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Abstract:

My hypothesis is that resistance to PIBK-AKT-mTOR targeting in metastatic
prostate cancer involves ErbB activation and heterodimerisation. Better
description of the mechanisms implicated will allow the identification of
appropriate predictive biomarkers.

Current clinical trials are investigating the use of PIBK-AKT-mTOR inhibitors in
metastatic castration-resistant prostate cancer (CRPC). 50-70% of metastatic
CRPC patients have genomic aberrations of the PI3K pathway, mainly involving
loss of PTEN, an important negative regulator of the PI3K-AKT pathway.
Upregulation of HER3 was previously suggested to be an important resistance
mechanism.

Within the context of this project | have applied biophysical techniques to
quantify protein-protein interactions i.e fluorescence lifetime imaging
microscopy (FLIM) which is the gold-standard technique for measuring Forster
resonance energy transfer (FRET). This is an established technology in our
laboratory and was used to evaluate HERS3 heterodimerisation in prostate
cancer cells and mouse xenograft tissue, alongside biochemical methods to
demonstrate changes in ErbB expression in response to PI3K-AKT-mTOR
inhibition. In addition, | optimised this technology for use in cell line and patient-
derived exosomes.

Different ErbB subtypes are upregulated in vitro as part of a potential resistance
mechanism in response to PISBK-mTOR inhibition, depending on the cell line

PTEN status. Concomitant upregulation of either AR or PSMA is also observed.



In PTEN WT prostate cancer cells, the upregulation of PSMA is demonstrated
to be HER2 dependent and can be inhibited by lapatinib.

The clinical implications of my results propose the use of PIBK-AKT-mTOR
inhibitors in the metastatic hormone-sensitive setting as well. In addition, tissue
and/or exosomal ErbB heterodimerisation, together with the use of clinically
available PSMA imaging probes, might prove an additional biomarker in
resistance detection and subgroup classification. Some initial PSMA PET
imaging analyses upon PISK-mTOR inhibition in vivo will be presented. Finally,
this might allow the design of prospective clinical trials using PSMA-targeted

therapies.



Impact statement:

The treatment landscape in metastatic prostate cancer is rapidly evolving with
the approval of numerous novel agents for use both in hormone-sensitive and
castrate-resistant settings. Clinicians however, are faced with numerous
challenges due to the multitude of available treatment options but the lack of
predictive biomarkers of response and resistance that would guide treatment
decisions. Understanding mechanisms of resistance to targeted novel agents
in metastatic prostate cancer is an area of current unmet need in order to
transition to more personalised treatment approaches for our patients.

In this project, we wished to study resistance mechanisms to targeted inhibition
of the PIBK-AKT-mTOR pathway in metastatic prostate cancer. Inhibitors of the
pathway are currently being investigated with early phase as well as Phase llI
clinical trials. PTEN status, assessed by tumour IHC, is used as a predictive
biomarker of response in these clinical trials. We were interested to see whether
the resistance mechanisms demonstrated between PTEN WT and MT/null cell
lines in vitro could guide any further pharmacological intervention at the time of
resistance.

The results of this project demonstrate distinct patterns of resistance between
PTEN WT and MT/null prostate cancer cell lines with differential
overexpression of ErbB receptors and their heterodimerisation as well as
upregulation of key oncogenic pathways. We propose that ErbB receptor
overexpression and/or heterodimerisation could be used as predictive
biomarkers of treatment resistance based on the baseline PTEN status of the

patients. In addition, based on respective ErbB changes the overexpression of



specific pathways known to be important in disease proliferation and
progression in metastatic prostate cancer, such as AR and PSMA, could be
predicted and detected at the time of resistance to guide further targeted
therapy. The use of PSMA-targeted therapeutics is now being investigated
within clinical trials in metastatic castrate-resistant prostate cancer and could
be relevant in a subgroup of PTEN WT patients that progress upon PI3K-AKT-
mTOR targeted inhibition. Finally, within this project we presented preliminary
work using patient serum-derived exosomes in prostate cancer and the ability
to use our FRET-FLIM assay to detect exosomal ErbB heterodimerisation as
valuable liquid biopsies that could be evaluated further within prospective
clinical trials in the future.

The completion of this project was the result of contributions of members of
Professor Ng’s laboratory, based both at UCL Cancer Institute and King’s
College London. Furthermore, our collaborators Professor Hardev Pandha at
the University of Surrey and Professor Hing Leung at the University of Glasgow
contributed intellectually at important times along the project. As an example,
the exosomal samples | have prepared are going to be deployed as part 1 of a
National Cancer Imaging Translational Accelerator (Cambridge/ICR/Imperial
College London/KCL/Oxford/UCL) clinical programme funded by CRUK (£10
million. 2018-23) known as ‘Evaluation of PSMA (68Ga) PET/CT as a tool to
guide treatment choice in patients with high risk prostate cancer’. The latter is
likely to transform prostate cancer management by an integrated imaging and

liquid biopsy based technological approach.
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Chapter 1: Introduction

1.1 Prostate cancer

1.1.1 — Introduction

Prostate cancer is the commonest cancer in men in the UK and the second
most common cause of cancer-related death in men in the UK (1). The disease
exhibits remarkable heterogeneity in clinical behaviour and outcome ranging

from years of indolence to lethal disease despite similar histological features

).

The androgen dependency of prostate cancer was first established by Huggins
and Hodges in the 1940s (3) and since then androgen deprivation therapy, with
Luteinising-hormone releasing hormone or orchidectomy, is the first-line
treatment for metastatic disease. Although initial response rates exceed 80%,
these are transient and patients invariably progress to the more aggressive

state of the disease termed castration-resistant prostate cancer or CRPC (4).

The advances in genomic and proteomic research have provided improved
understanding of the molecular events underlying castration resistance and
have shown that CRPC is a molecularly heterogeneous disease, even within a
single patient. It is now established that CRPC remains dependent on
persistent activation of the androgen receptor (AR) and its signaling pathway
(5) despite reduced or absent androgen ligand levels. The phosphatidylinositol

3-kinase (PI3K) pathway also plays an important role in CRPC. To date, we
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know that the PISBK-AKT-mTOR and AR signaling pathways can regulate each
other through complex feedback mechanisms (6) . Understanding the critical
events and complexities of AR signaling and its interaction with other oncogenic
molecular pathways is essential in developing successful therapies for the

future based on molecular stratification for individual patients’ disease.

Recently, a multi-institutional clinical sequencing infrastructure conducted
prospective whole exome and transcriptome sequencing of bone and soft
tissue tumour biopsies from 150 mCRPC patients. It was notable from this study
that 89% of patients had clinically actionable aberrations. Importantly, the PI3K
pathway was found to be frequently altered, with somatic alterations in 49% of
mCRPC patients, suggesting that understanding the complex interplay

between this pathway and AR signaling is an important area to focus (7).

The detection and monitoring of genomic and molecular aberrations
longitudinally requires a minimally invasive technique. As a result, the concept
of liquid biopsies has become very appealing; offering the potential to capture
the majority of the cancer burden (and not just the primary or metastatic tissue)
and provide information about critical and therapeutically targetable
aberrations. In addition, whole body imaging can detect tumour heterogeneity
non-invasively and describe the existence of subpopulations of cancer cells
with distinct genomic and proteomic variations. The advantage of combining
the two is to harness the detection of treatment-resistance variants that evolve

as a mechanism of acquired resistance along the time course of the disease

(8).
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1.1.2 - The management of metastatic prostate cancer

The synthesis of androgens is under the physiological regulation of the
hypothalamic-pituitary-testicular axis, with contributions from the adrenal
glands resulting from de novo steroidogenesis (9). ADT continues to be the
first-line therapy for patients with metastatic prostate cancer. This is in the form
of chemical castration through the use of gonadotrophin-releasing hormone
agonists or antagonists which lower testosterone levels by suppression of
androgen secretion from the testes. Combined androgen blockade includes the
use of competitive AR inhibitor (anti-androgen) to further reduce AR signaling
in prostate cancer cells (10). Despite effective, ADT is associated with toxicity,
mainly decreased bone density, sexual dysfunction, hot flushes and cardiac
morbidity (11). Although nearly all patients respond to ADT the duration of
response varies for months to years, and inevitably the disease progresses and
evolves to become resistant to further hormonal treatment. At this stage of the
disease the patients are classified as castrate-refractory or hormone-resistant

(Figure 1.1).
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Figure 1.1 — Prostate cancer trajectory: Increasing disease burden following primary prostate
cancer therapy is indicated by rising PSA levels and/or radiographic progression, and is treated
with medical castration. The CRPC stage follows the failure of castration therapy. Treatment
with next-generation AR inhibitors is initiated in CRPC, but acquired (or inherent) resistance

mechanisms lead to disease recurrence and ultimately death.

Docetaxel chemotherapy also has an established role in metastatic CRPC,
after results of the TAX-327 clinical trial that showed significantly improved
survival in the docetaxel versus the mitoxantrone group (12) . In the last 8 years,
large randomised Phase Il clinical trials showed significant improvements in
survival and outcomes leading to the approval of additional new therapies for
CRPC such as abiraterone acetate (13), enzalutamide (14), cabazitaxel (15),
Radium-223 (16), denosumab (17) and sipuleucel-T (18). These have
significantly changed the treatment landscape of metastatic CRPC with overall

survival (OS) increasing from approximately 9-18 months to >30 months (19).

Both abiraterone acetate and enzalutamide act on the androgen axis.
Abiraterone acetate is a potent, selective and irreversible inhibitor of CYP17A1,
an important enzyme in the steroidogenic pathway involved in the synthesis of

androgens and other steroid hormones. Abiraterone acetate therefore, acts by
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inhibiting androgen biosynthesis (20). Enzalutamide is a non-steroidal anti-
androgen that competitively inhibits androgen binding to AR as well the nuclear
translocation of AR, DNA binding and co-activator recruitment, therefore
interfering with androgen receptor signalling (21). Both these agents, when
used before and after treatment with docetaxel, they have showed decreases
in disease progression and improvements in overall survival as well as in other
secondary endpoints (13, 14, 22, 23). Cabazitaxel, like docetaxel, is another
taxane chemotherapeutic agent that showed increased survival by 2.4 months
when compared to mitoxantrone (15). Radium is an a-emitter particle that
selectively binds and targets bone metastases. It prolonged median OS by 3.6
months and time to first skeletal-related event by 5.8 months compared to
placebo (16). Denosumab on the other hand is a monoclonal antibody against
the receptor activator of nuclear factor k-B ligand and can promote osteoclast
formation and propagation. When compared to zolendronic acid, denosumab
delayed the first skeletal-related event by 3.6 months (17). Finally, sipuleucel-
T is an autologous cellular immunotherapy that is thought to work through APCs
to stimulate T-cell immune response targeted against prostatic acid
phosphatase (PAP), an antigen that is highly expressed in most prostate cancer
cells (24). lts use within the clinical trial setting it demonstrated increase in

median survival by 4.1 months compared to placebo (18).

In addition to the above, the results of two Phase Il clinical trials in metastatic
CRPC treated with olaparib also produced important results. Olaparib is a

PARP inhibitor and preclinical data showed that genomic aberrations in
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tumours that interfere with DNA repair respond to PARP inhibition, by the
exploitation of synthetic lethal interaction from these agents (25, 26). PARP
inhibition showed durable anti-tumour activity in men with metastatic castration-
resistant prostate cancer and deleterious germline BRCA2 mutations, a
disease subgroup associated with poor prognosis (25, 27). TOPARP was a
Phase Il trial that investigated the activity of olaparib in metastatic CRPC and
showed that 33% of patient had a response (objective response as per RECIST
criteria or PSA reduction). In the 16 out of 49 patients who had aberrations in
DNA repair genes by next-generation sequencing, 88% had response to

olaparib (28).

In summary, the results of the recent clinical trials in metastatic CRPC show
that metastatic CRPC responds to a variety of treatments ranging from potent
anti-androgens to chemotherapy, immunotherapy, monoclonal antibodies and
PARP inhibition. Unfortunately, despite these advances in the availability of
systemic therapies, clinicians are still faced with several challenges regarding
the best sequence for therapy use and the most effective combinations for each
patient. Prospective clinical trials are needed with the inclusion of clinically
relevant biomarkers to guide decisions and allow personalised treatment

approaches.

In addition, there is a lot of interest in assessing the use of several of the above
agents in the metastatic hormone-sensitive setting and recently the use of

docetaxel was investigated in two randomized clinical trials in this context. In
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the CHAARTED trial, docetaxel increased median survival in the docetaxel and
ADT group compared to ADT alone (57.6 versus 44 months respectively - HR
0.61; 95% ClI, 0.47-0.8) and delayed progression to 20.2 months versus 11.7
months (HR 0.61; 95% CI, 0.51-0.72). The benefit from the addition of
docetaxel to ADT was observed to be greater in patients with high-volume
disease (29). Similarly, the STAMPEDE trial showed that the addition of
docetaxel to ADT increased the time to biochemical recurrence, progression or
death from prostate cancer by 17 months (HR 0.61; 95% CI, 0.53-0.7) and

overall survival by 10 months (HR 0.78; 95% ClI, 0.66-0.93) (30).

Furthermore, the recent LATITUDE and STAMPEDE trials also showed
substantial improvement in survival with the addition of abiraterone plus
prednisolone to ADT in metastatic hormone-sensitive prostate cancer. The
LATITUDE study recruited patients with newly diagnosed high risk hormone-
sensitive prostate cancer, as defined by Gleason score 8 or higher, 3 or more
bone metastases or the presence of measurable visceral metastases. The
results showed significantly improved OS in the abiraterone and ADT group
compared to the placebo and ADT group (not reached versus 34.7 months)
(hazard ratio for death, 0.62; 95% CI, 0.51-0.76, p<0.001). in addition, the
median radiographic PFS was 33.0 months in the abiraterone group compared
to 14.8 months in the placebo group (31). The STAMPEDE trial also included
an abiraterone and ADT arm alongside the standard of care ADT alone arm. In
the patients with metastatic disease (88% of total) the majority (95%) were de

novo metastatic. The results again showed that the abiraterone and ADT
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combination improved median OS when compared to ADT alone (3-year OS

83% vs 76%, HR 0.63; 95% Cl, 0.52-0.76; P<0.001) (32).

Undoubtedly, the results of these clinical trials demonstrate that docetaxel and
ADT and abiraterone and ADT are standard-of-care treatment options for high-
volume, high-risk metastatic hormone-sensitive prostate cancer. Decision
about the preferred combination is now made based on clinician judgement and
patient individual characteristics. Several ongoing clinical trials are continuing
to investigate the role of secondary hormone therapy in the hormone-sensitive
setting including the use of enzalutamide and other AR antagonists (33).
Clearly, areas of future research should concentrate on combination strategies,
treatment sequencing and biomarker development. Apart from anti-hormonal
and chemotherapy treatments in metastatic hormone-sensitive prostate
cancer, other targeted therapies are being investigated for their efficacy at this

stage of the disease.

1.1.3 - Prognostic and predictive biomarkers

The management of prostate cancer commonly includes uncertainties due to
the inability to accurately predict the natural history and aggressiveness of the
tumour at individual level. The integration of preclinical and clinical information
revealed the intricacies of inter- and intra-patient heterogeneity CRPC. Tissue,
liquid and imaging-based biomarkers in prostate cancer hold great potential for
response assessment, staging, early detection, biologic characterization and

drug development (Figure 1.2). The translation of these in clinic requires
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prospective validation within carefully designed clinical trials to demonstrate

prognostication and prediction of response.

1.1.3.1 — The role of PSA in prostate cancer

Prostate specific antigen (PSA) is one of the few molecular markers routinely
used for detection, risk stratification and monitoring in cancer. PSA belongs to
the family of kallikrein-related peptidases and is under the regulation of
androgen through androgen response elements (34). It strongly discriminates
different prostate cancer stages; it is higher in men with localized disease than
in cancer free individuals, and it is higher in men with metastatic disease than
those with localized disease. In addition, the levels of PSA at diagnosis and the
initiation of therapy are predictive of clinical outcomes. Furthermore, PSA
doubling time is used to monitor disease progression in patients who have had

initial surgery or radiotherapy and in patients under active surveillance (35).

PSA is also very useful in monitoring treatment response to ADT, and the
decrease in PSA levels indicate prostate cancer growth arrest and tumour
cytotoxicity. Progression to castrate-resistant disease after ADT is also defined
by two consecutive increases in PSA after the post-ADT nadir, and PSA
increase at this stage invariably indicates disease progression (36). At the
stage of CRPC PSA levels are still used to monitor the effects of treatment,
however this is not very accurate and the value of PSA as surrogate marker of
disease response in clinical trials is generally questionable, making the

development of novel biomarkers an unmet need (37).
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1.1.3.2 — Prognostic biomarkers at diagnosis

Current classification systems at diagnosis include TNM staging, Gleason
score grading, D’amico risk classification (38) and many others (39-41). Despite
the importance of these tests in improving our ability to evaluate and predict
aggressiveness in prostate cancer, their performance in many cases is still
suboptimal (42). Part of the limitations with these systems stems from the fact
that they rely on macro- and microscopic features of the tumour which are
unfortunately misleading. It is no surprise that there is a need for genomic

markers to complement these tools.

At prostate cancer diagnosis new molecular biomarkers, such as Decipher,
Prolaris and Oncotype DX, that classify tumour aggressiveness have become
available. The Decipher test uses the expression of 22 selected RNA markers
in the radical prostatectomy specimen and can predict clinical likelihood of
metastasis and cancer- specific mortality with high discrimination. It has also
shown ability to independently predict clinical metastasis in patients with
biochemical relapse after surgery (43). Prolaris cell cycle progression (CCP)
test is also a genomic test that looks at a group of genes in the tumour that
provide information on their proliferation and multiplication. It incorporates
information on changes in 31 cell cycle progression genes and 15
housekeeping genes to generate a score on tumour aggressiveness and 10-
year cancer mortality risk (44). Finally, Oncotype DX Prostate Cancer Assay is
a multi-gene RT-PCR expression assay for use in paraffin-embedded

diagnostic prostate needle biopsies. It measures the expression of 12 cancer-
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related genes representing 4 biological pathways and other 5 reference genes
that are then combined to calculate the Genomic Prostate Score (GPS). Data
with its use so far demonstrates that the Oncotype DX GPS is a strong
independent predictor of biochemical relapse and aggressive disease following
initial surgery (45). These tests can therefore provide important additional
information, especially in the case of intermediate risk prostate cancer
aggressiveness based on Gleason score. For instance, patients with prostate
cancer Gleason score 7 demonstrate a range of clinical outcomes and
encompass a very heterogeneous group of prostate cancer patients. The
availability of further prognostic biomarkers/tests of disease aggressiveness
and patient outcome are imperative when managing patients at that stage of

their disease.

1.1.3.3 — Biomarkers in metastatic disease

Primary prostate cancer is commonly multi-focal at diagnosis with a long natural
history of 5 years or more until the detection of metastases and the
development of castration resistance. Models of clonal evolution support the
idea that a single tumour clone present within a multifocal primary is responsible
for metastasis but the identification of dominant lesions at diagnosis is
challenging as it might never represent the lesion with the highest Gleason
grade (46). Further molecular changes can occur in the tumour with disease
progression and treatment resistance. Recent evidence also supports
polyclonal metastasis-to-metastasis seeding in metastatic hormone-deprived

prostate cancer (47). This makes the use of archival primary tumour not
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representative of the current molecular state of the disease when making
decisions regarding targeted systemic therapies. Further, the use of metastatic
tissue biopsy samples in prostate cancer are challenging due to the high
frequency of sclerotic bone metastases that make molecular profiling difficult.
In addition to that, the acquisition of single site metastatic biopsies does not
represent the entire tumour burden because of intra-patient heterogeneity. The
availability of blood-based approaches (i.e liquid biopsies) and molecular
imaging are attractive to optimise as they add the advantage of performing them
serially to track tumour evolution and treatment response longitudinally.

In the metastatic CRPC setting the results of preclinical and clinical work has
provided important insights into the mechanisms of resistance, disease
heterogeneity and potential novel therapeutic targets. As a result, several
clinical studies focused on evaluating novel tissue, liquid and imaging
biomarkers. Prospective biomarker evaluation within clinical trials is being
performed more frequently. For example, next generation sequencing studies
on fresh-frozen tumour biopsy samples obtained before treatment could identify
mutations and deletions in DNA-repair genes in patients receiving olaparib in
the TOPARP trial and the anti-tumour activity of olaparib was significantly
higher in the patients with aberrations in DNA-repair genes, showing that
prospective evaluation of DNA-repair gene aberrations could be used to stratify
patients to treatment with olaparib in the future (28). A subsequent question
that arises from this however, is whether DNA repair defects can be detected

reliably by non-invasive means.
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Non-invasive assays involving CTCs and/or plasma DNA can also be used to
capture heterogeneity. CTC count and CTC conversion could be used as
prognostic biomarkers of disease progression or predictive of response in
clinical trials respectively (48). However, any available CTC assay still requires
further validation within large Phase lll clinical trials. Further, a targeted next-
generation sequencing approach amenable to plasma DNA has been used
retrospectively using patient blood samples previously treated with abiraterone
to quantify AR copy number state as a biomarker of castration and treatment
resistance. Patients with AR gain or mutations prior to abiraterone treatment
were less likely to respond (as measured by PSA decline) and had significantly
worse overall and progression-free survival suggesting that this could be used
as a non-invasive biomarker to identify patients with primary resistance to
abiraterone (49). Prospective evaluation of plasma AR gene aberrations in
clinical trials with novel and standard AR targeting agents and chemotherapy

are now being planned.

The evaluation of the detection of AR-V7 prospectively as a prognostic
biomarker in CRPC has also been performed within clinical trials of patients on
enzalutamide and abiraterone by IHC on bone marrow biopsy specimens (50)
and mRNA level in CTCs (51). Specifically, AR-V7 in bone marrow was
detected in the 57% of patient who developed resistance to enzalutamide (50).
Similarly, AR-V7 in CTCs was associated with lower response rate, shorter PFS
and shorter overall survival compared to patients without detectable circulating

AR-V7 (51). The serial assessment of CTC samples along the course of the
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treatment showed that it could identify patients that were negative at baseline
but then converted to AR-V7 positive during the treatment. In conclusion, the
data with AR-V7 show that this can be used as marker of treatment resistance
in CRPC, however further prospective validation is needed before this is used

in routine clinical practice to guide decisions.

Finally, PTEN-negative tumours as demonstrated by IHC in a cohort of CRPC
patients are associated with shorter median OS and shorter median duration of
abiraterone treatment (52), however the utility of PTEN as a biomarker in clinic
is hugely limited by the need of metastatic tissue biopsies that are generally

hard to obtain in the metastatic prostate cancer setting.

1.1.3.4 - Imaging biomarkers

Advances in imaging technology have the ability of not only assessing disease
extent and distribution, but it can also identify biologic features of patients’
imaged lesions. Accurate staging is important in patients with high risk localised
disease and in those whose disease has biochemically relapsed following local
therapy to allow clinical decision making as well as personalized treatment

stratification and clinical trial enrolment when relevant.

Multiparametric MRl is a widely accepted imaging modality in the detection and
localization of prostate cancer recurrence in patients with biochemical failure
after radical prostatectomy. It is a powerful imaging modality as it combines

biologic and anatomical information together, due to the combination of
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morphological imaging (e.g T2-weighted imaging) and functional techniques,
such as dynamic-contrast enhanced imaging (DCEI), diffusion-weighted
imaging (DWI) and MR spectroscopic imaging (MRSI) (53). Biochemical
relapse after radical prostatectomy, as defined by elevation of serum PSA,
develops in 50% of high risk patients and in about 10% of low risk patients
within 15 years from surgery (54). However, in clinical practice the detection of
PSA origin as a local recurrence or distant, metastatic disease is not always
easy to identify. This is crucial as the management of patients with local
recurrence will differ in the absence of distant metastases and will involve
salvage radiotherapy with the potential of cure, whereas in the case of
metastatic disease androgen-deprivation therapy will be indicated to improve
mortality outcomes (55). Furthermore, multiparametric MRI also has utility in
patients undergoing active surveillance (56) by allowing reclassification of
patient Gleason grade when biopsies were carried out at targets or regions of
interest identified by multiparametric MRI. Therefore, there is a clear utility for
molecular and imaging based biomarkers in prostate cancer and unsurprisingly,

this is an area of active research.

Moreover, multiparametric MRI has been used for the local staging, detection
and characterization of primary foci of prostate cancer within the gland at
diagnosis. This has enabled for the improved assessment of the prostate to
detect areas of malignancy for biopsy sampling (57). In addition, the

quantitative evaluation of DWI with calculated apparent coefficients (ADC)
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values correlates with Gleason score on tissue histology and therefore allows

for the more confident risk stratification of patients (58).

As well as multiparametric MRI, numerous radiolabeled tracers have been
approved for use to image PSMA in prostate cancer to identify sites of disease.
PSMA is a transmembrane carboxypeptidase that is expressed in prostatic
tissue, upregulated in prostate cancer (especially CRPC) and present
regardless of disease site (more on PSMA is discussed in a separate chapter;
see chapter 1.4). The most commonly used anti-PSMA small molecule ligand
is Glu-NH-CO-NH-Lys-(Ahx)-[®®Ga(HBED-CC)](®®Ga-DKFZ-PSMA-11). In a
retrospective analysis involving 319 patients with progressive disease across a
variety of clinical states sensitivity and specificity were 76.6% and 100%
respectively with the use of PSMA-PET (59). PSMA-PET also demonstrated
ability to detect disease in biochemical relapse even when PSA level is very
low (60). This suggests that PSMA imaging might be very useful to detect
clinically relevant disease at very low PSA levels, especially at disease stages
where decisions about salvage radiotherapy are highly relevant. When the
outcome of studies with long follow-up becomes available more insight will be
gained into the long-term outcome from salvage treatment in relationship to
PSMA-PET guidance. The use of PSMA-PET restaging in biochemical
recurrence also adds in the detection of oligometastatic disease, hence
differentiating better the decision making regarding systemic or salvage

therapies as well (61). Despite the available evidence regarding the utility of
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PSMA-PET imaging, its role in personalised prostate cancer treatment is still

not established and will be a subject of intense research in the years to come.

