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Abstract 

In this thesis, I discuss the identification of new prognostic and predictive biomarkers in 

lethal prostate cancers (PCs), derived from studies focused on molecular characterisation as 

a key element for detection of aberrant pathways in this disease. This approach allows the 

refinement of patient stratification and delivers more precise and individually tailored 

clinical care. 

 

Since the discovery of the usefulness of castration in the treatment of PC during the early 

decades of the last century, therapeutic strategies for treating this disease have improved 

and now involve the suppression of androgenic signalling, with several hormonal agents 

currently available, including enzalutamide, abiraterone, apalutamide and darolutamide. 

This has led researchers to focus their work on mechanisms of resistance to available 

hormonal manipulations, including androgen receptor (AR) splicing variant expression, AR 

amplification, and mutations. Here, I explored the importance of interrogating the serum 

level of prostate-specific antigen (PSA) as early as 4 weeks post-treatment as a biomarker of 

responses to second generation hormonal agents (SGHAs) and its correlation with overall 

survival. I also discovered that AR splicing variant 7 (AR-V7) expression, which is negligible in 

hormone-naïve PC, increases as patients progress into metastatic castration-resistant PC 

(mCRPC), and that this is correlated with prognosis and can also explain resistance to 

SGHAs. 

 

Using data gathered from several assays, including sequencing platforms, as well as 

immunohistochemistry (IHC) and immune-phenotyping assays, I also studied the impact of 

key tumour suppressor gene aberrations on outcomes of mCRPCs and present this work 

here as well. I have demonstrated, using IHC, the role of PTEN loss as a biomarker of poor 

response to abiraterone and investigated its role in docetaxel-treated cancers and in the 

context of a prospective, randomised, phase I/II trial of enzalutamide with or without the 

AKT inhibitor, capivasertib.  

 

I have also demonstrated the extreme importance of defects in the mechanism of DNA 

repair, such as homologous recombination as a sensitizer to PARP inhibition in the context 
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of synthetic lethality. Finally, I have shown that in mCRPC, mismatch repair defects are 

associated with worse outcomes and increased likelihood of PD-L1 expression and 

lymphocyte infiltration, suggesting that these cancers are an ideal subset for 

immunotherapies.  

 

The work I have presented here, therefore, has shown that the molecular stratification of PC 

is feasible and can be used to identify new prognostic biomarkers for mCRPCs, as well as 

identifying predictive biomarkers for both standard and novel therapeutic strategies, 

offering more precisely targeted and effective care regimens. 
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1 Introduction 

 

1.1 Prostate Cancer: A Global Health Issue 

Prostate cancer (PC) is the third most common cancer in men, primarily affecting men aged 

more than 70 years, with 1.3 million new cases worldwide during 2017 [1, 2]. Different data 

series have presented discordant information about the frequency of this cancer; however, 

there is a clear trend showing increased incidence in high income countries [3], with the 

consequence that >70% of all new diagnoses and >50% of all PC-specific deaths occur in less 

than 20% of the world’s population [4].  

 

Ethnicity also seems to play a role in PC epidemiology. Men of African origin are at increased 

risk of developing PC and generally exhibit worse outcomes than men of Caucasian or Asian 

descent [3, 4]. While access to health care systems in some countries can explain some of 

the dramatic differences seen in incidence and mortality related to PC [4, 5], some of these 

clinical differences among ethnic groups can also be explained by distinct molecular 

differences among these populations [6].  

 

Lifestyle and environmental risk factors can also influence the development of PC and its 

clinical course [7-9]. Low levels of physical activity and diets rich in animal fat can modulate 

ethnic differences to such a degree that Asians born in the USA have an increased risk of PC 

that is directly correlated with the time spent living in the USA [10]. Similarly, Asian 

countries known for low PC incidence and mortality have seen an upward trend in both 
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parameters, partially due to an increasingly Westernised lifestyle [4, 11]. It is intuitive that 

the level of cholesterol and its metabolism may play a crucial role in a disease that is 

primarily hormonal driven.  

 

In summary, PC is a common and multifactorial disease that is one of the leading causes of 

death globally. 

 

1.2 Prostate Cancer Diagnosis: Clinical Features, 

Management and the Role of Prostate-Specific Antigen 

in Early Disease 

The anatomical position of the prostate results in urinary manifestations being the most 

common signs of prostate cancer [12]. More specifically, urinary retention, increased 

frequency of urination, urination hesitancy, nocturia, and haematuria are all associated with 

a small but statistically significant increase in the likelihood of a diagnosis of PC [12]. Other 

symptoms can include haematospermia and, particularly in more advanced disease, weight 

loss and bone pain [12-14].  

 

Nevertheless, prostate adenocarcinomas are among the most clinically silent neoplasms, as 

suggested by studies of autopsies in the general population [15]. The discrepancy between 

the incidence of PCs and the number of cancer-related specific deaths can be explained by 

the indolent nature of some of these cancers [16, 17]. Herein lies a controversial aspect of 

the management of local prostate cancer: when stratified by risk for localised disease (such 
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as by Gleason score, TNM stage, or prostate-specific antigen [PSA] at diagnosis), treatments 

for patients in low-risk group, such as radical prostatectomy or radiotherapy, can be 

described as unnecessary [18].  

 

In a similar way, the incorporation of serum PSA testing as a screening tool for PC, 

introduced by the medical community in the USA during the 1990s, has shown that this 

method is able to detect both untreatable and non-fatal tumours, as well as leaving an 

unknown number of tumours undetected [19]. The ‘detection of cancer that would not 

otherwise clinically manifest or not result in cancer-related death’, is, in other words, the 

definition of cancer over-diagnosis and applies to the use of mass PSA screening [20, 21]. As 

confirmation of this experience, in the European Randomized Study of Screening for 

Prostate Cancer (ERSPC) trial, which randomised 1134 men into screening or non-screening 

groups, a PSA cut-off concentration of 3 μg/L was used to suggest patients who should 

undergo a biopsy. Approximately 75% of men who underwent biopsy were found not to 

have cancer. Furthermore, approximately 70% of the cancers that were detected were 

found to be of a low grade (i.e. were likely to be indolent) [22-24]. 

 

Taken together, these experiences should inform physicians that focusing on mass screening 

to identify prostate cancer in its preclinical and locally confined state is not sufficient to 

radically cure this disease. The scientific community should instead concentrate its efforts 

on defining biomarkers of ‘biological aggressiveness’, in order to offer radical treatment 

only to those patients with localised cancers that are more likely to spread and 

metastasise if not promptly diagnosed and treated.  
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1.2.1 Use of PSA in Risk Stratification (Prognosis) 

In addition to its use in screening, PSA levels in combination with specific clinical and 

pathological factors are widely used to assess the prognosis of patients with newly 

diagnosed prostate cancer [25-27], with an approximately linear relationship existing 

between PSA levels at initial diagnosis and clinical outcome [27-29]. This association is 

particularly relevant in patients with low or intermediate grade disease (i.e. a Gleason score 

[GS] ≤7), while in some patients with high grade disease (GS, 8–10; PSA level ≤2.5 μg/L) it 

may actually predict a particularly poor outcome [28]. Notably, PSA prognostic accuracy is 

limited if used alone [30]. Categories of risk based on PSA levels have recently been defined 

in the joint guidelines produced by the American Urological Association, the American 

Society for Radiation Oncology, and the Society of Urologic Oncology and state that men 

with PSA concentrations of <10 μg/L should be classified as very low or low risk. Men with 

PSA concentrations of 10 to <20 μg/L should be regarded as being at intermediate risk of 

recurrence, while those with values ≥20 μg/L should be considered as being at high risk of 

recurrence, with the caveat that these values are combined with specific clinical and 

pathological features [31].  

 

1.2.2 Use of PSA During Follow-up After an Initial Diagnosis 

Management options for patients with newly diagnosed localised prostate cancer include 

radical prostatectomy, radiotherapy with or without androgen deprivation therapy (ADT), 

brachytherapy, and active surveillance (the last is only used for patients deemed to be at 

low risk of recurrence). Following successful radical prostatectomy for men with localised 

disease, PSA concentrations should decrease to undetectable levels (<0.1 μg/L) within 2 
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months [32]. Biochemical recurrence (BCR) is then defined by two consecutive increasing 

PSA concentrations of >0.2 μg/L [33]. Alternatively, following radiotherapy, brachytherapy 

or ADT, PSA levels may decrease without ever reaching undetectable levels. Therefore, in 

these cases, BCR is defined as an increase in PSA concentration of 2 μg/L or more above the 

nadir (i.e. the lowest PSA level achieved) [34]. 

 

1.2.3 Management of Patients with Biochemical Recurrence 

Although the presence of BCR indicates an increased risk of clinical recurrence, many such 

patients continue to remain free of symptoms [35]. Following radical prostatectomy, BCR 

has been associated with poor outcomes mostly in patients with a short PSA-doubling time 

(DT) and high GS. Although there is no standardised definition of its timing, a PSA-DT of <12 

months is generally correlated with an increased risk of recurrence [36]. Since many men 

with evidence of BCR never develop clinical evidence of recurrence, it is unclear if or when 

ADT should be started (i.e. whether to administer ADT at the time of biochemical relapse or 

await clinical evidence of metastatic disease) [29, 37-39]. Despite increasing PSA levels, 

some of these men will indeed show no evidence of metastasis when conventional imaging 

techniques are used. Such disease is referred as castrate-resistant prostate cancer (CRPC), 

and is defined as a 25% increase from the nadir (or at least 2 μg/L where undetectable 

values represent the nadir), in two consecutive PSA readings, at least 1 week apart, with 

testosterone levels <1.7 nmol/L (<50 ng/mL). Three prospective, randomised trials have 

recently shown that the administration of novel androgen receptor (AR) antagonists, such as 

enzalutamide, apalutamide or darolutamide, improved metastasis-free survival in men who 

had non-metastatic CRPC with PSA doubling times of ≤10 months [40-42]. 
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1.3 Management of Metastatic Hormone-Sensitive and 

Castration-Resistant Prostate Cancer 

Androgen deprivation therapy (ADT) remains a mainstay in the treatment of metastatic or 

relapsed PC, since the discovery 70 years ago by Huggins and others [43-45] that castration 

results in regression of PC. ADT can be achieved either pharmacologically, with Luteinizing-

releasing hormone (LHRH) analogues, or surgically, via orchiectomy. Alternatively, some 

patients wishing to maintain sexual potency may elect for treatment with antiandrogens, 

although outcomes are inferior to ADT in the metastatic setting [46]. The management of 

metastatic CRPC (mCRPC) has undergone profound changes in the last two decades (Figure 

1). The spindle toxin Docetaxel was the first compound to show a survival benefit in this 

setting. Docetaxel is a semi-synthetic analogue of paclitaxel (Taxol), an extract from the bark 

of the rare Pacific yew tree, Taxus brevifolia [47-49]. Its cytotoxic action is exerted by 

promoting and stabilising microtubule assembly, while preventing physiological microtubule 

depolymerisation/disassembly, leading to a significant decrease in free tubulin. Therefore, 

microtubules accumulate inside cells, preventing cell division and nuclear translocation of 

the androgen receptor and causing initiation of apoptosis [50].  

https://en.wikipedia.org/wiki/Paclitaxel
https://en.wikipedia.org/wiki/Taxus_brevifolia
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Figure 1 Changes in the management of prostate cancer, from the 1940s to the present.  

Abiraterone Acetate (AA), which inhibits androgen synthesis (and thus androgen serum 

levels) by irreversibly binding to the enzyme CYP17A1, has been shown to increase overall 

survival (OS) in both pre- and post-taxane settings [51, 52]. Similarly, Enzalutamide, which 

binds directly to ARs and acts as an irreversible antagonist to these receptors, was also 

shown to increase OS in both taxane-naïve and taxane-resistant settings [53, 54]. These 

trials have conclusively proven that most tumours remain sensitive to androgen targeting 

agents, despite progressing on LHRH [55]; this led to the development of new compounds 

that disrupt this AR signalling, such as Apalutamide, a novel AR antagonist, which has 

recently been shown to increase the time to metastases in non-metastatic settings [56]. The 

second taxane to be approved in the mCRPC setting was Cabazitaxel, which improved OS in 

patients whose disease had progressed during or after docetaxel-based therapy [57]. 
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Other strategies beyond cytotoxic and androgen-signalling directed interventions have also 

been successfully tested. The alpha-emitting radiopharmaceutical compound, Radium-223 

dichloride, which has an affinity for areas with high bone-turnover rates [58], was approved 

for the treatment of mCRPC with bone metastases only. In a phase III randomised placebo-

controlled clinical trial, Radium-223 prolonged OS in patients with mCRPC, with a 30% 

reduction in the risk of death compared with the risk in the placebo group [59]. Sipuleucel-T 

is an immunotherapeutic procedure comprising the ex vivo activation of autologous 

mononuclear cells with prostatic antigens and leucocyte growth factors followed by their re-

introduction into a patient’s bloodstream [60]. In a phase III clinical trial, Sipuleucel-T 

increased the OS of patients with asymptomatic and minimally symptomatic mCRPC 

compared with the OS of patients in the control group [60]; however, this drug has not been 

deemed reimbursable in Europe.  

 

If the management of mCRPC has changed somewhat in recent years, the treatment for 

metastatic hormone-sensitive PC (mHSPC) has been drastically transformed. The role of ADT 

in combination with other treatments or with local therapies has been investigated in many 

phase III trials, leading to a paradigm shift in the approach to treatment. The benefit of 

adding docetaxel (75 mg/m2, for six courses) to ADT for the treatment of mHSPC was 

established during three phase III trials: GETUG-AFU 15 [61], CHAARTED [62] and STAMPEDE 

[63]. While the first of these trials demonstrated a benefit for the combination of docetaxel 

plus ADT in terms of PSA progression-free survival (22.9 vs. 12.9 months) and radiographic 

progression-free survival (23.5 vs. 15.4 months), the other two trials reported a statistically 

significant longer OS for patients treated within the combination arm (57.6 vs. 44 months 

for the CHAARTED trial and 81 vs. 71 months for the STAMPEDE trial); this advantage was 
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shown to be greater in patients with higher burdens of disease [61, 63]. The addition of 

abiraterone to ADT was demonstrated to improve OS in two phase III trials, LATITUDE and 

STAMPEDE [64, 65]. In both studies, abiraterone was given at a dose of 1000 mg plus 5 mg 

prednisone daily, until disease progression or unacceptable toxicity occurred. In a similar 

way, the benefit of adding enzalutamide (160 mg daily) to ADT has been established by two 

phase III studies, ARCHES and ENZAMET [66, 67]. However, while the primary end-point for 

ARCHES was improved radiographic progression-free survival (rPFS), the primary end-point 

for ENZAMET was OS. The advantage of using a combination treatment, in terms of OS, was 

also confirmed for Apalutamide in the phase III TITAN trial [68]. 

 

 

1.4 Molecular Landscape of Prostate Cancer 

Primary and advanced PCs are characterised by multiple recurrent genomic aberrations, of 

which some are clonal and mutually exclusive events [69], with the most common 

(identified in up to 60% of tumours) being fusions involving oncogenes of the E26 

transformation-specific (ETS) family [69-71]. Among these oncogenes, ERG alone accounts 

for 30% to 40% of cases, but other ETS family members include ETV1, ETV4 and FLI1 [69, 70, 

72]. These gene fusions induce overexpression of ETS as a result of placing transcriptional 

regulation under the influence of androgen responsive or prostate-specific elements [70, 

73]. Notably, mouse models have shown that ETS fusions alone are insufficient to generate 

carcinomatous cells [74, 75]. 
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The mechanism that generates genomic rearrangements in PC is known as chromoplexy 

[76]. In chromoplexy, multiple DNA strands, commonly from distinct chromosomes 

recruited to transcriptional hubs, are severed and then inappropriately resolved, resulting in 

structural rearrangements with frequent loss of genetic material [77]. Other mechanisms 

implicated in chromosomal instability, such as breakage-fusion-bridge (BFB) cycles with 

asymmetrical chromosomal segregation, have been proposed as mechanisms that could 

explain the aneuploidy observed in many PCs [78].  

 

In addition to ERG rearrangements, multiple studies have identified recurrent somatic 

mutations and copy number alterations in both primary and advanced PC. These include 

point mutations in SPOP, FOXA1 and TP53 and copy number alterations involving MYC, RB1, 

PTEN and CHD1. Tumor protein p53 (TP53) plays a role in cell cycle, apoptosis, and genomic 

stability, through various mechanisms. It can activate DNA repair proteins when DNA has 

sustained damage, and it can arrest growth by pausing the cell cycle at the G1/S regulation 

point upon recognition of DNA damage. If the damage to DNA proves to be irreparable, 

TP53 can initiate the process of programmed cell death, or apoptosis [79]. Along with the 

alterations in PTEN, changes affecting TP53 are the most common aberrations in PC [80]. 

The speckle-type POZ protein (SPOP) gene encodes a component of the E3-ubiquitin ligase 

complex which, functionally, acts as a tumour suppressor by targeting pro-oncogenic factors 

for degradation [81, 82]. Forkhead box A1 (FOXA1) is a winged-helix pioneering transcription 

factor of the forkhead superfamily that binds to compact chromatin and relaxes it, 

facilitating the binding of hormonal transcription factors, including the androgen receptor 

[83]. Both oncogenic and tumour suppressive functions have been reported for this gene. 

Chromodomain helicase DNA-binding protein 1 (CHD1) is an ATPase-dependent helicase 
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that mediates a variety of biological processes, including the maintenance of open 

chromatin, DNA damage repair, and transcription [84]. The retinoblastoma protein (RB1) is a 

tumour suppressor protein and is one of the main regulators of the cell cycle, preventing it 

progressing from the G1 (first gap) to the S (synthesis) phase [85].  

 

Alterations in ERG and PTEN usually co-occur, in line with their synergistic role in promoting 

oncogenesis, while CHD1 alterations tend to co-occur with SPOP mutations [85]. On the 

other hand, TP53 and RB1 mutations occur at high frequency in neuroendocrine PCs [86, 

87], conferring an aggressive behaviour [88, 89]. However, RB1 alterations have a tendency 

toward mutual exclusivity with alterations in AR. Notably, although primary and advanced 

PCs show similarities in terms of the disrupted pathways involved in their biology and 

evolution, advanced PCs show significantly higher mutational and copy number aberrations 

due to their higher genomic instability [90-92]. It remains unclear whether these differences 

are the result of different evolutionary processes in response to therapy exposure, or 

whether they reflect different disease sub-types with differing outcomes. 

 

Overall, at least seven major pathways are disrupted in mCRPC: i) androgen signalling and 

splicing variants, ii) PI3K-Akt, iii) cell cycle, iv) chromatin remodelling, v) DNA repair, vi) Wnt-

signalling, and vii) RAS-RAF-MEK-ERK (Figure 2) [92]. Throughout this project, I have 

investigated new biomarkers associated with some of these pathways, with the aim of 

identifying specific subtypes of mCRPC and improving patient care through a more precise 

and personalised approach.  

https://en.wikipedia.org/wiki/First_gap_phase
https://en.wikipedia.org/wiki/Synthesis_phase


28 

 

 

Figure 2 Integrative landscape analysis of somatic and germline aberrations in metastatic CRPC obtained through DNA 
and RNA sequencing of clinically obtained biopsies, taken from [90].  

1.4.1 Biomarkers in Prostate Cancer 

A biomarker is ‘a characteristic that is objectively measured and evaluated as an indicator of 

normal biologic processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention’ [93]. The successful use of biomarkers requires thorough analytical 

validation and determination of assay reproducibility and variability. Biomarkers can be of 

vital importance to early clinical trials, ensuring that the key scientific/clinical questions are 

addressed and answered with confidence [94]. Biomarkers may be categorised as either 

pre-treatment or post-treatment measures. Pre-treatment biomarkers can be prognostic or 

aid in the selection of study participants; post-treatment biomarkers function as 
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pharmacodynamic or intermediate (‘surrogate’) end-points and can act as substitutes for a 

clinical end-point. 

 

Prognostic biomarkers 

A prognostic biomarker is a clinical or biological characteristic that provides information on 

likely patient health outcomes (e.g. disease recurrence, overall survival), irrespective of their 

treatment. 

 

Pharmacodynamic (PD) biomarkers 

PD biomarkers are useful for proof of mechanism studies, to confirm target and pathway 

modulation (i.e. confirmation of target blockade) and, in phase I trials, to help identify the 

biologically active dose range [95]. They are usually conducted in easily acquired tissue, such 

as hair follicles, whole blood or plasma, or less accessible tumour biopsies. However, PD 

biomarkers can be affected by inter-patient variation, which can influence both treatment-

related responses and toxicities [95, 96]. PD biomarkers might involve 

immunohistochemistry (IHC) or immunofluorescence, or they may involve more 

quantitative assays, such as enzyme-linked immunosorbent assays (ELISA). 

