heterogeneous AR-V7 protein levels in 
patient CTCs. More work is needed to verify the extent and heterogeneity of AR-V7 levels in CTCs. So far 
EPR15656 staining has shown correlation of AR-V7 CTC staining with patient outcome24. Nevertheless, evalu-
ation in larger patient cohorts is needed to clarify if AR-V7 detection in CTCs by immunocytostaining is better 
suited to predict patient outcome than detection by mRNA, or if indeed a combination of both methods may 
have benefit. A clear benefit of detecting the AR-V7 protein rather than only mRNA in CTCs is that it opens 
opportunities to evaluate cell by cell heterogeneity and how AR-V7 expression and sub-cellular localization is 
related to that of other proteins, which may not only add to our understanding of AR-V7 function but reveal 
ways of therapeutically targeting it in the future.

Figure 3.   AR-V7 staining nuclear intensity. Cells (imaged as presented in Fig. 2) were segmented using 
CellProfiler based on identification of Hoechst as a nuclear marker and Alexa fluor 555 phalloidin as a cell 
body marker. This permitted selective measurement of AR-V7 labelling intensities in individual whole cells, 
as well as in nuclear and cytoplasmic compartments, per cell. Here, nuclear AR-V7 labelling intensity (average 
and standard deviation of at least 150 cells per condition) is depicted after normalisation to control values (no 
primary antibody labelling), allowing comparison of antibody signals in 22RV1AR+/AR−V7+++ and LNCaPAR+/AR−V7− 
cells. Fluorescence (Y-axis): in arbitrary units.

Table 1.   AR-V7 staining CTC detection by antibody in advanced CRPC patients. CTCs were enriched 
(RosetteSep) and immunocytostained for detection. Nucleated (Hoechst staining) events were included in 
CTC counts if negative for CD45 and positive for AR-V7 using the indicated anti-AR-V7 antibodies.

Patient Age Clinical notes

CTC counts

E308L EPR15656

1 75 High grade disease, lymph node involvement (PSMA PET) 38 23

2 78 Widespread pelvic disease with vesical and rectal fistula 29 20

3 77 Widespread bone metastases, on chemotherapy, anemia 69 64

4 85 Widespread bone metastases, starting clinical trial (failed standard therapies) 45 5

5 84 Aggressive soft tissue disease in neck lymph nodes and meningeal metastases despite chemo-
therapy 173 95

6 77 Metastatic bone disease, Gleason grade 4 + 5 = 9 184 45
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Conclusion
Here we evaluated the commercially available antibodies against AR-V7 for utility in immunocytostaining of 
cell lines with known AR-V7 status and CRPC patient CTCs. The clone E308L emerged as the favoured antibody 
considering sensitivity and specificity as shown by immunoblotting and signal to noise ratio in immunocyto-
staining. With the growing attraction of liquid biopsies in diagnostic settings, identification of the best antibody 
to detect AR-V7 in CTCs may help to develop a standardised approach for AR-V7 screening in patient CTCs.

Data availability
All data generated in this study are included either in this article or in a supplementary table. Mass Spectroscopy 
datasets generated and/or analysed during the current study are available in the Western Sydney University 
ResearchDirect repository, https://​doi.​org/​10.​26183/​7d43-​ze13 .
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