Even with the availability of these imaging modalities and the information
generated with their use, there are limited prospective clinical studies to confirm
the power of their true positive and negative findings. Further, clinical trials
evaluating molecular imaging biomarkers with molecular and genomic
aberrations in the same patients is also lacking. The correlation of these as well
as their use to complement each other could allow for predictive biomarkers
and treatment stratification based on global assessment of the patients’

disease.

1.1.4 - The AR signaling pathway in prostate cancer

1.1.4.1 AR structure, function and regulation

The human androgen receptor gene is a nuclear transcription factor and a
member of the steroid hormone receptor superfamily of genes. It is located on
the X chromosome (g11-12) and consists of 8 exons. It encodes for a protein
of 919 amino acids with a mass of 110kDa. The AR consists of four structurally
and functionally distinct domains (Figure 1); the N-terminal domain (NTD), a
highly conserved DNA-binding domain (DBD) and the ligand-binding domain
(LBD). The ‘hinge region’ separates the DBD from the LBD and contains a

ligand-dependent nuclear localisation signal for AR nuclear transport (62).
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Figure 1.2 — Representative schematic of the Androgen Receptor (AR) gene and modular
protein structure: The AR is encoded within the long arm of X-chromosome and is formed by
eight exons. The AR is organized in a modular structure containing an amino terminal domain
(NTD), a DNA binding domain (DBD), a hinge region and ligand binding domain (LBD). The AR
contains two activation function domains (AF-1 and AF-2) responsible for the transcriptional
activity of the receptor. Amino acid boundaries are indicated by amino acid residue numbers

and known functions for each domain are listed below.

In the absence of ligand, the AR is primarily located in the cytoplasm where it
associates with heat shock proteins (HSP)-90, -70, -56, cytoskeletal proteins
and other chaperones. These maintain a conformation favourable of ligand
binding and protect the AR from proteolysis (63). The NTD contains the
activation function-1 (AF-1) domain which supports AR transcriptional
activation in the presence of AR ligand and on the other hand is able to confer

AR ligand-independent activation when the NTD is separated from the LBD
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(64). In addition, AF-1 interaction with the LBD leads to AR stabilisation (65,
66). The AR NTD contains various phosphorylation and sumoylation regulatory
sites and has been shown to be able to be phosphorylated by various kinases,

playing an important role in AR transactivation (67).

The binding of ligand leads to HSP90 dissociation and induces a
conformational change in AR whereby helices 3, 4 and 12 within the LBD form
the AF-2 binding surface (68). AF-2 is the principal protein-protein interaction
surface that stabilises the AR and is important to recruit FxxLL
motifs/transcription coregulators in the NTD (65). As a result, this hydrophobic
pocket within the LBD facilitates intra- and intermolecular interaction between
the AR NTD and its carboxy-terminal domain (CTD) resulting in the dimerization
of AR. This NTD-CTD interaction occurs predominantly when AR is not bound
to DNA and allows the AR to interact with its co-activators facilitating AR
homodimer formation and nuclear localisation (69). Once inside the nucleus,
AR binds to specific recognition sequences known as androgen response
elements (ARESs) in the promoter and enhancer regions of target genes. Under
these conditions, the AR recruits various coregulators resulting in the initiation
of transcription of its target genes. In prostate cancer, it can drive the
modulation of gene expression, especially that of oncogenes such as the ETS
transcription factors (ERG and ETV1) (70). Evidence also suggests that AR can
additionally activate transcription by binding to other transcription factors hence
acting as a coactivator (71). The transcriptional activity of the AR depends on

the ability to access cognate binding sites on chromatin, partly enabled by
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histone-modifying enzymes (p300 and CREB-binding protein) as well as

pioneer factors such as FOXA1 and GATAZ2 (4).

Regulation of the AR occurs under the influence of androgen at the mRNA
(transcriptional and posttranscriptional level) and protein level. Androgens have
been reported to modulate both stability and translation efficiency of the AR
mRNA; AR mRNA downregulation is observed after 48hr treatment of LNCAP
cells with androgen. However, the AR protein level is not downregulated under
the stimulation of androgens but undergoes a process of receptor recycling with
androgen withdrawal where it migrates back and forth between cytoplasm and

nucleus (72).

Since AR does not undergo ligand-dependent downregulation of its protein
level, the effect of the ubiquitin-proteasome pathway has been implicated in its
degradation (73). Inhibition of the ubiquitin-proteasome pathway by MG132 in
LNCAP cells has shown an increase in endogenous AR protein levels (74).
Specifically, the Mdm2 E3 ubiquitin ligase has been found to interact with the
AR NTD and DBD in a process dependent on AR phosphorylation at Ser?'® and
Ser"® by the PI3K-AKT pathway (75). CHIP (C-terminus of Hsp70-interacting
protein), another ubiquitin ligase, was reported to degrade AR protein (76).
However, whereas Mdm2 and CHIP promote AR degradation, RNF6, another
ubiquitin E3 ligase that was identified within a proteomic screen, was found to
promote AR transcriptional activity and cofactor recruitment by mediating

ubiquitination of lysine 845 (K845) and K847 on the AR LBD. Furthermore,
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RNF6 is overexpressed in hormone-refractory human prostate cancer tissues
and is required for prostate cancer cell growth under androgen-depleted
conditions (77). More recently, Siah2 was reported to have E3 ubiquitin ligase
activity that contributes to CRPC by regulating AR transcriptional activity as well
(78). In conclusion, the above studies reveal that various E3 ubiquitin ligases
are playing differential roles on AR regulation in prostate cancer and at given

oncogenic environments.

1.1.4.2 The role of androgen receptor in CRPC

The AR signalling axis plays a critical role in the development and progression
of prostate cancer. Indeed, the AR is the most commonly altered gene in CRPC
and there is a complex interplay of networks of signalling molecules attributed
to aberrant AR signalling (79).
The main mechanisms broadly include (also summarised schematically in
Figure 1.4):

- AR amplification/overexpression (80)

- Gain-of-function AR mutations; mostly of the ligand binding domain (81)

- AR mutations resulting in conformation changes of the AR (82)

- Autocrine androgen production (83)

- Overexpression of AR cofactors, sensitising cells to low levels of

androgens (84)
- Ligand-independent AR activation by cytokines or growth factors, such

as interleukins (IL-6 and IL-8) (85), EGF and IGF-1 (86)
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- Constitutively active messenger ribonucleic acid (mRNA) splice variants
of AR (87, 88)
- Intracellular kinase signalling, such as Src and AKT, through protein-

protein interactions and phosphorylation events (85)
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Figure 1.3 — Summary of the main androgen receptor signaling pathways in metastatic
prostate cancer:

Upon binding to dihydrotestosterone (DHT), the androgen receptor translocates to the nucleus,
binds to its target genes and regulates their expression. The AR can be activated in the
absence, or in very low levels of DHT. Activating signals arise from several, non-mutually-
exclusive mechanisms including extracellular growth factors such as EGF and intracellular

signaling pathways (T=testosterone).



49

Since the discovery that CRPC commonly remains AR-driven novel AR-
targeted therapies have been developed to overcome resistance by targeting
steroidal hormone production through inhibition of CYP17A1 (Abiraterone
acetate) or preventing hormone-mediated activation of AR by blocking the LBD
(Enzalutamide) with a higher affinity than bicalutamide. These agents are being
used routinely now to treat patients (89). ARN-509, or apalutamide, is another
competitive inhibitor of the AR that has also shown improved outcomes in
patients with CRPC (90). ODM-201 is a selective antagonist of the AR whose
activity in CRPC is also been evaluated within a Phase Il clinical trial (91).
ODM-201 has activity against the F876L mutant AR where enzalutamide and
ARN-509 have no potency against and preclinical models suggest that its anti-

tumour activity is superior to enzalutamide (92).

1.2 — The ErbB receptor family

The ErbB receptors are a family of transmembrane receptor tyrosine kinases
that are integral to cell signalling and proliferation (93). They are referred to as
the human epidermal growth factor receptor, HER or ErbB, and comprise of

EGFR (ErbB1), HER2, HER3 and HERA4.

The receptors possess an extracellular N-terminal ligand-binding domain, a
helical transmembrane domain and an intracellular C-terminal tail which
contains the catalytic function of the tyrosine kinase domain (94). Receptor

dimerisation is essential for their function and signalling and occurs upon ligand
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binding to the extracellular domain (95, 96). Dimerisation can occur between
two different ErbB receptors (heterodimerisation) or between two molecules of
the same receptor (homodimerisation). Normally, they exist as inactive

monomers folded in a conformation to prevent dimerisation (97).

Ligand binding to the extracellular domain encourages a change in the receptor
conformation allowing the dimerisation domain to become exposed and to
interact  with another  receptor  (98). Following  dimerisation,
transphosphorylation of the receptors occurs that activates the tyrosine kinase
portion to stimulate downstream intracellular signalling pathways such as the

MAPK/ERK, PI3K/AKT/Mtor, Src kinases and STAT transcription factors (99).

Although all four ErbB receptors have the same essential domains, the
functional activity of each domain varies. EGFR and HER4 have active tyrosine
kinase domains and known ligands. The majority of ErbB complexes function
as heterodimers despite the ability of EGFR and HER4 to signal autonomously
via homodimerisation. The molecular structure and dynamics of EGFR have
been studied more extensively and are used as a model to help our
understanding of ErbB dimerisation. The baseline inactive state of the receptor
is in a ‘closed’ conformation where the tyrosine kinase is hidden. Ligand binding
induces conformational change in the structure of EGFR to expose the tyrosine
kinase domain and allow it to become catalytically active (98). HER3 can bind
to several ligands but has a weak intrinsic tyrosine kinase activity compared to

the other ErbB receptors and is unable to bind ATP (95). Transphosphorylation
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of HER3 however, with another ErbB receptor allows it to act as a potent
activator of downstream signalling (100). Finally, HER2 possesses an active
tyrosine kinase domain but does not bind to any of the ErbB ligands directly
(95). It is instead found in a conformation that mimics the ligand-bound state

(‘open’) and this allows it to form dimers (101).

The activating ligand involved and the heterodimer partner are the most
important factors in determining which downstream adaptor protein is engaged
and therefore which signalling pathway is finally activated. In addition, ErbB
dimers have different signalling potencies, with homodimers being weaker than
heterodimers in general (95). The HER2-HERS heterodimer is considered the
most potent ErbB pair in terms of tyrosine kinase phosphorylation and
downstream signalling (102) and seems to preferentially recruit through the
PIBK pathway (103). In fact, HER3 has six p85 binding phosphotyrosine
containing motifs and in the presence of heterodimer formation it is a potent
activator of PI3K, therefore driving the activation of the pro-oncogenic AKT-
mTOR pathways (104, 105). Studies using HER3 siRNA knockdown in HER2-
amplified breast cancer cells have shown anti-proliferative results with this
strategy hence further supporting the importance of HER3 and its interaction

with other RTKSs in driving oncogenesis (106).

In addition to the ligand-dependent HER3 heterodimerisation in cells with very
high HER2 expression but lacking HRG ligand, HER2-HERS heterodimers can

form spontaneously and enable downstream signalling in a ligand-independent
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manner. The HER2-HERS heterodimers formed in the presence of absence of
HERS ligand have been shown to be structurally distinct as demonstrated by
studies investigating the mechanisms of the anti-HER2 monoclonal antibodies
trastuzumab and pertuzumab. Pertuzumab disrupts ligand-dependent

dimerisation, while trastuzumab blocks ligand-independent signalling (106).

Because of their oncogenic ability, targeting the ErbB receptors has become
very attractive both in the form of monoclonal antibodies against the
extracellular ligand-binding region of the receptor and also small molecule
tyrosine kinase inhibitors that prevent signal transduction (107). These
strategies have been developed against EGFR and HER2, however because
of the emergence of resistance to these agents and the new apparent role of
HERS as a dimerisation partner a lot of effort is now focused on new therapies
that target HER3. HERS3-specific monoclonal antibodies are now under

evaluation (108).

1.2.1 - HERS upregulation in cancer

HERS3 plays an important role in cell proliferation and survival (99). Neuregulin
binding to HER3 induces HER3 heterodimerisation with other ErbB receptor
members, especially HER2, leading to the phosphorylation of the tyrosine
residues of the C-terminal tail of HER3 (109). HER3 was also detected within
the context of acquired resistance to other ErbB family members targeted
therapeutics. For example, resistance to EGFR tyrosine kinase inhibitor

gefinitib was originated due to activation of HER3 phosphorylation in lung
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cancer (110). HER3 activation is also associated with resistance to HER2
targeted TKis in breast cancer (111). Furthermore, HER3 and PI3K signalling
pathway can escape inhibition of ErbB members by TKils, both in vitro and in
vivo, via an AKT mediated negative feedback mechanism that affects the HER3
phosphorylation-dephosphorylation equilibrium. Increased membrane HER3
drives phosphorylation therefore dephosphorylation is prevented by decreased
phosphatase activity. Small interference  RNA to knockdown HER3
experimentally showed that the pro-apoptotic activity of ErbB TKils is re-
established suggesting that the transphosphorylation of HER3 could be used
as a marker of anti-ErbB targeted TKIs instead (111). Besides its implication in
tumour resistance to ErbB receptor-targeted drugs, HERS has also been shown
to be a mechanism of resistance to other inhibitors of downstream kinases

(112-114).

Furthermore, studies have shown that 50-70% of human breast cancers have
detectable HERS levels as evaluated by IHC and that this correlates with HER2
overexpression (115). In addition, oncogenic gain of function mutations in the
HER3 gene were also detected in human colorectal and gastric cancers (116).
Studies also report the increase in HER3 mRNA levels in numerous tumour
types and its correlation with cell proliferation, invasion and disease
progression (117, 118). MicroRNAs, including miR-205, miR-125a and miR-
125b, that are known to regulate gene expression (either acting as oncogenes
or tumour suppressor) have been found to regulate HER3 expression in several

studies in cancer (119, 120).
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In conclusion, HER3 expression promotes tumour growth directly but allows
cancer cells to escape the effects of targeted, cytotoxic and anti-endocrine
therapies and potentially contributes to the clinical progression of patients. This
capacity of HER3 makes it an attractive target for therapeutic intervention

(table 1).
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1.2.2 - ErbB in prostate cancer

ErbB receptor members have been shown to be expressed in the recurrent
prostate cancer model CWR-R1 and that heregulin signalling through HER2
and HERS3 increases AR transactivation and alters prostate cancer cell line
growth in vitro (121). The EGFR ligand EGF is also known to be able to activate
the AR in a ligand-independent manner, however the mechanistic details of this

are not described (122).

The use of the EGFR-selective TKI gefitinib in mouse xenograft models of both
androgen-dependent and  androgen-independent  prostate  cancer
demonstrated promisingly strong anti-tumour activity and markedly enhanced
the anti-proliferative action of the anti-androgen bicalutamide, suggesting that
targeting ErbB concomitantly with existing anti-androgen therapies could

improve clinical outcomes (123).

HER2 is overexpressed in prostate cancer cell lines as the disease progresses
from the androgen sensitive to the castrate resistant setting and can activate
the androgen receptor pathway in the absence of ligand to contribute to disease
progression, suggesting that there is a cross-talk between HER2 and AR
pathways (124). Evidence suggests that HER2 is able to activate the AR with
minimal or absent ligand, via heterodimerisation with HERS, and to promote
DNA binding and AR stability through the MAPK and AKT pathways (125).
Various studies using archival clinical prostatectomy samples also report the

overexpression of HER2 (by IHC) and amplification at DNA level in a subset of
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prostate cancer patients (126) and has been associated with disease
recurrence following radical prostatectomy (127) and worse prognosis (128).
The use of anti-HER2 monoclonal antibodies have shown ability to decrease
proliferation of the 22Rv1 prostate cancer cell line (129) as well as of the
CWR22 human prostate cancer xenograft (130). In addition, HER2-HER3
heterodimerisation was suggested in the past as a mechanism of aberrant AR
signalling in metastatic castrate resistant prostate cancer. EBP1, a HERS3
binding protein and AR co-repressor, was also found to be depressed in

castrate resistant disease (131).

Despite the available preclinical evidence suggesting the ErbB targeting could
be an important strategy in metastatic castration-resistant disease, Phase |l
clinical trials using gefitinib, erlotinib (both EGFR TKIs) and trastuzumab failed
to demonstrate any objective responses in CRPC when used as single agents
(132-134). A Phase Il study of lapatinib (an inhibitor of both EGFR and HER2)
showed PSA response in only a small number of patients (135). Pertuzumab,
acting as a HER2 dimerisation inhibitor was thought to be a more exciting
therapeutic intervention in this setting. Unfortunately, the use of pertuzumab
within two Phase |l clinical trials in CRPC (pre- and post-chemotherapy
respectively) also failed to demonstrate significant clinical activity (136, 137).
The modulation of ErbB receptor and autocrine ligand expression by androgen
independent prostate cancer cells can support the sustained growth of cancer
cells despite EGFR blockade, and HER3 was found to have an important role

in mediating such resistance to EGFR inhibition (138, 139).
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Studies in clinical samples of human prostate cancer has shown that the
overexpression of heregulin and HERS3 is associated with worse prognosis
(140). In vitro work has shown that HER3 is required for and promotes invasive
capacity of prostate cancer cells upon growth factor stimulation (141). HERS3
nuclear localisation in prostate cancer cells in vitro and in tissues, however,
showed inconsistent results with its association with the hormone-refractory
phenotype (142) but HER3 immunohistochemistry (IHC) studies in prostate
cancer tissue samples showed that HER3 overexpression is associated with
worse prognosis (143). In addition, IHC shows that 90% of human prostate
cancers have significant HER3 staining demonstrating the importance of this
oncogenic signalling in the disease (144). Similarly, a study using microarray
analysis has shown increased expression of HER3 in human prostate cancer
compared to the normal prostate (142). Due to the potency of HERS
heterodimerisation to preferentially activate the PISK-AKT pathway as
described previously, phosphorylation of AKT is pronounced in CRPC and acts
as a mechanism of cell proliferation and ligand-independent AR activation
(145). HERS3 is one of the implicated oncogenic changes responsible for this
increase in AKT phosphorylation making it a likely cause for the sustained cell

proliferation seen despite anti-androgen treatment (143).

In addition, HER3 has been shown to be negatively regulated by AR in
androgen sensitive cells, however with androgen targeting treatments a
simultaneous increase in HER3 has been observed together with the

emergence of castration-resistance cells. This has suggested that HERS plays
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an important role in the transformation pathways that drive prostate cancer to
a castration resistant phenotype (143) and might also indicate that anti-HER3
agents are best used early in the disease (in combination with anti-androgens)
to prevent progression to castration resistant phenotype. HER3 overexpression
or heterodimerisation might also prove to be a biomarker to predict CRPC or

the development of treatment resistance.

1.3 The PI3K signalling pathway

1.3.1 — Introduction

The phosphoinositide 3-kinases (PI3Ks) are a large family of lipid enzymes that
phosphorylate the 3-OH group of phosphatidylinositols on the plasma
membrane and have an established role in different cellular processes
including metabolism, inflammation, cell survival, motilty and cancer
progression (146). There are three classes of PI3Ks described in mammals:
class |, class Il and class lll. Class | PI3Ks are further subcategorised in class

IA and IB and are the ones best characterised to have a role in cancer (147).

The class | PI3Ks are heterodimeric enzymes that consist of a regulatory and
a catalytic subunit (p110). p110 has four different isoforms (a, B, y, 8) and
several regulatory subnits. p85 is the regulatory subunit for p110a, p1108 and
p110d (147). Class | PI3Ks form dimers in cells and can transduce signals from

activated RTKs, G-protein coupled receptors and from activated RAS (148).
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Upon stimulation, the regulatory unit may interact with the intracellular portion
of the activated receptor and this allows subsequent activation of the catalytic
unit which will then associate with the lipid membranes to phosphorylate
phosphatidylinositol  (4,5) P>, to phosphatidylinositol (3,4,5) Ps,
Phosphatidylinositol (3,4,5) Psis the principal mediator of Class | PI3K activity
and constitutes a docking site for proteins that contain pleckstin homology (PH)
domain, controlling their localization and activation (148). Signaling is then
mediated mainly via proteins such as phosphoinositide-3-kinase-protein kinase

B/AKT.

AKT is one of the major downstream effectors of PI3K. Upon PI3K activation,
AKT is translocated via its PH domain to the inner membrane where it is
phosphorylated by PDK1 on its activation loop (T308) (149). This subsequently
activates mTORC1 which results in increased protein synthesis and cell
survival by direct phosphorylation of its effectors, such as the ribosomal S6
kinase and 4E-BPs. Furthermore, the mTORC2 complex also contributes to
full activation of AKT by phosphorylating its serine 473. Complete AKT
activation leads to additional substrate phosphorylation events both in the cell
cytoplasm and nucleus, including phosphorylation of the pro-apoptotic FOXO

proteins (150) (Figure 1.6).
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Figure 1.4 — Overview of PI3K-AKT-mTOR signalling pathway:

Class | PI3Ks are activated by growth factors through GPCR or RTK receptors. PI3K activation
results in the conversion of PIP2 to PIP3, a process that is negatively regulated by PTEN. PIP3
constitutes a docking site for PH-containing proteins (PDK1 and AKT) recruitment and
activation. Subsequently AKT removes the inhibition on the mTOR/Raptor complex (also known
as mTORC1), thus leading to mMTORC1 activation.

PI3K signalling is antagonised by the PTEN tumour suppressor. The PTEN
gene is frequently mutated in many cancers especially brain, breast and

prostate (151). PTEN has a strong phosphatase activity for PIP3 which is
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important for its tumour suppressor action (152). It is therefore not surprising

that mutations or loss of the PTEN gene lead to tumour development.

1.3.2 — The PI3K pathway in prostate cancer

PIBK-AKT-mTOR pathway aberrations have been identified in about 40% of
early prostate cancer and up to 70-100% in advanced disease (153). Loss of
PTEN, the negative regulator of the PI3K pathway, is documented in
approximately 30% of primary and 60% of castrate-resistant prostate cancers
(154). Activation of the PI3K pathway is associated with resistance to ADT,
disease progression and poor outcomes (155, 156). PTEN loss, being
responsible for activation of the pathway, has been shown to be associated with
prostate cancer initiation and progression to the castrate-resistant phenotype
(157). Increase of p-AKT expression has been shown to correlate with higher
Gleason score and to act as a strong predictor of poor clinical outcome in
patients and it could be used as a predictive biomarker of disease progression
(158, 159). Even the more downstream effectors of the pathway are predictive
of disease progression, such as high phospho-4EBP1 and elF4E levels that
have been shown to be associated with increased mortality from prostate

cancer (160).

PI3K and AKT are constitutively expressed in human prostate carcinoma and
a study has shown that their overexpression is involved in enhancing tissue

invasiveness (161). In addition, increased AKT activity facilitates prostate
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cancer progression through down-regulation of the cyclin-dependent kinase
inhibitor, p27/Kip1 (162). Also, AKT/PKB activation correlates with increase in
angiogenesis and metastasis through hypoxia-inducible factor-1a (163). In
general, the PIBK-AKT pathway seems to act in conjunction with other proteins
implicated in prostate cancer growth. For example, the recruitment of Ack1 by
upstream receptors activates AKT and enables the progression of prostate
cancer (164). Deficiency of SPRY2 interacts with EGFR in the setting of PTEN
loss in prostate cancer to enhance activation of the PISK-AKT pathway via
enhancing RTK trafficking (165). The development of castration resistance in
patients that received long-term ADT was shown to be associated with

activation of PIBK-AKT pathway (166).

Other preclinical studies also demonstrated another fundamental relationship
between the PI3K pathway and AR in the development of CRPC. Specifically,
the loss of PTEN in prostate epithelial cells leads to decrease in transcription
of AR target genes through release of repression of negative regulators of AR
activity (167). This deregulation in the PISK-AKT-mTOR pathway has therefore
the ability to rewire the AR signalling pathway, decrease the requirements of
cancer cell for androgen-dependent growth and allow the development of
castration resistance. Furthermore, genetic and pharmacologic studies have
demonstrated that inhibition of either PISK-AKT-mTOR or AR signalling can
allow reciprocal activation of the other. For example, genetic loss of AR or
treatment with enzalutamide in in vivo models of prostate cancer driven by

PTEN loss enhanced AKT signalling though downregulation of FKBP5 (167).
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On the other hand, Carver et al have shown that increased AR protein and
target gene expression were associated with a mechanism dependent on
HER3 upon mTOR inhibition in prostate cancer models with background of
PTEN loss (6). Also AR and PI3K cross-talk may occur through interactions of
the AR/Src and the p85a subunit of PI3K to promote cell survival in androgen-

deplete conditions (168).

The clinical implication of all findings that demonstrate the interplay between
these two signalling pathways is that these can compensate each other in the
setting of therapeutic inhibition of the other pathway alone. Finally, there is
limited data to date to demonstrate the relationship of the AR and PI3K-AKT-
mTOR pathways in models with wild-type PTEN and earlier disease stage

where this interplay between the two pathways might function in different ways.