 

Predictive/intermediate end-point biomarkers 

Predictive biomarkers indicate the likely benefit to a patient from a treatment (or their lack 

of response), compared with their condition at baseline [97]; they can also be useful in 

proof of concept studies, to interrogate the hypothesis in question. Predictive biomarkers 

can be used for selecting patients for treatment with biologically active drug doses, and may 
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involve DNA sequencing, fluorescent in situ hybridization, gene expression or genomic 

analysis, or IHC [98]. 

 

Intermediate end-point biomarkers are usually used to identify the anti-tumour activity 

imparted by drug effects and to acquire proof of concept. They can include radiological 

measurement of tumours (by computerised tomography scans), measures of tumour cell 

proliferation (e.g. Ki67 immunostaining), apoptosis (e.g. cleaved caspase 3 immunostaining), 

evaluation of antiangiogenic effects (e.g. by dynamic contrast enhanced magnetic resonance 

imaging), evaluation of circulating blood biomarkers such as tumour markers (PSA), or 

circulating tumour cell (CTC) counts. 

 

Below, I will describe some of the prognostic and predictive biomarkers associated with the 

pathways that are most commonly disrupted in prostate cancer. 

 

1.4.1.1 Androgen Signalling  

 

The AR is a nuclear steroid hormone receptor that contains a central DNA-binding domain 

(DBD), a ligand-binding domain (LBD), a hinge region and a large N‑terminal domain (NTD) 

[99]. A genomic aberration involving a component of the androgen signalling pathway is 

present in >70% of mCRPCs and, in >60% of these tumours, AR is directly affected [90]. Focal 

amplification of Xq11-Xq12 (the locus of AR), which induces overexpression of the receptor, 

is the most common genomic aberration of the androgen signalling axis and is present in 

30% to 50% of CRPCs [90, 100]. Point mutations of AR involve changes to the LBD which 

alters the receptor specificity and allows promiscuous activation by anti-androgens (which 
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activate, for example, AR-T878A and AR-W741C mutants), glucocorticoids (which activate 

AR-L702H), and adrenal androgens and progesterones (which activate AR-V715M) [55]. 

Clinical data indicate that these aberrations confer resistance to abiraterone [101, 102], and 

can therefore be used to predict a patient’s lack of response to AR-targeting agents.  

 

Persistent AR signalling can also be maintained by alternative splicing of AR mRNA [103]. 

The abnormal variants allow a constitutively active status of ARs without requiring a cognate 

ligand [104]. The detection of splice variants of AR, particularly AR-V7, has been shown to 

confer resistance to abiraterone and enzalutamide in PC models [105, 106], and this also 

correlates with a lack of response to these anticancer treatments in patients [107]. By using 

an AR-V7 targeting antibody in an immunofluorescence study of CTCs, Scher and colleagues 

showed that patients with AR-V7 positive CTCs exhibited better OS when treated with 

taxanes compared with OS in patients following treatment with AR signalling agents [108], 

providing evidence that splice variants could be a useful predictive biomarker and assist 

physicians to tailor treatment to patients.  

 

PSA is a pivotal downstream target gene of the AR. As a blood-based cancer biomarker, PSA 

offers the unique opportunity to be used during all of the main phases of prostate cancer 

detection and patient management (i.e. in screening, risk stratification for recurrence, 

surveillance following diagnosis, and monitoring therapy). Its role during the early stages of 

the disease was described in the previous section. In advanced disease, its role is more 

controversial. One of the problems when using PSA to monitor responses to ADT, for 

example, is related to the fact that PSA production is controlled by androgens; this therapy 

can therefore lower PSA levels without necessarily impacting tumour bulk. Although PSA is 



32 

 

used in assessing responses to standard treatments for mCRPC, changes in the levels of this 

biomarker have been associated with patients survival [108, 109]. 

 

In Chapter 3, I describe the association between clinical outcomes and early PSA changes in 

mCRPC patients treated with abiraterone and enzalutamide, as well as the prognostic role of 

AR-V7 status detected in tissues and circulating tumour cells. 

 

1.4.1.2 PI3K-AKT Pathway 

 

Genomic aberrations in the PI3K-AKT axis are common in primary PC and are enriched in 

mCRPCs [90, 92]. Hyperactivity of this pathway promotes cell growth, cell cycle progression, 

and cell proliferation [110]. This frequently occurs a result of PTEN inactivation, which acts 

as a negative regulator of the pathway, but may also occur due to genomic aberrations in 

PIK3CA, PIK3CB, PIK3R1, PIK3R3 and AKT1 [90, 111]. Notably, a negative feedback loop 

between AR signalling and the PI3K-AKT pathway has been demonstrated in vitro [112, 113], 

such that the inhibition of either one results in the activation of the other. This 

phenomenon suggests that the inhibition of both pathways might represent a strategic 

treatment option to improve outcomes in mCRPC. 

 

Genomic inactivation of PTEN, mainly through the loss of its locus on 10q23.31, is by far the 

most common molecular aberration involving the PI3K-AKT axis, and occurs in 

approximately 40% of CRPCs [90, 92, 114-116]. However, mutations and complex genomic 

rearrangements, including inversions, can also occur [76, 117, 118]. IHC assays have 

consistently shown that the loss of PTEN expression is associated with poor prognostic 
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factors, such as an overall higher GS [119], as well as the upgrading, in prostatectomy 

specimens, of low-grade tumours based on the GS of needle biopsies [120]. Overall, these 

data indicate that the loss of PTEN expression delineates an aggressive subset of tumours.  

 

In Chapter 4, I show that PTEN loss as indicated by IHC is associated with shorter overall 

survival and shorter response times to abiraterone, whereas no difference in terms of 

response to docetaxel chemotherapy is seen between PTEN-loss and PTEN normal groups.  

 

Finally, the availability of compounds which are able to inhibit PI3K kinases and other 

downstream targets, such as AKTs, raise the possibility that aberrations in the PI3K-AKT 

pathway might be a useful predictive biomarker to these drugs.  

 

 

1.4.1.3 DNA-Repair Defects 

 

Pathogenic germline variants in DNA repair genes are found in approximately 12% of men 

who progress to advanced PC [121], with somatic aberrations found in nearly a quarter of 

CRPCs [90, 114]. Genes involved in homologous recombination (HR), including BRCA2, 

BRCA1, PALB2 and ATM, are the ones most commonly affected in CRPC [90, 114], which has 

important clinical implications. Patients with deleterious germline BRCA2 mutations have an 

overall increased risk of PC [122, 123]; however, the prognostic value of these aberrations 

and their usefulness in predicting responses to standard treatments for mCRPC remain 

controversial [124, 125]. Targeting cancers with HR defects through a synthetic lethal model 

has proven successful in carcinomas of the breasts and ovaries [126, 127], and more 
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recently the anti-tumour activity of olaparib, a poly-(adenosine diphosphate [ADP]-ribose) 

polymerase (PARP) inhibitor has also been demonstrated in mCRPC patients with both 

somatic and germline aberrations in HR genes [128]. This study led to the US Food and Drug 

Administration (FDA) granting a ‘Breakthrough Designation’ in January 2016 to support the 

accelerated approval of olaparib as a monotherapy for mCRPC patients with mutated 

BRCA1, BRCA2 or ATM genes.  

 

Other forms of DNA repair, including mismatch repair (MMR), have also been implicated in 

mCRPC, with individuals with Lynch syndrome who are carriers of deleterious aberrations of 

MMR genes also associated with increased prostate cancer risk [129, 130]. The prevalence 

of MMR aberrations ranges between 3% and 12%, depending on the assay and population 

selected [90, 129, 131]. MMR deficiency (dMMR) is associated with microsatellite instability 

(MSI) and a high mutational load. Since a high mutational load is correlated with increased 

numbers of tumour-specific neoantigens, this could represent a new biomarker of responses 

to novel immunotherapy strategies that activate cytotoxic T cell (CTL) responses [132, 133].  

 

In chapter 5, I present data derived from a phase II trial that investigated the efficacy of 

olaparib in a population of mCRPC patients who were selected based on HR defects, and I 

demonstrate how circulating free DNA (cfDNA) analyses can provide predictive, 

prognostic, response, and resistance data in patients treated with olaparib. Furthermore, 

by using conventional assays already approved for the detection of dMMR colorectal 

carcinomas, i.e. IHC of MMR proteins and the Promega v1.2 PCR-based MSI assay, I studied 

the prevalence of these aberrations in a cohort of >100 mCRPC samples. Using targeted 

sequencing data, I determined the mutational load and MSI based on the satellites present 
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in the panel and show that, although some dMMR mCRPCs show higher mutational rates 

and MSI, some clearly lack these features. Finally, using multispectral imaging, computer 

image analyses, and PD-L1 IHC staining, I show that, although PD-L1 positivity is more 

common in dMMR tumours, some MMR-proficient mCRPCs can be highly inflamed and also 

express this immune-checkpoint marker.  
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2 Hypothesis and Overall Objectives 

2.1 Core Hypothesis  

Molecular characterization of prostate cancers leads to improved prognostication and 

patient stratification.  

2.2 Driving Hypothesis for Each Chapter 

 Chapter 3: Relevance of androgen receptor (AR) signalling in metastatic castration-

resistant prostate cancer (mCRPC). 

I hypothesised that i) Prostate-specific antigen (PSA) remains a useful biomarker in the 

castration-resistant setting in patients receiving hormonal treatment (such as abiraterone 

and enzalutamide), since it is a pivotal downstream target gene of the AR. Therefore, ii) 

Interrogating serum PSA level at as early as 4 weeks from treatment initiation correlates 

with responses to second generation hormonal agents (SGHA) and overall survival.  iii) AR 

splicing variant 7 (AR-V7) expression, which is negligible in hormone-naïve PC, increases 

as patients progress into mCRPC, correlates with prognosis and can explain resistance to 

SGHA.  

 

 Chapter 4: PTEN loss and activation of its pathway: A prognostic and predictive 

biomarker. 

 I hypothesised that i) Carcinomas of the prostate which exhibit loss of PTEN expression 

are clinically aggressive and will often relapse with PTEN-negative disease, ii) patients 

with PTEN loss do not benefit from treatment with SGHA but respond as well as PTEN-
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proficient patients to docetaxel, and iii) patients with impaired PTEN/PI3K/AKT pathway 

can benefit from combined AR and AKT blockade. 

 

 

 

 Chapter 5: DNA-repair defects as new targets for treatment of mCRPC. 

 I hypothesised that i) Patients with defects in the DNA repair system known as 

homologous recombination (HR) will benefit from treatment with PARP inhibitors and ii) 

circulating free DNA (cfDNA) analyses can provide predictive, prognostic, response, and 

resistance data in patients treated with the PARPi olaparib. iii) Cancers with defective 

mismatch repair machinery (dMMR) will characteristically exhibit a high mutational load 

and microsatellite instability in lethal prostate cancer, with increased lymphocytic 

infiltration and PD-L1 expression compared with those of non-dMMR tumours, iv) dMMR 

tumours have a distinct clinical behaviour compared with that of non-dMMR tumours, 

and therefore v) patients affected by dMMR PC constitute the ideal subset to treat with 

immunotherapies.  
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2.3 Overall Objectives 

I) To determine the prognostic and predictive power of the biomarkers studied in this 

project. 

 

II) To identify new treatment targets in metastatic castration-resistant prostate 

cancer (mCRPC). 

 

III) To explore the clinical relevance of DNA-repair defects in mCRPC.  
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3 Relevance of Androgen Receptor (AR) Signalling 

in Metastatic Castration-Resistant Prostate 

Cancer (mCRPC): Prognostic/Predictive 

Biomarkers of Responses to Hormonal Agents 

3.1 Background 

Androgen signalling is crucial for the development, differentiation and stability of the 

prostatic epithelium, but plays also a determinant role in the pathogenesis of PC. Therefore, 

androgen deprivation treatment (ADT) has long been the mainstay of therapy for advanced 

PC. For decades it was thought that tumours progressing in patients on ADT were hormone 

refractory and therefore independent of androgen signalling. This paradigm shifted during 

the early 2000s with the development of second generation hormonal treatments, such as 

abiraterone acetate (AA), leading to a change in nomenclature (i.e. introduction of the term 

castration-resistant) and, more importantly, in the pharmacological strategies employed to 

treat this disease.  

 

Androgen signalling is mediated by the androgen receptor (AR), a 110-kDa hormonal nuclear 

receptor and encoded by an 8-exon gene that maps to Xq11-Xq12 (Figure 1). Exon 1 

encodes the amino-terminal (NTD) domain of the receptor and contains transactivation 

units 1 and 5 (TAU1 and TAU5), which are essential for AR transcriptional activation [134]. 

The NTD domain is variable in length due to CAGn and CGNn repeat units which, in extreme 

cases, are associated with Kennedy’s disease [135]. Exons 2 and 3 encode the zinc fingers 
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that constitute the highly conserved DNA-binding domain (DBD). Exons 4–8 encode a 

flexible hinge region, the ligand-binding domain (LBD) and the transcriptional activation 

function 2 (AF2) co-regulator binding interface. 

 

One of the pivotal downstream target genes of AR, prostate-specific antigen (PSA), is a 

member of the human kallikrein (KLK) family of serine proteases [136], which are 

synthesised as preproenzymes [137] then proteolytically processed by removal of the signal 

peptide prior to secretion as inactive proenzymes. PSA levels often increase in the serum of 

PC patients, and PSA has been used, although not without controversy, as an easily 

accessible and clinically relevant biomarker for early diagnosis as well as signalling the 

emergence of recurrent, castration-resistant disease [138, 139]. PC working group 3 

(PCWG3) criteria recommend reporting PSA response as a continuous variable in the form of 

waterfall plots, although declines in PSA levels of both 30% and 50% are also commonly 

reported, usually at the nadir and at 12 wk from the start of anticancer treatment, and both 

are associated with improved survival [140]. A 30% decline in PSA has been consistently 

shown to have a stronger association with survival than a 50% decline [141-143]. Similarly, 

PSA progression according to PCWG3 criteria is associated with shorter survival times [66, 

144]. Despite these findings, no studies have validated PSA decline as a surrogate of overall 

survival (OS), although a recently published pooled analysis of the COU-301 and COU-302 

trials indicated that PSA kinetics, including PSA doubling time, satisfied the Prentice criteria 

for OS surrogacy [145]. Defining the best time to assess response is also challenging. 

According to the PCWG3 criteria, PSA progression should not be determined during the first 

12 weeks because of late responses and flare reactions [140, 146, 147]. Therefore, there are 
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insufficient data regarding the clinical relevance of early changes in PSA levels in patients 

with mCRPC treated with abiraterone acetate (AA) [148]. 

In this chapter, I report on an international study involving thirteen cancer centres that 

evaluated the association between early PSA changes (after 4 weeks of treatment) and 

outcomes from mCRPC after treatment with AA and enzalutamide. We envisioned that early 

changes in PSA levels could help facilitate earlier decisions to switch treatment. 

Different genomic aberrations involving the AR gene have been described as a possible 

mechanism of resistance to AR targeting agents in the CRPC setting, particularly copy 

number gains but also point mutations clustering at the ligand-binding domain. Often 

induced by the selective pressure exerted by ADT, these alterations can help cancer cells to 

proliferate in an androgen-starved environment [90]. There is a large subset of CRPCs, 

however, for which a genomic mechanism of androgen signalling reactivation cannot be 

identified. Recently, alternative splicing of AR has emerged as a putative mechanism of AR 

signalling reactivation in CRPC. 
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Figure 1 Schematic representation of the androgen receptor (AR) structure. AR-FL (full length) consists of an amino-
terminal domain (NTD) of variable length encoded by exon 1, a DNA-binding domain (DBD) encoded by exons 2 and 3, 
and a hinge region (HR), a ligand-binding domain (LBD) and a co-regulator-binding interface domain (AF2). Almost 20 AR 
splice variants have been reported, of which AR-V7 is among the most abundantly expressed.  

 

 

The use of splicing enables eukaryotic cells to remove non-coding (intronic) segments from 

newly synthesised RNA strands [149]. More than 90% of human pre-mRNA species are 

thought to be amenable to alternative splicing [150], increasing the repertoire of mature 

mRNA transcripts that participate in the development of complex tissues and giving cells the 

flexibility to cope with stress and injury [151, 152]. However, alternative splicing may also 

play a key role in the pathophysiology of human malignancies [153]. In this context, AR 

splice variants, and particularly AR-V7, have been considered as potential negative 

predictive biomarkers for anti-androgenic therapy [107].  

 

To date, almost 20 different AR splice variants have been reported [154, 155]; most of them 

lack the ligand-binding domain, and some have been shown to be able to drive androgen 

signalling in the absence of AR ligands [156]. The splice variant AR-V7 is the most common 

of the AR splice variants [157]. It is characterised by the insertion of a cryptic exon, 3Eb, and 

it is formed by the transcription and splicing of a segment of intron 3 into the mature mRNA 

transcript (Figure 1). The unique sequence of this cryptic exon could, hypothetically, 

generate a highly specific peptide which could be targeted and quantified by 

immunophenotyping assays. 
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In this chapter, I present data suggesting that expression of AR-V7 in tumour and CTCs are 

prognostic of poor survival and can therefore be used as a putative predictive biomarker of 

no response to enzalutamide or AA.  

 

3.2 Specific Aims 

 To study the correlation between early changes in serum levels of PSA, 

responses to second generation hormonal agents (SGHA), and overall 

survival. 

 To determine the prognostic and predictive power of AR splice variant 7 (AR-

V7) expression in tumour and CTCs. 

 

3.3 Results 

3.3.1 Early Post-treatment Changes in PSA Following Abiraterone 

and Enzalutamide Treatment for Advanced Prostate Cancer: 

An International Collaborative Analysis 

 

I identified 1358 patients treated with either AA or enzalutamide as a first-line hormonal 

agent for mCRPC in the pre- or post-chemotherapy setting in a cooperative effort involving 

thirteen cancer centres worldwide. A total of 1133 patients had a PSA result available after 4 

wk, with survival data, while 948 patients had PSA results available at both 4- and 12-wk 

time-points; of these, 938 patients had survival data. Overall, 583 of 1133 (52%) patients 
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had a 30% PSA decline at 4 wk. Of the 948 patients with PSA results available at both 4 and 

12 wk, 432 of 494 (87%) patients achieved a PSA decline at 4 and 12 wk. PSA at 4 and 12 wk 

were strongly correlated (r = 0.91; 95% confidence interval [CI]: 0.90–0.92; p < 0.001). 

Conversely, 11 of 152 (7%) patients progressing by PSA at 4 wk, which represented 1.1% of 

the overall population, met the criteria for a 30% PSA decline at 12 wk (Table 1). 

 

Table 1 Relationship between week-4 and week-12 PSA changes in patients on first-line regimen of abiraterone acetate 
or enzalutamide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Landmark (week 4) multivariable Cox model for association with overall survival. 
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A 30% PSA decline at 4 wk was associated with longer OS (median: 23 mo; 95% CI: 21–25) 

compared with OS in patients with no change (median: 17 mo; 95% CI: 15–18) or 

progression (median: 13 mo; 95% CI: 10–15; Figure 2). The results from multivariable Cox 

models, adjusted for known prognostic factors for mCRPC, such as alkaline phosphatase 

(ALP), LDH, and neutrophils to lymphocytes ratio (NLR) are shown in Table 2.  

 

Patients with a 30% PSA decline at 4 wk had a reduced incidence of mortality compared 

with mortality in patients with no change in PSA (adjusted hazard ratio [aHR]: 0.67; 95% CI: 

0.51–0.88, p < 0.001); there was no statistically significant evidence of a difference in terms 

of reduced mortality for patients with a 25% increase in PSA compared with that in patients 

with no change (aHR: 1.38; 95% CI: 0.99–1.94). The results at the 12-wk time point were 

similar, with a 30% decline in PSA associated with longer OS (median: 22 mo; 95% CI: 19–24; 

HR: 0.71, 95% CI: 0.50–1.02, p < 0.001) compared with OS in patients with no change in PSA 

(median: 16 mo; 95% CI: 12–18) or progression (median: 11 mo; 95% CI: 8–13; Figure2). 

 

When the AA and enzalutamide groups were considered separately, there was no evidence 

that the association between OS and declines in PSA differed by first-line treatment. There 

was no formal evidence of a difference in survival for patients with no change at 12 wk 

compared with survival in those with a 30% decline (HR: 0.71; 95% CI: 0.50–1.02) or a 25% 

increase (HR: 1.44; 95% CI: 0.97–2.14). 