1.3.3 — PI3K targeting in prostate cancer

Undoubtedly, there is strong evidence about the involvement of PISK pathway
in the evolution of prostate cancer and especially castration-resistant disease.
Several drugs have been developed targeting PI3K signalling and its
downstream targets, however initial results have been negative unfortunately.
Preclinical evidence supporting combined pathway inhibition, as well as the
negative results by the use of single-agent inhibitors of PIBK-AKT-mTOR
pathway have led to the design of clinical trials using small molecule inhibitors
in combination with anti-androgens or chemotherapy. A summarised table

showing all clinical trials using inhibitors of the PIBK-AKT-mTOR pathway is
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shown below (Table 1.2). It is noticeable that two clinical trials are investigating
the use of AKT and PI3K inhibitors in the hormone-sensitive setting post
biochemical relapse (NCT01251861) and neoadjuvant setting prior to radical
prostatectomy (NCT01695473) respectively. There is suggestion that earlier
treatment with these agents might be an important strategy to prevent the

development of castration resistance (169).

Results so far from the Phase Il study using the pan-AKT inhibitor GDC-0068
and abiraterone (versus abiraterone alone) in metastatic CRPC have been
encouraging showing improved radiological PFS and OS with potentially

increased benefit in patients with decreased PTEN expression (170).

In addition to evaluating the optimal timing, combinations and sequence of
these treatments, many of the clinical trials listed below are also investigating
the role of predictive biomarkers. These involve mainly evaluation of PTEN
status on tumour samples, however it would be important to incorporate further
exploratory biomarkers within future clinical trials that will allow the non-
invasive, longitudinal evaluation of disease response and resistance to
treatment along the time-course of therapy. The development, therefore, of
robust assays to use in liquid biopsies would make it more straightforward to

assess.
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1.4 - PSMA in prostate cancer

1.4.1 — PSMA structure, function, expression and regulation

PSMA is considered the most well established target antigen in prostate
cancer, since it is highly and specifically expressed at all tumour stages on the
surface of prostate tumour cells (171). PSMA is also known as glutamate
carboxypeptidase 1l (GCPII) or N-acetyl-a-linked acidic dipeptidase |
(NAALADase) or folate hydrolase and is a type Il transmembrane protein
expressed on the cell membrane of prostate epithelial cells (172). It is encoded
by the FOLH1 gene which resides on chromosome 11p11-p12 and encodes for
a 750 aa protein of approximately 100kDa (173). The extracellular domain
makes the biggest part of the protein (707 aa) while it has small intracellular
and transmembrane domains. Crystallisation data has allowed detailed
characterisation of the PSMA extracellular domain. This, forms three well-
defined structural and functional entities; the protease domain, the apical
domain and the C-terminal domain. In addition, PSMA exists as a highly

glycosylated homodimer (174).

The PSMA protein has two unique enzymatic functions. It contains a binuclear
zinc site that has glutamate carboxypeptidase or folate hydrolase activity
allowing it to catalyse the cleavage of terminal glutamates from poly-y-
glutamated folates (coming from the diet) on the brush border surface of the
small intestine enabling folate uptake. PSMA probably has a role in folate

metabolism in the prostate as well (175). It also has NAALADase activity that
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allows the cleavage of terminal glutamate from the neurotransmitter N-acetyl-

aspartyl-glutamate (NAAG) in neuronal synapses.

PSMA is not secreted into the circulation but undergoes constitutive
internalisation. This is increased 3-fold in a dose-dependent manner after
antibody binding by the PSMA specific monoclonal antibody J591 (176). Once
inside the cell PSMA undergoes clathrin-mediated endocytosis ending up in
lysosomes. This could represent either protein recycling or ligand binding
(similar to ErbB). Therefore, this internalisation property of PSMA allows us to
speculate that there is a natural ligand for PSMA (177). PSMA has also been
shown to undergo macropinocytosis and clathrin-, caveola-independent
endocytosis (176, 178). Furthermore, the expression of PSMA is shown to be
inversely modulated by androgen levels (179). At the transcriptional level,
activation of PSME, the PSMA enhancer that is located in the third intron of the
FOLH1, is prostate specific and negatively regulated by the AR (180). It is
believed that this occurs via tissue specific proteins that interact with the AR
DBD to cause PSME repression (177). Finally, PSMA is known to undergo
extensive glycosylation and this post-translation modification of the protein is
thought to play an important role in its enzymatic activity and protein folding. It
is reported that the glycosylation profile of PSMA in difference prostate cancer
cell lines varies, suggesting that the distribution of sugar epitopes on PSMA
might have a role in prostate cancer disease progression. Evidence also
suggests that the de-glycosylation of PSMA reduces its enzymatic activity

(175).
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PSMA is upregulated many-fold in prostate cancers, metastatic disease and
castrate-refractory disease. IHC studies on prostate cancer tissue have allowed
us to define PSMA expression in the prostate, showing that the percentage of
PSMA positive stained cells increases as the disease stages increases as well,
from benign (69.5%) to adenocarcinoma (80.2%). Furthermore, the expression
of PSMA in tumour stroma, urothelium and normal vasculature is negative
(181). PSMA expression is highly organ-specific. There is now known
expression in the salivary glands (179), the cryptic cells of the duodenum (182),
the proximal renal tubules (182) and in the brain (183). Remarkably, PSMA
expression is also detected in the neovasculature of various cancers (bladder,
kidneys, breast, pancreas, lung) but is not found in normal established
vasculature, making it an interesting tumour angiogenesis marker (182, 184).
Conway et al, report that PSMA regulates cell invasion and tumour
angiogenesis via integrin signal transduction modulation in endothelial cells

(185).

1.4.2 PSMA as a prognostic and diagnostic biomarker

PSMA expression and enzymatic activity is increased in prostate cancer cells
compared to normal and benign prostatic tissue and has therefore gained a lot

of interest about its utility as a prognostic biomarker of the disease (186, 187).

Various studies are now available that report the correlation between PSMA

expression and increased Gleason score (187, 188). In addition to Gleason
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score, it was found that PSMA expression significantly correlates with other
prognostic factors of adverse outcome, including tumour grade, pathological
stage, aneuploidy and biochemical recurrence (189). Recently, a splice variant
of PSMA was identified (PSM-E) and it also correlates with Gleason score

(190). Interestingly, this is found in the cytoplasm of prostate cancer cells (191).

Furthermore, PSMA appears to have an enzymatic role in activating
intracellular signaling pathways to allow further cell proliferation. It has been
described that PSMA activates the small GTPases RAS and RAC1 leading to
downstream MAPK pathway activation in LNCAP prostate cancer cells. This
leads to further induction of NF-k@3 activity, increased expression of IL-6 and
CCL5 genes and finally enhanced survival and proliferation of prostate cancer
cells. Consequently, it appears that PSMA expression and its enzymatic activity

in aggressive tumours play an important role in disease progression (192).

To conclude, the expression of PSMA levels in patient tumours can serve to
compliment other established biomarkers and provide more robust indications
of treatment response, especially when evaluating the activity of specific

targeted therapies.

1.4.3 The link with PIK3 pathway

The function of PSMA in prostate cancer has been elusive for years, however

recent data shows that it plays an important role in modulating cellular signaling
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pathways implicated in the pathogenesis of prostate cancer, such as the PI3K-

AKT-mTOR pathway.

Guo et al have shown that PSMA knockdown by siRNA transfection led to
abrogation of pAKT (s473) levels in LNCaP cells and that the use of a PI3K
inhibitor was also able to reduce pAKT levels in both PSMA WT and knockdown
groups. Decrease in cell proliferation, migration and survival was also observed
with PSMA knockdown and PI3K inhibition. These observations led to the
conclusion that PSMA regulates cellular signaling via the PISK-AKT pathway,

a mechanism for PSMA that was largerly undescribed (193).

In addition, the study of PSMA-negative tumours, generated by crossing
PSMA-deficient mice with transgenic prostate cancer TRAMP models
confirmed the observation that PSMA has an important pro-angiogenic role as
demonstrated by more apoptotic and less vascular tumour production.
Moreover, and compared to PSMA-positive tumours, PSMA-negative tumours
had less activity of the PIBK-AKT pathway. The interaction of PSMA with the
scaffolding protein RACK1 was identified as a mechanism of AKT signalling

activation in this model (194).

Furthermore, more recent work done demonstrated that PSMA in prostate
cancer can initiate signalling upstream of PI3K through mGLUR (Figure 1.7).
The enzymatic activity of PSMA is capable of releasing glutamate from

glutamated substrates leading to the activation of mGLUR1 and this can



72

subsequently induce the activation of PISK pathway through the
phosphorylation of p110f. This effect is independent of PTEN status and was
noted in in vitro, in vivo and clinical experiments. Inhibition of PSMA in
preclinical experiments demonstrated decrease in PI3K signalling and tumour
regression and this was interrogated by PET imaging. This oncogenic axis

between PSMA-PI3K can therefore be exploited further therapeutically (195).
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Figure 1.5 — The schematic representation of the overall pathway involving PSMA and

induction of PI3K-AKT signalling:

Free glutamate released from PSMA after processing of glutamate-containing substrates
activates mGLURT1 receptors on the plasma membrane of prostate cancer cells. Activation of
the glutamatergic pathway induces calcium signalling and activation of the PI3K cascade

supporting tumour growth.
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1.4.4 PSMA as a therapeutic target

The high expression of PSMA on the cell surface, its large extracellular target
and high organ specific allow its use as a target antigen for the treatment of
prostate cancer as well as a target of imaging agents. Furthermore, its
internalization upon ligand binding enable the use for targeted delivery of
intracellular acting drugs. As a result, many preclinical and clinical studies were

done using PSMA as a target antigen.

Small molecule binding to PSMA can be linked by a chelator to a therapeutic
isotope to treat cancer lesions in a theranostic approach. '’Lutetium-PSMA-
617 radioligand therapy is the commonest reported therapy. Phase 1 and 2
clinical trials using radiolabeled (using '’’Lu) PSMA mAb J591, that targets the
extracellular domain of PSMA, have shown promising results. These early
phase clinical trials have demonstrated the safety and tolerability of 177Lu-
PSMA treatment in metastatic CRPC (196-200). In addition, outcomes of PSA
response and clinical OS survival also showed positive results in patients with
metastatic CRPC (201, 202). Furthermore, the use of 177Lu-PSMA-617 also
showed better outcomes when compared to cabazitaxel and also caused less
grade 3 and 4 toxicities (203). Phase 3 trial results would be really important to
determine whether this therapy can become standard of care in metastatic

CRPC (204).

Antibody-based therapies utilizing PSMA can also be employed. For example,

MLN2704 is an antibody-drug conjugate (ADC) in which the antibody
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component of the drug is hud591. The use of this agent was unfortunately
limited by its dose-limiting toxicity profile (205). Further interest in the

development of other PSMA-targeted cytotoxic agents is still high.

1.5 The FRET-FLIM technology

Fluorescence resonance energy transfer (FRET) has become widely used in
medical diagnostics, DNA analysis and optical imaging. FRET and
fluorescence lifetime imaging microscopy (FLIM) assays are suitable for use in
cell line models of cancer, fresh human tissues and formalin-fixed paraffin
embedded tissue (FFPE) to quantify the interaction between signalling proteins
by measuring the energy transfer between fluorophores attached to specific
proteins (206). The analysis of FRET assays performed on FFPE tissue can be
correlated with clinical outcomes of disease in individual patients. Furthermore,
response to therapy at a molecular level can be monitored using FRET assays
while the patient receives treatment by utilising re-biopsy tumour tissue sample
or by examining surrogate tissues. Such technologies can provide both
prognostic and predictive biomarker information and have great potential for

translation into real-life monitoring of cancer patients (206).

FRET is an electrodynamic phenomenon that can be explained using classical
physics. A fluorophore is a molecule that contains a fluorescent group. The
fluorescent group absorbs energy at a specific wavelength, is excited, and then

emits energy at a longer wavelength as it reverts to the ground state. The
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fluorescent lifetime, T, is the average lifetime that a fluorophore remains in the
excited state. FRET occurs between a donor (D) fluorophore in the excited state
and an acceptor (A) fluorophore in the ground state. Fluorophores are attached

to the proteins of interest by direct conjugation of antibodies (207).

FRET is the process of non-radiative energy transfer from one fluorophore
(donor) to another (acceptor) when in close proximity. The donor molecules
typically emit at shorter wavelengths that overlap with the absorption spectrum
of the acceptor. The rate of energy transfer depends on the extent of spectral
overlap between the emission spectrum of the donor and absorbance spectrum
of the acceptor, the relative orientation of the donor and acceptor transition
dipoles and the distance between the donor and acceptor molecules
(nanometer proximity). The FRET efficiency is relative to the inverse sixth
power of the distance, R, between the two molecules. The Forster radius, R,
(typically 1-10nm) is the distance at which FRE T is half its maximal value and
depends on the spectral characteristics of the fluorophore. In order for FRET
to be significant, the distance between the fluorophores must be within
nanometres. Within experimental conditions, therefore, FRET is only likely to
occur when two fluorophores, and their attached proteins are directly
interacting.

FRETeq= 1/ [1+(R/Ro)°]

For example, the absorption spectrum of Cy5 is 590-650 nm and the emission

spectrum of Alexa546 is 573-648 nm, making Alexa546-Cy5 an appropriate
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FRET pair and this has been used by our laboratory previously but also in this
project to quantify protein-to-protein interactions by FLIM. Alexa546 is excited
by the laser source and the fluorescence signal is measured as a function of
time. The fluorescence lifetime can then be calculated by fitting an exponential

model to the decay of the signal.

The study of HER2-HER3 heterodimerisation in this project in models of
metastatic hormone-sensitive and castrate-refractory prostate cancer has the
ability to provide important information to complement HER2 and/or HER3
protein upregulation observed by biochemical assays upon treatment pressure
with PIBK-mTOR inhibitors. In support of preclinical data showing changes in
ErbB heterodimerisation, the quantification of HER2-HER3 heterodimer in
patient tissue samples and circulating exosomes could be utilised as predictive
biomarker for response and resistance to treatment. The quantification of
HER2-HERS3 heterodimer in FFPE breast cancer tissue samples was shown to
be prognostic for metastatic recurrence for up to 10 years, independent of
routine clinic-pathological biomarkers, including HER2 overexpression (208)
and similar information regarding HER2-HERS heterodimerisation in prostate
cancer especially with targeted treatments might provide important information

for predictive biomarkers in this disease.
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1.6 Exosomes as liquid biopsies

Currently available diagnostic and prognostic tools for monitoring molecular
changes in cancer consist of invasive methods requiring tumour tissue. Of
particular interest in this context are exosomes that are secreted by a variety of
cell types and tissues in the body, including cancer cells. They have gained
enormous attention lately due to their ability to reflect tumourigenesis and the
proteome and RNAome of the cells of origin (209). In addition, exosome
analysis is ideally suited for monitoring the evolving tumour longitudinally, in
terms of its whole transcriptome, miRome and proteome profiles (210) and can

be used to monitor tumour progression in response to cancer therapy (211).

Exosomes are vesicles with a size of 30-120 nm that are shed extracellularly.
They are defined as small extracellular vesicles with a multivesicular
endosomal origin (212) that are released from various cells, such as epithelial,
immune and inflammatory cells, as well as body fluids including saliva, urine
and blood. Exosomes are highly heterogeneous and likely reflect the
phenotypic state of the cell that generated them (213). They are composed of
a lipid bilayer and their cargo contains proteins, mRNA, microRNA, DNA and
lipids that can be exchanged between donor and recipient cells (214, 215). The
number of identified proteins, mRNA and lipids in exosomes is growing
comprehensively comprised in the ExoCarta database (216). Exosomes are
characterised by canonical proteins, such as CD63, TSG101 and CD9, but also

of cell specific content reflecting their origin.
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Heterogeneous Heterogeneous
tumour biopsy circulating exosomes

Biopsy  Biopsy Whole genome/

1 2 RNA sequencing
Cancer  Cancer Cancer genetic
genetic  genetic profiles 1 and 2

profile 1 profile 2 all in one analysis

Figure 1.6 — Sequencing of exosomal RNA and DNA can identify driver and passenger
mutations and deletions providing information on actionable genetic defects associated
with cancer: Tumours contain a heterogeneous population of cancer cells. Clonal
heterogeneity emerges when different sets of mutations and deletions drive different cancer
cell clones, generating zones within tumours that contain unique sets of cancer cells with
defined genetics. Therefore, tumour biopsies or portions cannot provide a view of the entire
landscape of cancer-associated genetic defects. Analysis of cancer exosomes from the
patient’s blood can potentially overcome this limitation and offer genetic information reflecting

the status of all the cancer cells in the tumour in order to account for tumour heterogeneity.

Exosomes are released from cells under both physiological and pathological
conditions, therefore their biogenesis might represent a response to different
biological processes such as ligand stimulation (217) or cell stress (218) as well
as a particular pathological phenotype. Exosomes and their contents in cancer
have emerged as potential source of information to detect cancer and provide

information on regulatory drivers of tumour progression and metastasis.
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Furthermore, exosome biogenesis in cancer might reflect changes in the

microenvironment, hypoxia or malignant transformation.

The functions of exosomes in cancer are summarised below from the research

evidence available to date:

Liquid biopsy to aid in the diagnosis of malignancies: both their elevated
concentration and enrichment of specific markers and detection of
nucleic acids. In prostate cancer, the presence of PCA-3 and
TMPRSS2:ERG in exosomes isolated from urine of patients
demonstrated the potential to aid in diagnosis and monitoring (219).
Furthermore, exosomal miR-141 levels in the serum of patients with
prostate cancer discriminates those with metastatic disease from those
with localised disease (220).

Regulation of tumour microenvironment: by participating in the
generation of protumourigenic or antitumourigenic setting by
manipulating host stromal responses (221).

Regulation of tumour immunity: the immunological activities of
exosomes in tumours are likely complex and dynamic, ranging from
modulation of tumour antigen presentation to polarisation of tumour
immunity. While the reported immune activities of exosomes support
their role in promoting anti-tumour immune responses, they may also aid
in immune evasion and better understanding of their functions is needed

(222).
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- Regulation of tumour angiogenesis: by modulation of hypoxia-induced
cell signalling (223).

- Tumour growth and metastasis: through reciprocal signalling, the
remodelling of extracellular matrix to promote cancer cell invasion (224),
the induction of invasive phenotypes in recipient cells and the

modulation of the metastatic site to enhance metastatic disease.

Of course, future studies need to focus on the potential heterogeneity of cancer
exosomes and how this enables further understanding of the clonal expansion
of cancer cells and changes in response to therapies. In addition, RNA and
DNA sequencing of serum-derived exosomes will likely aid in the early
diagnosis of cancer and this coupled with exosomal proteomic analysis could
provide predictive biomarker information during the evolution of malignant
disease during its time course and in response to therapies. The research in
exosomes is still in its early days from the clinical perspective, but the
importance of exosome for monitoring the response to anticancer treatments is

increasing.
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Chapter 2: Materials and methods

2.1 Reagents

2.1.1 Mammalian cell lines

LNCaP, DU145 and PC3 prostate cancer cells were obtained from Dr Claire
Wells’ laboratory in King’s College London.
CWR22 and 22Rv1 prostate cancer cells were a kind gift from Professor Hing

Leung’s laboratory (Beatson Institute).

2.1.2 Reagents for cell culture

RPMI-1640 media without glutamine (Sigma-Aldrich, Gillingham, UK)

Phenol red-free RPMI-1640 media without glutamine (Lonza, Basel,
Switzerland).

For cell culture, media were supplemented with 10% heat-inactivated fetal
bovine serum (Gibco, Thermo Fisher Scientific, USA) or 10% charcoal-stripped
fetal bovine serum (Gibco, Thermo Fisher Scientific, USA) 1%
Penicillin/Streptomycin (50 units Penicillin and 50ug/ml Streptomycin) (Sigma-
Aldrich, Gillingham, UK) and 1% L-Glutamine (2mM) (Sigma-Aldrich, UK).

For exosome extraction, RPMI media with 1% Penicillin/Streptomycin and 1%
L-Glutamine (as above) supplemented with 10% exo-free fetal bovine serum
(Cambridge Bioscience, Cambridge, UK).

Trypsin/EDTA (Sigma-Aldrich, Gillingham, UK).
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2.1.3 Transfection reagents

Opti-MEM media (Gibco, UK)

Fugene 6 (Promega, USA)

2.1.4 Reagents for molecular biology

293T cells (kind donation from Dr James Monypenny of Pitmilly, KCL)

LB agar and broth (Sigma-Aldrich, UK)

Ampicillin at 100 pg/ml (Sigma-Aldrich, UK)

Plasmid plus Maxi Kit (Qiagen, Germany)

Nuclease free H.0 (Invitrogen, USA)

dNTP set (Thermo Scientific, USA)

OligoDT primer (Invitrogen, USA)

5x first-strand buffer (Invitrogen, USA)

DTT at 100mM (Invitrogen, USA)

RNAase out (Thermo Scientific, USA)

Super script lll reverse transcriptase 2000 units at 200U/uL (Invitrogen, USA)
Power SYBR Green Master mix (Applied Biosystems, USA)

PSA (KLK3 gene) primers: Fw CTTAGGTGTGAGGTCCAGGG, Rev
TGTCCAGCACATGTCACTCT

QIAGEN Plasmid Midi kit

2.1.5 Cell stimulation

NRG-1: Neuregulin/recombinant human heregulin-1, 50ng/ml (PeproTech,

USA)
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EGF: recombinant human epidermal growth factor, 100ng/ml (PeproTech,
USA)
Mibolerone: synthetic anabolic steroid with high affinity for androgen receptor,

1nM (Sigma-Aldrich, Gillingham, UK)

2.1.6 Cell inhibitors

- DS7423: small molecule inhibitor against PI3K and mTOR (mTORC1/2); used
at 1000nM in DMSO (Daiichi-Sankyo Company Ltd, Tokyo, Japan)

- Patritumab (U3-1287): fully human monoclonal antibody against HER3; used
at 10ug/ml in sterile water (Daiichi-Sankyo Company Ltd, Tokyo, Japan)

- GDCO0068 (Ipatasertib): highly-selective pan-AKT inhibitor; used at 100nM in
DMSO, was a kind gift from Professor Bart Vanhaesebroeck’s group (UCL
Cancer Institute)

- GDCO0941 (Pictilisib): potent inhibitor of PI3Ka/d; used at 1000nM in DMSO,
was a kind gift from Professor Bart Vanhaesebroeck’s group (UCL Cancer
Institute)

- Everolimus: mTOR pathway inhibitor (both mTORC1 and mTORC2
complexes) (Stemcell technologies, USA)

- Lapatinib: anti-EGFR and HER2 TKI; used at 10 uM in DMSO, (LC Labs, USA)
- Enzalutamide (MDV3100): androgen receptor antagonist; used at 10 uM in

DMSO, (APExBIO, Houston, USA)
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Cell inhibitors

DS7423 small molecule inhibitor against PI3K and mTOR
(mTORC1/2)

Patritumab (U3-1287) fully human monoclonal antibody against HER3

GDCO0068 (lpatasertib) highly-selective pan-AKT inhibitor

GDC0941 (Pictilisib) potent inhibitor of PI3Ka/&

Everolimus mTOR pathway inhibitor (both mTORC1 and
mTORC2 complexes)

Lapatinib anti-EGFR and HER2 TKI

Enzalutamide (MDV3100) androgen receptor antagonist

Table 2.1 — Table of cell inhibitors used in in vitro experiments

2.1.7 Reagents for cell and tumour lysis

Lysis buffer for western blotting:

100mM Tris/HCL (pH 6.8), 300mM NaCl, 0.5% NP40, H,O. Adjust to pH 7.4
and filter.

On the day of use, supplement with protease (Roche, Switzerland) and

phosphatase inhibitors (Roche, Switzerland), 1 tablet per 10 mls.

2.1.8 Reagents for Western blotting

4x Sample buffer: NUPAGE™ LDS sample buffer (Invitrogen, USA)
Gels: Bis-Tris pre-cast polyacrylamide gels (Invitrogen, USA) or in-house made

SDS PAGE gels:
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ddH,0 7.2 mls 5.5 mls 4.2 mls
1M Tris HCL pH 8.8 7.5 mls 7.5 mls 7.5 mls
30% Bis Acrylamide 5 mls 6.7 mls 8 mls
(37.5:1)

(Sigma-Aldrich, UK)

10% SDS 200 plL 200 pL 200 pL
10% APS 200 pL 200 pL 200 pL
TEMED 13 pL 13 pL 13 pL
(Bio-Rad, UK)

ddH,0 6 mls

0.5M TrisHCLpH 6.8 2.5 mls
30% Bis Acrylamide 1.33 mls

(37.5:1)

(Sigma-Aldrich, UK)

10% SDS 100 pL
10% APS 50 pL
TEMED 20 pL
(Bio-Rad, UK)

Table 2.2 — Composition of various %age gels used for western blotting:
Volumes represent required amounts for two 1.5mm gels.

Precision Plus Protein Dual Color Standards (Bio-Rad, UK)

10x Running buffer stock: 250mm Tris-Base, 1.9M Glycine, 1% of 10% SDS,
ddH»0 to make 1L. Used at 1x concentration, diluted in ddH0.

10x Transfer buffer stock: 250mm Tris-Base, 1.9M Glycine, ddH»0 to make 1L.
Used at 1x concentration made up of 100mls 10x transfer buffer, 200ml MeOH
and 700mls ddH0.

Immobilon roll PVDF transfer membrane (Millipore, UK)

Wash buffer: 1x TBS plus 01% Tween (Sigma-Aldrich, UK) (i.e TBS-T)

Block buffer: 1x TBS plus 4% milk (Sigma-Aldrich, UK)
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Primary antibody solutions diluted in 1x TBS-T and 4% BSA (Sigma-Aldrich,
UK)
Detection reagent, high sensitivity for chemiluminescent detection (GE

Healthcare, UK)

2.1.9 Reagents for cell and exosomal RNA extraction

TRIzol reagent (Invitrogen, USA)

Chloroform (HPLC) (Fisher Scientific, UK)

100% Ethanol (Sigma-Aldrich, UK)

PureLink RNA Mini Kit buffers | and Il (Invitrogen, USA)

Ultra-Pure DNAase/RNAase-free distilled water (Invitrogen, USA)

2.1.10 Reagents for cell immunocytochemistry

PBS (Gibco, UK)

4% paraformaldehyde (PFA) solution in PBS (Sigma-Aldrich, UK)
0.1% Triton X-100 (Sigma-Aldrich, UK) in 1x TBS

0.1% BSA (Sigma-Aldrich, UK) in TBS for block and antibody dilution
Hoechst (Invitrogen, USA) at 1:10000 in TBS

Vectashield mounting medium (VWR, USA)

Immersol 510 immersion oil (Zeiss)

2.1.11 Reagents for cell and exosome staining for FLIM
HCL 37% (Sigma)

PBS (Gibco, UK) and 1x TBS for wash
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4% paraformaldehyde (PFA) solution in PBS (Sigma-Aldrich, UK)

0.2% Tween (Sigma-Aldrich, UK) in 1x TBS

Sodium borohydride at Tmg/ml in 1x TBS

0.1% BSA (Sigma-Aldrich, UK) in TBS for block and antibody dilution
10% Mowiol 4-88, 25% glycerol, 100 mM Tris-HCL pH 8.5 (Calbiochem)
99% TDE (Sigma)

Immersol 510 immersion oil (Zeiss)

2.1.12 Reagents for frozen tissue immunofluorescence

Methanol (Sigma-Aldrich, UK)

Acetone (Sigma-Aldrich, UK)

TBS

2% BSA (Sigma-Aldrich, UK) in TBS for block and antibody dilution
Hoechst (Invitrogen, USA) at 1:10000 in TBS

Vectashield mounting medium (VWR, USA)

Immersol 510 immersion oil (Zeiss)

2.1.13 Reagents for tissue immunofluorescence for FLIM
Xylene (Fisher Scientific, UK)

100% Ethanol (Sigma-Aldrich, UK)

TBS

1% Tween (Sigma-Aldrich, UK) in 1x TBS

Sodium borohydride at Tmg/ml in 1x TBS

2% BSA (Sigma-Aldrich, UK) in TBS for block and antibody dilution
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10% Mowiol 4-88, 25% glycerol, 100 mM Tris-HCL pH 8.5 (Calbiochem)

DABCO (Sigma-Aldrich, UK)

2.1.14 Primary Antibodies

anti-AR N-20, rabbit polyclonal (Santa Cruz Biotechnology, USA)

anti-AR N-19, rabbit polyclonal (Santa Cruz Biotechnology, USA)

anti-AR 441, mouse monoclonal conjugated to Alexa Fluor 488 (Santa Cruz
Biotechnology, USA)

anti-EGFR D38B1, rabbit monoclonal (Cell Signaling Technology, USA)
anti-EGFR, clone F4 (from CRUK repository) conjugated to Alexa Fluor 546 (in
house and provided by Dr Gregory Weitsman)

anti-HER2/ErbB2 29D8, rabbit monoclonal (Cell Signaling Technology, USA)
anti-HER2, clone Ab17, mouse monoclonal, conjugated to CY5 (in house and
provided by Dr Gregory Weitsman)

anti-HER3/ErbB3 D22C5, rabbit monoclonal (Cell Signaling Technology, USA)
anti-HERS, clone 2F12 (Thermo Scientific) conjugated to Alexa Fluor 546 (in
house and provided by Dr Gregory Weitsman)

anti-HERS, clone 2F12 (Thermo Scientific) conjugated to CY5 (in house and
provided by Dr Gregory Weitsman)

anti-HER4 111B2, rabbit monoclonal (Cell Signaling Technology, USA)
anti-AKT (pan) C67E7, rabbit monoclonal (Cell Signaling Technology, USA)
anti-ERK 44/42, rabbit monoclonal (Cell Signaling Technology, USA)
anti-PSMA 1H8H5, mouse monoclonal (Invitrogen, USA)

anti-S6 5G10, rabbit monoclonal (Cell Signaling Technology, USA)
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anti-HIF1a EP1215Y, rabbit monoclonal (Abcam, UK)

anti-phospho EGFR (Tyr1068), rabbit monoclonal (Cell Signaling Technology,
USA)

anti-phospho HER2 (Tyr1248), rabbit monoclonal (Cell Signaling Technology,
USA)

anti-phospho HER3 (Tyr1289) 21D3, rabbit monoclonal (Cell Signaling
Technology, USA)

anti-phospho AKT (Thr308) D25E6, rabbit monoclonal (Cell Signaling
Technology, USA)

anti-phospho AKT (Ser473) D9E, rabbit monoclonal (Cell Signaling
Technology, USA)

anti-phospho ERK (Thr202/Tyr204), rabbit monoclonal (Cell Signaling
Technology, USA)

anti-phospho S6 (Ser235/236), rabbit monoclonal (Cell Signaling Technology,
USA)

anti-Tubulin, mouse monoclonal (Abcam, UK)

anti-GAPDH 71.1, mouse monoclonal (Sigma, UK)

2.1.15 Secondary Antibodies

For immunoblotting:

Polyclonal goat anti-mouse/rabbit at 1:2000/1:3000 (DAKO)
For immunofluorescence:

Goat anti-mouse IgG-Alexa 488 at 1:100 (Invitrogen, USA)

Goat anti-rabbit IgG-Alexa 568 at 1:100 (Invitrogen, USA)
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2.1.16 Reagents for in vivo xenograft model establishment and
experiments

Male nude athymic mice, Charles River Laboratories (UK)

Matrigel Basement Matrix, VWR International Ltd

PBS (Gibco, UK)

DS7423: small molecule inhibitor against PI3K and mTOR (mTORC1/2); used
at 3mg/kg/day in 0.05% Methylcellulose solution (Daiichi-Sankyo Company Ltd,
Tokyo, Japan)

Liquid nitrogen

70% Ethanol: made from 100% Ethanol diluted in ddH»O (Sigma-Aldrich, UK)
10% Formalin solution, neutral buffered (Sigma-Aldrich, UK)

Dry ice

2.1.17 Reagents for exosome isolation

Exo-FBS (exosome-depleted FBS media) (System Biosciences, USA)

PBS (Gibco, UK)

2.2 Methods

2.2.1 Plasmid purification

100pL of chemically competent cells were transformed with 1L of plasmid and
incubated on ice for 20 minutes followed by heat-shock at 42°C for 45 seconds
on a thermomixer. The cells were then chilled back on ice for another 2 minutes

and 1 ml of LB broth was added to each sample before the cells were allowed
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to recover at 37°C with shaking at 600 RPM for 1 hour. The cells were then
spread on agar plates containing ampicillin (100 pg/ml; as selection antibiotic)
for incubation at 37°C overnight. For amplification, a colony was picked and
grown in a conical flask containing 50 mls of LB broth with antibiotics. This was
incubated overnight in shaker at 37°C at 210-220 RPM. Plasmids were purified
using the QIAGEN Plasmid Midi kit according to manufacturer’s instructions
(cells were harvested by centrifugation; cells were lysed; precipitation buffer
was added to the lysates; precipitated lysates were allowed to flow-through an
equilibrated midi column; the column was washed through with buffer and the
flow-through was discarded; DNA was eluted into a flask using elution buffer;
isopropanol was added to precipitate DNA prior to centrifugation; the DNA
pellet was washed in 70% ethanol prior to further centrifugation; the pellet was
air-dried before resuspension in water. The DNA concentration was determined

using a nanodrop spectrophotometer.

2.2.2 Stable transfection

Viral particles (including transfer vector, packaging vector, enveloping vector
and Rev expressing vector) with specific shRNA or non-targeting were
generated by transfection in 293T cell culture. The supernatants which
contained viral particles, were collected and added to target LNCaP cells
(seeded in a 6 well plate) for infection. 48 hours post infection, media were
refreshed daily with puromycin containing RPMI media (at 1ug/ml) for 7 days
for the selection of antibiotic resistant cells due to expression of a resistant gene

associated with shRNA. From here onwards cells were cultured in RPMI media
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containing 0.5ug/ml puromycin to maintain the protein knockdown and scaled

up to T75 flasks for use in further experiments.

2.2.3 Cell culture

LNCaP, CWR22, PC3 and DU145 parental cells were grown in RPMI full media.
Cells were maintained at 37°C in a water saturated incubator with an
atmosphere containing 5% CO,. Adherent cells were grown in culture until 70-
80% confluent, typically in a T75 tissue culture flask. The growth medium was
aspirated, cells were washed with 10 mls PBS and then incubated with 3 mls
trypsin/EDTA at 37°C for 3-5 minutes. 7 mls of full media was then added to
the cells to inactivate the trypsin/EDTA. LNCaP and DU145 cells were split at
1:4 dilution 2 times every week. CWR22 were split at 1:4 dilution 2-3 times

every week. PC3 cells were split at 1:6-1:8 dilution 2-3 times every week.

LNCaP NTC and HER3kd cells were grown in a similar fashion but the RPMI
full media also contained Puromycin antibiotic at 0.125 pg/ml. They were split
at the same dilution and frequency.

22Rv1 cells were grown in a similar way as described above but in Phenol-red
free RPMI media with 10% charcoal-stripped FBS. They were split at 1:4

dilution ratio 2-3 times every week.

2.2.4 Cell treatments

Cell stimulation was performed with Heregulin-B1 (or NRG-1) at 50ng/ml for

initial experiments between 2-120 minutes and thereafter at 5 minute timepoint.
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Cell stimulation using EGF at 100ng/ml was performed at 5 minute timepoint
and stimulation with the mibolerone was done at 1 nM concentration for 24
hours. Inhibition using DS7423 was done in initial experiments at increasing
concentrations (from 1-1000 nM) for 48 hours as well as at single concentration
(1000 nM) at increasing timepoints between 1-48 hours. Combination
experiments using DS7423 and mibolerone were performed using DS74283 first
with the addition of mibolerone 24 hours later. In the case of patritumab, this
was used at concentration of 10 ug/ml both alone and in combination with
DS7423. Lapatinib treatment concentration was 10 uM for 24 hours alone or in
combination with DS7423.

Furthermore, GDC0068, GDC0941 and everolimus were used at 100 nM,
1000nM and 100nM respectively for 48 hours.

Finally, enzalutamide was used alone at 10 uM at timepoints 2 and 7 days.
The treated cells were always incubated for the indicated timepoints at 37°C.
In all experiments where the AR levels or cellular localisation were assessed
RPMI media with 10% charcoal-stripped FBS was supplements for at least 24

hours prior to cell lysis or cell fixation on coverslips.

2.2.5 Western blot

Cells were cultured until 80% confluent in 6 well dishes and then stimulated or
inhibited as described above. Cells were then washed with ice-cold PBS and
lysed on ice by scraping into 150-200 ul NP40 lysis buffer. The lysates were

incubated on ice after scraping for further 10 minutes before centrifuging at 4°C
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at 10,000g for 10 minutes to clear the debris. The total protein concentration
was determined using the BCA assay (Pierce).

Aliquots of equal protein concentration from each treatment condition were
loaded into 10% gels (Bis-Tris pre-cast or in-house made SDS PAGE gels).
Gels were run on an Invitrogen X-cell mini-gel system. The gels were subjected
to constant voltage electrophoresis at 30 mAmp per gel, until the protein marker
for 25 kDa reached the bottom of the gel. After separation on the 10% gel,
proteins were electrophoretically transferred onto PVDF membranes using the
Invitrogen XCell II™ transfer apparatus (arrangement: 2 sponges, 2 filter
papers, gel, membrane, 2 filter papers, 2 sponges).

The membranes were then blocked using 4% milk in TBS for 1 hour at room
temperature with shaking, the incubated with primary antibodies diluted in 4%
BSA in TBS at 4°C overnight. Membranes were washed twice in TBS-T for 5
minutes each time on a roller, prior to incubation with secondary antibodies in
blocking buffer for one hour at room temperature. They were then washed a
further 3 times as before. The membranes were then placed on a clear folder,
covered with enhanced chemiluminescent (ECL) substrate and developed

using a CCD-based camera (Syngene).

2.2.6 RNA extraction

The growth medium was removed from cells and these were washed once with
PBS. 600pL of Trizol was added to cells in 6-well plates and allowed to lyse the
cells for 5 minutes at room temperature. The cells were then transferred to

1.5ml eppendorfs and 120uL of Chloroform was added and the mixture was
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vortexed for 10 seconds at room temperature. This was allowed to incubate for
2 minutes at room temperature and then centrifuged at 12,0009 for 5 minutes
at 4°C. The supernatant was transferred to RNAase-free tubes and an equal
volume of 70% ETOH was added followed by 10 seconds of vortexing at room
temperature. 700uL of the sample was transferred to a spin cartridge and
centrifuged at 12,0009 for 15 seconds at room temperature. The follow-through
was discarded and the spin cartridge was re-inserted into the same tube. This
centrifugation step was repeated until the whole sample was processed. Once
this was complete 700uL of wash buffer | was added to the spin cartridge and
centrifuged at 12,0009 for 15 seconds at room temperature. The follow-through
was again discarded together with the collection tube and the spin cartridge
was inserted into a new collection tube. 500uL of wash buffer Il (that contained
ETOH) was added to the spin cartridge and this was centrifuged at 12,0009 for
15 seconds at room temperature. The follow-through was discarded and the
spin cartridge was re-inserted into the same collection tube. Another 500uL of
wash buffer Il (with ETOH) was added to the spin cartridge and the whole
centrifugation process was repeated. Following that, the cartridge was
centrifuged at 12,0009 for 1 minute at room temperature to dry the membrane
with attached RNA. The collection tube was discarded and the spin cartridge
was inserted into the recovery tube. 50puL of RNA-free water was added to the
centre of the spin cartridge and this was allowed to incubate for 1 minute. The
spin cartridge was centrifuged for 2 minutes at 12,000g at room temperature,

then another 50uL of RNA-free water was added to the attached RNA and the
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process was repeated. In total 100uL of cellular RNA was collected and stored
at -80°C until further use.

(N.B — in the case of RNA extraction from exosome pellets 250uL of Trizol was
added for lysis followed by 50uL of Chloroform i.e at 1:5 ratio. The final RNA
elute was suspended in 50uL of RNA-free water. Otherwise the procedure was

as described above.)

2.2.7 Quantitative Reverse Transcription Polymerase Chain

Reaction

The RNA samples obtained from the various treatment condition were
quantified using the NanoDrop instrument. All the samples were then diluted
with RNA-free water to make all samples at equal concentration at 500ng/uL
prior to use. For the conversion of RNA to complementary DNA a mixture of
RNA, RNA-free water dNTPs and oligoDT was prepared to run the PCR
programme at 65°C for the first 5 minutes initially. This was paused to add
buffer, DTT, RNAase out and SSlII so that the PCR program was restarted to
run as follows: 50°C for 60 minutes, then at 70°C for 15 minutes followed by
the last step at 4°C for «. The complementary DNA samples were then diluted
at 1:5 to make a total of 100uL sample and mixture solutions using
complementary DNA, Sybr Green, forward and reverse primers and water were
prepared to allow triplicate samples from each condition to be tested. 20uL of
each sample was placed in 96-well plates for PCR and sealed with a

membrane, centrifuged and placed in the quantitative PCR machine to run at
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the appropriate settings. The data was exported and analysed for interpretation

of the results.

2.2.8 Preparation of cells for imaging (immunofluorescence

and FLIM)

Cells were seeded in 6-well plates with coverslips as described previously
under control or treatment conditions. When ready to prepare for imaging
coverslips were removed from plates and placed on parafiim. They were
washed once with PBS, then fixed with 4% PFA for 15 minutes at room
temperature, followed by further 3 washes with PBS. The cells were then
incubated in 0.1% Triton in TBS for 15 minutes at room temperature, washed
once with TBS and incubated with block buffer (0.1% BSA in TBS) for 1 hour at
room temperature. Finally, the block buffer was aspirated and primary
antibodies were added at the appropriate dilution. After overnight incubation at
4°C primary antibodies were aspirated and secondary antibodies were added
at the appropriate dilution for incubation for 90 minutes at room temperature.
The antibodies were then washed off with PBS, incubated for 10 minutes in
Hoechst (1:10000 in PBS) and washed 3 times with PBS followed by H»>0. The
coverslips were then mounted on slides using Vectashield medium and allowed
to solidify at room temperature overnight. The slides were then stored at -20°C

until imaging.

Samples for FLIM were prepared in a similar way with the difference that after

fixation with PFA, permeabilisation was performed using 0.2% Tween for 10
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minutes (instead of Triton-X), followed by further incubation for 15 minutes in
fresh sodium borohydride in TBS (used at 1mg/ml) to reduce background
autofluorescence. Incubation with conjugated antibodies was done overnight at

4°C. Mowiol was used instead as mounting medium.

2.2.9 Formalin-fixed paraffin-embedded mouse tissue staining

for FLIM

FFPE tissue were incubated at 37°C for 1 hour, then baked at 60°C for another
hour, followed by normalisation at room temperature. Dewaxing was then
carried out by immersing slides in xylene for 7.5 minutes twice, followed by
absolute ethanol twice for 5 minutes each, 70% ethanol for 5 minutes and
washing in distilled water for 3-5 minutes. This was followed by heat mediated
antigen retrieval using the Ventana system. Slides were immediately cooled for
20 minutes, washed using TBS thrice and incubated with TBS-T buffer for 15
minutes. This process was repeated 3 times. Incubation with sodium
borohydride (1mg/ml) was done for 15 minutes at room temperature, to quench
autofluorescence, followed by further 3 washes with TBS. Slides were blocked
with filtered 2% BSA in TBS for 30 minutes, followed by incubation with the
fluorophore-conjugated antibody of interest, diluted in filtered 2% BSA in TBS,
overnight at 4°C. Slides were then washed 3 times using TBS, for 5 minutes
each time, followed by distilled water. Coverslips were applied with Mowiol
medium containing DABCO and left overnight at room temperature prior to

storage at -20°C.
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2.2.10 Frozen mouse tissue staining for immunofluorescence

Frozen tissue slides were removed from -80°C and sample borders were
demarcated with a pen. These were immediately placed in methanol-acetone
solution for fixation at -20°C for 20 minutes and then washed 3 times for 5
minutes each time in TBS on a rocker. The slides were then incubated in block
solution with 2% BSA in TBS for 20 minutes at room temperature and after that
in primary antibody solution which was diluted in 2% BSA in TBS. After
overnight incubation at 4°C the slides were washed 3 times in TBS and
incubated with secondary antibodies (where needed) for 1 hour at room
temperature. Again, the samples were washed 3 times in TBS and Hoechst
(1:10000 in TBS) stain was added for 30 minutes incubation at room
temperature, followed by TBS washes 3 times and final wash with H20. The
slides were then mounted using coverslips with Vectaschield medium and
allowed to solidify overnight at room temperature prior to storage at -20°C until

imaging.

2.2.11 In vivo prostate cancer xenograft model establishment

for PSMA-PET imaging

Animal studies were carried out in accordance with UK Research Council’s and
Medical Research Charities’ guidelines on Responsibility in the Use of Animals
in Bioscience Research, under UK Home Office Licence. Animals were
maintained in either the Rockefeller (UCL) or St Thomas’ Hospital BSU (KCL).
Male nude athymic mice, 4-6 weeks old in age were purchased from Charles

River Laboratories (UK). The animals were maintained under sterile conditions
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in filter topped cages on sterile bedding and fed an irradiated diet of standard
mouse chow.

Mycoplasma negative CWR22 and 22Rv1 cells were inoculated
subcutaneously to establish in vivo tumour models for treatment with DS7423
and PSMA-PET imaging. To establish subcutaneous tumour models 4-5 million
cells of each cell line were suspended in 200uL Matrigel:PBS (1:1) and injected
into the flank(s) of each mouse on Day 0 (Matrigel was thawed overnight at
4°C). The mice were monitored post inoculation, the day after and thereafter at
least twice weekly. Subcutaneous tumours were measured using callipers
(mm) and volume was calculated using the formula Volume = [(major
axis*minor axis)?/2]. Mouse monitoring comprised of the assessment of weight,
behaviour and palpable tumour size up to three times a week. In accordance
with the PPL evidence of weight loss greater than 10%, moderate signs of
behavioural distress and/or palpable tumour diameter >15mm (single or

combined tumours) precipitated humane killing by Schedule 1 method.

2.2.12 Preparation and administration of DS7423 by oral
gavage

DS7423 for oral gavage was prepared at 0.6mg/ml concentration by dilution in
0.05% methylcellulose solution. To ensure efficient dilution sonication was
performed for 5 minutes interrupted by intermittent vortexing. The dissolved
DS7423 solution was stored on a rocker at 4°C until use.

Oral gavage of DS7423 was performed after mouse xenografts were

established, about 3 weeks post tumour cell inoculation. Mouse weight was
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measured and DS7423 was administered at 3mg/kg/day dose in a volume not
to exceed 10ml/kg.

In the first pilot experiment the mice received daily DS7423 for 5 days, followed
by 1 day of break and further treatment of another 5 consecutive days until the
experiment was terminated. In the subsequent PSMA-PET experiment the mice
received DS7423 on 4 consecutive days starting 5 days prior to imaging.
Following administration of DS7423 the mice were observed for at least 10 mins

for detection of potential complications.

2.2.13 Tissue preservation

2.2.13.1 Frozen tissue

Tissues (e.g. primary tumours) were dissected out and wrapped in foil.
They were immediately immersed in liquid nitrogen for flash freezing.
After 30 minutes the snap frozen tissue was removed from the liquid
nitrogen and transferred to a pre-chilled container for storage at -80°C
freezer until further use. Frozen tumours were cut into 4mm sections with

a cryostat for immunofluorescence staining.
2.2.13.2 Formalin-fixed paraffin-embedded tissue

Dissected tissue was placed in 70% ethanol and incubated overnight at
room temperature. Subsequently, the ethanol was removed and the
tissue was immersed in 10% Formalin solution for fixation until further
processing that involved embedding in a paraffin block ready for

sectioning.
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2.2.14 Frozen tissue lysates

Frozen tissue was placed in a mortar containing liquid nitrogen and cut in
smaller pieces. The tissue to be used for cell lysis was weighed by placing in
previously chilled eppendorfs. The frozen tissue was then transferred back in
the mortar which was kept cool on dry ice. The tumour was smashed into
powder form, transferred to a chilled eppendorf and 150 pL of NP40 lysis buffer
was added and allowed to homogenise on dry ice for 15 minutes. This was then
vortexed and further allowed to incubate on dry ice for about 1 hour. Finally, the
lysed tumour tissue was centrifuged at 10,000g for 10 minutes at 4°C and the
supernatant (lysate) was collected into a new tube and stored at -80°C to be

used for western blot.

2.2.15 PSMA-PET imaging

Mice were transferred to the preclinical laboratory about 1 hour prior to imaging.
THP-PSMA was radiolabelled in hot lab with Ga-68 using instructions as
described by Blower et al in a previous publication (225). Radiochemical purity
(RCP) was checked by ITLC (>95%). Syringes with 10 Mbq Ga-THP-PSMA in
150 uL saline were prepared (dose should be 1-2 pg).

Once ready, bed heating was turned on at 36 °C and mice were placed in the
induction box of 3.5% isoflurane and oxygen at 1L/min. Once anaesthetised tail
veins were cannulated and the anaesthetised mice were transferred to
nanoPET double bed in groups of 2. Anaesthesia was maintained with 2.5%
isoflurane and oxygen flow at 2L/min. Once in the nanoPET double bed

scanning was performed using a BioScan nanoPET-CT PLUS (Mediso). Mice
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were imaged with CT for about 15 minutes before radiotracer administration
and when this was completed the radiotracer was injected in a total maximum
volume of 150-200 uL. Dynamic PET data was collected for the first hour after
injection. At completion of the experiment mice were euthanised by cervical

dislocation and tumours were harvested, weighed and y-counted.

2.2.16 Exosome isolation by ultracentrifugation from cell

culture supernatant

Cells were scaled up in 6-8 T175 flasks and when at about 70% confluence
media was replaced by RPMI containing 10% Exo-free FBS (plus L-glutamine
and Pen/Strep) for another 24 hours. In the case of cell treatment prior to
exosome extraction, drug was added at this point and allowed to incubate for
the indicated time as done in in vitro experiments described previously.