 

 



46 

 

 

Figure2 Kaplan–Meier curves of overall survival by change in PSA at 4 wk. CI = confidence interval; HR = hazard ratio; 
PSA = prostate-specific antigen. 
  

3.3.2 Nuclear AR-V7 and AR-NTD Expression Increases as Prostate 

Cancer Becomes Castration Resistant and Increases Further 

with Abiraterone Acetate and/or Enzalutamide Resistance 

To investigate changes in the nuclear expression of AR-V7 and AR-NTD, we studied matched 

hormone-sensitive prostate cancer (HSPC) and CRPC tissue from 33 patients. Four extra 

unpaired CRPC samples were also available. To compare the H-scores of each disease state 

in our patient cohort, samples were divided into HSPC, pre-abiraterone acetate 

(AA)/enzalutamide (EZ) CRPC, and post-AA/EZ CRPC; H-score data for AR-V7 and AR-NTD 

expression were calculated from IHC.  

 

The levels of nuclear AR-V7 expression significantly increased (Mann–Whitney test; p < 

0.0001) as patients progressed from HSPC (median HS 50, IQR 17.5–90) to CRPC (HS 135, 

IQR 80–157.5) (Figure 8A). Although an increase in nuclear AR-V7 H-scores in CRPCs (26/35; 

74.28%) was the norm, a small subset of cases did show expression levels that were either 

similar to or higher in HSPCs (Figure 8A). A similar trend was observed with AR-NTD nuclear 
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expression, with HSPCs showing significantly lower H-scores (HS 80, IQR 60–110) (p < 

0.0001) than CRPCs (HS 180, IQR 95–215) (Figure 3). To determine the effect of AA or EZ 

treatment on nuclear AR-V7 and AR-NTD expression, patients with CRPC biopsies (n = 37; 33 

patients from the matched cohort and four patients with CRPC biopsies only) who received 

treatment with AA or EZ were divided into two groups: patients who had biopsies prior to 

AA or EZ treatment (n = 14) and patients who had biopsies following AA or EZ treatment (n = 

21). These were compared with the HSPC biopsies (33 patients from the matched cohort). 

 

Figure 3 (A) The majority of cases showed an increase in AR-V7 nuclear H-scores using the EP343 IHC assay. Some cases 
showed a decrease in V7 expression. (B) AR-NTD IHC also showed a significant increase in CRPCs compared with that in 
HSPCs. 

 

Mean nuclear AR-V7 expression showed a progressive increase from HSPC (HS 50, IQR 17.5–

90) to pre-AA/EZ mCRPC (HS 80, IQR 30-136.3), reaching the highest levels in post-AA/EZ 

mCRPC (HS 105; 105-167.5) (Figure 4). Importantly, although the differences in AR-V7 H-

scores were statistically significant when post-AA/EZ CRPC samples were compared with 

either HSPC or pre-AA/EZ CRPC samples (Mann–Whitney; p < 0.0001 and p = 0.007, 

respectively), differences between HSPC and pre-AA/EZ CRPC samples were not significant 

(Mann–Whitney; p = 0.139) (Figure 4). Overall, these data showed that nuclear AR-V7 

expression increases as prostate cancer becomes castration-resistant and increases 
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further with AA and/or EZ resistance. Nuclear AR-NTD H-scores were significantly higher in 

CRPCs compared with those in HSPCs, but lower when pre- and post-AA/EZ samples were 

compared. 

 

Figure 4 (A) Mean nuclear H-scores using EP343 IHC increased as tumours transitioned into the castration-resistant state, 
further increasing after resistance to AA/EZ developed. (B) AR-NTD nuclear H-scores increased from HSPC to CRPC, but 
was lower when pre- and post-AA/EZ cases were compared. 

 

3.3.3 Nuclear AR-V7 Expression Levels but not AR-NTD Levels are 

Associated with Worse CRPC Prognosis  

Thirty-seven patients had CRPC biopsies and were evaluable for OS from the time of CRPC 

biopsy. To determine the prognostic significance of AR-V7 IHC levels determined using the 

EP343 assay, OS from the time of CRPC biopsy was evaluated and the association of OS with 

nuclear AR-V7 and AR-NTD H-scores was investigated. The ratio of nuclear AR-V7/AR-NTD H-

scores in CRPC biopsies was also queried as a prognostic biomarker. Baseline characteristics 

for the 37 patients included in these analyses are shown in Table 3.  
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Table 3 Patient demographics and clinical data 

 

 

 

 

 

 

 

 

 

 

 

The median OS from the time of CRPC biopsy was 10.7 mo (95% CI 8.9–12.5). Overall, the 

nuclear EP343 AR-V7 H-score as a continuous variable had a small but statistically significant 

effect on OS (HR 1.012, 95% CI 1.004–1.020; p = 0.003). For the survival analysis, I compared 

the upper quartiles of the AR-V7 and AR-NTD nuclear H-scores with the remaining lower 

three quartiles, aiming to determine whether the extremes of high expression adversely 

impact prognosis. The mean OS from biopsy was 12.52 months (IQR 9.713–15.33). A 

statistically significant difference was observed (log-rank test; p = 0.0002) between the two 

groups, with the mean OS from biopsy of patients in the upper quartile of CRPC nuclear AR-

V7 H-scores being 6.37 months (95% CI 3.456–9.169), which was less than half that of the 

Parameter Results 

Median age, yr (IQR) 67.5 (64.2-75.3) 

ECOG PS, n (%)  

0 4 (10.8) 

1 32 (86.5) 

2 1 (2.7) 

Visceral metastasis at dx (n) 12 

Lung  4 

Liver 7 

Adrenal 1 

Treatment at/before dx (%)  

Docetaxel 28 (75.7) 

Cabazitaxel 9 (24.3) 

Abiraterone 20 (54.1) 

Enzalutamide 3 (8.1) 
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remaining population, i.e. 14.52 months (95% CI 11.19–17.84) (Figure 5 A). In contrast, 

differences in OS from biopsy between the upper quartile of nuclear AR-NTD H-scores and 

the remaining population were not statistically significant (p = 0.9783; HR 0.8363, 95% CI 

0.3933–1.778) (Figure 5 B).  

 

 

 

 

 

 

 

 

3.3.4 Nuclear AR-V7 Expression and Response to AA  

Twelve patients had CRPC biopsies prior to treatment with AA and evaluable PSA response 

data. The median time for a CRPC biopsy before AA treatment initiation was 2.0 mo (IQR 0–

9). There was a significant association between the magnitude of PSA decline at 12 wk and 

the AR-V7 HS (p = 0.043). Two (17%) patients experienced PSA responses (50% change from 

the baseline) after 12 wk of treatment (Figure 6). Patients who responded to AA had lower 

Figure5 (A) Kaplan–Meier (KM) curves of the AR-V7 IHC top quartile vs. the remaining population. EP343 IHC staining was 
prognostic. (B) KM curves of the AR-NTD IHC top quartile vs. the remaining population were not prognostic. 
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median nuclear AR-V7 (n = 2; HS 30, IQR 30–30) than patients who did not respond (n = 10; 

HS 80, IQR 45–128.8), although the difference was not significant (p = 0.197).  

 

Figure 6 Percentage PSA response at 12 weeks compared to baseline is shown for patients treated with abiraterone 
ranked in order of their nuclear AR-V7 H-score. Dotted line represents >50% decrease in PSA and patients meeting this 
are shown (*). p-value for the association between the magnitude of PSA decline at 12 weeks and nuclear AR-V7 
expression using univariate linear regression model is shown. 

 

3.3.5 CTC AR-V7 positivity is associated with more advanced 

disease 

Having analysed the prognostic role of ARV7 status by IHC in tissue, we then evaluated the 

relevance CTC AR-V7 status based on Adna-Test in mCRPC, compared CTC AR-V7 status with 

clinical characteristics and determined its impact on clinical outcomes.  

The AdnaTest was performed on 277 peripheral blood (PB) draws from 181 patients with 

mCRPC. Overall, 95/277 samples (34%) were CTC-, 86/277samples (31%) were CTC+/AR-V7-, 

and 96/277 samples(35%) were CTC+/AR-V7+ (Figure 7). There was evidence of differences 

in CellSearch CTC count (p<0.001), Eastern Cooperative Oncology Group Performance Status 

(ECOG PS; p= 0.03), the number of taxane therapies received (p<0.001), haemoglobin (p= 

0.009), alkaline phosphatase (p= 0.0006), lactate dehydrogenase (p= 0.001), and PSA (p= 
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0.0002) by CTC/AR-V7 status (Table 4). Taken together, these data suggest that CTC+/AR-

V7+ samples were taken from patients with a higher disease burden at the time of PB draw. 

 

Figure 7 (A) Continuous (mean SD) AR-V7 mRNA expression (copies/ml; red bars) from technical replicates is shown. (B) 
Binary CTC AR-V7 (red boxes positive; grey boxes negative) and AR-FL (blue boxes positive; grey boxes negative) results 
shown for each technical replicate (numbered 1–3). AR-V7 = androgen receptor splice variant-7; CTC = circulating tumour 
cell; mCRPC = metastatic castration-resistant prostate cancer; SD = standard deviation. 
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Table 4 Patient baseline characteristics at time of peripheral blood draw (whole PB cohort) 

 

ALP = alkaline phosphatase; ALT = alkaline transferase; AR = androgen receptor; AR-V7 = androgen receptor splice variant -
7; CTC = circulating tumour cell; ECOG PS = European Cooperative Oncology Group performance status; Hb = haemoglobin; 
IQR = interquartile range; LDH = lactate dehydrogenase; N = number; NR = no result; PB = peripheral blood; PSA = prostate-
specific antigen. 
a x2 test. 
b Kruskal-Wallis equality-of-populations rank test. 

 

3.3.6 CTC AR-V7 status identifies mCRPC patients with more 

advanced disease and therefore poorer prognosis 

Having demonstrated CTC AR-V7 positivity to be associated with more advanced disease, we 

next determined whether this impacted survival analyses in an unselected cohort of 162 

mCRPC patients (prognostication cohort). Overall, 56/162 (35%) samples were CTC-, 53/162 

(33%) CTC+/AR-V7-, and 53/162 (33%) CTC+/AR-V7+. 
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The median (95% CI) survival was 12.5 (9.8–14.6) months and the median (IQR) follow-up 

among patients who did not die was 19 (11–31) months. In univariable analysis, CTC AR-V7 

status (p < 0.001), Cell-Search CTC count ≥5 (p < 0.001), higher ECOG PS (p < 0.001), 

receiving more taxane therapies (p < 0.001), lower haemoglobin (p < 0.001), higher alkaline 

phosphatase (p < 0.001), lower albumin (p < 0.001), higher lactate dehydrogenase (p 

<0.001), and higher PSA (p < 0.001) were associated with worse overall survival (OS; Fig. 8 A 

and Table 5). In light of CTC+/AR-V7+ being associated with more advanced disease, we 

performed a multivariable analysis to adjust for imbalances in baseline characteristics. There 

remained a significant association with CTC AR-V7 status (p = 0.02), CellSearch CTC count ≥5 

(p < 0.001), ECOG PS (p = 0.01), and ALP (p = 0.05; Table 5). The bootstrapped (number of 

replications = 1000) C-index for the multivariable model was 0.789, and the C-index values 

were 0.777, 0.773, 0.771, and 0.781 for multivariable models with CTC AR-V7 status, 

CellSearch CTC count, ECOG PS, and ALP, respectively. The bootstrapped C-index for the 

multivariable model without CTC AR-V7 status and CellSearch CTC count was 0.752. 

However, differences in OS by CTC AR-V7 status appeared to be due to worse survival in 

CTC+/AR-V7+ patients compared with CTC- patients (hazard ratio [HR] 2.13; 95% CI 1.23–

3.71; p = 0.02). There was no evidence of significantly inferior OS in CTC+/AR-V7+ patients 

compared with CTC+/AR-V7- patients (HR 1.26; 95% CI 0.73–2.17; p = 0.4; Fig. 8 B). These 

data suggest that CTC AR-V7positivity identifies mCRPC patients with more advanced 

disease and subsequent worse prognosis. 
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Figure 8 (A) Kaplan-Meier curve shows overall survival (OS) from peripheral blood draw for mCRPC patients divided by 
CTC, CTC+/AR-V7, and CTC+/AR-V7+ status. The p value was calculated using the log-rank test. (B) Estimated survivor 
function for CTC, CTC+/AR-V7, and CTC+/AR-V7+ groups with other covariates at their mean from the multivariable Cox 
model. 

 

Table 5 Univariable and multivariable Cox models of overall survival from date of draw (prognostic cohort) 

 

3.4 Discussion  

 

Prostate cancer, unlike other solid tumours, such as breast, lung and colorectal cancer, has a 

clinically useful protein biomarker that can be used both for diagnostic purposes and follow-

up after treatment. Prostate-specific antigen (PSA) has shown reasonable sensitivity for the 
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detection of incipient cancer and can also be used to predict responses to treatment [158]. 

One of the drawbacks with PSA, however, is its low specificity, such that benign hyperplasic 

conditions can also be associated with an increase in PSA [159]. In the localised setting, a 

PSA increase of >0.5 ng/mL after prostatectomy or 2 ng/mL above the nadir after radical 

radiotherapy has been shown to be a sensitive biomarker for identifying men who are at a 

high risk of relapse or death [35, 160].  

 

Conversely, in the metastatic setting, consensus criteria based on PSA and radiological 

biomarkers are inconsistently used. A recent study into clinical management decisions made 

by physicians in relation to mCRPC showed that, despite being considered an important 

biomarker, 41.4% of the population interviewed stated that they disregarded changes in 

PSA before 12 weeks of treatment had elapsed, while the majority of physicians (90.5%) 

only switched treatment based on clinical progression [161]. A decline in PSA of 30% after 

12 weeks of the start of treatment has been associated with OS in mCRPC [142, 143]. In the 

work presented in this chapter, I collected survival data for 1133 patients with mCRPC who 

were treated with either AA or enzalutamide (second generation hormonal treatment, 

SGHT) in thirteen cancer centres worldwide. I have confirmed the clinical relevance and 

prognostic value of early declines in PSA in patients treated with SGHT before or after 

chemotherapy. In this study, I confirmed that, unlike chemotherapy, an early PSA flare 

(defined as an increase of >25% in the first 4 weeks followed by a decline of >30% from the 

baseline by week 12) is very uncommon following treatment with AA and enzalutamide, 

involving only 1% of the overall population treated with SGHT. 
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In this chapter, I also investigated the prognostic role of AR-V7 and explored its possible use 

as a predictive biomarker of a patient’s response to SGHT. Splice variants of the androgen 

receptor are under intense scrutiny since their initial identification in the early 2000s; they 

have been mainly reported as a feature of advanced disease, with increasing levels observed 

with the progression of disease [108]. In the work I have presented here, I confirmed that 

the expression of AR-V7 increases with the development of the castration-resistant status. I 

observed a significant increase in nuclear AR-V7 protein levels in the progression from HSPC 

to CRPC in this patient cohort. Interestingly, a small subset of patients showed the reverse 

trend, with a decrease in nuclear AR-V7. This may possibly be explained by the fact that, 

while some tumours express AR-V7 in response to androgen ablation, others may acquire 

resistance to AA or EZ through increased androgen biosynthesis, resulting in lower AR-V7 

expression [162]. An alternative explanation for this decrease could be that there is an 

increase in other AR variants that are constitutively active [163].  

Moreover, consistent with previous studies utilising CTC AR-V7 assays [108], we 

demonstrate that 33% of mCRPC patients are CTC+/AR-V7+ and that CTC AR-V7 positivity is 

associated with more advanced disease. 

 

In conclusion, these studies highlight that AR-V7+ status in tissue and CTC is a biomarker of 

poorer prognosis that increases with emerging drug resistance.  
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4 PTEN Loss and Activation of its Pathway: A 

Prognostic and Predictive Biomarker 

4.1 Background 

The phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) is 

one of the most commonly activated signalling pathways in cancer, leading to cell 

proliferation, survival and differentiation [164]. PI3Ks are members of a large family of lipid 

kinases that exert their function by phosphorylating plasma membrane phosphatidylinositol 

molecules. There are three different PI3K classes: I, II and III. In mammals, class I PI3Ks are 

present in all cell types. Class I PI3Ks are further divided into A and B subtypes; class IA is by 

far the best understood and most commonly implicated in cancer [165]. Class IA PI3Ks are 

dimers comprising a regulatory (p85α, p85β, p55α, p55γ, p50α) and a catalytic (p110α, 

p110β, p110δ) subunit. p110α and p110β PI3Ks are ubiquitously expressed in mammalian 

tissues/organs and play fundamental roles during cell growth and development. Therefore, 

their homozygous knockout is embryonic-lethal [166]. In contrast, p110γ and p110δ PI3Ks 

are highly enriched in white blood cells, so their knockdown impairs immune responses 

[167]. PI3K can mainly be activated by one of three different mechanisms: i) activated 

receptor tyrosine kinases, ii) G protein-coupled receptors and iii) interaction with activated 

RAS/RAF/ERK oncogenic signalling [164, 168].  

 

Activated PI3Ks generate phosphatidylinositol-3,4,5-bisphosphate (PIP3), a second 

messenger that provides a docking site for several enzymes containing a pleckstrin 

homology domain. The binding to PIP3 in the cell membrane and subsequent activation of 
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the phosphoinotide-dependent kinases PDK1 and PDK2 induces the phosphorylation and 

activation of the serine-threonine kinase, AKT. The activation of AKT kinases regulates a 

plethora of key cellular processes, including the construction of the actin cytoskeleton, 

angiogenesis, apoptosis, autophagy, blood cell development, cell cycle progression, cell 

survival, DNA repair, epigenetic regulation, gene expression regulation, genomic stability, 

GTP biosynthesis, ion transport, metabolism, metastasis, protein synthesis, and ribosomal 

RNA synthesis [168]. 

The phosphatase and tensin homologue (PTEN) gene on chromosome 10 (locus 10q23) is a 

key negative regulator of PI3K/AKT/mTOR activity, through its PIP3 lipid phosphatase 

activity, which dephosphorylates PIP3 into PIP2. Other tumour suppressive functions have 

been described: by interacting with cytosolic proteins, PTEN is able to inhibit cell migration 

and cell cycle progression [169, 170], while in the nucleus, PTEN contributes to chromosome 

integrity, DNA repair, and genomic stability [171, 172]. Multiple mechanisms can account for 

the loss of PTEN protein expression, including genomic deletion, mutations and promoter 

methylation [173]. Finally, the loss of PTEN may be responsible for immunosuppression, 

resulting in tumour tolerance [174, 175].  

 

PTEN has attracted a great deal of interest as a biomarker in PC. Immunohistochemistry 

(IHC) analysis for PTEN status is a reliable method that has been established for routinely 

processed formalin-fixed and paraffin-embedded (FFPE) clinical and pathological specimens 

[176]. Importantly, the assessment of PTEN protein expression by IHC offers the advantage 

of detecting the loss of PTEN by mechanisms other than genomic deletion [117, 177]. 
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In this chapter I will describe the prognostic value of PTEN loss in mCRPC patients and 

explore its predictive role for responses to abiraterone and docetaxel. Finally, I explore the 

impact of PTEN loss and PI3K/AKT activating mutations on responses to a combination of 

enzalutamide and the AKT inhibitor, capivasertib. 

 

4.2 Specific Aims 

 To test PTEN as a prognostic and predictive biomarker of response to abiraterone in 

lethal PC. 

 To test PTEN as a prognostic and predictive biomarker of response to docetaxel in 

lethal PC. 

 To test PTEN loss and mutations in PI3K/AKT as putative biomarkers of response to 

combination treatment using AKT inhibitors and enzalutamide.  

4.3 Results 

4.3.1 PTEN Protein Loss and Clinical Outcome from mCRPC 

Treated with Abiraterone Acetate 

 

Overall, 200 tissue samples from 144 patients, who received abiraterone acetate (AA) in a 

post-docetaxel setting, were stained with PTEN IHC for this study. Tissue characteristics are 

displayed in Table 1. 
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Table 1 Samples and PTEN IHC status breakdown 

 n = 200 

PTEN-positive PTEN-negative 

p-value* 
No (%) No (%) 

Primary tumours (HSPC) 140 86 (61%) 54 (38%) 

0.13 

Core biopsies 119 79 40 

TURP* 16 6 10 

Radical prostatectomy 5 1 4 

Distant metastases (CRPC) 60 30 (50%) 30 (50%) 

Liver biopsy 10 3 7 

Bone marrow trephine 34 17 17 

Soft tissue 16 10 6 

TURP = trans-urethral resection of the prostate; *Pearson chi-square test 

A single sample was available from 95 patients; 42 patients had two samples collected at 

different time points, and seven patients had three tissue samples available for analysis. 