Once ready, about 100-134mls of cell culture supernatant was collected and
transferred to 50 ml Falcon tubes. Media was centrifuged initially at 2000g for
20 minutes to pellet any contaminating cells and cell debris. The supernatant
was collected with a syringe and filtered through a 0.45 um filter cartridge into
a fresh Falcon tube for further centrifugation at 12,200g for 45 minutes at 4°C.
At the end of the centrifugation, using a 10ml pipette the supernatant was again
transferred to UC Beckman tick wall centrifuge tubes. A vertical line was drawn
with a marker on the side of the tube where the exosome pellet should form
and the tubes were orientated in the rotor using this line that should face
exteriorly (the tube remains in place during the spin and the line gives an

indication where the pellet should be). Prior to placing into the rotor the tubes
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were also balanced to the nearest 10" of a gram prior to centrifugation (using
the 71 Ti rotor) at 100,000g for 2 hours at 4°C. After the centrifugation run the
supernatant was removed carefully and completely without disrturbing the
exosome pellet (invisible) and the tubes were inverted onto a tissue paper for
1-2 minutes to ensure drain off of any excess media. The exosome pellets were
then resuspended in volume of 500uL of sterile PBS and finally transferred to
a single 1.5 ml Eppendorf tube for storage at -80°C.

The UC Beckman tubes were washed with ddH»O, then with 70% ethanol and

ddH>0 again and allowed to dry until further use.

2.2.17 Exosome isolation by ultracentrifugation from serum

samples

The principle of exosome extraction is the same as when the starting material
is cell culture conditioned media but because of the viscosity of some body
fluids it is necessary to dilute them and to increase the speed and length of
centrifugations.

1-3 mls of serum is diluted with an equal volume of PBS (1:1 dilution) and
transferred to appropriate tube according to working volume. This is centrifuged
at 2,000g for 30 minutes at 4°C. The supernatant is then transferred to clear
centrifuge tubes without pellet contamination and further centrifuged at 12,000g
for 45 minutes at 4°C. Then, the supernatant is transferred to ultracentrifuge
tubes with the addition of PBS to ensure equal volume in all tubes. These are
centrifuged at 100,000g for 2 hours at 4°C. The supernatant is discarded and

the exosome pellets resuspended in 1ml of PBS for further ultracentrifugation
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at 100,000g for 90 minutes at 4°C. Again, the supernatant is discarded and the
final exosome pellet resuspended in 200uL PBS and stored at -80°C until

further use.

2.2.18 Nanosight tracking analysis

Vesicles present in purified samples were analysed by nanosight tracking
analysis using the Nanosight LM14 system (Malvern, Worcestershire UK),
configured with a laser and a high sensitivity digital camera system. Videons
were collected and analysed using the NTA-software (version 2.3) with the
minimal expected particle size and minimum track length, all set to automatic.
Camera shutter speed was fixed to 30.01ms and camera gain was set to 500.
Camera sensitivity and detection threshold were set close to maximum (15 or
16) and minimum (3 or 4), respectively to reveal small particles. Ambient
temperature was recorded automatically, ranging from 24 to 27°C. Each
sample was diluted 1:100 in sterile PBS and were adminstered and recorded
under controlled flow, using the Nanosight syringe pump and script control
system, and for each sample five videos of 30 seconds duration were recorded,
with a 10 second delay between recordings, generating five replicate
histograms that were averaged to calculate the concentration of exosomes in

each preparation.

2.2.19 Staining of exosomes for FLIM

A 96-well glass bottom plate was used and pre-treated prior to exosome

placement with 37% HCL and 60%/90% ETOH for half hour at room
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temperature. This was then followed by multiple washes with ddH>0 and PBS.
Exosomes were then placed in the well at 1:30 dilution in PBS at a total volume
of 40uL and were incubated at room temperature for 45 minutes to attach to
the plate. Unbound exosomes were aspirated followed by 3 washes using PBS.
The exosomes were then incubated for 30 minutes at room temperature in
block solution using 1% BSA in TBS (100uL per well). Fluorescently-labelled
antibodies were diluted in 1% BSA at 3ug/ml concentration for the donor
antibody and at 10ug/ml for the acceptor antibody. Antibodies were spun at
12,000g at 4°C for 2 minutes prior to use to eliminate any aggregates and
precipitate. 50uL of fluorescently-labelled antibodies were used per well and
allowed to incubate at 4°C overnight. Finally, exosomes were washed twice

with TBS and mounted using 99% TDE media (50uL per well) prior to imaging.

2.3 Analytical methods

2.3.1 Statistical analysis

Microsoft Excel and GraphPad were used to calculate mean, standard
deviation and standard error of the mean and generate graphs for visual
comparison of groups in experiments. For parametric data, means of two

independent groups were compared using the Student’s t-test.

2.3.2 FRET-FLIM analysis

The FLIM images obtained with our lifetime microscope were batch analysed
by a PC workstation running in-house exponential fitting software (TRI2) written

by Dr Paul Barber. This program outputs files where all the fitting parameters
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are recorded for each image pixel into Excel format. These files are then
analysed to produce a distribution of lifetime, and an average lifetime, from
which FRET efficiency can be calculated using the equation below:

FRET.# =1 — T(DA)/T(D), where T(DA) is the fluorescent lifetime of the donor
fluorophore in the prescence of the acceptor and t(D) is the fluorescent lifetime
of the donor fluorophore alone.

All data is fitted with a single exponential decay analysis.
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Chapter 3: HER3-dependent AR upregulation in
metastatic prostate cancer upon PI3SK-mTOR

inhibition in PTEN mutant setting

3.1 Introduction

The activation and heterodimerisation properties of the ErbB receptors and
especially the potent activation of the PISK-AKT-mTOR pathway by HER3
heterodimers make a very strong rationale for the study of their significance in
metastatic prostate cancer, especially as mechanisms of resistance to other

targeted therapies used for this malignancy.

Culig et al, have already shown that the AR can be activated by EGF and other
growth factors in a low-androgen environment (122). The use of the TKI PKI-
166 against EGFR and HER2 was also studied to evaluate its effect on AR
signalling and prostate cancer cell growth. This demonstrated that EGFR-HER2
pathway inhibition in prostate cancer leads to decrease in the transcriptional
activity of AR and that the main effector of this AR pathway modulation is HER2
via its association with other ErbB members (125). The ability of HER2 to
heterodimerise preferentially with HER3 makes a strong argument for the role

for HER2-HERS dimer in the regulation of AR.
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With the knowledge that ErbB overexpression occurs in metastatic prostate
cancer, it makes sense to investigate the effect of PISBK-AKT-mTOR pathway
inhibitors in metastatic prostate cancer since the ErbB pathway exerts its
oncogenic activity through intracellular signalling pathways and particularly
through the PIBK-AKT-mTOR pathway. Subsequently, there are various clinical
trials currently that are investigating the role of these inhibitors and their ability
to achieve desirable clinical responses in patients with metastatic CRPC (Table
1.2 in introduction). In addition to PI3K pathway activation via ErbB activation,
prostate cancers are associated with genetic alterations involving the PI3K
pathway that enables sustained survival of prostate cancer cells. About 40% of
primary and 70% of metastatic prostate cancers have genomic alterations in
the PI3K signalling pathway, mostly through loss of PTEN, the negative
regulator of the PI3K signalling pathway that when present acts as a tumour

suppressor (153).

Preclinical studies in mice with PTEN deletion as well as work in prostate
cancer cell lines with stable PTEN silencing using RNA interference have
demonstrated that the loss of PTEN promotes resistance to castration (226).
In addition, therapeutic inhibition with the PISK-mTOR inhibitor BEZ235 can
activate the AR pathway in a PTEN-null prostate cancer model and that in vitro
treatment of LNCaP cells, that have a mutated PTEN gene, with BEZ235 was
able to upregulate HER3 levels concurrently with AR (6). Combined PI3K and
AR pathway inhibition was subsequently shown to be able to lead to profound

tumour regressions. As discussed in table 1.2, current clinical trials exploring
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the utility of PIBK pathway inhibitors in metastatic CRPC are used in
combination with anti-AR agents. Consistent with this data in prostate cancer,
it has also been described in breast cancer cell lines that PI3K inhibition is able
to upregulate HERS (227). The HERS upregulation observed in this setting is
an important mechanism of resistance and it is highly likely that this RTK acts

through its heterodimerization with HER2.

What still remains unexplored in metastatic CRPC however, is the efficacy of
combined pharmacologic inhibition of both the PIBK-AKT-mTOR pathway and
ErbB. In addition, despite targeting these pathways pharmacologically, the
heterodimerisation between HER3 and HER2 could be evaluated within clinical
trials as an exploratory endpoint to predict resistance to treatment and/or
disease progression. The ability to detect HER3 heterodimerisation in patient
tissue samples has already been demonstrated by our laboratory in
collaboration with Dr Baselga’s group at Memorial Sloan Kettering in 2014.
HERS3 overexpression was associated with upregulation of EGFR-HER3 dimer
by FLIM and FRET analysis in residual tumours of breast cancer patients
treated with either panitumumab or cetuximab and suggested that this
molecular rewiring mechanism prevents complete response to targeted

therapies (228).

We hypothesised that HER3 heterodimerisation in the setting of metastatic
prostate cancer might be an important resistance mechanism to targeted PI3K-

AKT-mtor inhibition, especially in the setting of PTEN loss. We wished to
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evaluate the heterodimerisation patterns of HER3 once it is overexpressed as
a response to treatment and to consider whether this could be abrogated
pharmacologically with agents against HER2 and HERS that would inhibit
heterodimer formation and could thus provide rational combined therapies to
overcome treatment resistance and enable the robust inhibition of cell

proliferation and disease progression.

3.2 Results
3.2.1 ErbB expression and responses to stimulation in LNCaP

cell line

The LNCaP cells have a recognised mono-allelic mutation of the PTEN gene.
PTEN mRNA and protein are expressed, however, the mutated PTEN protein
is truncated, lacks the phosphatase domain and is therefore not fully active
(229). In order to investigate the heterodimerisation of ErbB in prostate cancer
it was important to establish the relative protein expression levels of these
kinases in my model system. Western blots were performed on whole cell
lysates with antibodies against ErbB family receptors and against tubulin as
loading control. As depicted in figure 3.1(a) different prostate cancer cell lines
exhibit distinct patterns of ErbB kinase expression. The LNCaP cells display
expression of EGFR, HER2 and HER3 but the expression of all three ErbB
members is not seen in the other two cells lines. The findings in LNCaP cells is
consistent with previous reports regarding the expression of these ErbB
members in vitro (230). The DU145 and PCS3 cell lines are referred to as the

“classical” cells lines used in prostate cancer research. The PC3 cell line was
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used here due to its known loss of PTEN, however it is not an appropriate cell
line to use for the hypothesis of this project since the cells do not express AR
and PSA and their proliferation is independent of androgen (231). Similar to the
PC3 cells, the DU145 cells do not express AR and PSA, however they express
WT PTEN (232). Therefore, the absence of AR as well as the lack of expression
of all ErbB members in the DU145 and PC3 cell lines makes their use

inappropriate to investigate the proposed hypothesis of this project.

Further experiments in LNCaP cells following starvation and subsequent
stimulation with the HERS ligand NRG-1 used at 50ng/ml concentration at the
indicated timepoints showed immediate phosphorylation of HERS3 at 2 minutes
and persistence in the level of total HER3 as compared to AKT that was used
as a loading control in this experiment (figure 3.1(b)). The persistent HER3
levels upon ligand binding suggest that this RTK is not degraded and is able to
continue signalling as a heterodimer with EGFR and HER2. NRG-1 in LNCaP
cells enhances the activation of pAKT throughout the treatment timecourse.
Signalling via the MAPK pathway is also induced in LNCaP cells after NRG-1
phosphorylation however this does not persist, supporting the idea that HER3
primarily signals through the PISK-AKT pathway and that the mutational status
of these cells, harbouring a PTEN mutation, defines to an extent their ability to

signal downstream of HER3 via the PISK-AKT pathway.
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Figure 3.1 — ErbB expression in metastatic prostate cancer cell lines and the response
of HER3 phosphorylation to NRG-1 stimulation:

(a) Whole cell lysate from LNCaP, DU145 and PC3 cells at baseline conditions was blotted with
primary antibodies against the ErbB receptors as indicated. B-tubulin was used a loading
control to compare expression of ErbB members (n=1).

(b) LNCaP cells were serum starved in 0% FBS RPMI for 24 hrs (except in the first lane where
cell lysate was extracted after the cells were grown in full RPMI media) prior to treatment with
NRG-1 at 50ng/ml at increasing timepoints to observe the effects on HER3 phosphorylation

and the downstream pathways (n=1).
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In addition to the expression of ErbB receptors and their known PTEN status,
the LNCaP cells form an ideal set of cells to study the effect of PIBK-mTOR
inhibition based on their metastatic potential and expression of the androgen
receptor as shown by the use of N- and C-terminus antibodies. Both N-
terminus and C-terminus AR antibodies recognise the main isoform of the AR
at ~110 kDa. Any isoforms detected below that molecular weight using the N-
terminus antibody could represent alternatively spliced forms of the AR that are
extensively described in the literature (233). The use of these AR antibodies in
the DU145 and PC3 cell lines demonstrated the very weak expression of
androgen receptor in these cells since they are known to also be androgen

independent as discussed earlier (figure 3.2).
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Figure 3.2 — The expression of AR N- and C-terminus antibodies in metastatic prostate
cancer cell lines:

LNCaP cells show high expression of the AR protein on western blot. DU145 and PC3 cells
only express AR at very low levels. Short and long exposure of the same films are shown on
left and right respectively. In each lane 25ug for protein lysate was loaded and this represents
a single experiment as proof of what is known in the literature about the AR expression in these

cell lines.
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Furthermore, treatment of LNCaP cells with EGF and NRG-1 for five minutes
also reveals that these cells respond to stimulation by the ErbB ligands to
upregulate phosphorylation of ErbB receptors differentially according to which
ligand is used each time. For example, stimulation by EGF leads to
phosphorylation of EGFR and HER2 and when NRG-1 is used the cells
phosphorylate HER2 and HERS (Figure 3.3). Tal-Or et al, demonstrate the
same response to EGF and NRG stimulation in LNCaP cells (230) and this
would suggest that respective heterodimers are preferentially formed and that
specific ligands can define the downstream signalling of cells upon stimulation.
The LNCaP cells have constitutive activation of the PISK-AKT pathway as
shown by expression of pAKT (T308) at control conditions. They sustain this
upon ligand stimulation and in the case of NRG-1 stimulation additional
activation of the MAPK pathway is noted with the upregulation of pERK
suggesting that these cells are able to promote intracellular oncogenic

signalling by utilising this pathway as well (Figure 3.3).
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Figure 3.3 — LNCaP cell transphosphorylation:
ERK | - — LNCaP cells were treated with EGF (100ng/ml) and NGR-

DERK 1 (50ng/ml) for 5 minutes to demonstrate the effect of

transphosphorylation of the ErbB receptors with each
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3.2.2 LNCaP cytotoxic treatment using dual PISK-mTOR

inhibitor (DS7423)

The dual PIBK-mTOR inhibitor DS7423 was used in in vitro experiments with
LNCAP cells. DS7423 is a novel, small molecule compound that inhibits both
PIBK and mTOR (mTORC1/2). It inhibits all class | PI3K isoforms with greater
potency against p110a than against the other p110 isoforms (234). At the
beginning of my project the compound was being evaluated in a Phase | Clinical

trial in solid tumours. This study finished without reaching the maximum
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tolerated dose. In addition no objective response was observed but stable

disease was achieved in 10 out of 26 patients (235).

Treatment with DS7423 at increasing concentrations (1-1000 nM) for 24 hours
showed adequate inhibition of the pathway downstream of mTOR by the
decrease and complete loss of pS6 levels, a marker of MTOR activity, at 100
nM and 1000 nM concentrations respectively. Concomitant with that, AR levels
also increased upon PI3K-mTOR pathway inhibition as suggested by previous
data (6) (Figure 3.4(a)). Treatment with 1000 nM dose of DS7423 in figure
3.4(b) at increasing timepoints also reveals that the inhibition of downstream
signalling, as indicated by the loss of pS6 levels occurs within 1 hour of
treatment. In addition, there is a noted time-dependent feedback upregulation
of HERS levels, reaching a maximum at 24 hours after which the HER3 levels
return back to baseline at the 48 hours timepoint. In addition, in the case of AR
the protein levels continue to increase with DS7423 up to the maximum
treatment timepoint of 48 hours. This coincides with the reverse effect observed
in the levels of PSMA. The inverse relationship between AR and PSMA has
already been described in the literature and these results showing AR
upregulation and PSMA downregulation confirm this (236). In conclusion, |
selected the 1000 nM dose of DS7423 at 48 hours treatment in LNCaP cells
since this dose and timepoint confirms that AR upregulation occurs in
conjunction with adequate inhibition of downstream signalling as shown in

figure 3.4(c) with a 3.7 times increase in AR levels.



118

(a) LNCaP

DS7423 - 1 10 100 1000 nM

AR |

PSE | - — -

tubulin | S S SR S

AR/Tubulin 1 099 13 16 18

(b) LNCaP

Mibolerone - + - - - -

DS7423 - - 1 4 8 24 48 hours

e | e -
AR | - - -
psva |

pS6 |
tubulin -...- g g

LNCaP
(c)

DS7423 - 100 100 1000 1000 nM
time 0 24 48 24 48 hrs

yp——— )
PSMA -
| _— Z

P36 | - — -

GAPDH| s s S s —

AR/GAPDH 1 074 12 22 37
PSMA/GAPDH 1 1 1 06 09



119

Figure 3.4 — The effect of PIBK-mTOR inhibition on expression of AR and HER3 in LNCaP
cells:

(a) Western blot of LNCaP cells treated at increasing concentrations of DS7423 for 48 hrs. AR
levels show 80% increase in expression compared to baseline when 1000 nM concentration of
DS7423 is used (n=3).

(b) DS7423 was used at 1000 nM concentration at increasing timepoints (1 to 48 hrs).
Mibolerone used at 1 uM for 24 hrs was a positive control for AR overexpression and
subsequent PSMA downregulation (n=1).

(c) DS7423 was used at 100 and 1000 nM for 24 and 48 hrs to confirm the appropriate

concentration and timepoint for use in subsequent experiments (n=3).

3.2.3 Generation of stable HER3 knockdown and cytotoxic

treatments using LNCaP NTC and HER3kd cells

A stable HER3kd LNCaP cell line was generated using shRNA interference and
viral transduction to be able to establish the dependence of AR upregulation
upon PI3K-mTOR inhibition on HERS. The transfection efficiency achieved for
HERS3 knockdown in LNCaP cells was 74% (shRNA #3) compared to the
LNCaP NTC cell line as demonstrated by the western blot quantification

performed in all three clones generated (Figure 3.5).
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Figure 3.5 — The generation of HER3 knockdown LNCaP cell line:
Left panel shows HER3 western blot in parental and stably shRNA-transduced LNCaP cells.

Right panel demonstrates the quantification of HER3 knockdown (n=1).

Treatment of the LNCaP NTC and HER3kd cells either with Mibolerone, a
potent androgenic steroid with high affinity and selectivity for the AR at 1 nM
concentration, and DS7434 alone or in combination with Mibolerone
demonstrated an increase in AR protein levels in the LNCaP NTC cells. In the
absence of HER3 the effect on AR is not seen (Figure 3.6). The increase in AR
levels in LNCaP NTC from control to treatment with DS7423 alone is statistically
significant (p=0.045) and the difference in AR upregulation between LNCaP
NTC and HER3kd cells upon combined treatment with DS7423 and Mibolerone
is also statistically significant (p=0.035). The use of patritumab, a monoclonal
antibody against HER3, was used alone and in combination with DS7423, to
observe whether its use could reverse the effect seen on AR protein levels,
similar to when HER3 is knocked-down. From my in vitro experiments,
however, the use of patritumab was not found to be sufficient in altering the

observed AR upregulation.
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Figure 3.6 — The effect of DS7423 in LNCaP NTC versus LNCaP HER3kd cells on AR:
Top panel: DS7423 was used at 1000 nM for 48 hrs alone or in combination with Mibolerone
(at 1 uM) with/without Patritumab (at 10ug/ml). Expression of HER3, AR and other proteins
was assessed by western blot analysis.

Bottom panel: The histogram demonstrates the relative AR expression normalised to the
loading control (GAPDH) in both cells lines under all 6 treatment conditions performed in this
experiment. Results are shown as mean +/- SEM (n=3), * = p<0.05. Black bars = LNCaP NTC,
Grey bars = LNCaP HER3kd.
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Of further note is the inability to abrogate pAKT (T308) levels in the LNCAP
NTC cells upon dual PIBK-mTOR inhibition alone and in combination with
Mibolerone compared to the LNCaP HER3kd cells under the same treatment
conditions, where pAKT levels are not sustained and in fact are depressed
(Figure 3.7). The relative pAKT (T308) ratio between DS7423-treated and
untreated cells compared in both LNCaP NTC and HER3kd cell lines shows
sustained and slightly enhanced signalling via PIBK-AKT pathway in LNCaP
NTC versus HER3kd cells (1.09 vs 0.82; p-value=0.083). More specifically, the

PAKT relative ratio difference is 25% between the 2 cells lines.

1.5

1.0+

0.5+

pPAKT(T308) relative to GAPDH

0.0~

1
LNCaP NTC LNCaP HER3kd

Figure 3.7 — Sustained pAKT signalling in LNCaP cells despite DS7423 treatment:
PAKT (T308) quantification in LNCAP NTC and HER3Kd cells post DS7423 treatment for 48

hours. Results are shown as mean +/- SEM (n=3).

To validate the effect seen on AR in LNCAP NTC versus HER3kd cells, it was
important to compare DS7423 with other inhibitors of the PIBK-AKT-mTOR
pathway. GDCO0068 is a highly selective ATP-competitive pan-AKT inhibitor
(237), currently being evaluated within a Phase llI clinical trial in metastatic

CRPC (NCT03072238) (238). The Phase Ib/ll trial showed that GDC0068 (or
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ipatasertib) in combination with abiraterone improves radiographic progression-
free survival (rPFS) versus abiraterone alone, with greater benefit in patients
with PTEN loss tumours (170). GDC0941, a thienopyrimide derivative, is a pan-
class | PI3K inhibitor with equipotent activity against p-110a and p-110d
enzymes and exhibits inhibitory action against p-1103 and p-110y at low
nanomolar concentrations (239). In a Phase | clinical trial in patients with
advanced solid malignancies (that included patients with prostate cancer),
GDC0941 showed evidence of pharmacodynamic activity (240) and further
clinical trials using this drug are currently investigating its effect in various
tumour types including breast and lung cancer. Finally, everolimus is an mTOR
inhibitor which is selectively more potent against mMTORC1 and has little impact
against mMTORC2 (241). The use of everolimus in CRPC has been tested in a
Phase Il clinical trial in combination with bicalutamide, unfortunately with
negative results showing failure to achieve PSA response compared to
bicalutamide alone (242). In addition, single-agent everolimus was used within
another Phase Il clinical trial in unselected patients with metastatic CRPC and
showed moderate activity (PSA response in 35% of patients; 95% confidence
interval 20-53). In this study retrospective analysis of PTEN status showed that
PTEN loss was associated with prolonged PFS and PSA response (243).
Despite the negative results, there is still high interest in testing the efficacy of
everolimus with the newer second generation anti-androgens and also with
prospective evaluation of the correct biomarkers for better patient stratification
to maximize the efficacy within the correct subgroups of patients that are more

likely to respond.
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The effect on AR upregulation in LNCAP NTC cells was observed with all
inhibitors used, however this was more pronounced with everolimus and
DS7423, suggesting that it is the inhibitory effect on mTORC1, as shown by the
complete inhibition of the pS6 kinase by these two inhibitors, that plays an
important role in the regulation of the feedback loop between the PI3K-AKT-
mTOR pathway and AR. In addition, HER3 upregulation upon PI3K-AKT-
mTOR pathway inhibition is observed with DS7423 and GDC0068 treatments
but under both treatment conditions HERS3 upregulation was not statistically
significant. This does not correlate with overexpression of HER2 in the LNCAP
NTC cells upon inhibition of the PISBK-AKT-mTOR pathway. Finally, the effects
on PSMA from inhibition of the PISBK-AKT-mTOR pathway in LNCAP NTC and
HERB3Kd cells shows a downward trend when compared to baseline. In LNCaP
NTC cells this is consistent with the upregulation observed in AR levels,
however in the case of LNCaP HER3kd cells, it remains unclear whether the
absence of the HER3 RTK would have any effect on PSMA, both in terms of its
expression and also its function (Figure 3.8(a)). There are no reports currently
in the literature suggesting that RTKs can interact with PSMA, however this

would be intriguing to explore in the future.
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Figure 3.8 — The use of other PI3K-AKT-mTOR pathway inhibitors in LNCaP NTC and
HER3kd cells demonstrate similar effects on AR levels and that these are dependent on
HER3:

(a) Western blot in LNCaP NTC and HERS3kd cells for the indicated antibodies. GDC0068,
GDC0941 and Everolimus were added to individual wells for 48 hrs and these were used at
100, 1000 and 100 nm respectively.

(b) Histograms demonstrating AR, PSMA and HER3 expression upon all treatment conditions
in both cell lines. Values are mean +/- SEM and are representative of 3 independent
experiments (n=3). Black bars = LNCaP NTC, Grey bars = LNCaP HER3kd.

Consistent with the findings above, gRT-PCR of cDNA from LNCAP NTC and
HERS3kd cells treated with GDC0068, GDC0941, everolimus and DS7423 at
the same concentrations and for 48 hours showed that PSA (or KLK3) gene
expression correlated with the upregulation of AR on western blot experiments
and that the upregulated AR protein is functionally active despite the use of
culture media deprived of androgen (Figure 3.9). cDNA extracted from LNCAP
NTC and HER3kd cells following stimulation with the androgen ligand
Mibolerone was used in this experiment as a positive control. The maximum
PSA gene upregulation was seen with the use of DS7423 and this was 3.6
times-fold compared to baseline expression in the absence of androgen and
any drug. The effect of DS7423 on PSA gene expression was even higher than
that seen with the use of Mibolerone suggesting that the enhanced AR protein
observed upon DS7423 correlated with a functionally active AR. The degree of
PSA gene upregulation with GDC0068, GDC0941 and everolimus was also in
correlation with the western blot results of AR protein expression. The
expression of PSA is mainly induced by androgens and regulated by the AR at
the transcriptional level (244). The observed AR protein and PSA gene

upregulation in these experiments demonstrate the androgen-independent
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activation of AR upon inhibition of the PIBK-AKT-mTOR pathway and provide
rationale for the combined use of these inhibitors with drugs that target the AR
signalling pathway. Furthermore, despite the dual targeting of metastatic
prostate cancer within clinical trials where PI3BK-AKT-mTOR inhibitors are used,
no data is available to provide information about the time when androgen-
independent AR signalling overcomes the suppression from this AR targeted
therapeutic approach and whether other biomarkers could provide additional

insights about the exact mechanisms involved and the timing when this occurs.
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Figure 3.9 — The AR upregulation observed upon inhibition of PI3K-AKT-mtor pathway
in LNCAP NTC cells is associated with increase of its function as seen by PSA
overexpression:

cDNA from LNCaP NTC and HER3kd cells was used for quantitative RT-PCR to quantify the
expression of KLK3 gene using forward and reverse primers for KLK3 and GAPDH genes to
evaluate the relative expression on PSA (as compared to GAPDH loading control) under the

treatment conditions of interest (n=3).
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Further experiments concentrated on establishing the cellular localisation of AR
upon treatment with DS7423. AR is localised in the cytoplasm in the absence
of androgen and translocates to the nucleus upon ligand stimulation. | used a
directly-labelled antibody of AR (AR-N20 that recognises an epitope on the N-
terminus) with Alexa488 and cultured LNCaP parental cells in RPMI media with
10% charcoal-stripped FBS (deprived of androgen and growth factors) for 24
hours in control conditions and prior to any DS7423 treatment. At baseline and
in media deprived of androgen LNCaP cells show that AR is primarily localised
in the cytoplasm. At 8 and 24 hours, the AR is seen to localise in the nucleus
as well. Interestingly, at 48 hours post treatment with DS7423 the AR relocates
to the cytoplasm. HER3 under the same conditions remains in the membrane
primarily and to an extent in the cell cytoplasm (Figure 3.10). LNCaP and PC-
3 cells were used as positive and negative controls respectively for
demonstration of the expected localisation of AR following staining with the
directly-labelled anti-AR antibody at control conditions and following treatment

with Mibolerone (Figure 3.11).
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Figure 3.10 — AR and HER3 cellular localisation upon DS7423 treatment in LNCaP

parental cells:

LNCaP parental cells were grown in RPMI media with 10% charcoal-stripped FBS in all
conditions. The cells were treated with DS7423 for 8, 24 and 48 hour timepoints.
Immunocytochemistry was performed for AR, HER3 and Hoechst using the protocol described
in methods and images were acquired using confocal microscopy with x63 oil objective. The

images are representative of triplicate experiments.
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Figure 3.11 — LNCaP and PC-3 cells used for positive and negative control experiments
for AR-Alexa 488 antibody:

LNCaP cells were grown in RPMI with 105% charcoal-stripped FBS and stimulated with 1nM
Mibolerone for 24 hours. PC3 cells were grown in full RPMI without AR ligand stimulation.
Immunohistochemistry was performed for AR and Hoechst using the protocol described in
methods and images were acquired using confocal microscopy with x63 oil objective. Images

are representative of experiments repeated 3 times.

3.2.4 The effect of PI3BK-mTOR inhibition on ErbB dimerization

In order to assess the effect of DS7423 on ErbB dimer formation | used FLIM
to measure direct receptor-receptor interaction by FRET, between HER3-Alexa
546 and HER2-Cy5. For the acquisition of data and the measurement of
lifetime, 5 fields of view were used for each treatment condition within each

replicate experiment. DS7423 induced stabilisation of the HER2-HER3
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heterodimer, as an observed 2.2-fold increase in FRET efficiency compared to
the untreated baseline LNCaP cells. The measured FRET efficiency in LNCaP
cells treated with DS7423 was 13.1% compared to 6% when cells are at
baseline without any treatment, despite this not being statistically significant.
Figure 3.12 shows representative images of cells at baseline and post
treatment and cumulative histogram of FRET efficiency that is calculated by the
following equation and averaged in each cell; FRET efficiency = 1-

[Tau(DA)/Tau(D)].
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Figure 3.12 - HER2-HER3 heterodimer formation is enhanced upon PI3K-mTOR
inhibition in LNCaP cells:

(a) Donor alone and donor + acceptor intensity and fluorescence lifetime images representative
of experiments done in LNCaP parental cells stained with directly labelled antibodies for HER2
and HERS3 before and after treatment with DS7423 for 48 hrs (used at 1000 nM concentration).
The intensity images shown are those of the donor only fluorophore. The pseudocolour
fluorescence lifetime images demonstrate the range of lifetimes; between 2-2.5 ns in the control
conditions and 1.7-2.5 ns in the treated conditions (Tau=lifetime).

(b) Quantification of average FRET efficiencies for control and treatment groups. Data is shown

as the mean FRET efficiencies, n=3 for each condition and error bars represent SEM.
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The role of HER2-HER3 dimer in metastatic prostate cancer has not been
explored yet, however preclinical and clinical work done in breast cancer in our
laboratory shows that it has a role in driving cellular proliferation and in being

predictive of recurrence of disease (208).

These results confirm the relevance of HER3 in mediating resistance to
targeted treatments against the PISBK-mTOR pathway in metastatic hormone-
sensitive prostate cancer. HER3 heterodimerisation in this setting adds to
sustained positive stimulation on cancer cell proliferation by enhanced activity

through the PIBK-AKT-mTOR pathway, despite its pharmacologic inhibition.

3.2.5 The effect of ErbB targeting on AR upregulation in LNCaP

NTC cells

The use of lapatinib, a TKI that interrupts EGFR and HER2 pathways, and
patritumab, a monoclonal antibody against HER3, were used alone and in
combination with DS7423 in LNCaP NTC cells to observe their effect, if any, in
disrupting AR upregulation in response to PI3BK-mTOR inhibition. AR protein
levels on western blot were not restored to those pre-DS7423 treatment by
either lapatinib or patritumab (Figure 3.13). The use of lapatinib has been
recently shown to induce HER2-HERS3 dimer stabilisation in breast cancer
(245). If PIBK-mTOR inhibition is able to enhance the presence and signalling

of an established HER2-HERS3 dimer in this cell line, then further stabilisation
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of this heterodimer by lapatinib might provide reasonable explanation as to why
the AR levels are not effectively abrogated. On the other hand, the use of
patritumab demonstrates a decrease in relative levels of HER3 when used in
combination with DS7423, despite the upregulation of this ErbB receptor seen
originally by PIBK-mTOR inhibition (33% decrease in HER3 levels; p=0.0238).
Patritumab works by binding to the extracellular ligand-binding domain of
HERS. Literature shows that LNCaP cells do not express heregulin and | was
also able to demonstrate that in RNA extracted from LNCaP cells at control
conditions and treatment with DS7423 there was no detectable HRG (done in
collaboration with Molecular MD; HRG mRNA assay) (246). This suggests that
the presence of a heregulin autocrine loop in these cells is an unlikely
explanation for the observed HERS upregulation responsible for AR activation.
Since the full mechanisms of action of patritumab have not entirely elucidated,
it is possible that patritumab-mediated HER3 receptor endocytosis and
degradation is responsible for the downregulation of HER3 levels reversing the
effect of DS7423. HER3 degradation and endocytosis is known to be followed
by frequent recycling back to the plasma membrane a mechanism shown to
contribute to signal amplification (247) and this might be a likely explanation as

to why, in this case, the AR levels are not restored to those seen at baseline.
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Figure 3.13 — HER2 and HERS targeting in LNCaP NTC cells does not reverse the effect
of DS7423 on AR upregulation:
Top panel: DS7423 in LNCaP NTC cells was used at 1000 nM concentration for 48 hrs.

Lapatinib was used at 10 pM and patritumab at 10pg/ml for 24 hrs. Western blot was performed
using the presented antibodies.

Bottom panel: The histograms show mean (+/- SEM) AR and HER3 levels normalised to
GAPDH upon the treatment conditions as in the western blot and represent three biological

replicates.
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3.3 Discussion

The role of an activated HER2-HERS heterodimer in metastatic prostate cancer
has been proposed as a mechanism of ligand-independent activation of AR,
due to its strong ability to signal intracellularly primarily via the PISK-AKT-mTOR
pathway (103). Furthermore, clinical and preclinical data over the years has
demonstrated the activation of the PISK-AKT-mTOR pathway in metastatic and
castrate-resistant prostate cancer, mainly due to the high frequency of PTEN
loss. PTEN is the negative regulator of the PI3K pathway and its inactivation by
mutation or deletion is identified in ~20% of primary prostate tumour samples
at radical prostatectomy and in as many as 50% of metastatic and castrate-
resistant tumours (153). Several clinical trials are currently evaluating the
clinical responses using inhibitors of the PIBK-AKT pathway in combination with
anti-androgens in metastatic CRPC patients (see table 1.2, page 44). The
presence of a reciprocal feedback loop leading to upregulation of AR via HER3

activation has been suggested to exist upon PIBK-AKT inhibition (6).

The data derived from this project shows that ErbB receptors are expressed in
the metastatic hormone sensitive cell line LNCaP which has constitutive AKT
phosphorylation as a result of PTEN mutation. LNCaP cells are able to enhance
signalling upon NRG-1 stimulation both via the PISK-AKT pathway but also
through the MAPK pathway and to phosphorylate ErbB receptors upon EGF
and NRG-1 ligand binding. Consistent with my findings in LNCaP cells that
HERS levels persist upon ligand stimulation, data from others demonstrates

that HERS3 has reduced internalisation, downregulation and degradation when
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compared to the kinetics of EGFR (248). HER3 is endocytosed in a clathrin-
dependent manner, in the absence of ligand and independently of its tyrosine
phosphorylation (249). The endocytosis of HER3 upon ligand binding, however,
is more controversial with some evidence suggesting very low rate of ligand-
induced HERS internalisation (250) while others demonstrate that this occurs
within 20 minutes (247). It is generally believed that the C-terminal tail of HER3
and co-receptor activation (e.g. HER2) maybe important factors in determining
the trafficking of HER3 (251). Our main knowledge on the kinetics of ErbB
members mainly comes from the extensive work done to study EGFR. Data
available on EGFR trafficking shows that EGFR homodimers display more
efficient internalisation and degradation of the receptor, as opposed to when
EGFR forms heterodimers with either HER2 or HER3 (252, 253). As a result,
EGFR signalling is prolonged in the case of heterodimerisation. In addition,
EGFR heterodimers once internalised do not become sorted within lysosomes
but are recycled to the cell membrane (253) and signalling of endocytosed ErbB
receptors is not confined to the plasma membrane but can continue after the
receptors are internalised within endosomes (254-256). The demonstration that
HERS3 levels in LNCaP cells persist upon stimulation are most likely a reflection
of their heterodimer formation and ability to sustain prolonged signalling

intracellularly.

Furthermore, the enhanced activation of pAKT by NRG-1 stimulation in LNCaP
cells shows additional PIBK pathway activation that occurs most likely through

induction of HER2-HERS3 heterodimer formation. This is well established in



138

breast cancer models upon HRG stimulation (257). In addition, other studies
show that AR can be phosphorylated by AKT on two residues in an androgen-
independent way and that this is a mechanism by which AR transactivation is
enabled leading to promotion of cell survival in vitro (258, 259) (Figure 3.1).
Also, the analysis of clinical specimens for the expression of pAKT has shown
that this kinase has a strong role in prostate cancer progression (158). What
this evidence is suggesting therefore, is that AKT activity in prostate cancer
probably acts independently of AR to promote cell growth and survival.
Moreover, the aberrant status of the PI3K pathway in LNCaP cells as seen by
the levels of activated pAKT at baseline, despite correlating with PI3K

dependence, does not robustly predict response to PISK-AKT inhibition (260).

ErbB

PI3K

AKT

N

AR

l

Survival/proliferation

Figure 3.14 — The model of HER2 activation of the AKT-AR pathway that promotes
survival and proliferation of androgen-dependent prostate cancer cells upon androgen

deprivation.
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The transphosphorylation patterns observed in LNCaP cells upon EGF and
NRG-1 stimulation shows their ability to sustain and enhance oncogenic
downstream signalling. According to the literature, EGF has been identified as
an autocrine/paracrine growth factor in prostate cancer tumours and cell lines.
It activates EGFR and plays an important role in prostate cancer cell
proliferation (261, 262). On the other hand, NRG is not expressed in the LNCaP
cell line and prostate cancer tumours (144, 262) and previous studies also
demonstrate that in LNCaP cells NRG inhibits their growth when cultured in
complete medium (262). Since NRG has a known function in inducing
differentiation and apoptosis, its absence in prostate cancer tumours maybe a
reason for the uncontrolled growth in these tumours. Indeed, in vitro data shows
that in the absence of androgen, NRG induces death of LNCaP cells whereas
EGF induces cell growth and survival under the same conditions. The NRG-
induced LNCaP cell death was dependent on PI3K pathway activation in this
study (230). Of note, in breast cancer the expression and effect of NRG has
been reported to have both stimulatory and growth inhibitory effects (263-265).
The ability of NRG to induce various biological processes is probably a cell
dependent process, but it might also depend on the equilibrium between other
growth factors and ligands as well as the respective expression of RTKs in each

system.

Cytotoxic treatments with DS7423, a novel small molecule inhibitor against
PIBK and mTOR (mTORC1/2) showed the upregulation of AR protein in LNCaP

parental cells, an increase that correlated with upregulation of HER3, consistent
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with the relief of ErbB feedback inhibition upon PIBK-mTOR pathway targeting.
Arteaga et al, report a similar effect in HER3 levels in response to PI3K
inhibition in a breast cancer model with constitutive PISK activation, despite
adequate inhibition of pAKT and pS6. PI3K pathway inhibition relieves the
suppression of RTKs and their activity and therefore limits the sustained
inhibition of the pathway and attenuates responses in relation to their use (112).
The significance of this increase in HER3 is that it can engage with the p85
subunit of PI3K to reactivate the pathway and induce partial recovery of pAKT
and pS6. Of course, the catalytic activity HER2 is paramount for the HERS3 and
p85 association, therefore the known expression of this ErbB in my cell model
and also in breast cancer models is an important pre-requisite for this
compensatory feedback. The patterns of HER2 expression in response to
inhibition with DS7423 were not studied in this setting mainly because when
this data was being generated our attempts were to understand whether
therapeutic targeting of HER3 would have been successful in abrogating this
feedback upregulation originally observed. Ideally cell proliferation assays
performed using the LNCaP parental and HER3 knockdown cells would also
provide us with additional information about the phenotypic changes at baseline
and upon inhibition with DS7423, however the work in this project concentrated
on describing the potential heterodimerisation patterns in ErbB receptors in

response to targeted treatment.

My initial findings therefore suggest that the emergence of AR activation as a

resistance mechanism following PI3K-mTOR inhibition in this setting is HER3
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dependent. Potential therapeutic targeting of HER3 with monoclonal antibodies
against HER3 could be beneficial upon the emergence of resistance. This
therapeutic strategy has not been explored yet in metastatic or castrate-
resistant disease. The creation of a HER3 knockdown stable LNCaP cell line
allowed us to demonstrate that in the absence of this RTK, AR upregulation
occurs to a smaller degree, most likely consistent with the incomplete
knockdown achieved, but also provides evidence that the upregulated AR

levels correlate with the presence and upregulation of HERS.

The mechanisms by which AR upregulation occurs in the presence of
upregulated HERS3 involve mainly the ability of HER3 to form a heterodimer with
HER2, to re-activate AKT signalling and enhance AR activity via a ligand-
independent mechanism. There is some evidence in the literature suggesting
that HERS is responsible for the ligand-independent increase in AR activation.
HER2-HER3 heterodimers, but not EGFR-HER2, modulated AR transcriptional
activity by stabilising the AR protein and enhancing binding to its cognate AREs
(125). To further support the above statement, a preclinical study also showed
that Ebp1, a protein known to interact with HERS, regulates expression of AR
and AR regulated genes in the LNCaP cell line. Upon NRG-1 stimulation Ebp1
dissociated from HERS3 and translocated to the nucleus to regulate gene
transcription (266). Upon interaction with the AR it acts as a corepressor and
inhibits the transcription of AR-responsive gene promoters (131). Its expression

levels in the setting of HER3 upregulation and activation might be another
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possible mechanism to explain the enhanced AR transcription observed in the

setting of PIBK-mTOR inhibition in this project.

The enhanced AKT phosphorylation observed in LNCaP cells does not abide
by what has been observed before with the use of DS7423 in vitro in ovarian
cancer models with PIK3CA mutations and, therefore, constitutive activation of
pAKT (T308) at baseline as seen in the case of LNCaP cells as well. Here
treatment with DS7423 at 625 nM concentration was effective at completely
suppressing AKT phosphorylation in those cell lines (234). These findings
further enhance the notion that HER3 plays an important role in the regulation
of the AR-AKT feedback loop that determines resistance to PIBK-AKT-mTOR
pathway inhibition. Targeting HER3 might have an important role in sensitising
cells to PIBK-mTOR inhibition by abrogating more effectively the signalling via
AKT. Also, independently of the HER3 and its important role, AR is probably
able to further maintain cell survival independently of transcription, which is
enhanced by PI3K-AKT signalling. The observed increase in pAKT levels seen
with Mibolerone treatment alone in both the LNCAP NTC and HER3kd cells is
consistent with reports in the literature that show direct interaction between
ligand-activated AR and PI3K in the cytosol, mediated by binding of
phosphotyrosine residues on the AR NTD to SH2 domain of p85a regulatory

subunit of PI3K leading to subsequent activation of AKT (267).

We also show that the effect on AR upregulation seen in LNCaP NTC is

observed with other inhibitors of the PIBK-AKT-mTOR pathway and not solely
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with DS7423, reinforcing this initial observation. The AR target gene PSA is
also overexpressed and correlates with the increase in AR protein levels
observed, showing that the upregulated AR is transcriptionally active. This
represents a ligand-independent mechanism of AR upregulation and could
have important implications in PTEN mutated or null metastatic prostate

cancers both at the hormone-sensitive and castrate-resistant setting.

The inability of patritumab to reverse AR upregulation upon PIBK-mTOR
inhibition can be explained knowing that monoclonal antibodies against the
extracellular ligand-binding domain of HER3 do not completely block or alter
the formation of HER3 heterodimers with other members of the ErbB family. In
addition, anti-HER3 monoclonal antibodies have been found to be most
effective in cancers with high expression of the HER3 ligand, HRG. For
example, the human prostate cancer cell line DU145 harbours a strongly-
activating HER3-HRG autocrine loop and treatment with the HER3 monoclonal
antibody MM-121 showed efficient response in inhibiting HER3, AKT and ERK
phosphorylation (268). In addition, recent evidence suggests that HER3 has
the ability to bind to ATP and autophosphorylate its intracellular domain when
clustered to the cell’s membrane (100). While its kinase activity is very low
(about 1000-fold lower than of EGFR), it is sufficient for the initial
autophosphorylation steps to allow HER3 to efficiently phosphorylate other
ErbB members such as EGFR and HER2. Thus, a weakly catalytic HER3 can
stil lead to the phosphorylation of downstream signalling substrates.

Unfortunately, it still remains difficult to target the function of this RTK because
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the overall kinase activity is so low compared to its function within heterodimer
formation and scaffolding (269). In summary, it would make sense that drugs
able to disrupt HER3 heterodimerisation would be more effective at inhibiting
the effect of HER3 than monoclonal antibodies and that this is a strategy

important to explore in the future especially in the setting of HER3 upregulation.

With regard to the cellular localisation changes that we describe with DS7423
treatment in LNCap cells, data exists describing the regulation of AR nuclear
import and export in relation to androgen ligand. The AR contains both nuclear
localisation signals (NLS) and nuclear export signals (NES) whose activities are
regulated by androgen directly or indirectly. The activity of the respective NLS
and NES is important in AR nuclear to cytoplasmic shuttling and are governed
by an equilibrium that is driven by the presence or absence of ligand (270). The
ligand-dependent nuclear import of AR has been shown to be rapid and is
almost complete within 60 minutes. Furthermore, upon androgen withdrawal
the AR is exported back outside in the cytoplasm where it is competent to
undertake subsequent rounds of hormonal signalling (271). This ability of one
molecule of AR to undertake multiple rounds of androgen signalling is very
unlike the oestrogen receptor that undergoes proteasomal degradation (272).
Consequently, the ability of AR to translocate to the nucleus in the androgen-
deprived setting as seen with my work upon treatment with PISBK-mTOR
inhibitor raises the question about the ligand-independent nuclear-to-
cytoplasmic shuttling of AR and its significance in resistance such therapies

and in the promotion of castration-refractory disease. A likely explanation into
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the mechanism of how this is achieved is the ligand-independent AR
phosphorylation and activation due to signalling downstream of an activated

ErbB heterodimer.

Together with the possibility for therapeutic targeting of HER3 overexpression
to abrogate resistance to PISBK-mTOR inhibition, assays such as FLIM that are
optimised on tumour tissue could complement current techniques to evaluate
PTEN as a predictive biomarker of response to PISBK-mTOR inhibition. The
Phase Il clinical trial with ipatasertib (GDC0068) showed that patients with
PTEN loss had superior radiological PFS with the combined ipatasetib and
abiraterone treatment compared to the abiraterone only group. PTEN status
was assessed using expression level in tumours by IHC and genomic loss by
FISH and NGS (170). My data demonstrates that HER2-HER3
heterodimerisation is present in the LNCaP metastatic hormone-sensitive cell
line at baseline, prior to any treatment and that using our FLIM assay we can
detect the emergence of enhanced HER2-HERS3 dimerisation (FRET efficiency
from 6% to 13% after treatment with DS7423 for 48 hours) that coincides with
AR upregulation and transcriptional activation. Therefore, with this data we
suggest that the additional assessment of HER2-HER3 heterodimerisation via
FRET-FLIM done on patient tumours at baseline and along the course of
treatment with drugs targeting the PIBK-AKT-mTOR pathway could provide
additional information to complement PTEN expression to predict response and
resistance to these targeted treatments. Further, the detection of ErbB

dimerization in patient-derived exosomes could provide a promising way to
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monitor this resistance mechanism in a non-invasive way, in the form of a liquid

biopsy.

Moreover, we know that AR activation by EGF and other growth factors occurs
in a low-androgen environment (122). Therefore, if we accept that ErbB
receptors/dimers can activate AR without the need for its ligand, then the role
of the various potential ErbB dimerization partners in enhancing prostate
cancer cell further metastatic potential and proliferation, but also and very
importantly their significance in driving castration-resistant metastatic prostate
cancer would allow us to use the detection and evaluation of ErbB dimers as
predictive biomarkers of disease progression from the metastatic hormone-
sensitive setting to castrate-resistant phenotype and also to predict response
and resistance to targeted treatments. In addition, the observed changes in
dimerization stability as measured by FRET efficiency in response to
treatments would also be important to study within a cohort of patient tumours
where relevant clinical information would be available to make correlations
between changes in ErbB heterodimerisation within a heterogeneous patient
population and the respective effects on clinical outcome. This way we will be
able to make true inferences about the role of ErbB heterodimerisation as a

predictive biomarker in this disease.

Finally, the use of lapatinib and patritumab showed that the effect on AR upon
PIBK-mTOR inhibition is not reversed by the use of these drugs. In fact, under

both combined treatment conditions a further degree of increase in AR protein
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level is observed. The combination of DS7423 and lapatinib enhances AR
levels by 29% compared to DS7423 alone treated cells and the combination of
DS7423 and patritumab shows a further increase of 48%. Lapatinib has been
shown by previous work done in our laboratory to stabilise the HER2-HER3
dimer (245). In addition, lapatinib inhibits HER2 phosphorylation and prevents
receptor ubiquitination leading to the accumulation of marked numbers of
inactive HER2 receptors on the cell surface (273). It is likely that the increase
observed in HER2-HERS3 heterodimer upon PI3BK-mTOR treatment in LNCaP
cells is further stabilised by lapatinib, and that this allows the cells to proliferate
due to sustained signalling downstream the PI3K pathway as well as due to AR
signalling due to the observed enhanced AR levels. In the case of patritumab,
the upregulated HERS levels decrease to below baseline most likely as a result
of receptor endocytosis and degradation. We hypothesise that the use of the
monoclonal antibody against HER3 might perturb the ligand-induced
heterodimerisation process and encourage the formation of HER3
homodimers. HER3 homodimers will preferentially by internalised and
degraded. The HER2-HERS heterodimer is thus impaired most likely due to
patritumab use but this might enable the cells to form other ErbB heterodimers,
such as EGFR-HER2 that is also known to have a potent effect on oncogenic
cell signalling (274, 275). The small further increase in AR levels, therefore,

might reflect this switch in ErbB dimer formation.