Pearson chi-square testing showed no significant association between PTEN IHC loss and 

disease state, i.e. HSPC or CRPC (p = 0.1); intra-sample heterogeneity for PTEN IHC staining 

was observed in nine HSPC samples (6.4%; 6/140). Overall, PTEN IHC loss was observed in 

40% of patients (57/144). 

 

To investigate the concordance of PTEN status between HSPC and CRPC samples from the 

same patient, 42 patients with matched HSPC and CRPC sample pairs were evaluated. 

Overall, the concordance rate was 85.7% (36/42) (e.g. Fig 1A1 and 1A2), however, 13% 

(3/23) of the PTEN IHC positive HSPC samples relapsed at a later stage with a PTEN IHC 

negative CRPC tumour (e.g. Figure 1B1 and 1B2). Conversely, 10.5% (2/19) of patients 

showing PTEN IHC negative disease in their HSPC sample had a PTEN IHC positive CRPC. 

Intra-sample heterogeneity was observed in five HSPCs, of which three later developed 
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PTEN IHC negative disease, one became a PTEN IHC positive (Figure 1C1, 1C2) cancer, while 

one tumour retained PTEN IHC heterogeneity at the CRPC stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Baseline characteristics and known prognostic factors for mCRPC at the time of the start of 

AA are shown in Table 2.  

 

 

 

 

 

 

Figure 1 Matched cases. (A1, A2) PTEN IHC negative primary and PTEN IHC negative mCRPC. (B1, B2) PTEN IHC 
positive disease in primary and PTEN IHC negative mCRPC. (C1, C2) PTEN IHC heterogeneous primary and 
PTEN IHC positive mCRPC. 

 



63 

 

Table 2 Summary of clinical and pathological data. 

 

  Overall PTEN IHC Neg PTEN IHC Pos 

p-value 
  n = 144 n = 57 n = 87 

Age, years 

Median 68.4 66.1 69.4 

>0.9a 
Range 40.5-87.1 40.4-79.9 43.4-87.1 

Gleason score 

≤6 15 (10%) 7 (12%) 8 (10%) 

0.06b 

7 33 (23%) 19 (33%) 14 (16%) 

≥8 71 (49%) 23 (41%) 48 (55%) 

NA 25 (17%) 8 (14%) 17 (19%) 

Specimen 

Bone 128 (88%) 52 (91%) 76 (87%) 0.7c 

Nodal 75 (51%) 28 (48%) 47 (54%) 0.7c 

Visceral 25 (17%) 14 (24%) 11 (12%) 0.03c 

ECOG PS 

0 35 (24%) 13 (23%) 22 (25%) 

0.4b 
1 86 (60%) 35 (61%) 51 (59%) 

2 7 (5%) 4 (7%) 3 (3%) 

NA 16 (11%) 5 (9%) 11 (13% 

PSA µg/L 

Median 213 155 237 

0.5a 

Range 1.5-10325 2.1-10325 1.5-6385 

Haemoglobin, g/dL 

Median 11.6 11.8 11.5 

0.9a Range 8.6-15.0 8.6-15 8.7-14.8 

NA 17 4 13 

Alkaline phosphatase, IU/L 

Median 131 155 124 

0.2a Range 46-1110 47-1110 46-1028 

NA 13 4 9 

Lactate dehydrogenase, IU/L 

Median 188 216 181 

>0.9a Range 72-1546 72-1349 119-1546 

NA 22 7 15 

Albumin, g/L 

Median 35 35 36 

0.4a Range 20-47 24-44 20-47 

NA 14 10 4 

Previous systemic therapies 
Doce 144 (100) 57 (100) 87 (100) (-) 

Cabazi 11 (8) 4 (7) 7 (8) 0.8c 
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Other 19 (21) 8 (14) 11 (12) 0.8c 

Systemic treatments post-AA 

Cabazi 43 (30) 17 (30) 26 (30) >0.9c 

Other 42 (29) 24 (42) 31 (36) 0.3c 

a = Mann–Whitney; b = Chi-square test for trend; c = Pearson Chi-square test 

 

The most common sites of metastatic disease were bone (88.89%; 128/144), lymph nodes 

(52%; 75/144), and visceral (17.36%; 25/144). The majority of patients (84%; 121/144) had 

an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1. The median 

follow-up was 16 months (range: 1–90 months).  

 

 

 

 

 

Overall, the PTEN+ and PTEN- groups were balanced in terms of their clinical and 

pathological variables. However, the PTEN- group exhibited a higher incidence of visceral 

metastases (24% vs. 12%; p = 0.03) (Table 2). Crucially, PTEN IHC negative disease was 

associated with a shorter median overall survival (OS) from start of AA in univariate analyses 

(14 vs. 21 months; hazard ratio [HR]: 1.75; 95% CI, 1.19–2.55; p = 0.004; Figure 2).  

Figure 2 Kaplan–Meier curves from commencement of AA treatment. 
Patients with PTEN IHC negative tumours had worse outcomes. 
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In multivariate Cox regression analyses, PTEN- disease, high levels of lactate dehydrogenase, 

and the presence of visceral metastases were identified as independent prognostic factors 

(Table 3). Finally, the median duration of AA treatment for patients in the PTEN- group was 

statistically significantly shorter than that for the PTEN+ group (24 vs. 28 weeks; HR: 1.6; 

95% CI, 1.12–2.28; p = 0.009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 PTEN IHC Loss and Docetaxel Treatment 

 

Table 3 Multivariate Cox regression for overall survival. 

Parameter HR 
95% CI   

Lower Upper P-value 

PTEN status (negative vs positive) 1.563 1.02 2.396 0.04 

Low Albumin (yes v no) 0.956 0.433 2.114 0.912 

High ALP (yes v no) 1.386 0.833 2.306 0.209 

Low Haemoglobin (yes v no) 1.807 0.94 3.473 0.076 

High LDH (yes v no) 1.589 1.004 2.515 0.048 

Visceral metastases (yes v no) 1.972 1.095 3.552 0.024 

logPSA** 1.092 0.797 1.495 0.584 

Age* 1.021 0.983 1.061 0.286 

ECOG PS 2 (yes v no) 0.968 0.332 2.825 0.953 

Previous cabazitaxel (yes v no) 1.96 0.724 5.303 0.185 



66 

 

We identified 215 patients who received treatment with docetaxel and had tissue available 

for PTEN analysis. A single tissue sample was available for 160 patients, while 55 patients 

had matched samples collected at the time of diagnosis and in the castration-resistant 

phase. A total of 270 samples were scored for PTEN by IHC. Intra-patient concordance was 

present in 87% of the matched samples (48 of 55), with a change in PTEN status observed in 

just seven of 55 patients (13%). Overall, PTEN loss was demonstrated in 83 out of the 215 

patients (39%). Key baseline patient characteristics are listed in Table 4.  

 

Table 4 Patient characteristics at baseline when starting docetaxel treatment. 
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Patients received a median of eight cycles of docetaxel, with median treatment duration of 

5.1 mo. There were no significant differences in haemoglobin, albumin, lactate 

dehydrogenase, neutrophil/lymphocyte ratio, or performance status between PTEN-

negative and PTEN-positive patients before docetaxel initiation; only alkaline phosphatase 

levels were higher in PTEN-negative patients (p = 0.02). Overall, 33 patients (15.4%) had 

visceral metastases at docetaxel initiation, with no significant difference between the 

groups (14.5% vs. 15.9%; p = 0.77). 

 

 

 

 

 

 

 

 

 

 

The median OS from the start of docetaxel treatment for the entire cohort was 29.3 mo 

(95% CI, 26.6–35.1); 180 patients (83.7%) had died by the time of data cut-off. The median 

PFS was 8.9 mo (95% CI 8.1–10.3). Patients with PTEN loss had worse OS than patients with 

Table 5 PSA and RECIST responses to docetaxel. 
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normal PTEN expression (25.4 vs. 34.7 mo; univariate hazard ratio [HR] 1.66, 95% CI 1.23–

2.24; p = 0.001; Figure 3) in both univariable and multivariable (MVA) Cox regression 

analyses (Table 5). PTEN loss, higher lactate dehydrogenase levels and lower albumin 

remained strongly associated with worse OS in MVA (p < 0.05). 

 

There was no difference in PFS observed between patients whose tumours had PTEN loss 

and those with PTEN+ disease (median 8.0 vs. 9.1 mo; HR 1.20, 95% CI 0.86–1.68; p = 0.28; 

Figure 3), with a similar median number of docetaxel cycles (7.5 vs. 8.0; p = 0.29) and 

median time on docetaxel (5.0 mo [95% CI 4.2– 5.5] vs. 5.2 mo [95% CI 4.7–6.0]; p = 0.23).  

 

 

Figure 3 Kaplan-Meier curves for (left) median overall survival (OS) and (right) median progression-free survival (PFS) 
from the start of docetaxel chemotherapy for patients with PTEN loss and those with PTEN-positive tumours. CI = 
confidence interval; DTX = docetaxel. 
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Overall, 86 patients (40.1%) received further treatment with cabazitaxel; of these, 56 

(65.1%) had tumours with PTEN loss. Data on PSA response were available for 143 patients. 

The overall median PSA decline was 53.3% (95% CI 61.7% to 42.9%); 74 of the 143 patients 

(51.8%) experienced a PSA response. Patients receiving docetaxel as first-line therapy for 

mCRPC were more likely to experience a PSA response than those receiving second-line 

docetaxel (58.4% vs. 38.5%; p = 0.03). There was no difference in PSA response rate 

between patients with and without PTEN loss (53.5% vs. 50.6%; p = 0.795; Figure 4). 

Furthermore, 128 patients (59.5%) had scans available for assessment of radiological 

response.  

 

 

Figure 4  A waterfall plot of prostate-specific antigen (PSA) change for patients with PTEN loss and those who were 
PTEN-positive. The bar indicates a 30% decline in PSA from baseline. 

 

 

Of these 128, 55 patients (43.0%) had bone-only disease and 73 (57.0%) had measurable 

disease by RECIST. Among the latter 73 evaluable patients, 23 (31.5%) had a partial response 

during docetaxel treatment or at treatment completion. Response rates were not different 

between PTEN- and PTEN+ mCRPC (28.6% vs. 33.3%; p = 0.67; Table 6). 
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4.3.3 PTEN IHC as a Predictive Biomarker of Response to a 

Combination of Capivasertib and Enzalutamide  

 

Between December 2014 and May 2016, sixteen patients were recruited to a phase I trial 

for evaluating the safety of the combination of enzalutamide and the AKT inhibitor 

capivasertib in patients who failed docetaxel, abiraterone and/or enzalutamide. Overall, 15 

patients received study treatment; of these, two patients were not assessable for dose-

escalation decisions: one withdrew consent prior to completing the dose limiting toxicity 

(DLT) window without experiencing a DLT and the other had dose delays during the DLT 

window for non-drug related adverse events (AE). At the time of data cut-off (10 March 

2017), all patients had discontinued treatment, twelve due to progressive disease, one due 

to AE, and two who withdrew consent without experiencing disease progression. Their 

baseline characteristics are presented in Table 7.  

Table 6 PSA and RECIST responses to treatment. 
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Table 7  Baseline characteristics of patients recruited to the phase 1 safety evaluation of the combination of 

enzalutamide and the AKT inhibitor capivasertib. 

 

   

Total n = 16 
Age Median (IQR) 70.4 (68.0-72.6) 

 
Ethnicity 

 
Caucasian 

 
15 (93.8%) 

  
African-Caribbean 

 
1 (6.3%) 

 
Gleason score at diagnosis 

 
<8 

 
4 (25%) 

  
≥8 

 
9 (56.3%) 

  
NA 

 
3 (18.8%) 

 
Metastatic disease at diagnosis 

 
Yes 

 
8 (50%) 

  
No 

 
7 (43.8%) 

  
NA 

 
1 (6.3%) 

 
Prior systemic therapy 

 
Abiraterone 

 
14 (87.5%) 

  
Cabazitaxel 

 
8 (50%) 

  
Docetaxel 

 
16 (100%) 

  
Enzalutamide 

 
8 (50%) 

 
Prior local treatment 

 
Surgery* 

 
3 (18.8%) 

  
Radiotherapy 

 
6 (37.5%) 

  
Surgery* and radiotherapy 

 
2 (12.5%) 

 
*Surgery includes radical prostatectomy and transurethral resection of prostate (TURP) 

 

Ten patients completed 12 weeks of treatment in the study and were considered evaluable 

for responses; treatment of three patients was discontinued prior to week 12 due to 

progressive disease. Of the ten evaluable patients, all were evaluable by PSA, seven by 

RECIST v1.1, and seven by CTC enumeration. Three patients met at least one response 

criteria, with only one showing conflicting response criteria (conversion of CTC count to 

<5/7.5 mL whole blood, but increasing PSA; Table 8, Figure 5). One of these patients, who 

previously had progressive disease on both abiraterone and enzalutamide, met all three 

response criteria and remained on treatment for 25 weeks. Additionally, one patient who 
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withdrew consent prior to completing the first cycle of combination therapy had a 41.4% 

PSA reduction at 4 weeks. 

Table 8 Response assessment.  

 

 n %  R e s p o n s e  r a t e  ( 9 5 %  

CI) 
RECIST 

N=7 

Response 1 14.3 14.3% 

(0.4 – 57.9) No response 6 85.7 

PSA 

N=10 

Response 2 20.0 20.0% 

(2.5 – 55.6) No response 8 80.0 

CTC 

N=7 

Response 3* 42.9 42.9 

(9.9 – 81.6) No response 4 57.1 

Overall 

N=10 

Response 3 30.0 30.0% 

(6.7 – 65.2) No response 7 70.0 

*Includes two non-confirmed CTC count conversions. 

 

 

 

 

 

Figure 5 Percentage change in PSA at 12 weeks relative to baseline PSA. Each bar represents an individual patient. Green 
indicates the patient previously received treatment with both abiraterone and enzalutamide; blue indicates prior 
treatment with only abiraterone and not enzalutamide. Patients indicated with an ✖︎ discontinued treatment before 
four cycles but safety follow-up results are available. The patient indicated with an ✚) also met response criteria for 
RECIST and CTC conversion. 

 

PTEN loss was found in 6 of 16 patients, while targeted NGS identified pathogenic mutations 

in PI3K/AKT/mTOR pathway genes in 2 of 16 In the three responders, two had PTEN loss by 
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IHC, while the third had normal PTEN and harboured an activating AKT E17K mutation. 

Another patient who had a ≥30% PSA response at 4 weeks, but withdrew from the trial prior 

to completing the 35-day DLT window, was found to be PTEN-normal and to have a PIK3CA 

I391M single nucleotide aberration of uncertain significance. 

 

4.4 Discussion 

Loss of PTEN is a common molecular aberration in PC and is believed to be critically 

important in regulating AR signalling output [113, 178, 179]. While PI3K/AKT/mTOR 

activation can suppress AR transcriptional output and stability [180], PI3K/AKT/mTOR 

signalling is activated following androgen deprivation, especially in patients with PTEN loss 

[181]. In the first two sections of this chapter, I confirmed the prognostic role of PTEN loss in 

mCRPC. However, while I also showed that PTEN status by IHC may serve as a predictive 

biomarker for response to AA, I found no evidence that docetaxel antitumour activity is 

impaired in PTEN-loss mCRPC, with no difference in the number of cycles administered, the 

duration of docetaxel treatment, or the PSA or RECIST response between PTEN- and PTEN+ 

tumours. This might be different in earlier stages of the disease, where PTEN loss has been 

associated with shorter PFS among 57 patients treated on a trial of adjuvant docetaxel after 

radical prostatectomy [182]. 

 

In the third section of this chapter, I explored the antitumour activity of the combination of 

enzalutamide with the Akt inhibitor capivasertib in a heavily pretreated mCRPC population. 

Molecular analyses demonstrated that all patients meeting the response criteria had 
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pathogenic events within the PI3K/AKT/mTOR pathway, either PTEN loss by IHC or an 

activating somatic mutation in PI3K/AKT, suggesting them as putative biomarkers of 

response to this class of drugs. Another putative predictive biomarker of AKT inhibition may 

be extracellular signal-regulated kinase (ERK) [183, 184]. AKT negatively regulates ERK 

activation through the phosphorylation of N-terminus inhibitory sites of Raf [185-187]; 

therefore, inhibition of AKT releases cross-inhibition of Raf and increases phosphorylation of 

ERK. We found that among patients with evaluable pre- and post-treatment biopsies, IHC 

pERK scores substantially increased in responders. 

 

Interestingly, a recent randomised phase II trial of abiraterone with or without the AKT 

inhibitor ipatasertib provided additional support for co-targeting the AR and AKT [188].  

Radiographic progression-free survival (rPFS), the primary endpoint of the trial, was 

significantly longer in patients with PTEN-loss disease in both arms, i.e. 200 and 400 mg of 

ipatasertib plus AA. However, patients with PTEN-loss tumours in the AA-plus-placebo arm 

had significantly shorter rPFS when compared with that of the PTEN+ group. The high 

prevalence of PTEN loss by IHC in clinically aggressive prostate cancer, at 43% of the trial 

population, was not, however, enough to extract a statistically significant predictive signal in 

the overall intent-to-treat population. These results have encouraged the further evaluation 

of ipatasertib in a large, randomised phase III trial in molecularly unstratified patients, with 

PTEN and other PI3K/AKT biomarker studies prospectively planned. Co-primary endpoints 

for this trial in pre-chemotherapy patients naïve to both abiraterone and enzalutamide 

include rPFS in the overall intention-to-treat population and rPFS in the PTEN-loss 

population.  
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Taken together, these data suggest that PTEN loss is a biomarker of a lack of response to 

AA and that docetaxel might be a preferable option for this patient population. 

 

Finally, although PTEN is by far the most commonly deleterious aberration of the 

PI3k/AKT/mTOR pathway, aberrations involving PI3K components (including PIK3CA, 

PIK3CB, activating mutations and alterations impacting the regulatory function of PIK3R1), 

or AKT itself (AKT1 activating mutations) have also been reported in lethal prostate cancer 

and can be used to predict responses to new agents that inhibit AKT, such as ipatasertib and 

capivasertib. Therefore, in the near future, as the availability of massive parallel sequencing 

platforms increases and the cost per megabase of sequence decreases, DNA-based assays 

will be incorporated into patient management algorithms as orthogonal assays to IHC, in 

order to deliver a more tailored therapeutic strategy to the patient, increasing clinical 

benefits and reducing exposure to ineffective and toxic treatment. 
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5 DNA Repair Defects in Lethal Prostate Cancer 

5.1 Introduction 

Genomic instability is a common denominator of many different cancers. This instability is 

mainly due to the high rate of cell division that is responsible for the fast accumulation of 

genomic aberrations [189]. Therefore, defects in the DNA damage response (DDR) play a key 

role in the promotion of cancer growth through the insurgence of mutations and escape 

from apoptosis [190]. Most of the insults to cells that affect the DNA can cause single-strand 

breaks (SSBs), although double-strand breaks (DSBs) are more lethal to cells. Thus, most 

DDR-directed therapies target the repair mechanisms associated with DSBs, increasing 

replication stress; or inhibit cell cycle checkpoints that facilitate DNA repair. More 

specifically, defects in (or inhibition of) the high-fidelity DDR system, such as homologous 

recombination (HR), increase genomic instability, since cells will try to rely on compensatory 

mechanisms of repair that are often error-prone in order to survive [191, 192]. This 

describes the main mechanism of action of the class of drugs that target the poly(ADP-

ribose) polymerase (PARP) proteins that play crucial roles in various aspects of the DDR. 

They mainly detect SSBs, recruit DNA repair machinery and stabilize replication forks during 

repair processes [193]. The pharmacological activity of this class of drugs, however, goes 

beyond the simplistic inhibition of the catalytic activity of PARP; unrepaired SSBs and an 

accumulation of stalled replication forks trap PARP in a complex with the DNA strand, 

inducing DSBs and ultimately cell death [193]. The effectiveness of PARP inhibition was 

initially shown in ovarian cancers with germline BRCA1 or BRCA2 (BRCA1/2) mutations, and 

is based on the concept of synthetic lethality [194]. The combination of a functional genetic 
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defect in an HR-related gene with the pharmacological inhibition of a compensatory DDR 

pathway component leads to insuperable genomic instability and cell death [193, 194]. To 

date, five PARP inhibitors (PARPi) — olaparib, rucaparib, niraparib, talazoparib and veliparib 

— have been used, in several clinical trials. Although their ability to inhibit PARP is similar, 

they vary markedly in terms of their PARP-trapping abilities. 

 

Olaparib was the first PARPi to be tested in mCRPC, in the single-arm phase II TOPARP-A 

trial. The overall response rate was significantly higher in patients with DDR gene 

aberrations (including BRCA1/2, PALB2, CDK12 and ATM mutations) than in the unselected 

population (88% versus 33%) [128]. More recently, considerable interest has surrounded 

other mechanisms of repair as a therapeutic target in mCRPC, especially since studies have 

indicated that cancers associated with defective mismatch repair (dMMR) may benefit from 

immune checkpoint-inhibiting therapies [132].  

 

The MMR system is a post-replicative, high-fidelity, single-strand repair mechanism that 

recognises and reverses DNA base mismatches and insertion/deletion (indel) loops; 

compromised MMR results in microsatellite instability and a hypermutator phenotype that 

has been associated with chemotherapy resistance but immunotherapy sensitivity [195]. 

Immunotherapy sensitive cancers, such as melanomas, tend to harbour high mutational 

loads [196, 197], which have been positively correlated with neoantigen burden [198]. 

Conversely, mCRPCs have, on average, lower detectable mutation loads of approximately 

four mutations per megabase [90]. A variable prevalence (3%–12%) of dMMR machinery has 

been reported in different studies of PC; this variation could be related to the technical 

limitations of the assays available to detect these genomic aberrations [129, 199]. Only 
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preliminary clinical data are available for the efficacy of immunotherapies in treating 

mCRPC. Multiple approaches have been developed to define this subset of mCRPC, including 

mutational signatures associated with dMMR [197] and the evaluation of microsatellite 

instability (MSI) using next-generation sequencing (MSI-NGS) [200].  

 

In this chapter, I will describe the relevance of HR defects as predictors of response to 

PARPi, as emerged in a recent phase II trial. I will also provide an integrated characterization 

of the clinical, pathological, genomic and immunological features of a cohort of patients 

with dMMR mCRPC.  

 

 

 

5.2 Specific Aims 

 To evaluate the antitumour activity of olaparib in mCRPC patients. 

 To study HR defects as a predictive biomarker of response to PARP inhibition. 

 To study the predictive and prognostic role of circulating free DNA (cfDNA) analyses 

in mCRPC patients treated with olaparib.  

 To perform immunohistochemistry (IHC) for MMR proteins and commercially 

available PCR-based assays on consecutive cases of mCRPCs to determine the 

frequency of such alterations detected using these assays in lethal prostate cancer. 

 To determine microsatellite instability and mutational load using NGS targeted data 

and compare this with results obtained from IHC and PCR-based assays. 
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 To determine the clinical impact of defective MMR as defined by the 

aforementioned assays. 

 To perform multicolour immunofluorescence to characterise lymphocytic infiltration 

in mCRPCs. 

 To perform PD-L1 IHC in tumours with defective MMR and in MMR proficient 

tumours to determine if there is enrichment for PD-L1 positive cases among dMMR 

tumours.  

5.3 Results 

5.3.1 Homologous Recombination Defective mCRPC 

5.3.1.1 HR Defects as Predictive Biomarkers of Response to Olaparib 

Between April 1, 2015 and Aug 30, 2018, 711 patients consented to NGS pre-screening for 

an open-label, investigator-initiated, randomised phase II trial where patients with DDR 

gene aberrations were randomly assigned (1:1) to receive 400 mg or 300 mg olaparib twice-

daily, given continuously in 4-week cycles until disease progression or unacceptable toxicity.  

 

For 681 patients with at least one tissue sample available, 779 tumour samples were 

analysed (637 [82%] primary tumour samples and 142 [18%] CRPC biopsies). For 89 (13%) 

patients, biomarker determination was not possible because the sample or the sequencing 

data did not fulfil quality control parameters. Of the 592 patients with evaluable tissue 

samples, 161 (27%) had DDR gene aberrations on the basis of NGS. The proportion of 

aberrations detected are depicted in Figure 1 for the intention-to treat population (98 

patients). 
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Figure 1 DDR gene alterations in the intention-to-treat population (n=98). 

 

The primary endpoint of this trial was ‘confirmed response’. This was defined as a 

composite of all patients presenting with any of the following outcomes: radiological 

objective response (as assessed by Response Evaluation Criteria in Solid Tumors 1.1), a 

decrease in prostate-specific antigen (PSA) of 50% or more (PSA50) from baseline, or 

conversion of circulating tumour cell (CTC) count (from ≥5 cells per 7·5 mL blood at baseline 

to <5 cells per 7·5 mL blood). A confirmed response in a consecutive assessment after at 

least 4 weeks was required for each component.  

 

The median follow-up time was 24·8 months (interquartile range (IQR) 16·7–35·9). The 

baseline characteristics of all patients assigned to a dose cohort are shown in Table 1. All 
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patients had previously received docetaxel, and 88 (90%) had also been treated with one or 

both of abiraterone acetate and enzalutamide prior to entering the study.  

 

Table 1 Baseline characteristics of patients in the intention-to-treat population.  

 

 300 mg dose group (n=49) 400 mg dose group (n=49) 

Age at trial entry (years) 67·3 (61·2–72·1) 67·6 (63·2–72·7) 

Years from initial diagnosis  3·5 (2·4–6·4) 5·2 (3·6–7·3) 

Years from diagnosis of CRPC 2·4 (1·2–3·7) 3·0 (1·8–4·0) 

Metastatic disease at diagnosis 

Yes  

No  

Not available  

 

24 (49%) 

24 (49%) 

1 (2%) 

 

25 (51%) 

21 (43%) 

3 (6%) 

Gleason score at diagnosis 

≤7  

≥8  

Not available  

 

4 (8%) 

42 (86%) 

3 (6%) 

 

15 (31%) 

29 (59%) 

5 (10% 

Previous treatment for PC 

Prostatectomy  

Radical radiotherapy  

Radium-22  

Docetaxel  

Cabazitaxel  

Abiraterone  

Enzalutamide  

 

7 (14%) 

22 (45%)  

36 (12%) 

49 (100%) 

15 (31%) 

24 (49%) 

27 (55%) 

 

6 (12%) 

21 (43%) 

8 (16%) 

49 (100%) 

22 (45%) 

22 (45%) 

29 (59%) 

Evidence of progression  

PSA only  

Radiographic progression  

 

15 (31%) 

34 (69%) 

 

12 (24%) 

37 (76%) 

Site of metastatic disease * 

Lung  

Lymph nodes  

Liver  

Bone  

 

4 (8%) 

34 (69%) 

11 (22%) 

41 (84%)  

 

4 (8%) 

32 (65%) 

12 (24%) 

41 (84%) 

PSA at trial entry, ng/mL 151·5 (49·0–446·0)  158·0 (45·5–472·0) 
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CTC count per 7·5 mL blood  

<5  

≥5  

Not available 

 

17 (35%) 

31 (63%)  

1 (2%) 

 

17 (35%) 

32 (65%) 

0 

RECIST 1·1 soft tissue disease 

Bone lesions only  

Non-measurable disease (with or 

without bone lesions) 

Measurable disease (with or without 

bone lesions) 

 

5 (10%) 

 5 (10%)  

 

39 (80%) 

 

5 (10%) 

8 (16%) 

 

36 (73%) 

DNA damage response gene 

aberration subgroup‡ 

BRCA1/2  

ATM  

CDK12  

PALB2  

Other  

 

 

15 (31%) 

10 (20%) 

15 (31%)  

3 (6%)  

10 (20%) 

 

 

17 (35%) 

11 (22%) 

6 (12%) 

4 (8%) 

11 (22%) 

*More than one site could be reported. ‡Non-mutually exclusive subgroups. 

Overall, 92 patients (46 in each dose cohort) were evaluable for the primary endpoint. There 

were 70 (76%) evaluable patients for the RECIST 1.1 response, 89 (97%) for the PSA 

response, and 55 (60%) for CTC conversion. A confirmed composite response was observed 

in 25 (54·3%; 95% CI 39·0–69·1) of 46 patients in the 400 mg cohort and 18 (39·1%; 25·1–

54·6) of 46 patients in the 300 mg cohort (p = 0·14; Table 2). A radiological response 

according to RECIST 1.1 was observed in eight (24·2%; 95% CI 11·1–42·3) of 33 evaluable 

patients in the 400 mg cohort and six (16·2%; 6·2–32·0) of 37 in the 300 mg cohort; a PSA50 

response was observed in 17 (37·0%; 23·2–52·5) of 46 and 13 (30·2%; 17·2–46·1) of 43, 

respectively; and CTC count conversion was observed in 15 (53·6%; 33·9–72·5) of 28 and 13 

(48·1%; 28·7–68·1) of 27, respectively (Figure 2). Based on the first 44 evaluable patients 

included in each cohort, 25 (57%) confirmed responses were recorded in the 400 mg cohort 

and 18 (41%) in the 300 mg cohort; thus, the predefined criteria for success was met for the 
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400 mg regimen but not for the 300 mg regimen. When only the 55 evaluable patients with 

a CTC count of ≥5 cells per 7·5 mL blood at baseline were included in the analysis, a 

confirmed composite response was observed in 17 (60·7%; 95% CI 40·6–78·5) of 28 

evaluable patients in the 400 mg cohort and 13 (48·1%; 28·7–68·1) of 27 in the 300 mg 

cohort.  

 

 

Figure 2 Antitumour activity by allocated dose cohort (intention-to-treat population). (Left) Best percentage change 
from baseline in PSA during treatment. (Right) Best percentage change from baseline in the sum of target lesions 
(Response Evaluation Criteria in Solid Tumors 1·1) during treatment.  
 

The median radiographic progression-free survival was 5·5 months (95% CI 4·4–8·3) in the 

400 mg cohort and 5·6 months (3·7–7·7) in the 300 mg cohort. A total of 39 (80%) patients 

on 400 mg and 38 (78%) patients on 300 mg died, with a median overall survival of 14·3 

months (9·7–18·9) in the 400 mg cohort and 10·1 months (9·0–17·7) in the 300 mg cohort.  

 

The BRCA1/2 subgroup (32 patients; 13 had germline mutations in BRCA2, six had somatic 

mutations in BRCA2, 11 had homozygous deletions in BRCA2, and two had mutations in 

BRCA1) had the highest number of responses both for the composite endpoint of confirmed 

response and across all its component outcomes, as well as the longest median radiographic 

progression-free survival of all DDR gene aberration subgroups. There were 21 patients with 

suspected deleterious ATM aberrations who were treated (one with a homozygous deletion 



84 

 

and 20 with germline or somatic mutations affecting the kinase domain) and 19 were 

evaluable for responses. 

 

No confirmed PSA50 or RECIST responses were observed in the 20 evaluable patients in the 

CDK12 subgroup, although five patients achieved CTC conversion (including one who had a 

concomitant BRCA1/2 alteration). Conversely, four of seven patients with PALB2 mutations 

responded to treatment. There were 20 patients evaluated in the subgroup who had other 

gene alterations associated with DDR or PARP inhibitor sensitivity. PSA50 responses were 

seen in two patients: one with a somatic nonsense mutation in FANCA and one with a 

CHEK2 mutation. Antitumour activity by DDR aberration is shown in Figure 3. 

 

 

Figure 3 Antitumour activity by gene aberration subgroup (intention-to-treat population, pooled 300 mg and 400 mg 
cohorts). (A) Maximum percentage change from baseline in PSA during treatment. (B) Maximum percentage change 
from baseline in the sum of target lesions (Response Evaluation Criteria in Solid Tumors 1·1) during treatment. 

 

  



85 

 

5.3.1.2 cfDNA to Guide Prostate Cancer Treatment with PARP Inhibition 

 

Patient characteristics  

For this study, data were gathered from the TOPARP-A trial where 50 patients (unselected 

for DDR) were treated with olaparib at a dose of 400 mg; 49 were evaluable for response (as 

described in the previous section), with 16 patients responding to treatment. Overall, 16 of 

these 49 patients had prostate cancers associated with a deleterious aberration in 

homologous recombination DNA-repair genes; of these, 14 were classified as responders. 

Serial samples for cfDNA studies were available for 46 of 49 patients (94%). Overall, the 

median cfDNA baseline concentration across the trial population was 31.6 ng/mL (IQR, 

19.4–57.1). Next-generation targeted sequencing of cfDNA was successful for 43 of 46 

patients (93%). 

 

Prognostic relevance of changes in cfDNA concentration following PARP inhibition 

Changes in cfDNA concentration were evaluated in patients who responded (n = 16) or did 

not respond (n = 30) to olaparib. After 4 weeks of therapy, there was a median −51.4% 

change in responders (IQR, −72.6% to −29.5%) and a median −33.4% change in non-

responders (IQR, −52.3% to +5.5%; p = 0.07). After 8 weeks of therapy, responders 

continued to experience sustained declines (median −49.6% change; IQR, −76.5% to 

−20.4%), differing significantly from non-responders (median +2.1% increase; IQR, −43.6% to 

+57.8%; p = 0.006). The concentration of cfDNA decreased as early as within 4 weeks of 

starting therapy; this was robustly correlated with radiologic progression-free survival (rPFS) 

(hazard ratio (HR), 1.70; CI, 1.13–2.55; p = 0.01 for cfDNA log-fold change; HR, 0.41; 95% CI, 

0.21–0.80; p = 0.009 for absence/presence of ≥50% decrease from the baseline cfDNA 
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concentration). Decreases in cfDNA concentration after 8 weeks of olaparib correlated with 

both prolonged rPFS and OS (Figure 4). These associations were confirmed by the 

multivariable analyses, including established prognostic factors, such as LDH and CTC count 

conversion (Table 2).  

 

Table 2 Multivariable Cox regression analyses of the association cfDNA plasma concentrations (ng/mL) 
with patient outcome, including established prognostic factors. 

 rPFS 

HR (95% CI) p 

OS 

HR (95% CI) p 

4 weeks 

LDH  

ECOG status 2 (vs. 0–1)  

Radiological progression at trial 

entry (vs. PSA progression only) 

Measurable disease at trial entry  

Baseline CTC  

Baseline cfDNA  

CTC conversion  

≥50% cfDNA [c] decline 

 

1.00 (1.00–1.00) 0.058  

1.48 (0.50–4.38) 0.48  

1.01 (0.42–2.43) 0.98  

 

0.32 (0.13–0.79) 0.014  

1.00 (0.99–1.00) 0.20  

1.00 (1.00–1.01) 0.54  

0.19 (0.07–0.05) 0.001  

 

1.00 (1.00–1.00) 0.012 

1.74 (0.60–5.06) 0.31 

0.20 (0.07–0.52) 0.001 

 

0.50 (0.20–1.29) 0.154 

1.00 (1.00–1.00) 0.34 

1.00 (1.00–1.01) 0.23 

0.41 (0.17–1.01) 0.051 

8 weeks 

LDH  

ECOG status 2 (vs. 0–1)  

Radiological progression at trial 

entry (vs. PSA progression only) 

Measurable disease at trial entry  

Baseline CTC  

Baseline cfDNA  

CTC conversion  

≥50% cfDNA [c] decline 

  

1.00 (1.00–1.01) 0.036  

2.45 (0.73–8.24) 0.15  

1.37 (0.47–4.00) 0.57  

 

0.49 (0.18–1.31) 0.15  

1.00 (1.00–1.00) 0.83  

1.00 (0.99–1.00) 0.32  

0.10 (0.03–0.28) <0.001  

0.09 (0.03–0.30) <0.001 

 

1.00 (1.00–1.01) <0.001 

2.55 (0.81–7.98) 0.11 

0.24 (0.08–0.72) 0.011 

 

0.53 (0.19–1.50) 0.24 

1.00 (0.99–1.00) 0.24 

1.00 (0.99–1.01) 0.89 

0.35 (0.15–0.85) 0.020 

0.19 (0.06–0.56) 0.003 
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Figure 4 Kaplan–Meier plots showing differences in rPFS and OS based on the presence or absence of a ≥50% decrease in 
total cfDNA concentration after 4 and 8 weeks of therapy with olaparib. 

 

Changes in allele frequency of somatic mutations 

A total of 254 plasma samples were analysed using next-generation targeted sequencing to 

assess the allele frequency of somatic mutations during PARP inhibitor therapy as an 

indirect estimate of tumour burden. Olaparib treatment led to sustained decreases in cfDNA 

mutation allele frequencies in responding patients; however, sustained (≥8 weeks) 

decreases in cfDNA somatic mutation allele frequencies were not observed in non-

responders. 

 

Mechanisms of PARP inhibitor resistance detected in cfDNA 

Ten of 16 patients who exhibited an initial tumour response to olaparib had cfDNA samples 

acquired at the time of resistance and disease progression. In addition to targeted 
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sequencing, whole-exome sequencing (WES) was performed using paired plasma samples 

collected from six patients prior to olaparib treatment and at disease progression, to study 

mechanisms of secondary resistance to PARP inhibition. In a seventh case, we performed 

WES in the progression sample and targeted sequencing in the baseline cfDNA sample, due 

to a low DNA yield. 

 

In both patients with a germline BRCA2 frameshift mutation, we identified at the time of 

tumour progression additional somatic BRCA2 mutations in cfDNA, which restored the 

normal open reading frame (Figure 5). One of these patients had a germline BRCA2 p.-

1056fs mutation and loss of heterozygosity (LOH) in the pre-trial tumour biopsy. At the time 

of disease progression, a further somatic deletion of four base-pairs (bp) emerged, resulting 

in an overall in-frame change of four amino acids (p.K1057_Q1063delinsTEQA). In parallel, 

three other events were detected in different positions in the same genomic region, all of 

which also restored the BRCA2 normal open reading frame, and probably represented the 

coexistence of several resistant tumour subclones in the cfDNA. This patient had a partial 

response to olaparib, and progressed after 9 months; a bone marrow biopsy of a relapse 

focused in the right hemipelvis showed that only one of the three emerging somatic 

reversions (p.K1057_Q1063delinsTEQA) was detected, suggesting that these other emerging 

subclones may have originated in different metastases. A second germline BRCA2 mutation 

carrier (p.E1514fs*15) developed an additional deletion of 28 bp at progression, reverting 

BRCA2 back in frame and also showing a new somatic ARID1A mutation (p.Q1145*). 

Reversion mutations in BRCA2, at the time of progression, were also identified in 

nongermline mutation carriers. In addition, secondary genomic events causing reversion 

back to the normal reading frame were also detected for one patient with a somatic PALB2 
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mutation. These new mutations, which emerged at the time of progression, might have 

evolved as a consequence of defective homologous recombination and the utilization of 

alternative error-prone DNA repair mechanisms. Among the remaining patients with plasma 

cfDNA evaluated at secondary resistance, we did not detect any other such events, although 

two of these patients discontinued the drug due to tolerability issues prior to radiologic 

progression. No emerging mutations or copy-number changes in PARP1 or PARP2 were 

observed in any of these samples. 

 

 

Figure 5 Visual representation of emerging de novo mutations at progression that likely resulted in acquired drug 
resistance in a patient with germline BRCA2 mutations. In this case, at progression, cfDNA WES identified multiple 
clones with different previously undetected mutations, which all resulted in reversion of the BRCA2 reading frame to 
normal. 
 
 

5.3.2 Mismatch Repair Defective mCRPC  
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Given the clinical need to identify and characterize dMMR tumours in advanced prostate 

cancers, we analysed 127 mCRPC biopsies from a cohort of 124 men who had castration-

resistant prostate cancer (CRPC). For 85 patients, we matched HNPC and CRPC samples 

(Figure 6).  

We first analysed orthogonal assays for dMMR; these tests evaluated dMMR by: 1) 

immunohistochemistry (dMMR_IHC); 2) MSI by PCR (dMMR_MSI; Promega MSI Assay v1.2); 

3) targeted next-generation sequencing (NGS) of MMR-pathway gene coding sequences 

(dMMR_MUT); and 4) MSI by NGS (dMMR_MSINGS). Overall, ten patients had at least one 

tumour biopsy identified as having dMMR by either IHC and/or MSI (8.1%, 10/124), and 

were therefore considered biomarker positive, i.e. MMR defective. Patient characteristics, 

by dMMR status, using these two methods are shown in Table 3.  

 

 

 

Figure 6 Consort diagram of this study 
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Table 3 Demographic and clinical characteristics of patients in this study. 