In conclusion, the results of this chapter provide additional preclinical evidence

that PIBK-AKT-mTOR pathway targeting could be efficacious in the hormone-
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sensitive metastatic setting, despite the predominant AR signalling driving the
disease at this stage. In addition, it would be very interesting to evaluate the
predictive significance of HER2-HERS3 heterodimerisation performed as
surrogate pre-treatment biomarker in patient tissue and exosome samples
within a clinical trial targeting PIBK-AKT-mTOR pathway therapeutically, as well
as at various timepoints along the treatment to identify whether subgroups of
patients preferentially up- or down-regulate HER2-HER3 heterodimer with
treatment and how the changes in ErbB heterodimerisation inform us on clinical
outcome. It would also be intriguing to identify, within a heterogeneous patient
population, the proportion of patients with metastatic hormone sensitive and
castrate-resistant disease that express HER2-HERS3 dimer at baseline and
whether patients without basal HER2-HERS dimerisation respond differently to
treatments, have better survival outcomes or have to ability to utilise the
formation of a new ErbB heterodimer as a resistance mechanism at occurs
during the time-course of their treatment using targeted inhibition of the PI3K-
AKT-mTOR pathway. Furthermore, the combination of FLIM for HER2-HER3
heterodimerisation and PTEN status, already assessed by IHC in clinical trials,
might prove to be a more robust predictive model of response or resistance to

therapeutic targeting.
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Chapter 4: PIBK-mTOR inhibition in PTEN functional
metastatic prostate cancer is dependent on ErbB

family to upregulate PSMA

4.1 Introduction

PSMA is a type Il integral cell-surface membrane protein whose expression
density and carboxypeptidase enzymatic activity are increased progressively in
prostate cancer compared to normal prostate epithelium. PSMA is an ideal
target for monoclonal antibody imaging and therapy and studies published
more recently show that PSMA also has a functional role in prostate cancer

(171).

The single correlation between PSMA and HER2 in prostate cancer has been
described in a clinical study looking at radical prostatectomy specimens
compared to normal tissue. PSMA expression by IHC was higher in prostate
cancers and correlated with tumour stage, high Gleason score, PSA level and
HER2 expression (p<0.0001 each) (276). As discussed previously, a new role
for PSMA was recently described; this is the ability of PSMA to regulate cellular

signaling via the PI3K-AKT pathway (193) through mGLUR1 (195).

Given that PI3K pathway signalling is so relevant in metastatic prostate cancer
and PI3K-AKT inhibitors are currently being investigated in metastatic CRPC

we further wished to investigate the changes in PSMA expression levels in vitro
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and in vivo by using the PIBK-mTOR inhibitor DS7423. The heterogeneity of
prostate cancers makes it very difficult to anticipate whether inhibition of PI3K-
AKT signaling would benefit patients. Additionally, many biological sequelae of
PIBK-AKT-mTOR inhibition, such as HER3 and AR upregulation described in
the previous chapter of this work, undermine the potential therapeutic gain. For
example, the work done using the LNCaP cell line which has a mutated PTEN
gene, leading to deficient function of the PTEN tumour suppressor,
demonstrated downregulation of PSMA consistent with the overexpression of

AR seen in the LNCaP NTC cells (see Figure 3.9).

The CWR22 and 22Rv1 cells were used to investigate the effect of PIBK-mTOR
inhibition in the PTEN wild-type setting of metastatic prostate cancer. The
CWR22 cell line was originally established from transplantable human CWR22
prostate tumours (277). The tumours were derived from a Gleason score 9
primary prostate cancer with bone metastases (278). CWR22 cells, as with the
tumour counterparts, respond very promptly to androgen deprivation showing
marked tumour regression after castration, mimicking the course of the human
disease (279). The 22Rv1 cell line is the androgen-independent derivative
established from hormone refractory recurrent CWR22 tumours (280). CWR22
cells express EGFR, HER2 and HERS as well as NRG-1, the ligand for HER3
and HER4, suggesting that the ErbB receptors play a significant role in the
growth of these cells (278). Furthermore, the CWR22 and 22Rv1 cell lines are

known to express wild type PTEN and have low/undetectable levels of pAKT in
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the absence of upstream activation by RTKs (281, 282). Finally, the 22Rv1 cell

line exhibits a truncated AR that was demonstrated to be AR-V7 (283).

In this section, we wished to investigate the expression of PSMA and AR in the
metastatic and castrate-resistant prostate cancer settings where the PTEN
tumour suppressor is still expressed and functional. The recent demonstration
of the link between PSMA and the PI3K pathway makes this relevant, despite
the presence of WT PTEN. Furthermore, we wished to investigate whether any
changes in PSMA could be presented by radiological imaging using PSMA-

PET in vivo as a means of detecting this in patients as well.

4.2 Results

4.2.1 Effects of RTK stimulation in CWR22 and 22Rv1 cells

Both CWR22 and 22Rv1 cells show strong levels of phosphorylation of EGFR
upon EGF stimulation, which coincides with phosphorylation of HER2 and to a
smaller degree with HER3 phosphorylation as well (Figure 4.1). An increase in
phosphorylated ERK levels is seen predominantly upon EGF stimulation in both
cell lines, showing that MAPK is the principal pathway signalling downstream
of EGFR activation. On the other hand, phosphorylated AKT (T308) is only
mildly activated in the setting of EGF stimulation. Further, when NRG-1 is used,
both cell lines are able to phosphorylate HER3. HER2 phosphorylation, but not
of EGFR, is seen in both CWR22 and 22Rv1 cells upon NRG-1 stimulation

suggesting that HER3 preferentially forms heterodimers with HER2 when
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activated to enhance downstream signaling via the PIBK-AKT pathway as seen
by the strong phosphorylation of AKT at threonine 308. Activation of MAPK
pathway in response to NRG-1 stimulation is only modest when compared to
the effect seen upon EGF stimulation. Finally, both cell lines demonstrate
increase in AR levels upon EGF and NRG-1 stimulation, that could indicate that
activation of RTKs can lead to subsequent activation of AR in metastatic
prostate cancer. My findings are consistent with results reported in the CWR-
R1 cell line, where HRG stimulation activated HER2 and HER3 and increased
androgen-dependent AR transactivation of reporter genes (121). Finally, EGF
and NRG-1 stimulation in both cell lines does not appear to stimulate PSMA
activation. In conclusion, EGFR, HER2 and HER3 activation in metastatic
hormone-sensitive and castrate-resistant prostate cancer are associated with
elevated kinase signalling and AR activation, most likely through the formation

of ErbB heterodimers.
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Figure 4.1 — ErbB phosphorylation in CWR22 and 22Rv1 cell lines following EGF and
NRG-1 stimulation:
Western blot showing the response of RTKs and downstream signalling targets, as indicated
by the antibodies used in the figure, to EGF (used at 100ng/ml for 5 mins) and NRG-1 (used at
50ng/ml for 5 mins).

The use of Enzalutamide at two timepoints, 2 and 7 days, showed that AR
expression decreases in both hormone-sensitive and castrate-resistant cell
lines and that HER2 expression follows the same trend (Figure 4.2). In the
CWR22 cells the effect on AR expression is seen at a greater magnitude (58%
decrease in AR levels seen after Day 7 post Enzalutamide) compared to the
22Rv1 cells (AR decrease by 10%). Interestingly though, the degree of HER2
downregulation in both these cells lines is similar; 32% and 36% in CWR22 and
22Rv1 cells respectively. On the contrary, PSMA in these cell lines is

upregulated upon Enzalutamide use for 7 days and this might represent a
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resistance mechanism to androgen inhibition since it does not occur as an
immediate effect. These findings also show that in response to anti-androgens
PSMA is upregulated irrespective of ErbB signaling to allow oncogenic
signaling when the AR pathway is inhibited in a ligand-dependent way.
However, the relationship of PSMA and ErbB signaling in response to PI3K-
mTOR inhibition has not been described at all and further experiments planned
wished to describe the relationship between these and how they can be utilized
together as biomarkers in the setting of targeted treatment against the PI3K-

AKT-mTOR pathway.

CWR22 22RV1
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Figure 4.2 — Enzalutamide treatment leads to AR and HER2 downregulation in CWR22
and 22Rv1 cells:
Enzalutamide was used at 10 UM concentration at the indicated timepoints. The quantification

of PSMA, HER2 and AR (relative to GAPDH) is also shown in the panels.
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4.2.2 PSMA upregulation in PTEN WT prostate cancer cell lines

upon inhibition of PI3BK-mTOR pathway

The CWR22 and 22Rv1 isogenic pair of cell lines were treated with DS7423,
alongside other inhibitors of the PIBK-AKT-mTOR pathway as done in the
LNCaP cells, to look for the effects on AR and PSMA. Interestingly, upon 48
hours of treatment with DS7423 at 1000 nM, there is observed overexpression
of the PSMA protein in both cell lines that coincides with upregulation of HER2
(Figure 4.3 and Figure 4.4). PSMA overexpression was observed in both
hormone-sensitive and castration-resistant cell lines by 42% and 35%
respectively upon PI3BK-mTOR inhibition. The PSMA upregulation is statistically
significant (p-value 0.0046 in CWR22 cells and 0.006 in 22Rv1 cells) (Figure
4.5). In addition, the use of GDC0941 and everolimus also leads to PSMA
upregulation in the castrate-resistant 22Rv1 cells, however this is not
statistically significant. The effect on PSMA is not observed in the hormone-
sensitive CWR22 cell line upon treatment with these drugs. Notably, the
expression of AR is suppressed upon DS7423 treatment in contrary to what
has been observed in the LNCaP NTC cells before, but consistent with previous

literature demonstrating the inverse relationship between AR and PSMA (236).
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Figure 4.3 — PIBK-mTOR inhibition in PTEN WT prostate cancer cell lines upregulates
PSMA:

CWR22 and 22Rv1 cells were treated with Mibolerone and inhibitors of the PISK-AKT-mTOR
pathway for 48 hrs. Mibolerone was used at 1 nM concentration. DS7423, GDC0068, GDC0941
and Everolimus were used at 1000 nM, 100 nM, 1000nM and 100 nM respectively.

Interestingly, HER2 upregulation coincides with the effects observed in PSMA
under the conditions described above and in the respective cell lines. In
contrary however, HER3 levels remain at baseline or even show mild
downregulation with the use of inhibitors that target the PISK-AKT-mTOR

pathway.
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Figure 4.4 — PSMA, pAKT(T308), HER2 and HER3 quantification upon treatment:
Histograms demonstrate changes in the proteins of interest in both cell lines relative to GAPDH.
Values are mean +/- SEM (n=3). Black bars = CWR22, Grey bars = 22Rv1.

The levels of pAKT (T308) are also enhanced in both CWR22 and 22Rv1 cell
lines upon DS7423 treatment, supporting the hypothesis that PSMA
upregulation enables the emergence of resistance by signalling through the
PI3K pathway (Figure 4.4). In 22Rv1 cells, consistent with PSMA and HER2
upregulation upon GDC0941 and Everolimus, pAKT also shows markedly
elevated levels suggesting that sustained signalling of the PISK-AKT-mTOR
pathway occurs as a resistance mechanism to targeted inhibition. The effect
observed with the use of GDCO0068, in that pAKT (T308) levels are induced

upon AKT inhibition reflects a homeostatic feedback mechanism in response to

Hl CWR22

22Rv1
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this allosteric inhibitor and has previously been shown with other similar AKT

inhibitors (284, 285) before.
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Figure 4.5 - PSMA and HER2 quantification post DS7423 in CWR22 and 22Rv1 cells:

Histograms represent the quantification of DS7423 effect on PSMA (left panel) and HER2 (right
panel) levels in CWR22 and 22Rv1 cells after 48 hrs of treatment. Total levels of each protein
were expressed as a ratio relative to GAPDH used as loading control. Values are mean +/-

SEM (n=3), ** = p<0.01.

Based on the findings identified by immunoblot after treatment of cells in vitro |
wanted to observe the localisation of HER2 and HER3 in CWR22 and 22Rv1
by confocal microscopy. This was done at control (10% charcoal-stripped FBS
in RPMI; i.e media deprived of androgens) and treatment conditions with
DS7423 at 1000 nM for 48 hours. In CWR22 cells we observe re-localisation of
HER2 from the cell surface membrane to the nucleus upon treatment. HERS3
on the other hand remains located in the cell surface membrane under both
conditions. In 22Rv1 cells both HER2 and HERS3 showed continuous
expression in the cell surface membrane (Figure 4.6) at control and upon

treatment.
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Figure 4.6 — The cellular localisation of HER2 and HER3 upon DS7423 treatment in
CWR22 and 22Rv1 cells:

Cells were stained with directly-labelled fluorescent antibodies for HER2 and HER3 and imaged
by confocal microscopy at the indicated timepoints. Panels also represent Hoechst staining as

an indicator of cell nuclear staining and merged images.

| then proceeded with treatments in CWR22 and 22Rv1 cells treated with
lapatinib and patritumab, alone and in combination with DS7423, as done in the
LNCaP cells in the previous chapter. HER2 and PSMA upregulation is
demonstrated again in both cell lines upon DS7423 treatment (Figure 4.7). The
use of lapatinib and patritumab alone in CWR22 and 22Rv1 cells does not lead

to significant changes in PSMA expression levels.
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When DS7423 is used in combination with lapatinib in the CWR22 cell line we
observe decrease in PSMA upregulation and return to PSMA expression levels
similar to baseline prior to DS7423 treatment (Figure 4.7). Specifically, there is
a 20% decrease in PSMA levels between CWR22 cells treated with DS7423
alone and those with combined DS7423 and lapatinib. 33% decrease in PSMA
expression levels is seen in 22Rv1 cells between DS7423 treatment alone and
the combined treatment with lapatinib. The combined use of DS7423 and
patritumab, on the other hand, resulted in only a very modest abrogation of the
overexpressed PSMA levels in the CWR22 cells, while the same combination
had no effect in reversing the DS7423 induced PSMA upregulation in 22Rv1,

where on the contrary, PSMA levels are seen to increase even further.



161

(a) CWR22 22RV1
DS7423 -+ - -+ 4 S - e
Lapatinib - - + - + - - - + - +
Patritumab - - - + - + - - - + - +
HER2 | ..-‘i.‘ ’ --M“
PSMA | - — SR e e— -
oso | WS | - |
. e —_—
(T308) -
GAPDH || |t

(b) CWR22 22Rv1

PSMA relative to GAPDH
PSMA relative to GAPDH

control
DS7423
Lapatinib:
Patritumab:

DS7423/Lapatinib

2
S
=
©
Q.
©
P
=
o™
N
<
~
(2]
Q

DS7423/Patritumab
DS7423/Patritumab

Figure 4.7 — The effects of ErbB targeting in PTEN WT prostate cancer cell lines, alone
and in combination with PI3K-mTOR inhibition:

(a) CWR22 and 22Rv1 cells were treated with DS7423, lapatinib and patritumab alone and in
combination. In the combination treatments, the cells were treated for the first 24 hrs with
DS7423 at 1000 nM, followed by the addition of lapatinib (at 10 uM) or patritumab (at 10 ug/ml)
for another 24.

(b) Histograms show the quantitative effect of single and combined treatments on PSMA
expression relative to GAPDH loading control. The data is representative of mean +/ SEM
(n=3).
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Furthermore, the use of lapatinib in both cell lines leads to increase in HER2
levels (Figure 4.8) and this finding is consistent with data in breast cancer cell
lines overexpressing HER2 (273) and is most likely due to the accumulation of
HER2 on the cell plasma membrane. When lapatinib is added to cells already
being treated with DS7423 we observe that HER2 levels are sustained but do
not increase further and that HER3 levels decrease in conjunction with the
decrease in PSMA upregulation when compared to DS7423 treatment alone.
As discussed already above, the PSMA levels do not return to baseline but the
feedback effect in its levels in response to PIBK-mTOR inhibition that is
mediated by HER2 upregulation is lessened to an extent. Itis not clear whether
this reflects PSMA dependency on HER2 phosphorylation that is diminished in
the presence of lapatinib or whether HERS is also required, potentially as part
of a complex with PSMA that is essential to maintain its levels. When we
observe the effects of patritumab addition on the other hand, it appears that the
two cell lines behave in an opposite fashion with regards to PSMA levels.
Combined DS7423 and patritumab treatment in CWR22 cells allows small
decrease in PSMA levels, however the 22Rvi1 cells show further
overexpression of this protein. Interestingly, and in a way that coincides with
the rest of our findings, the HER2 and HERS levels are downregulated by
patritumab in the CWR22 cells, whereas in 22Rv1 cells HER2 demonstrates
further overexpression. These results support our knowledge that PSMA and
HER2 are closely linked. Furthermore, HER3 monoclonal antibody in CWR22
cells enables decrease in HER2 expression, probably suggesting that these

cells activate HER2 via NRG-1 stimulated HER3 activation. The regulation of
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HER2 in the castrate-refractory 22Rv1 cells appears to be less dependent on
HERS3 ligand levels for its activation and function.
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Figure 4.8 — HER2 regulation upon DS7423 and combined treatments in CWR22 and
22Rv1 cells:

Histogram representation of the HER2 changes upon DS7423 treatment alone and in
combination with lapatinib or patritumab after triplicate repetition and expressed relative to

GAPDH as control.

4.2.3 In vivo evaluation of DS7423 treatment in PTEN WT

prostate cancer mouse xenografts

Following the findings from the in vitro use of PISBK-AKT-mTOR inhibition in
CWR22 and 22Rv1 cells | wished to evaluate this in vivo, within frozen tumour
lysates and if successful by PSMA PET scan. We used a subcutaneous mouse
xenograft model in nude athymic male mice to treat with DS7423 by daily oral
gavage for 10 days (schedule as in Figure 4.9(a)) that would allow us to
investigate these. The graphs in Figure 4.9(b) represent the tumour growth

curves in CWR22 and 22Rv1 xenograft mice, as recorded as tumour volume
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measurements. Despite the initial observed decrease in tumour volume at the
initiation of treatment between DO and D2 (days 21 and 23 post inoculation),
the tumours in both models continue to grow despite PISBK-mTOR inhibition
demonstrating that resistance develops early, and that this correlates with
PSMA upregulation. It is therefore very possible that PSMA upregulation acts
as one important mechanism that allows the PI3K pathway to continue its

oncogenic signalling to enhance prostate cancer cell proliferation.



165

(@) week 0 Tumour growth 3 4

cell pellet treat
inoculation DS7423
(b) CWR22 22Rv1
0.4+ . D0 0.3+
L) )
£ - D2 £
o o
() (]
g - D4 g
§ -+ D6 _g
c —— D8 z
3 - D10 2
£ £
2 2
D13 D15 D17 D20 D21 D23 D25 D27 D29 D31 D13 D15 D17 D20 D21 D23 D25 D27 D29 D31
Days post inoculation Days post inoculation

Figure 4.9 — In vivo growth and assessment of prostate cancer xenografts upon DS7423
treatment in nude mice:

(a) Bilateral subcutaneous CWR22 and 22Rv1 xenografts were grown in nude athymic male
mice. At 3 weeks when the tumours were established the mice were treated with DS7423 by
oral gavage at 3mg/kg/day for 5 days of the week for 2 weeks. At the end of the week mice
were culled and tumours collected and stored for further experiments.

(b) Growth curves of mice treated with DS7423. Treatment days are shown as days 21-31 (post
inoculation). Each cell line xenograft included 12 mice and 2 mice were sacrificed every 2 days
(from D21 onwards) post treatment for collection of tumours for further analysis. Tumour

volumes were calculated using the formula [(major axis)*(minor axis)?/2]/1000 cm®.

Similarly to what has been observed in vitro, the tumour lysates from CWR22
and 22Rv1 mice treated with DS7423 upregulated PSMA by day 4 and 6
respectively following treatment with the drug. Interestingly, the HER2

upregulation observed in vitro following PIBK-mTOR inhibition that correlates
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with PSMA overexpression is only seen in 22Rv1 tumours (Figure 4.10). This
can be explained by the fact that HER2 has been shown to relocalise to the
nucleus in the CWR22 tumours and that the NP-40 based lysis buffer used to
extract protein from lysed frozen tumours has decreased ability to detect

nuclear extracts within tumour tissue as compared to cells in culture (286).
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Figure 4.10 — Assessment of HER2 and PSMA levels in mouse xenograft tumours post
DS7423 treatment:

Left panel: Frozen tumours were lysed and used for western blot electrophoresis to assess the
levels of HER2 and PSMA at timepoints day 0 and 4/6 of DS7423 treatment.

Right panel: shows frozen tumour lysates blotted on timepoints 0-8 days of treatment to
demonstrate the changes in HER2 and PSMA (GAPDH immunoblot images are not available
due to inability to obtain clear image from experiments but equal protein was loaded as changes

in protein level expression should only represent effect of drug use).

Further evaluation of mouse xenograft paraffin-embedded tissue with FLIM to
look for baseline HER2-HERS3 dimerisation was performed in the tumour
samples obtained at day 0 to show that in the CWR22 tumours HER2-HER3
heterodimerisation is not present prior to treatment as the calculated FRET
efficiency % is 0.003. On the contrary, the 22Rv1 tumours exhibit a basal level
of HER2-HERS heterodimerisation with FRET efficiency % of 2.32, suggesting

that HER2-HER3 heterodimerisation in PTEN WT models of metastatic
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prostate cancer occurs as the disease progresses from a hormone-sensitive to
a castrate-resistant phenotype (Figure 4.11). Of course, this needs further
evaluation within a bigger cohort of patient-derived tissue at these stages of
their disease, which is not always possible to obtain. However, establishing the
presence of HER2-HER3 dimerisation and their potential relationship to PSMA
expression would be important within clinical trial where prospective sampling

of tissue can be planned for surrogate biomarker evaluation.
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Figure 4.11 - HER2-HER3 heterodimer detection in CWR22 and 22Rv1 mouse xenograft
tissue at baseline:

(a) Donor alone and donor + acceptor intensity and fluorescence lifetime images representative
of experiments done in paraffin-embedded tissue of CWR22 and 22Rv1 mouse xenograft
tumours stained with directly labelled antibodies for HER2 and HER3. The intensity images
shown are those of the donor and donor + acceptor fluorophores. The pseudocolour
fluorescence lifetime images demonstrate the range of lifetimes; between 2.2-3.0 ns
(Tau=lifetime).

(b) Quantification of average FRET efficiencies. Data is shown as the mean FRET efficiencies,

n=3 for each condition and error bars represent SEM.

When HER2-HERS heterodimerisation was assessed in tumour tissue following
treatment with DS7423 at Day 4 and 6 timepoints (respectively for CWR22 and

22Rv1 tumours) this demonstrated no change in HER2-HER3 dimer in the
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CWR22 tumour tissue. In 22Rv1 tumour tissue FRET efficiency showed an
increase of 46% between untreated (2.32%) and day 6 (3.38%) tumours and

this increase, despite modest, was statistically significant (p=0.0267) (Figure

4.12).
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Figure 4.12 - HER2-HER3 heterodimer detection in CWR22 and 22Rv1 mouse xenograft
tissue after DS7423 treatment:

Quantification of average FRET efficiencies for control and treatment groups. Data is shown as
the mean FRET efficiencies, N=3 for each condition and error bars represent SEM (* = p<0.05).
Replicates are technical and represent 3 tissue samples from the same mouse tumour at each

treatment condition.

The frozen tumours collected from the in vivo study of DS7423 in CWR22 and
22Rv1 mouse xenografts were also used to stain with antibodies of interest for
immunofluorescence confocal microscopy (Figure 4.13). CWR22 tumours prior
to any treatment with DS7423 show expression of PSMA and HER2 as
expected. More specifically, by frozen tumour immunofluorescence, CWR22
xenograft tissue at Day 0O of treatment demonstrates strong and heterogeneous

PSMA staining that is localised in the membranous and cytoplasmic areas of
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tumour cells, consistent with what has been described in literature so far. The
HER2 pattern appears more homogenous with some areas of more intense
staining, and is also expressed mainly in the membranous region of the prostate
cancer tumour cells, consistent with IHC reports in metastatic prostate cancer
models where the cellular localisation of HER2 is described as cytoplasmic,

membranous or a combination of both (287).

Furthermore, HIF1a demonstrates very low intensity staining at baseline in
CWR22 tumours. The interest in studying the staining pattern of HIF1a in these
tumours comes from the knowledge that HIF has an important role in tumour
angiogenesis where this occurs not only in response to hypoxia but it is also
induced by growth promoting stimuli, oncogenic pathways (such as EGFR and
MAPK) and tumour suppressor mutations, most strikingly that involving VHL
(288). Since PSMA is present in the neovasculature of tumours it is thought to
be important in the regulation of angiogenesis. Therefore, it is reasonable to
hypothesise that PSMA and HIF1a upregulation might occur simultaneously in
these tumours especially after treatment with PISBK-mTOR inhibitor to regulate

angiogenesis, possibly via mechanisms that modulate VEGF expression.
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Figure 4.13 — Triple immunofluorescence staining of prostate cancer xenograft CWR22
tumours:

CWR22 frozen tumours at baseline prior to any treatment with DS7423 (Day 0) were stained
with the indicated antibodies to study the cellular localisation of these markers in metastatic
prostate cancer tumours. Tumours were imaged with x63 oil objective using confocal

microscope.

When tumours from CWR22 mouse xenograft at treatment Day 8 (Figure 4.14)
were examined the HER2 expression pattern remained the same, with an
observed diffuse expression of this oncogene throughout the tumour tissue. It
is also observed that there are areas of more intense staining suggesting that
enhanced expression occurs within a heterogeneneous population of tumour
cells. Similarly, the expression of PSMA remains heterogenous but more
diffuse within the tumour and at some areas appears to be expressed around
structures resembling vasculature. PSMA is known to be expressed in
endothelial cells of tumour neovasculature, but not established vasculature.