 

Characteristics 

 

MMR proficient (n = 114) MMR defective (n = 10) p-value 

n (%) n (%)   

Gleason score at diagnosis (>7) 69/92 (75%) 7/9 (78%) 0.61a 

Stage at diagnosis (≥T3) 58/69 (84%) 4/5 (80%) 0.60a 

Nodal involvement at diagnosis 35/59 (59%) 1/2 (50%) 0.66a 

Metastatic disease at diagnosis 56/101 (55%) 5/8 (63%) 0.50a 

Prostatectomy 16/114 (14%) 1/10 (10%) 0.59a 

Radiotherapy 40/114 (35%) 3/10 (30%) 0.52a 

  Median (Q1-Q3) Median (Q1-Q3)   

Age at diagnosis 62.2 (58.4-65.8) 62.9 (55.3-68.6) 0.71b 

PSA at diagnosis 75 (17-200) 76 (45-155) 0.68b 

PSA = Prostate-specific antigen; a = Fisher’s exact test; b = Mann–Whitney test 

Using 698 (of 3214) unstable microsatellites present in our previously published genomic 

panel, consisting of the coding regions of 113 genes (0.6 MB panel), Dr George Seed, a 

bioinformatician with the Prostate Cancer Targeted Therapy Group ICR, determined 

microsatellite instability by next-generation sequencing (MSI-NGS) [200]. Of the ten cases 

defined as dMMR by conventional assays, i.e. IHC negativity in ≥1 MMR proteins and/or ≥2 

markers in the Promega MSI Assay v1.2, one case had DNA that failed the quality control 

(QC) for MSI-NGS. By ranking cases based on their MSI-NGS score, analyses revealed that 

prostate cancers with dMMR_IHC or dMMR_MSI often, but not always, have higher 

mutational loads and higher dMMR_MSINGS scores. Comparisons between the different 

assays are shown in Figure 7. There was no easily defined cut-off value for the MSI-NGS data 

that divided the tumours that were definitely MMR defective from other cancers. However, 

a cut-off of 0.0244 with this targeted MSI-NGS panel had an area-under-the-curve (AUC) of 
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0.79, a sensitivity of 60% and a specificity of 98% for predicting MMR cases defined as 

positive by IHC and/or MSI (Figure 8). For mutational loads based on the targeted panel the 

AUC was 0.75, with a cut-off point of 6, and was able to detect dMMR with a sensitivity of 

78% and a specificity of 72% (Figure 8). 

 

 

Figure 7 (A) Cases ranked by MSI-NGS (performed by George Seed). (B) Cases with high MSI-NGS scores often, but not 
always, showed an absence of protein on IHC and are MSI by Promega Assay V2.1 definition. A clear cut-off could not be 
derived from these data. (C) The highest mutational loads were clustered with higher MSI-NGS scores, but a non-linear 
relationship was seen between the two variables.  
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Figure 8 ROC curves were used to determine optimal cut-off points for MSI-NGS and mutational load values to predict 
dMMR. (A) An MSI-NGS score of 0.024 had an AUC of 0.79 with a sensitivity of 60% and a specificity of 98% to predict 
dMMR according to the conventional assays definition. (B) A mutational load of six aberrations in the targeted panel 
had an AUC of 0.75 with a sensitivity of 78% and a specificity of 72% to predict dMMR according to the conventional 
assays definition. 
 

 

 

 

 

 

 

 

 

 

 

5.3.3 Impact of Mismatch DNA Repair Defects on Outcomes of 

Prostate Cancer 

The median OS for the dMMR_IHC/dMMR_MSI group was shorter than that in the MMR 

proficient (pMMR) group, by both univariable and multivariable analyses (3.8 vs 7.0 years 

from the start of LHRH; aHR: 4.09; 95% CI; 1.52–10.94; p = 0.005), as shown in Figure 9.  
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Patients with pMMR and dMMR disease were balanced in terms of clinical features, and no 

statistically significant differences between the two groups were observed in terms of 

radical treatment, Gleason score, presence of metastatic disease at diagnosis, PSA, age, or 

stage at diagnosis (Table 4). Importantly, in this cohort of clinically aggressive tumours, 56% 

of the patients had metastatic disease at diagnosis.  
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Table 4 Univariable and multivariable Cox regression analyses. 

 

Variable OS from diagnosis OS from LHRHa 

Univariable HR (95% 

CI) 

p-

value 

Multivariable 

HR (95% CI) 

p-

value 

Univariable 

HR (95% 

CI) 

p-

value 

Multivariable 

HR (95% CI) 

p-

value 

MMRd 1.96 (0.94-4.10) 0.08 3.48 (1.36-8.91) 0.009a 2.98 (1.41-

6.32) 

0.004 4.09 (1.52-

10.94) 

0.005a 

Metastatic 

disease at 

diagnosis 

2.02 (1.23-3.31) 0.005 1.62 (0.76 – 

3.45) 

0.21a 1.47 (0.90-

2.39) 

0.12  1.35 (0.64-2.85) 0.43a 

Nodal 

involvement at 

diagnosis 

1.63 (0.81-3.29) 0.17 1.73 (0.74-4.02) 0.20a 1.44 (0.77-

2.67) 

0.25 1.75 (0.80-3.84) 0.16a 

Stage at 

diagnosis 

(≥T3) 

1.92 (0.87-4.20) 0.11 1.32 (0.43-4.09) 0.63a 1.41 (0.64-

3.11) 

0.39 1.05 (0.34-3.30) 0.93a 

GS >7 2.53 (1.29-4.95) 0.007 1.55 (0.63-3.85) 0.34a 2.30 (1.17-

4.53) 

0.02 1.67 (0.65-4.28) 0.28a 

Previous 

treatment 

(prostatectomy 

or 

radiotherapy) 

0.46 (0.28-0.75) 0.002 0.63 (0.29-1.34) 0.23a 0.64 (0.39-

1.05) 

0.08 0.76 (0.36-1.59) 0.47a 

PSA at 

diagnosis  

(log10 ng/mL) 

1.34 (0.99-1.82) 0.06 0.87 (0.58-1.32) 0.52a 1.21 (0.90-

1.64) 

0.21 0.91 (0.62-1.35) 0.64a 

Age (10 years, 

from diagnosis 

or LHRH) 

1.66 (1.15-2.39) 0.007 1.71 (1.12-2.61) 0.01a 1.59 (1.10-

2.30) 

0.01 1.78 (1.14-2.77) 0.01a 

OS = overall survival; HR = hazards ratio; GS = Gleason score; a = univariable and multivariable Cox regression analyses  
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5.3.4 Intra-patient dMMR Heterogeneity in Primary Disease 

Overall, 85 patients had matched HSPC and CRPC samples available for IHC studies. Of 

these, five patients (5.88%; 5/85) had evidence of IHC-negative foci within their primary 

disease samples acquired at diagnosis. Of these five, four (80%) had diffusely negative 

dMMR_IHC in mCRPC biopsies, and one patient relapsed with an MMR IHC-positive tumour. 

Two of the five HSPC samples with IHC-negative foci demonstrated the co-existence of IHC-

positive prostate cancer, i.e. heterogeneous staining (Figure 10). In contrast, a single CRPC 

sample had MMR protein IHC heterogeneity, these biopsies having been acquired from a 

large pelvic mass arising from a previously irradiated prostate. These data indicate that 

dMMR can be focal in primary disease, but that having dMMR in primary disease is strongly 

associated with developing dMMR CRPC. 

 

Figure 10 Two of five HSPCs from patients with paired mCRPC samples showed heterogeneous staining in primary 
disease. One of the patients (A) relapsed with a dMMR mCRPC while the other (B) presented with a mCRPC with 
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preserved expression of MMR proteins. MMR IHC-negative (A.2, B.2) and MMR-IHC positive areas (A.3, B.3) in HSPCs are 
highlighted. The IHC statuses of matching mCRPC samples are shown (A.4, B.4). 
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5.3.5 PD-L1 Expression and Tumour Infiltrating Lymphocytes (TILs) 

in dMMR CRPC 

 

I next evaluated whether dMMR mCRPC is enriched for PD-L1 (CD274) protein expression, 

given the key role of this protein in regulating anti-cancer immune responses. PD-L1 

immunohistochemistry was performed in 51 mCRPC biopsies using a validated antibody, 

and a pathologist who was blinded to the MMR status scored membranous staining in 

tumour cells for PD-L1 in each biopsy (e.g. Figure 11).  

 

 

 

 

 

 

 

 

 

Figure 11 Examples of PD-L1-positive tumours. Partial or complete 
membranous staining in tumour cells was counted as positive. 
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Five of ten (50%) dMMR mCRPC samples were scored as PD-L1 positive, while four of 41 

(9.8%) pMMR tumours had some positive PD-L1 staining (Figure 12). Although the optimal 

staining cut-off and optimal assay for determining PD-L1 expression as it pertains to 

therapeutic responses remains controversial, these data indicate a higher likelihood of PD-

L1 positivity in dMMR mCRPC (mixed-effect logistic regression model; OR = 14; 95% CI: 2–

84; p = 0.005), providing further evidence for dMMR as a potential predictive biomarker for  

 

immune checkpoint inhibition in lethal prostate cancer. 

 

We next quantified the density of tumour-infiltrating T lymphocytes (D-TILs) in biopsies from 

this cohort from patients with sufficient tumour tissue to do so. D-TILs were here defined as 

the number of CD4+ cells(with and without FOXP3) and CD8+ lymphocytes per mm2 of 

tumour, as determined through 180 multi-spectral, multicolour, immunofluorescence image 

Figure 12 Stacked bar chart depicts proportion of PD-L1 immunohistochemical 
positivity in samples reviewed by pathologists blinded for dMMR resuls. 
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cubes (200× magnification; median of three images per case; n = 51 selected mCRPC 

biopsies). Tissue sites included lymph node biopsies (n = 35), bone (n = 12), liver (n = 2), soft 

tissue metastases (n = 1), and one sample from a transurethral resection of the prostate 

(this last sample was excluded from this analysis as it was not metastatic). T cell infiltration 

was strikingly heterogeneous, ranging from 0 to 828 lymphocytes/mm2.  

 

 

Figure 13 Four examples of mCRPCs in lymph nodes using multicolour immunofluorescence. Only lymphocytes 
within EpCam-positive areas were counted. (7A, 7B) Two cases were from the upper quartile of D-TILs in the 
cohort. (7C, 7D) Two cases were from the lower quartile of D-TILs in the cohort.  
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Ranking tumours by T cell density showed that five of the nine (55.5%) 

dMMR_IHC/dMMR_MSI cases were allotted to the upper quartile of D-TILs in this cohort 

and three of these five cases had >10 mutations (>90th centile; 113-gene panel). The 

remaining four dMMR_IHC/dMMR_MSI cases, however, did not show relatively increased 

D-TILs in relation to this cohort. These data suggest that some, but not all, mCRPCs with 

dMMR_IHC/dMMR_MSI have higher D-TILs than tumours without dMMR (Figure 14).  

 

Figure 14 (A) Fifty cases from the study ranked by D-TILs. (B) NGS determination of aberrations involving MMR genes 
and biomarker status for IHC and Promega v1.2. Five of nine dMMR cases defined by conventional assays were within to 
the upper quartile of D-TILs. Four dMMR cases did not show increased D-TILs relative to the cohort. (C) MSI-NGS and 
mutational load for the 50 cases analysed for D-TILs. 
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Of the remaining pMMR samples in the upper quartile of D-TILs, none had pathogenic DNA 

repair defects by the targeted NGS panel. Two samples in this group showed impactful 

mutations in other pathways (PIK3CA E542K; JAK1 E1051*). In this cohort of tumours 

analysed for D-TILs, PD-L1 expression was associated with increased T-cell infiltration in 

dMMR mCRPC samples (incidence rate ratio = 11.47; 95% CI: 4.08–32.22; p < 0.001; Figure 

15). 

 

Figure 15 Expression of PD-L1 in relation to D-TILs. Cases with any proportion of PD-L1-positive tumour cells had a higher 
mean number of D-TILs compared with that of PD-L1-negative cases. 

 

5.4 Discussion 

Contrary to what was previously believed, PC is a highly heterogeneous disease. Many PCs 

harbour germline or somatic DNA repair gene aberrations; of these, BRCA2 is the most 

commonly aberrant gene, although other HRD genes can be deleteriously aberrant, 

including BRCA1, PALB2, RAD51 and FANCA [92]. Preclinical studies have shown that bi-

allelic loss of one of these genes can result in sensitisation to PARP inhibition (PARPi), to 

differing degrees, with the loss of BRCA2 being the most sensitising [201][92]. Therefore, 
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with multiple PARP inhibitors available, defining qualified predictive biomarkers for 

identifying tumours sensitive to these agents is of paramount importance. 

 

In the first section of this chapter, I described the results of the TOPARP-B trial, which has 

confirmed the antitumour activity of olaparib against metastatic castration-resistant 

prostate cancer with specific DDR gene aberrations. The number of composite responses 

observed in the cohort of patients who received 400 mg tablets of olaparib twice daily met 

the predefined criteria for success, validating the DDR aberration as being a predictive 

biomarker of response.  

 

The antitumour activity observed varied considerably for different DDR gene aberrations, 

with the greatest antitumour activity seen in the subgroup with BRCA1/2 alterations. 

Antitumour activity was also observed in other DDR gene aberration subgroups. Responses 

in tumours with PALB2 mutations were frequent, although the low prevalence of these 

mutations requires further data to confirm these findings. The antitumour activity for ATM-

loss cancers seemed to be less striking than that for BRCA-altered tumours; nevertheless, a 

subset of patients with ATM-altered mCRCP appears to derive some benefit. Our data 

suggest that a 400 mg dose is more effective, although the higher percentage of CDK12-loss 

cancers in the 300 mg cohort might explain the inferior composite response in this cohort. 

 

Recently, other phase II trials have been conducted which have confirmed our data. The 

TRITON2 study is a phase II study evaluating the efficacy of rucaparib 600 mg twice a day in 

patients with a deleterious germline or somatic alteration in HRR genes. The latest update 

on this trial was presented at the 2019 American Society of Clinical Oncology (ASCO) annual 
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meeting. Among evaluable patients with either germline or somatic deleterious BRCA1/2 

alterations, 44.0% (11/25) had a confirmed radiographic response and 51.1% (23/45) had a 

confirmed PSA response [202]. Based on these data, the US FDA granted rucaparib the 

designation of Breakthrough Therapy for BRCA1/BRCA2-mutated mCRPC. Niraparib was 

tested in the phase II GALAHAD study on 39 mCRPC patients with mutations in BRCA1, 

BRCA2, ATM, FANCA, PALB2, CHEK2, BRIP1, or HDAC2. A plasma-based test was developed 

to screen patients with mutations in these genes. Preliminary results were reported at the 

ASCO Genitourinary Cancers Symposium 2019. Among 23 patients with BRCA mutations, 

there was a 38% (5/13) ORR by RECIST, a 57% (13/23) PSA response, and a 48% (11/23) CTC 

conversion [203]. 

 

In the second section of this chapter, I described the clinical utility of cfDNA analyses as 

multipurpose biomarkers for treatment with PARP inhibition in mCRPC. Critically, our 

cfDNA analyses detected all somatic HRD-associated mutations identified in tumour 

biopsies, as well as new mutations emerging at disease progression. These new mutations 

likely represent tumour subclones induced by therapeutic selective pressure driving drug 

resistance. Therefore, cfDNA is a useful biomarker to define response to treatment and to 

anticipate disease progression when new tumour clones emerge, more comprehensively 

than single-site biopsies, and to guide early treatment-switch decisions in the presence of 

ineffective therapies. 

 

Monitoring this subclonal equilibrium between the original clone and resistant clones merits 

further evaluation, as PARP inhibitor discontinuation and administration of other treatments 
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could potentially restore the dominance of the original clone that was sensitive to PARP 

inhibitors or platinum. 

 

In the third section of this chapter, I studied the prevalence of dMMR in mCRPC and also 

demonstrated that PC patients with dMMR exhibit worse outcomes overall; furthermore, I 

showed that these patients also progress quickly through androgen-deprivation therapy for 

reasons that have yet to be determined. Therefore, defects in this DNA repair system 

clearly represent a prognostic factor associated with worse survival in the metastatic 

setting, which also confirms the data from Nghiem and colleagues, who demonstrated a 

substantially shorter OS from diagnosis in patients with dMMR [199].  

 

In our analysis, there was a significant concordance between different assays describing 

dMMR PCs; generally speaking, these cancers are characterised by a high mutational load 

and microsatellite instability, confirming other case-control studies [204]. Discrimination 

between self and non-self is at the core of the immune system’s functionality [205]. 

Moreover, hypermutating tumours with defective MMR are important candidates for higher 

immunogenicity; the emergence of neoantigens from mutated genes enables self/non-self 

discrimination and is indeed necessary for tumour-specific immune responses [206]. The 

association between tumour infiltration and dMMR seemed to be less clear in our analysis; 

just over half (5/9) of the dMMR mCRPCs showed a higher mutational burden with a 

targeted 113 gene NGS panel. Interestingly, cases with the highest mutational loads had 

relatively higher lymphocytic infiltration. Of the remaining four cases defined as dMMR by 

IHC or Promega v1.2, mutational load, MSI assessment by NGS, and lymphocytic infiltration 

were unremarkable relative to the rest of cohort. Perhaps most relevant from the immuno-
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oncologic perspective, PD-L1 IHC expression, an established predictive biomarker for anti-

PD1 therapy [207-209], was significantly more common in dMMR tumours, but was largely 

restricted to those tumours that showed significant T cell infiltration. These data support 

PD-L1 expression as an adaptive event in tumours that become a target of inflammation 

[210-212], rather than constitutive expression underpinned by specific genomic aberrations, 

as reported in glioblastomas and carcinomas of the lung [213, 214].  

  

Overall, my data indicate that the presence of defects in MMR/high mutational load/high 

MSI can be used as predictive biomarkers of response to immune checkpoint inhibitors, 

which are currently used in disease such as melanomas, lung cancer and bladder 

carcinomas. 

 

In summary, in this chapter I explored how genomic studies of tumour tissues or blood 

samples are able to identify specific aberrations associated to subsets of mCRPC that are 

likely to benefit from new anticancer treatments such as PARP inhibitors and immune 

checkpoint inhibitors.  
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6 Final Conclusions 

Prostate cancer (PC) is one of the most common diseases in men. When diagnosed before 

spreading outside the organ of origin, it is a curable disease; however, nearly a quarter of 

patients with PC develop metastatic disease (mPC). Most mPCs are responsive to anti-

androgenic treatments but eventually progress into a castration-resistant state, known as 

mCRPC. This is a lethal condition but the clinical course of patients varies greatly, with some 

individuals responding for years to cytotoxic or endocrine treatments, such as abiraterone 

and enzalutamide, while others progress within months through all the standard treatments 

approved in this setting. Therefore, defining biomarkers to improve patient stratification 

and predict outcomes on treatment is of paramount importance. 

 

The studies I have described in my thesis express the aims of my work: to discover 

biomarkers that are better able to define mCRPC as a heterogeneous disease, but also to 

offer putative new biomarkers of response/resistance to both standard treatments and 

novel therapeutic agents in this setting. 

  

 A summary of the main conclusions derived from this thesis include: 

 PSA changes, as early as 4 weeks from the treatment start, in mCRPC patients 

treated with hormonal agents, such as abiraterone and enzalutamide, are associated 

with patients’ overall survival and responses to these agents. 

 Using IHC assays to determine the presence of splicing variant 7 of the androgen 

receptor (AR-V7), I confirmed that:  
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o The expression of AR-V7 increases with the development of the castration-

resistant status.  

o AR-V7 protein expression is a biomarker of poorer prognosis that increases 

with emerging drug resistance and can potentially be used to predict a lack of 

response to hormonal agents, such as abiraterone or enzalutamide. 

o AR-V7 positive status in CTC associates with burden of disease and poor 

survival. 

 PTEN loss is an early event in the biological history of PC and is associated with the 

more aggressive nature of these tumours (a prognostic biomarker).  

 Loss of PTEN is a promising predictive biomarker of response to AKT inhibitors. 

 Defects in the mechanism of DNA repair known as homologous recombination are 

able to predict responses to PARP inhibitors. 

 Liquid biomarkers, such as cfDNA, are able to predict outcomes in patients treated 

with PARP inhibitors and responses to these agents at as early as 4 weeks.   

 PC with defective MMR machinery comprises a heterogeneous group of diseases 

enriched for, but not exclusively constituted of, hypermutated, microsatellite 

unstable, highly inflamed, PD-L1 expressing tumours. Therefore, dMMR status could 

be used to predict response to immunotherapy agents. 

 

In summary, clinically aggressive PCs are characterised by a variety of molecular aberrations, 

some of which are associated with differential prognoses and sensitivities to systemic 

therapeutic agents. 
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7 Materials and Methods 
 

7.1 Patient populations 

All patients (chapters 3, 4, 5; except for some of the TOPARP-B trial) were enrolled on 

institutional protocols approved by the Royal Marsden NHS Foundation Trust Hospital 

(London, UK), Ethics Review Committees (Research Ethics Committee (RCE) Reference 

number: 04/Q0801/60). Clinical data were retrieved from the Royal Marsden Hospital’s 

electronic patient records.  

 

7.1.1 Chapter 3 (PSA study) 

 

7.1.1.1 Study design and data collection 

Patients with biochemically or histologically confirmed progressive mCRPC and castrate 

levels of testosterone treated with AA and/or enzalutamide outside of a clinical trial 

between 06.01.06 and 31.12.17 in 13 cancer centres worldwide were considered eligible for 

this analysis. Additional inclusion criteria were the availability of PSA levels assessed at 

baseline, after 4-weeks and/or 12-weeks of treatment, a physical examination, including 

Eastern Cooperative Oncology Group performance status (ECOG PS), and routine safety 

blood tests laboratory studies, including a full blood count (haemoglobin, neutrophil and 

lymphocyte count), biochemistry comprising alkaline phosphatase (ALP), lactate 

dehydrogenase (LDH) at baseline and during treatment. Every institution has received ethic 

board approval for the treatment of patient data.  

 

7.1.2 Chapter 4 (phase I trial with Enzalutamide and Capivasertib) 

 

7.1.2.1 Inclusion Criteria: 

 
1. Written informed consent. 

 
2. Histological diagnosis of adenocarcinoma of the prostate and with tumour 

tissue accessible for research analyses for this trial (e.g. PTEN testing). 
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Patients who have no histological diagnosis must be willing to undergo a 

biopsy to prove prostate adenocarcinoma. 

3. Metastatic Castration‐Resistant Prostate Cancer (mCRPC). 

 
4. Progressed after 1 or 2 lines of taxane based chemotherapy. 

 
5. Progressed after abiraterone or enzalutamide (pre or post chemotherapy). Patients must 

have received at least 12 weeks of treatment with either abiraterone or enzalutamide. 

 
6. Age ≥18 years. 

 
7. Eastern Cooperative Oncology Group (ECOG) performance status (PS) 0 – 2. 

 
8. PSA ≥ 10ng/ml. 

 
9. Documented willingness to use an effective means of contraception while participating in 

the study and for 12 months post last dose of treatment (see section 4.5). 

 
10. Documented ongoing castrate serum testosterone <50 ng/dL (<2.0 nM). 

 
11. Received prior castration by orchiectomy and/or ongoing Luteinizing Hormone‐

Releasing Hormone (LH‐RH) agonist treatment. 

 
12. Progression of disease by PSA utilizing PCWG2 criteria and at least another of the 

following criteria: 

 
a. Bone scan: disease progression as defined by at last 2 new lesions on bone 

scan. 

 
b. Soft tissue disease progression defined by modified RECIST 1.1. 

 
c. Clinical progression with worsening pain and the need for palliative 

radiotherapy for bone metastases. 

 
13. Willing to have a biopsy to obtain tumour tissue for biomarker analyses prior to and 

after treatment. 

 

7.1.2.2 Exclusion Criteria: 

 

1. Prior treatment with PI3K, AKT, TOR kinase or mTOR inhibitors (see Appendix C). 
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2. Surgery, chemotherapy, or other anti‐cancer therapy within 4 weeks prior to trial entry / 

randomisation into the study (6 weeks for bicalutamide). Any other therapies for prostate 

cancer, other than LHRH analogue therapy, such as progesterone, medroxyprogesterone, 

progestins (megesterol), or 5‐alpha reductase inhibitors (e.g., finasteride or dutasteride), 

must be discontinued at least 2 weeks before the first dose of study drug. 

3. Participation in another clinical trial and any concurrent treatment with any 

investigational drug within 4 weeks prior to trial entry / randomisation. 

4. Prior limited field radiotherapy within 2 weeks or wide field radiotherapy within 4 weeks 

of trial entry / randomisation. 

5. History of seizure or any condition that may predispose to seizure including, but not 

limited to underlying brain injury, stroke, primary brain tumours, brain metastases, or 

alcoholism. 

6. History of loss of consciousness or transient ischemic attack within the previous 12 

months of trial entry / randomisation. 

7. Known brain or leptomeningeal involvement. 

8. Use of potent inhibitors or inducers of CYP3A4, CYP2C9 and CYP2C19 within 2 weeks 

before trial entry / randomisation (3 weeks for St John’s Wort) must be avoided. 

9. Clinically significant abnormalities of glucose metabolism as defined by any of the 

following: 

a. Diagnosis of diabetes mellitus type I or II (irrespective of management). 

b. Glycosylated haemoglobin (HbA1C) ≥8.0% at screening (64 mmol/mol) (conversion 

equation for HbA1C [IFCC‐HbA1C (mmol/mol) = [DCCT‐HbA1C (%) – 2.15] x 10.929). 

c.  Fasting Plasma Glucose ≥ 8.9mmol/L at screening. Fasting is defined as no caloric intake 

for at least 8 hours. 

10. Inadequate organ and bone marrow function as evidenced by: 

a. Haemoglobin <8.5 g/dL 

b. Absolute neutrophil count <1.0 x 109/L 

c.  Platelet count < 75 x 109/L 

d. Albumin ≤25 g/dL. 

e. AST / SGOT and/or ALT / SGPT ≥ 2.5 x ULN (≥ 5 x ULN if liver metastases present) 

f.  Total bilirubin ≥ 1.5 x ULN (except for patient with documented Gilbert’s disease) 
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g. Serum Creatinine > 1.5 x ULN 

11. Inability or unwillingness to swallow oral medication. 

12. Malabsorption syndrome or other condition that would interfere with enteral 

absorption. 

13. Any of the following cardiac criteria; 

a. Mean resting corrected QT interval (QTcF) >470msec obtained from 3 consecutive ECGs 

taken within 5 minutes. 

b. Any clinically important abnormalities in rhythm, conduction, or morphology of a resting 

ECG (e.g., complete left bundle branch block, third degree heart block). 

c.  Any factors that increase the risk of QTc prolongation or risk of arrhythmic events such as 

heart failure, hypokalaemia, congenital long QT syndrome, family history of long QT. 

d. syndrome or unexplained sudden death under 40 years‐of‐age, or any concomitant. 

e. medication known to prolong the QT interval or with a potential for Torsades de pointes. 

f.  Experience of any of the following procedures or conditions in the preceding six months: 

coronary artery bypass graft, angioplasty, vascular stent, myocardial infarction, angina 

pectoris, congestive heart failure NYHA ≥ Grade2. 

g. Uncontrolled hypotension defined as – systolic blood pressure (BP) <90mmHg and/or 

diastolic BP <50mmHg. 

14. Clinically significant history of liver disease consistent with Child‐Pugh Class B or C, 

including viral or other hepatitis, current alcohol abuse, or cirrhosis. 

15. Any other finding giving reasonable suspicion of a disease or condition that 

contraindicates the use of an investigational drug or that may affect the interpretation of 

the results or renders the patients at high risk from treatment complications. 

16. Need for chronic corticosteroid therapy of >10 mg of prednisolone or >0.5mg of 

dexamethasone per day or an equivalent dose of other anti‐inflammatory corticosteroid, for 

the use of concomitant steroids on this trial please refer to section 12.1. Patients in which 

corticosteroids cannot be stopped prior to entering the trial are allowed a maximum of 

10mg of prednisolone per day or equivalent. In the case of corticosteroids discontinuation, a 

2‐week 

(14 days) washout is required with a mandatory PSA check prior to starting the trial. If the 

PSA has declined compared to the value obtained prior to stopping corticosteroids, patients 
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will not be eligible for study. Patients can only enter the study with a confirmed PSA 

increase. 

17. Malignancies other than prostate cancer within 5 years prior to trial entry / 

randomisation, except for adequately treated basal or squamous cell skin cancer. 

18. Unresolved clinically significant toxicity from prior therapy except for alopecia and Grade 

peripheral neuropathy. 

19. Inability to comply with study and follow‐up procedures. 

20. Patients with predominately small cell or neuroendocrine differentiated prostate cancer 

are not eligible. 

 

7.1.3 Chapter 5 (ToparpB phase II trial) 

See appendix page 1-3 https://doi.org/10.1016/S1470-2045(19)30684-9 

7.2 Patient Samples 

All samples used in my investigations came from patients who had given written informed 

consent in line with Good Clinical Practice guidelines and the Declaration of Helsinki.  

 

7.2.1 Chapters 3, 4, 5: Sample collection 

 

Primary hormone-sensitive prostate cancers (HSPC) were obtained from prostate needle 

biopsies, transurethral resections of the prostate (TURP), and radical prostatectomies. 

Metastatic castration-resistant prostate cancer (CRPC) tissues were acquired from bone 

(bone marrow trephines), lymph node, viscera, and soft tissues (needle biopsies). Matched 

HSPC-CRPC samples coming from the same individual at two different time-points were 

available for a subset of patients. The samples used for my Whole-Genome Sequencing 

studies were fresh-frozen material taken exclusively from lymph-nodes, viscera, and soft 

tissues. All other samples were routinely processed formalin-fixed paraffin embedded (FFPE) 

tissue blocks. Blocks were sectioned and tumour content estimated from haematoxylin-

eosin stained slides. Immunohistochemistry assays were performed on 4µm thick sections 

adjacent to tumour confirmation H&E sections. 

https://doi.org/10.1016/S1470-2045(19)30684-9
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7.3 Immunophenotyping 

Conventional 3,3’-diaminobenzidine (DAB) chromogen-based immunohistochemistry and 

brightfield analyses were used in all investigations described in this dissertation. In chapter 

5, multi-colour immunofluorescence, multispectral imaging, and computerised image 

analysis were also used. 

 

7.3.1 Immunohistochemistry (IHC) – Technical Aspects 

 

Immunohistochemistry assays were performed by members of the Cancer Biomarkers Team 

using the Launch i6000 autostainer (Biogenex). This team was formed, at the time of data 

collection for this dissertation, by biomedical scientists Ruth Riisnaes, Mateus Crespo, 

Susana Miranda, and Ines Figueiredo. IHC assays were performed by the Pathologists Daniel 

Nava Rodrigues and Bora Gurel. Methods for specific markers are summarised in Table 1.1. 

Only monoclonal antibodies were used in the investigations herein described. 

 

Sections from FFPE blocks were first heated at 60oC for 30 minutes then dewaxed in three 5 

minute washes of xylene. Removal of xylene was done by submerging slides twice for 3 

minutes in absolute ethanol followed by 1 minute in running tap water and a quick rinse 

with distilled water.  

Table 1.1 Summary of antibodies and immunohistochemistry methods used in this dissertation. 

 

ANTIBODY CODE COMPANY CLONE DILUTION Species VISUALISATION 
RETRIEVAL 

BUFFER 
CONTROLS (+ / -) 

AR-NTD #M3562 Agilent-Dako AR441 1:200 Mouse DAKO Envision 
pH8.1 

TRIS/EDTA 
VCaP; 22RV1 / PC3 

AR-V7 

(Ab1) 
#EPR15656 

Abcam-

Epitomics 
EP343 1:200 Rabbit Leica Novolink pH6 Citrate VCaP; 22RV1 / DU145 

PTEN #9559 
Cell Signaling 

Technology 
138G6 1:250 Rabbit Rabbit ABC pH6 Citrate 22RV1 / PC3 

MSH2 #M3639 Agilent-Dako FE11 1:50 Mouse DAKO Envision 
pH8.1 

TRIS/EDTA 

Appx (germinal center) / 

LNCAP 

MSH6 #M3646 Agilent-Dako EP49 1:500 Rabbit DAKO Envision 
pH8.1 

TRIS/EDTA 

Appx (germinal center) / 

skeletal muscle 

MLH1 #M3640 Agilent-Dako ES05 1:100 Mouse DAKO Envision 
pH8.1 

TRIS/EDTA 

Appx (germinal center) / 

HCT116; skeletal muscle 

PMS2 #M3647 Agilent-Dako EP51 1:100 Rabbit DAKO Envision 
pH8.1 

TRIS/EDTA 

Appx (germinal center) / 

HCT116; skeletal muscle 

PD-L1 #13684 
Cell Signaling 

Technology 
E1L3N 1:200 Rabbit DAKO Envision 

pH8.1 

TRIS/EDTA 

Placenta (trophoblast) / 

Ovarian stroma 
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 Solutions used in the IHC assays are detailed below: 

o 3% Hydrogen Peroxide (per 10mL): Mix 1 mL hydrogen peroxide and 9 mL distilled 

water. Store at room temperature, use on the day of preparation. 

 

o Tris Buffered Saline (Plus Tween 20) Wash Buffer, pH7.4 (TBST) (per 5L): Mix the 

following in 5 litres of distilled water: 40g sodium chloride, 3.025g TRIS, 22 mL 

hydrochloric acid and 10 mL Tween 20. Adjust pH to 7.4 with 1M HCl or 1M NaOH. Store 

at room temperature. Use within a week. Re-adjust pH daily. 

 

o TRIS/EDTA Buffer Stock (per 50mL): Dissolve 1.25g Trizma base (#T1502; Sigma) and 

1.6g trisodium citrate dihydrate in 50 mL distilled water. Add 2.5 g EDTA disodium salt 

dihydrate and mix. Store at room temperature, expiry date 2 months. 

 

o TRIS/EDTA buffer pH 8.1 (Retrieval buffer): Dilute TRIS/EDTA Buffer Stock 1:10 with 

distilled water. Adjust pH to 8.1 (+/- 0.1) using 1M HCl or 1M NaOH. Prepare fresh and 

discard after use. 

 

o Citrate Buffer pH6 (Retrieval buffer) (#HDS05; TCS Biosciences): Dilute antigen retrieval 

buffer concentrate 1:100 with distilled water. Adjust pH to 6.0 (+/- 0.1) using 1M HCl or 

1M NaOH. Prepare fresh and discard after use. 

 

o Antibody diluent: Dako REAL (#2022; Agilent-Dako). 

 

The generic workflow following dewaxing is: (1) antigen retrieval, (2) peroxidase block, (3) 

protein (non-specific binding) block, (4) primary antibody incubation, (5) detection system, 

(6) DAB, and (7) counterstaining. Protocols for specific markers are detailed below. To avoid 

needless repetitions, methods will refer to the section 7.3.1.1 and only differences are 

otherwise specified. 
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7.3.1.1 AR-NTD  

 

AR-NTD IHC was performed as previously described [215]. (1) Briefly, antigen retrieval was 

done by heating tissue sections in TRIS/EDTA (pH8.1) buffer using a water bath at 97oC for 

30 minutes. Slides were left to cool down at room temperature for 20 minutes then washed 

in running tap water for 5 minutes, then rinsed with distilled water. Sections were then 

soaked in a dish containing 300ml of TBST (Tris buffered saline with 0.2% Tween 20) for a 

minimum of 25 minutes. Excess liquid was carefully blotted to avoid contact with tissue and 

to avoid tissue drying up followed by marking of the slide with a PAP pen to concentrate 

reagents over tissue. The auto-stainer performed the next steps according to previously 

programmed protocols. Briefly, a wash with TBST is included in the beginning of all 

protocols to avoid sections drying up. (2) Endogenous peroxidase was blocked using 250l 

of a 3% H2O2 solution incubated for 10 minutes at room temperature followed by washes 

with TBST (5x). (3) Nonspecific binding was blocked by incubating 250l of Dako Protein 

Block (#X0909; Agilent-Dako) for 10 minutes at room temperature. (4) Slides were incubated 

with 250l of appropriately diluted (1:200 or 1:5000) mouse monoclonal anti-AR-NTD 

antibody clone AR441 (#M3562; Agilent-Dako) for one hour. Two different dilutions were 

used with different purposes: i) in chapter 4, where we investigate AR-NTD expression in 

mCRPCs (which frequently overexpress AR), I used a 1:5000 dilution to increase the dynamic 

range of signal allowing for the identification of a gradient of intensities; ii) in chapter 7, my 

goal was to segregate between true AR positive and negative (small cell/high grade 

neuroendocrine carcinomas) tumours, so antibody was concentrated to 1:200 to increase 

sensitivity. Primary antibody was then washed with TBST (5x). (5) 250l of secondary 

antibody labelled with polymer/horseradish peroxidase (HRP) from the EnVision kit 

(#K5007; Agilent-Dako) was applied to each section, incubated for 30 minutes then washed 

with TBST (5x). (6) 250l of the chromogen 3,30-diaminobenzidine tetrahydrochloride (DAB) 

(diluted according to manufacturer’s specifications) was applied to tissue and incubated for 

5 minutes. Following staining, slides were washed with distilled water. Slides were then 

removed from the auto-stainer for counterstaining. (7) Slides were counterstained with 

Harris’ haematoxylin for 3 minutes, then rinsed with running tap water, quickly dipped into 

1% acid alcohol (approximately 5 seconds) for differentiation and again washed in running 
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tap water. Tissue sections were dehydrated in 3 changes of absolute ethanol (3 minutes) 

and diaphonised in 3 changes of xylene (3 minutes). Slides were then coverslipped using 

DPX mountant (#44581; Sigma) and analysed using an Olympus BX41 compound light 

microscope (Olympus). VCaP and 22RV1 were used as positive; PC3 as negative controls. 

 

7.3.1.2 AR-V7 (Clone EP343) 

 

AR-V7 (Clone EP343) IHC was performed as previously described [215]. (1) Briefly, antigen 

retrieval was done by microwaving tissue sections in citrate buffer (#HDS05; TCS 

Biosciences) (pH6) at full power (900W) for 18 minutes. Slides were left to cool down at 

room temperature for 20 minutes then washed in running tap water for 5 minutes, then 

rinsed with distilled water. Sections were then soaked in a dish containing 300ml of TBST 

(Tris buffered saline with 0.2% Tween 20) for at least 25 minutes. Excess liquid was carefully 

blotted to avoid contact with tissue and to avoid tissue drying up followed by marking of the 

slide with a PAP pen to concentrate reagents over tissue. (2) Endogenous peroxidase was 

blocked using the ready-made solution Peroxidase Block (#RE7157; Leica-Novocastra) from 

the Novolink Max Polymer Detection System (#RE7280-K; Leica-Novocastra) incubated for 

10 minutes at room temperature followed by washes with TBST (5x). (3) Nonspecific binding 

was blocked by incubating 250l of using the ready-made solution Protein Block (#RE7158; 

Leica-Novocastra) from the Novolink Max Polymer Detection System (#RE7280-K; Leica-

Novocastra) for 5 minutes. (4) Slides were incubated with 250l of appropriately diluted 

(1:200) rabbit monoclonal anti-AR-V7 antibody clone EP343 (#EPR15656; Abcam-Epitomics) 

for one hour then washed with TBST (5x). (5) 250l of secondary antibody labelled with 

polymer/horseradish peroxidase (HRP) of ready-made Novolink Polymer (#RE7161; Leica-

Novocastra) solution from the Novolink Max Polymer Detection System (#RE7280-K; 

Leica-Novocastra) was applied to each section, incubated for 30 minutes, and then washed 

with TBST (5x). (6) 250l of the chromogen 3,30-diaminobenzidine tetrahydrochloride (DAB) 

(diluted according to manufacturer’s specifications) from the Novolink Max Polymer 

Detection System (#RE7280-K; Leica-Novocastra) was applied to tissue and incubated for 5 

minutes. Following staining, slides were washed with distilled water. Slides were then 
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removed from the auto-stainer for counterstaining. (7) VCaP and 22RV1 were used as 

positive; DU145 as negative controls. 

 

7.3.1.3 AR-V7 (Clone RM7) and pERK protein expression 

 

IHC for AR-V7 (Clone RM7, GTX33604, GeneTex) and pERK (Clone D13.14.4E, 4370, Cell 

Signalling Technology) was performed on CRPC patient biopsies as previously described10. 

All tissue blocks from CRPC biopsies were sectioned and only considered for IHC analyses if 

adequate tumour material was present (≥ 50 tumour cells by author DNR). For AR-V7 IHC 

(Clone RM7, GTX33604, GeneTex), following antigen retrieval (Tris/EDTA buffer, pH8.1) in 

microwave for 18 minutes at 800W, the antibody was diluted (1:500) in Dako REAL diluent 

(Dako, Agilent Technologies) and tissue was incubated for 1 hour. For pERK IHC (Clone 

D13.14.4E, 4370, Cell Signalling Technology), following antigen retrieval (Citrate buffer, 

pH6.0) in microwave for 18 minutes at 800W, the antibody was diluted (1:400) in Dako REAL 

diluent (Dako, Agilent Technologies) and tissue was incubated for 1 hour. After washes, 

bound antibody was visualized using the Dako EnVision Detection System (Dako, Agilent 

Technologies). Sections were counterstained with hematoxylin. Mouse xenografts from 

22Rv1 (AR-V7 positive) and PC3 (AR- V7 negative), and cell pellets from VCaP (AR-V7 

positive) and DU145 (AR-V7 negative), were used as controls for AR-V7 IHC. Cell pellets from 

22Rv1 treated with vehicle (pERK positive) or trametinib (pERK negative) were used as 

controls for pERK IHC. Rabbit IgGs were used as negative controls. Nuclear AR-V7 expession 

was determined for each case using a modified H-score method and pERK expression was 

reported as percentage positive cells. 

 

 

7.3.1.4 PTEN 

 

PTEN IHC was performed as previously described [117, 216]. Protein block was pursued with 

5% goat serum from the VECTASTAIN® Elite ABC kit (#PK-6101; Maravai Lifesciences - Vector 

Laboratories) for 20 minutes. Slides were incubated with appropriately diluted (1:250) 

rabbit monoclonal anti-PTEN antibody clone 138G6 (#9559; Cell Signaling Technology) 
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followed by washes with TBST (5x). This was followed by 30-minute incubation with 

biotinylated secondary antibody, followed by the avidin/biotinylated enzyme complex (ABC) 

mixture (#PK-6101; VECTASTAIN® Elite ABC kit). 22RV1 were used as positive and PC3 were 

used as negative controls. Endothelial and stromal cells used as internal positive controls for 

PTEN in patient samples. 

 

Cases were dichotomised as either PTEN IHC positive or negative. For equivocal cases, an 

arbitrary cut-off of H-Score ≤ 10 was used to define PTEN IHC negativity. A fraction of 

primary tumours showed intratumoural heterogeneity for PTEN IHC, with coexistence of 

PTEN IHC positive and negative foci, a phenomenon that has been previously described 

[217]. For the purpose of clinical analyses (Chapter 4), presence of any amount of PTEN IHC 

negative disease in primary tumours classified these cases as PTEN negative disease. When 

discordances between PTEN status was observed between HSPC and CRPC, cases were 

classified according to CRPC PTEN status for clinical analyses.  

 

7.3.1.5 MSH2 

 

Antigen retrieval was pursued by heating slides in in TRIS/EDTA (pH8.1) buffer using a 

pressure cooker (program: 125oC for 2 minutes then 90oC for 1 minute). Slides were left to 

cool at room temperature for 20 minutes. Slides were incubated with 250l of appropriately 

diluted (1:50) mouse monoclonal anti-MSH2 antibody clone FE11 (#M3639; Agilent-Dako) 

for one hour then washed with TBST (5x). Germinal centres in the appendix were used as 

positive and LNCAP were used as negative controls. 

 

7.3.1.6 MSH6 

 

Slides were incubated with 250l of appropriately diluted (1:500) rabbit monoclonal anti-

MSH6 antibody clone EP49 (#M3646; Agilent-Dako) for one hour then washed with TBST 

(5x). Germinal centres in the appendix were used as positive and skeletal muscle fibers were 

used as negative controls. 
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7.3.1.7 MLH1 

 

Slides were incubated with 250l of appropriately diluted (1:100) mouse monoclonal anti-

MLH1 antibody clone ES05 (#M3640; Agilent-Dako) for one hour then washed with TBST 

(5x). Germinal centres in the appendix were used as positive and skeletal muscle fibres and 

HCT-116 were used as negative controls. 

 

7.3.1.8 PSM2 

 

Slides were incubated with 250l of appropriately diluted (1:100) rabbit monoclonal anti-

PMS2 antibody clone EP51 (#M3640; Agilent-Dako) for one hour then washed with TBST 

(5x). Germinal centres in the appendix were used as positive and skeletal muscle fibres and 

HCT-116 were used as negative controls. 

 

7.3.1.9 PD-L1 

 

Slides were incubated with 250l of appropriately diluted (1:100) rabbit monoclonal anti-

PD-L1 antibody clone E1L3N (#13684; Cell Signaling Technology) for one hour then washed 

with TBST (5x). Trophoblastic cells (placenta) were used as positive and ovarian stroma were 

used as negative controls. 

 

 

7.3.2 Immunohistochemistry (IHC) – Assay Analyses 

 

All IHC analyses were performed by Dr Daniel Nava Rodrigues or Bora Gurel unless 

otherwise specified. All IHC analyses were performed blinded to clinical or pathological data 

(i.e. previously assigned Gleason Scores). 

 The H-Score system described by Detre [218]: 

o The H-Score system is described as the formula: (% of negative)x0 + (% of 

weak positivity)x1 + (% of moderate positivity)x2 + (% of strong positivity)x3, 
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yielding a result between 0 and 300. Both nuclear and cytoplasmic 

compartments were evaluated for AR-NTD, AR-V7, and PTEN.  

 Mismatch Repair proteins (MSH2, MSH6, MLH1, and PMS2) were dichotomously 

analysed as either positive or negative according to the College of American 

Pathologists criteria for biomarker reporting in colorectal carcinomas. In brief, nuclear 

positive tumours, regardless of intensity, were called positive, and cases with absent 

nuclear staining with good internal controls were called negative. 

 PD-L1 was scored by another pathologist (L.S.T.M.) blinded to the hypothesis and any 

data regarding the sample’s molecular status. Partial or complete membranous staining 

was scored as a % of positive cells/all viable tumour cells. 

  

7.3.3 Multicolour Immunofluorescence 

 

Multiplex sequential IF staining assays were performed by Mateus Crespo. Antigen retrieval 

was performed using CC1 buffer (#950-224, Ventana Medical Systems) at 98°C for 36 

minutes in a water bath. Endogenous peroxidase was inactivated in 3% H2O2 for 10 minutes. 

Tissue sections were incubated for 60 minutes at room temperature with antibodies against 

CD4 (#104R-16, clone SP35, 1:100, Cell Marque) and CD8 (#M7103, clone C8/144B, 1:200, 

Dako, Agilent Technologies). A second layer of antibodies using AlexaFluor 555-conjugated 

IgG (H+L) goat anti-rabbit (#A21429, Invitrogen) and AlexaFluor 488-conjugated IgG (H+L) 

goat anti-mouse (#A-11029, Invitrogen) were used to detect CD4 and CD8, respectively. 

Tissue sections were treated with an avidin/biotin blocking kit according to the 

manufacturer’s protocol (#ab64212, Abcam), and rabbit/mouse normal serum at 5% for 30 

minutes. Next, tissue sections were incubated for 60 minutes with antibodies against Foxp3 

conjugated to biotin (#13-4777-82, clone 236A/E7, 1:100, eBioscience) and EpCAM 

conjugated to AlexaFluor 647 (#5447S, clone VU1D9, 1:200, Cell Signaling Technology). 

Tissue sections were incubated with streptavidin peroxidase (HRP) (#K5001, Dako, Agilent 

Technologies) for 15 minutes followed by TSA Coumarin detection system (#NEL703001KT, 

PerkinElmer) for 10 minutes. Nuclei were counterstained with DRAQ 7 (#DR71000, 

Biostatus) and tissue sections were mounted with ProLong Gold antifade reagent (#P36930, 
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Molecular Probes). After staining, slides were scanned using a multi-spectral camera 

provided by the Vectra® (PerkinElmer) system [219]. Whenever possible, more than one 

non-overlapping micrograph at 20x magnification was collected.  

 

7.3.3.1 Multi-Spectral Image Acquisition and Analyses 

 

Multi-spectral imaging offers the advantage of increased precision by allowing for the 

separation of signal from noise (i.e. auto-fluorescence). Separation is possible by acquiring 

images formed by light emitted from different fluorophores at multiple wavelength bands 

and computationally unmixing these. Multi-spectral image acquisition, linear unmixing of 

multi-spectral images, and tissue analyses algorithms were pursued by Mateus Crespo the 

pathologists using the Vectra® system (Perkin Elmer) and the inForm® Cell Analysis® 

software version 2.1.1. Tissue segmentation was pursued using EpCam positivity as a 

tumour mask to separate neoplastic cells from adjacent stroma and cell segmentation was 

pursued using DRAQ7 as nuclear marker. Phenotype determination was based on staining 

for EpCam, CD4, FOXP3 and CD8. Cells in tumour areas selected by the algorithm were 

separated into bins as follows: CD4+/FOXP3- cells, CD4+/FOXP3+ cells, CD8+ cells, and 

EpCam+ tumour cells. For each image, the tumour area (in mm2) and the number of 

CD4+/FOXP3-, CD4+/FOXP3+, and CD8+ cells were determined to calculate the lymphocytic 

density of tumour infiltrating lymphocytes (LD-TIL) determined as: (∑ T lymphocytes from all 

images)/(∑ of areas from all images).  

7.4 AdnaTest mRNA extraction, CTC enumeration, and 

AdnaTest CTC call 

Isolation and enrichment of CTCs from mCRPC patient peripheral blood (PB) draws were 

carried out using the AdnaTest Prostate Cancer Select (Qiagen, Hilden, Germany), and 

mRNA purification was performed using the AdnaTest Prostate Cancer Detect (Qiagen) as 

per the manufacturer's instructions.  

CTC calls for each sample are presented as CTC call positive (actin positive, and prostate-

specific membrane antigen [PSMA] and/or PSA and/or epidermal growth factor 
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receptor[EGFR] positive; CTC+), CTC call negative (actin positive and all other markers 

negative; CTC), or failed cDNA conversion (actin negative; failed). 

 

CellSearch CTC enumeration 

CTC counts were determined from mCRPC patient PB draws using the CellSearch CTC kit 

(Menarini; Silicon Biosystems, Pennsylvania, USA) according to the Food and Drug 

Administration-cleared manufacturer's method. 

 

mRNA quantification of AR-FL and AR-V7 

CTC+ samples were used for the measurement and quantification of AR-FL and AR-V7 

transcripts. Quantitative real-time polymerase chain reaction (PCR) was carried out with 

primers for AR-FL (forward: 50-CAGCCTATTGCGAGAGAGCTG-30, reverse: 50-

GAAAGGATCTTGGGCACTTGC-30) and AR-V7 (forward: 50-

CCATCTTGTCGTCTTCGGAAATGTTA-30, reverse: 50-TTTGAATGAGGCAAGTCAGCCTTTCT-30) 

along with IQ SYBR Green supermix (Bio-rad, California, USA) and run on a Rotor-Gene Q 

MDx 2Plex HRM (Qiagen). Ct values were converted to absolute copy numbers using a 

standard curve using a gBlock gene fragment (Integrated DNA Technologies, Iowa, USA) 

containing the primer targets and internal amplified sequences for AR-FL and AR-V7. AR-V7 

status is presented as continuous (copies/ml) and binary (present ≥1 copy/ml and absent <1 

copy/ml) outcomes; AR-FL status is presented as binary (present ≥1 copy/ml and absent <1 

copy/ml) outcomes. Blinded control samples were run at the Institute of Cancer Research 

(ICR) and Johns Hopkins University (JHU) to confirm optimisation of the AdnaTest platform 

within both laboratories. 

7.5 Massive-parallel sequencing (Chapters 4 and 5) 

7.5.1 DNA Extraction 

 DNA extraction from paraffin was pursued using the using the QIAamp DNA FFPE 

Tissue kit (Qiagen) and quantified by Quant-iT Picogreen double-stranded DNA 

(dsDNA) Assay Kits (#P7589; Invitrogen-ThermoFisher Scientific). The Illumina FFPE 

QC kit (#WG-321-1001, Illumina) was used for DNA quality control tests. Samples 

with ≤40% tumour content on histological analysis were surgically microdissected 
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under a stereoscope using nuclear fast red stained slides to ensure at least 80% 

tumour purity.  

 Sections from fresh-frozen samples were taken and stained with H&E to ensure 

tumour content of >40% prior to DNA extraction. DNA extraction from fresh-frozen 

samples was pursued using the QIAmp DNA Mini Kit (#51304; Qiagen) and 

quantified by Quant-iT Picogreen double-stranded DNA (dsDNA) Assay Kits (#P7589; 

Invitrogen-ThermoFisher).  

 DNA extraction from buccal swabs was pursued using Isolhelix DNA Isolation kit 

DDK50 (Isohelix) and QIAmp DNA Mini Kit (#51304; Qiagen). 

 

7.5.2 Targeted Sequencing 

 

Targeted sequencing results are reported in chapters 4 and 5. Library preparation and 

sequencing assay were performed by Dr. Joaquin Mateo and members of the Cancer 

Biomarkers DNA sequencing team which included, at the time of data accrual for this thesis, 

Jane Goodall and Claudia Bertan. DNA input varied as a function of QC testing: 40ng, if 

QC<2 and 80ng if QC>2 but <4. Samples with QC>4 were not sequenced. 

 Library preparation was pursued using a customised gene panel (Generad DNASeq 

Mix-n-Match v2; Qiagen), designed by Dr. Suzanne Carreira, covering the exonic 

regions of 113 genes was used for targeted sequencing. The genes present in this 

panel are summarised below.  

 

AKT1 BARD1 CHEK2 ERCC6 FANCM MAP4K3 MYD88 PIK3CG SMARCA4 WTI 

AKT2 BLM CTNNB1 EZH2 FGFR2 MDM2 NBN PIK3R1 SMARCB1 XPA 

ALK  BRAD DDB2 FAM46C FGFR3 MET NFI PMS2 SPOP XPC 

APC BRCA1 EGFR FANCA HNF1A MLH1 NF2 PRKDC SRC XRCC3 

AR BRCA2 EPCAM FANCB HRAS MLH3 NFKBIA PTEN STK11 ZRSR2 

ARID1A BUB1B ERBB2 FANCC JAK1 MRE11A NOTCH1 RAD50 TNFAIP3  

ARID2 CDH1 ERBB3 FANCD2 JAK2 MSH2 NOTCH2 RAD51B TNFRSF14  

ATM CDK12 ERBB4 FANCE KRAS MSH3 NRAS RAD51C TP53  

ATR CDK4 ERCC2 FANCF MAP2K1 MSH6 NTRK1 RAD51D TSC1  

ATRX CDKN1B ERCC3 FANCG MAP2K2 MTOR PALB2 RB1 TSC2  

AXIN1 CDKN2A ERCC4 FANCI MAP2K4 MUTYH PDGFRA RECQL4 VHLL  

AXIN2 CHEK1 ERCC5 FANCL MAP3K1 MYC PIK3CA RET WRN  
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 Sequencing was performed using the Illumina MiSeq platform (Illumina). 

7.5.2.1 Targeted Sequencing Analyses 

 Alignment was pursued with BWA tools. 

 Variant calling was performed using the Genome Analysis Toolkit (GATK) variant 

annotator in the Qiagen GeneRead Targeted Exon Enrichment Panel Data Analysis 

website (http://ngsdataanalysis.sabiosciences.com/NGS2/). 

 Variants were manually curated. 

 Copy number aberrations were assessed using CNVkit v0.3.5 

(http://github.com/etal/cnvkit). Performed by George Seed. 

 

7.5.3 Whole Genome Sequencing (Chapter 5) 

 

Downstream analyses and interpretation of sequencing reads were performed by Suzanne 

Carreira, Wei Yuan and George Seed. 

Tissue sections (7 μm) were hematoxylin and eosin (H&E) stained and assessed to be at least 

50% tumor. DNA was isolated from five 40 μm tissue sections using the QIAamp Fast DNA 

Tissue Kit (QIAGEN), with tissue disruption performed by ceramic beads (MP BioMedicals). 

DNA was quantified by Qubit fluorimeter and verified by a BioAnalyzer DNA 12000 (Agilent). 

DNA libraries were prepared using 500 ng of DNA as input to the Hyper Kit (Kapa) and 

barcoded using TruSeq (Illumina), with three cycles of PCR. Whole-exome capture of gene 

coding regions and a small shoulder region of intron–exon boundaries was performed using 

SeqCap EZ Exome V3 (64.1 Mb; Nimblegen). Library fragment size was verified by 

BioAnalyzer High Sensitivity DNA Assay (Agilent). Libraries were sequenced on an Illumina 

HiSeq 4000 instrument. Patient 1’s germline, pre-olaparib, and resistant biopsies were 

sequenced to a mean depth of 33x, 88x, and 95x, respectively. 

 

7.5.4 cfDNA Sequencing (Chapter 5) 

 

Whole blood was collected in EDTA, centrifuged at 1,600 rcf, and chilled at 4°C within 2 

hours of collection. Plasma and buffy coat were stored at −80°C. Germline DNA was 
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extracted from buffy coat using the DNeasy Blood and Tissue Kit (QIAGEN; manufacturer’s 

instructions) and quantified with a NanoDrop spectrophotometer (Thermo Scientific). 

Circulating cfDNA was extracted from 6 mL of plasma using the Circulating Nucleic Acids Kit 

(QIAGEN; manufacturer’s instructions) and quantified with a Qubit 2.0 Fluorometer and a 

Qubit dsDNA HS Assay Kit (Life Technologies). DNA (10 to 100 ng) was used for targeted 

DNA capture; gDNA was sheared to 180 nt fragments by ultrasonication (Covaris); cfDNA 

samples do not require shearing. A-tailing, end repair, Illumina-compatible adapter ligation, 

and between 12 to 17 cycles of PCR amplification were performed. Products were 

quantified by NanoDrop. Samples were hybridized to a custom NimbleGen SeqCap panel 

targeting the exonic regions of 73 genes for a minimum of 16 hours at 47°C following the 

SeqCap EZ system protocols. 

Libraries were purified with AMPure beads (Agencourt) and quantitated by Qubit. 

Sequencing was performed on an Illumina MiSeq (V3 600 cycle kit). Patient 1’s pre-olaparib 

and resistant cfDNA samples were sequenced to a mean depth of 220x. Patient 2’s cfDNA 

samples were sequenced to a mean depth of 400x (germline) and 1,400x (pre-olaparib and 

resistant). 

 

7.5.5 Sequencing and Bioinformatics (Chapter 5)  

 

7.5.5.1 Mutation load and calls 

For panel testing data, the mutation load was extracted from targeted next generation 

sequencing panel data after filtering out of spurious and germline changes using 

methods previously described (Garofalo et al, Genome medicine, 2016). 

7.5.5.2 mSINGS 

mSINGS software (Salipante, Clin Chem, 2014) was used to score samples for an MSI-like 

phenotype by assessing targeted next generation DNA-sequencing data; due to batch-

related exome sequencing variability we were unable to utilize mSINGS on these data. In 

brief, the algorithm functions by: a) identifying possible DNA repeat regions; b) 

examining the frequencies of these alleles bearing varying repeat lengths; c) comparing 
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these values to a baseline reference from MMR intact specimens. Our targeted panel 

contained 3223 possible loci. Tumor and normal samples were used produce an 

enriched reference set of 601 loci that could be utilised to predict MSI-status 

computationally. 

7.6 Statistical Analyses 

All statistical tests used were two sided and a p value <0.05 being considered significant. 

The most commonly used tests included: 

 T-Test and Mann-Whitney – used to compare differences between two datasets.  

 Pearson & Spearman correlation – used to evaluate whether a linear correlation 

exists between two numerical variables 

 Kaplan-Meier estimator – used to estimate the proportion of patients alive at a 

given time-point.  

 Log-rank test – used to compare the time-to-event times of two or more patient 

groups.  

 Cox proportional hazards models – used to show the hazard ratio (HR; relative risk 

of an event) for a population with a set of variables compared to an individual (or 

population) without the same set of predictors. This model takes into account 

multiple covariates in determining risk of an event (e.g. progression or death).  

Statistic tests were run using Stata Version 15.1. 

 

7.6.1.1 Endpoint definition  

- OS was defined as the time between treatment initiation and either the date of 

death, or of last follow-up for surviving patients.  

- Progression free survival (PFS) was defined as the time from initiation of a treatment 

to the time of progression defined as radiological and/or biochemical progression or 

death. 

- In patients with measurable disease on CT scan, radiographic response was also 

assessed according to the Response Evaluation Criteria in Solid Tumors 1.1 (RECIST). 
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- PSA decline endpoints (chapter 3) evaluated were consistent with published 

consensus guidelines [PCWG3]. The percentage change in PSA from baseline at 4- 

and 12-weeks was categorised as either a decline (≥30% decrease), progression 

(≥25% increase) or no change. A PSA reading not meeting either criteria of response 

or progression was considered as ‘no-change’. 
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