The expression of PSMA within endothelial cells of tumour neovasculature
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demonstrated co-localisation with HIF1a expression as well, supporting the
hypothesis that via the upregulation of PSMA, prostate cancer cells might be
able to develop resistance to PIBK-mTOR inhibition by mechanisms that involve
tumour angiogenesis as well. HIF1a expression in tumour endothelial cells
plays as significant role in the migration of cancer cells and their metastatic

potential (289).

PSMA-Alexa488 HIF1la-Alexa568

merge

HER2-CY5 Hoechst

Figure 4.14 — Triple immunofluorescence staining of prostate cancer xenograft CWR22
tumours after DS7423 treatment:

CWR22 frozen xenograft tumours at D8 of treatment with DS7423 were imaged using confocal
microscopy for the antibodies as indicated above. Tumours were imaged using x63 objective

of the confocal microscope.
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4.2.4 PSMA-PET in CWR22 and 22Rv1 mouse xenografts post

PI3K-mTOR treatment

The mouse subcutaneous tumour xenograft study in CWR22 and 22Rv1
models described above was repeated to evaluate PSMA upregulation by
PSMA-PET. As demonstrated in the schema below (Figure 4.15) after the
establishment of subcutaneous tumours, mice were treated with DS7423 by
daily oral gavage for 4 days and then imaged with ®®Ga-THP-PSMA by PET at
day 5. Using tumour ex-vivo values we demonstrate the basal uptake in PSMA-
expressing tumours prior to any treatment and show enhanced PSMA uptake
in the tumours of mice after 4-day treatment with DS7423, which is consistent
with the biochemical results we have presented so far (Figure 4.16). The ratios
between treated-to-untreated values for PSMA uptake (presented as %ID/g)
are 1.36 and 1.28 in the CWR22 and 22Rv1 models respectively. Unfortunately,
we experienced death of mice during imaging when the mice were
anaesthetised and the data presented here is only pilot data, as we were unable
to complete this in equal numbers per group, proving that the detection of
PSMA upregulation is possible by PSMA-PET. The experiment described in
this section is going to be repeated for future presentation purposes and to

obtain statistically significant data.
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Figure 4.15 — Schematic representation of the mouse xenograft tumour growth and
treatment schedule with DS7423 prior to PSMA-PET imaging.
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Figure 4.16 — Representative PET-CT images of mice bearing 22Rv1 xenografts at 40-60
mins after injection.

Left panel: A shows ®8Ga-THP-PSMA in mouse bearing tumour post treatment with DS7423
and B shows *Ga-THP-PSMA mouse bearing tumour without any treatment.

Right panel: The ex-vivo uptake of ®Ga-THP-PSMA in CWR22 and 22Rv1 mice tumours

(culled 1 hour after injection) pre- and post-treatment with DS7423.
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4.3 Discussion

The rationale for the use of PISBK-mTOR inhibitors in the PTEN wild-type cell
lines CWR22 and 22Rv1 comes from the knowledge that the AR can activate
signalling pathways, including PIBK-AKT and MAPK, upon its activation by the
binding of ligand. This occurs in the cytoplasm through non-nuclear signalling
and is rapid in onset as compared to the classical AR signalling that requires

AR conformational change and nuclear localisation (168).

These actions of non-genomic signalling of AR are able to enhance cell
proliferation and survival by rapid signal transduction. In more detail, direct
interactions between ligand-activated AR and PI3K in the cytoplasm are
mediated by phosphotyrosine residues on the AR NTD to the SH2 domain of
p85a regulatory subunit of PISK. The associated of AR/p85a promotes the
activation of p110 catalytic subunit and the generation of PIP3 to induce
activation of AKT kinase, leading to the regulation of transcription factors to
inhibit apoptosis pathways and promote cell survival. Therefore, it is clear that
AR is able to maintain cell survival independently of transcription which is

achieved through activation of the PIBK-AKT pathway (267).

As a result, it is not unexpected to observe clinical responses with inhibitors of
the PIBK-AKT pathway in patients enrolled in clinical trials where stratification
did not occur based on PTEN status, as seen in the Phase Il study with

GDCO0068 in combination with abiraterone (170). Results from some of the
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other Phase Il clinical trials are also awaited to help make more observations

of the clinical responses seen with PI3BK-AKT inhibitors.

In this chapter, the work focused on describing the effects of PIBK-mTOR
inhibition in the PTEN WT prostate cancer cell lines, CWR22 and 22Rv1. Both
cell lines show expression of ErbB RTKs and ability to respond to stimulation
by the respective ligands of EGFR and HER3. When the dual PI3BK-mTOR
inhibitor is used in this setting we observe upregulation of HER2 levels in both
cell lines by 42% and 83% in CWR22 and 22Rv1 cells respectively. This
increase in HER2 level expression coincides with upregulation of the
transmembrane glycoprotein PSMA. In fact, PSMA upregulation in this setting
is shown to be dependent on HER2 levels. In addition, the effect on PSMA
appears to be independent of HER3, the levels of which do not show a similar
trend potentially suggesting that the absence or disruption of HER2-HER3
dimer enables PSMA upregulation through mechanisms that require HER2
alone. The identification of HER2 translocation from the cytoplasm to the
nucleus in the CWR22 cells (hormone-sensitive setting), but not in the 22Rv1
cells, is also an important finding further suggesting that the HER2-HERS
heterodimer is not important in the PTEN WT hormone-sensitive setting, and
that the nuclear localization of HER2 has an important role in driving resistance,
by mechanisms that we have not identified in this work. The membrane
localisation of both HER2 and HER3 in the 22Rv1 castrate-resistant cells

further supports that HER2 upregulation in this setting acts via different
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mechanisms to drive resistance and that the stabilization of HER2-HER3 dimer

might have a more important role here.

As already described in previous sections of this work, HER2 is a membrane
receptor whose overexpression in prostate cancer has been described and is
associated with aggressive phenotype and disease progression. Insights into
further understanding of the HER2 biology has demonstrated that HER2 can
migrate from the cell membrane to the nucleus where it acts as a transcription
factor. Specifically, HER2 in the nucleus of cultured cells forms a complex with
cyclooxygenase enzyme COX-2 gene promoter and is able to stimulate its
transcription (290). In another study, HER2 nuclear translocation was shown to
form a transcriptional complex with Stat3 and to function as a coactivator of
Stat3 to enhance breast cancer cell proliferation (291). Furthermore, the
nuclear translocation of HER2 in trastuzumab resistant breast cancer cells can
assembly in a transcriptional complex to include HER3 and Stat3 to encourage
further cell growth (292). Finally, nuclear HER2 in clinical patient TMA samples
with invasive breast cancer was demonstrated to be an independent adverse
prognostic factor of poor clinical outcome in HER2 positive disease (293). The
observed HER2 nuclear translocation seen here upon PIBK-mTOR inhibition in
metastatic prostate cancer might suggest that this RTK is able to promote
resistance by acting as a transcription regulator of genes responsible for cell

proliferation and might potentially also associate with AR in the cell nucleus.
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The detection of concurrent HER2 and PSMA upregulation in the PTEN WT
setting upon PI3K-mTOR inhibition is also intriguing. There are no reports in
the literature showing an association between HER2 and PSMA to date in
metastatic prostate cancer. Certainly, HER2 overexpression in prostate cancer
is associated with androgen-independent growth and clinical progression of the
disease (124). The same applies to PSMA, with numerous reports showing that
its expression is present is all stages of the disease and that this increases as
the disease progresses to the castrate-refractory phenotype (191, 294). Our
results also indicate that HER2 overexpression is necessary to increase PSMA-
mediated signaling through the PISK-AKT pathway independently of HER3. It
is therefore acceptable to postulate that HER2 works cooperatively with PSMA
and that their communication might lead to the formation of a more complex
receptor complex in association with HER3, but also without, to promote
activation of common downstream signalling pathways, such as the PI3K
pathway, contributing to resistance to targeted inhibition. Along these lines, it
has recently been shown that the cell membrane clustering of PSMA in LNCaP
cells and subsequent PSMA activity needed to stimulate the PIBK and MAPK
pathways was dependent on the assembly of a macromolecular complex
including filamin A, beta1 integrin, p130CAS, ¢c-SRC and EGFR (295). Another
explanation could be that the heterodimerisation pattern between HER2 and
HERS and its changes upon treatment might be a mechanism by which PSMA
levels and activity are regulated on the cell surface membrane in prostate

cancer cells.
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The data also demonstrates that the mechanisms of resistance to PISK-mTOR
inhibition in the PTEN WT metastatic prostate cancer setting do not involve the
AR, as observed in the PTEN MT cell line, suggesting that the PTEN status of
the cells has the ability to dictate the emergence of resistance pathways in
metastatic prostate cancer cells upon PIBK-AKT-mTORtor inhibition and that
further targeted therapies could be guided based on this knowledge and the

ability to detect resistance pathway emergence robustly within clinical samples.

Furthermore, we show that the observed PSMA upregulation upon PI3K-AKT-
mTOR inhibition is able to sustain and enhance pAKT (T308) despite targeting
of the PI3K pathway, suggesting that the enzymatic activity of the upregulated
PSMA protein is able to activate the PI3K-AKT pathway as a resistance
mechanism. It has recently been shown that PSMA can induce activation of the
PIBK-AKT signalling axis by acting enzymatically to release glutamate and
activate the mGLURT1 receptor (195). Some preliminary experiments done by
myself at the completion of this work support this as transient knockdown of the
mGLURT1 receptor with siRNA interference demonstrate deficiency of PSMA
upregulation with DS7423 treatment that coincides with absence of HER2 level
upregulation. Furthermore, hyperactivation of AKT can also result due to
deregulated signalling of cell surface receptors (296), therefore the
amplification of HER2 following PI3K-AKT-mTOR treatment is also partly
responsible for the enhanced AKT phosphorylation seen in these cells. In any
case, both constitutive and inducible AKT activation has been associated with

resistance to chemotherapeutic and targeted agents (297). Through the results
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of this work we have identified PSMA and HER2 as being responsible in driving
PIBK-AKT pathway re-activation and that these proteins can be utilised both
therapeutically and as predictive biomarkers along the treatment course to
enhance outcomes of PIBK-AKT-mTOR pathway inhibitors and to better stratify
patients to further treatments or treatment combinations. In addition to
downstream targets of the PI3K pathway and PSMA as described in this work
so far, it would also be interesting to evaluate the role Ki67 as a proliferation
marker that might reflect HER2-HERS3 heterodimerisation. This could serve as
a biological predictive biomarker of response and resistance to targeted

inhibition and might enable better patient subgroup classification.

The dual inhibition using DS7423 and lapatinib stabilises HER2 levels in cells,
an effect that has been shown with lapatinib monotherapy and combined
therapy in breast cancer cells before (273). However, this demonstrates a
negative effect on PSMA levels and lapatinib addition to DS7423 is therefore
able to partially abrogate the upregulation of PSMA to levels that are still more
elevated than cells without any treatment. The observed HER2 stabilisation
upon the addition of lapatinib has been shown to be due to prevention of
ubiquitination of the receptor which leads to the accumulation of inactive
receptors on the cell membrane (273). This can explain the partial abrogation
of PSMA levels in both these cell lines. Furthermore, when we inhibit HER3
ligand with the addition of patritumab to DS7423, we observe a return of PSMA
levels to those below baseline in the CWR22 cell line, an effect seen to coincide

with decrease in HER2 and HERS3 expression. In the castrate-resistant cell line
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22Rv1, HER2 levels are sustained with patritumab leading to further increase
in PSMA, suggesting that possibly in castration-resistance additional
mechanisms are recruited that are able to allow the cells to continue to

proliferate and express these oncogenic proteins.

All the results from the in vitro work taken together suggest that in the metastatic
androgen-sensitive PTEN WT CWR22 cells PSMA upregulation upon inhibition
of the PIBK-mTOR pathway, is dependent on HER2 but not so much on HERS.
When HERZ2 phosphorylation is blocked by lapatinib or when patritumab inhibits
NRG-1 ligand binding to HERS, then HER2 activation via phosphorylation or
heterodimerisation is impaired and this subsequently abrogates the
upregulation of PSMA. While this is also the case with the combined use of
DS7423 and lapatinib in the metastatic castrate-refractory PTEN WT 22Rv1
cell line, the use of patritumab is not sufficient to suppress HER2 levels and
PSMA remains upregulated. One explanation for this might be the preferential
formation of EGFR-HER2 heterodimers instead that can continue to signal as
potent oncogenic units. As already proposed by Yarden et al, HER2 acts as a
preferred heterodimeric partner for all ErbB receptors and its overexpression
can bias heterodimer formation and broaden ligand specificity (298). In
addition, it is known that the 22Rv1 cell line is highly responsive to stimulation
by EGF (280), which might be another reason why these cells upon patritumab
treatment might be able to enhance their ability to enable EGFR-HER2

heterodimerisation instead.
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Therefore, pharmacological targeting of HER2 either in combination with PI3K-
AKT-mTOR pathway inhibitors or at detection of resistance could provide more
potent control over the signalling pathways involved in prostate cancer cell
proliferation and growth. In addition, these findings confirm that HER2
upregulation and its heterodimerisation status can be very useful biomarkers in
the metastatic hormone sensitive and castration-resistant settings and that
assays that can detect its heterodimerisation patterns could be assessed within
relevant clinical trials to evaluate their utility as predictive biomarkers for more
optimal treatment stratification. Furthermore, the use of PSMA targeted
therapeutic agents is also rapidly advancing and is considered a milestone in
the management of this disease. Specifically, '"’Lu-labelled PSMA
radiopeptidomimetic therapy (299, 300) has been tested within small clinical
trials with promising results. In addition, PSMA-targeting BiTE (bispecific T cell
engager) immunotherapies (301, 302) and PSMA-directed CAR-T cell
therapies (303) are currently being evaluated within Phase | clinical trials and
the results of these will be awaited in the years to come. Based on the findings
from this work, the combined and/or sequential use of PISK-AKT-mTOR
pathway inhibitors with PSMA-targeted therapies can be timed at the time of
upregulation of PSMA expression and might provide more robust responses to

the therapies and enhance clinical outcomes.

In vivo use of DS7423 in prostate cancer CWR22 and 22Rv1 mouse xenografts
demonstrates similar upregulation of PSMA within frozen tumour lysates, which

is heterogeneously expressed in tumours when these are stained for
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immunofluorescence microscopy. We also demonstrate within a small cohort
of mice that PSMA upregulation can be detected successfully pre- and post-
treatment using PSMA-PET. In contrary, HER2 is expressed more
homogeneously in tumours of these xenografts. We also demonstrate that the
PSMA upregulation in prostate cancer tumours derived from our in vivo study
occurs in conjunction with enhanced expression of HIF1a and that these
proteins show co-localisation and are seen around vascular structures in the
tumour tissue. PSMA is known to be expressed on the apical surface of
endothelial cells (179, 304) and in the neovasculature of numerous solid
malignancies (182). It is also weakly expressed in normal prostate tissue but
strongly upregulated in prostate cancer (304). In prostate cancer, there are
various patterns of PSMA expression described by IHC studies including apical,
apical/cytoplasmic, cytoplasmic with membranous accentuation and
cytoplasmic only. The first 3 patterns have been shown to be very specific for
prostate cancer (305). In general, PSMA is highly specific (94.5%) and fairly
sensitive (65.9%) for the diagnosis of prostate cancer (305). When expressed
in prostate cancer though, it is associated with higher grade and development
of castration resistance suggesting that it has a functional role in disease
progression, despite the fact that the mechanism for this has not described yet
(306, 307). Within prostate cancer tumours, the localisation of PSMA has been
described in the glandular epithelium, cytoplasm and membrane (267). PSMA,
therefore, has an important role in metastatic prostate cancer upon inhibition of
the PIBK-mTOR pathway to promote resistance mechanisms via prostate

cancer cell proliferation and angiogenesis.
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In conclusion, the results of this work encourage the belief, as shown by others,
that PSMA has an important functional role in activating cell signalling pathways
involved in prostate cancer cell proliferation and angiogenesis and that it is not
solely an important biomarker to utilise for the detection of disease through the
use of radiolabelled agents that conjugate with PSMA. In addition, it is
preferentially upregulated in PTEN functional (WT) prostate cancer cell lines
that are treated pharmacologically with inhibitors of the PISK-AKT-mTOR
pathway, an effect not seen in the PTEN null setting, thus demonstrating that
the understanding and detection of the relevant resistant mechanisms will allow
correct stratification of patients in the future to PSMA-targeted therapies that

are currently in clinical development.
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Chapter 5: The development of exosome based
biomarkers to monitor disease evolution in prostate

cancer

5.1 Introduction

As discussed previously, exosomes are a heterogeneous class of extracellular
vesicles released by exocytosis by virtually all cells types in the body. Unlike
larger types of extracellular vesicles such as apoptotic bodies or microvesicles,
exosomes are nano-scaled (40-150 nm) and are released in physiological and
pathological conditions. Exosomes play critical roles in intercellular
communication and can be found in the circulation. They can be directly
released in biological fluids where their cargo is stable and protected from
enzymatic degradation thanks to their lipid membrane envelope. Because their
molecular content reflects the composition of the cell of origin, they have
recently emerged as a promising source of biomarkers in cancer (308). Direct
enumeration of tumour-derived exosomes and/or profiling of their molecular
cargo in patient body fluids has been shown to provide valuable information
about the biology of the tumour (309). While exosomal profiling offers significant
advantages because of the complex cargo they contain (proteins, lipids, nucleic
acids) which could be interrogated simultaneously, discriminating cancer-

derived exosomes from non-cancer ones is still a very challenging area.
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Exosomes in prostate cancer have been shown to support tumourigenesis by
promoting angiogenesis (310) and those secreted within the tumour
microenvironment are important regulators of prostate cancer cell survival,
proliferation, angiogenesis and the evasion of immune surveillance (310-312).
Protein profiling in plasma, serum and other biological fluids is limited by an
intrinsic high dynamic range and by the fact that most biomarkers are at least
five orders of magnitude lower than albumin and other abundant serum
proteins, making it challenging to characterise exosomal protein cargo in
prostate cancer directly from patient body fluids. Many preliminary studies,
therefore, have been conducted in prostate cancer cell line-derived exosomes

(308).

5.2 The use of FRET-FLIM in prostate cancer exosomes

The use of fluorescence lifetime imaging microscopy for the analysis of protein
expression, function and protein-protein complex formation in cancer cell lines,
fresh tumour tissue and FFPE tissue is now well established in our laboratory
(228, 313-317). These advanced imaging techniques have now been adapted
for blood-derived exosomes, as a novel and minimally invasive means of
monitoring the onset of tumour resistance using liquid biopsies from patients.
Detection of specific protein-protein interactions in patients’ biopsies can be
used for prognostic and predictive information and to monitor response and
resistance to treatment at a molecular level in order to allow better patient
selection for targeted therapy (206). More recently, in our laboratory we have

optimised assays for the use of antibodies for FLIM against EGFR and HERS.
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Our data demonstrated that exosomal EGFR-HERS3 dimer can change within 3
weeks in head and neck cancer patients commencing anti-ErbB therapy in
combination with chemotherapy and that these changes in EGFR-HERS3
dimerisation can predict RECIST in a multivariate analysis of a prospective

Phase 2 clinical trial (318).

As part of our hypothesis and results already presented, we sought to study
HER3 heterodimerisation as a ‘rewiring’ mechanism in metastatic prostate
cancer upon treatment pressure using PISBK-mTOR inhibition, as a resistance
mechanism that could be detected within exosomes. In order to assess the role
of HER3 heterodimerisation within prostate cancer patient serum-derived
exosomes prospectively, one needs to do this within a clinical trial where the
longitudinal blood sampling occurs at pre-determined timepoints to match
whole-body imaging modalities, such as CT, MRI and PET, that are used as a

tool to provide information of clinical disease burden and outcome.

5.3 Exosomal miR-21 in prostate cancer:

MicroRNAs are small non-coding RNAs that have been identified as post-
transcriptional regulators of gene expression (319) and evidence has shown
that they can have significant role in biological processes (320). Their
deregulation has been observed in cancer where they can function both as
tumour suppressors or oncogenes (321). Studies have shown their participation
in the resistance to chemotherapeutic agents in cancer cells (322, 323).

Furthermore, the presence of nucleic acids in exosomes allows them to be
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protected from degradation making the study of genomic alterations, aberrant

transcripts and non-coding RNAs in exosomes very interesting.

In preclinical studies using prostate cancer models, elevated levels of miR-21
were able to enhance growth in androgen-sensitive prostate cancer cells and
to promote resistance to castration-mediated growth arrest, suggesting that this
microRNA has a role in prostate cancer pathogenesis and treatment resistance
(324). In another study, miR-21 expression was associated with resistance to
docetaxel chemotherapy in PC3 prostate cancer cells (325). Finally, the role of
miR-21 in mediating pro-metastatic inflammatory responses leading to cancer

cell growth and metastasis has also been described (326).

In the following section | will describe the work that has been carried out to
evaluate the changes in cell-line derived exosomes in response to treatment
with DS7434 and also the work done to translate our preclinical FRET-FLIM
assay for EGFR-HER3 heterodimerisation, to measure endogenous protein-
protein interactions in archived patient serum-derived exosomes. We
hypothesised that combining whole-body multi-parametric MRI information with
circulating exosomal EGFR-HER3 dimer and microRNA information we would
be able to create a multivariate statistical model that will predict the likelihood
of occurrence of metastases in prostate cancer patients who present with
biochemical relapse following previous localised therapy for prostate cancer
(within the LOCATE clinical trial) (327). Examining circulating tumour-derived

exosomes for the aforementioned EGFR-HER3 activated dimer, has the
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potential to help us understand prostate cancer cell progression and treatment
resistance through the time-dependent, treatment responsive evolution of its
protein network. (More details on the LOCATE trial can be found in the protocol

provided in Appendix 1).

5.4 Results

5.4.1 The extraction, purification and characterisation of

prostate cancer exosomes

Exosomes from prostate cancer cell lines were extracted using differential
ultracentrifugation which is one of the gold standard techniques for the
enrichment of exosome populations. Other techniques such as using exosome
precipitation kits offer some advantages when it comes to exosomal yield.
However, for our intention of conducting exosomal imaging, ultracentrifugation
is the only method that preserves the exosome membrane protein interactions
in a way that allows us to study receptor dimerization. To validate the purified
exosomal fractions obtained, | performed nanopatrticle tracking analysis (NTA)
using a state-of-the-art Nanosight LM14 equipment. NTA allowed us to confirm
the successful extraction of exosomes from prostate cancer cell line culture
supernatant based on their size distribution. Characterisation of the
concentration of exosomes present in each preparation was also provided by
NTA. Figure 5.1(a) shows NTA graphs of CWR22 cell line exosomes extracted

from cells cultured in exosome-free RPMI media only or exosome-free RPMI
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media that was supplemented with DS7423 at 1000 nM for 48 hours. Under
both conditions, NTA detects particles with modal diameter around 140 nm,
consistent with reports in the literature that describes the size of exosomes to
lie within the 40-150 nm range. The absence of other peaks at higher particle
diameter confirms that the extraction has purified exosomes and does not
contain other extracellular vesicles such as microvesicles (200-1000 nm) or

apoptotic bodies (600-2000 nm) which would contaminate further analyses.
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Figure 5.1 - CWR22 cells release exosomes both under control and treatment conditions
with DS7423:

(a) Nanoparticle tracking analysis (NTA) showing the size distribution of exosomes isolated
from CWR22 cell culture supernatants under control (left) and treatment conditions with
DS7423 for 48 hours (right). Each trace is representative of NTA performed on individual
samples and is a summary of five tracks of 30 seconds done for each preparation.

(b) The ratio of exosome concentration per cell shows a higher number of particles extracted
under conditions of treatment with DS7423.

NTA utilises the properties of both light scattering and Brownian motion in order
to obtain particle size distribution of samples in a liquid suspension. A laser
beam passes through the sample chamber and the particles in suspension and
visualised through a perpendicularly placed x20 magnification microscope onto

which is mounted a video camera. The camera captures a video file of the
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particles moving under Brownian motion. The NTA software tracks many
particles individually and using the Stoked Einstein equation it calculates their

hydrodynamic diameters.

Further evaluation of the exosomal preparation obtained from three
independent exosome extraction experiments performed under both treatment
conditions in the CWR22 cells demonstrated that the exosome particle
concentration per cell was higher when the cells were treated with DS7423
(Figure 5.1(b)). The significance of this is does not necessarily have to do with
exosome enumeration pre- and post- treatment but mainly on the constitution
of their cargo. One hypothesis might be that the exosomes secreted from
prostate cancer cells after exposure to PISBK-mTOR inhibition might be more
pro-tumourigenic by enabling sustained proliferative signalling via the
mechanisms that have been described in the in vitro experiments performed as

part of this project.

Based on available resources in the literature | modified the protocol for
exosome extraction and purification from cell culture supernatant so that
exosome extraction would be achieved from patient-derived serum and plasma.
This was done in order for us to be able to utilise these protocols within
retrospective and prospective clinical trials where patient blood samples are
available. Biomarkers identified within patient-derived exosomes could serve

as valuable liquid biopsies in these settings.
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Control individual and prostate cancer patient serum available to us via the SUN
study protocol (through an MTA between King’s College and University of
Surrey; see details in appendix) was used for exosome extraction and
purification using the protocol described in the methods chapter of this thesis. |
used 1ml of serum from each serum sample to demonstrate that exosomes can
be extracted from this volume and that the particle numbers in prostate cancer
patients are higher than those in healthy individuals (mean exosome particle
number in prostate cancer patients = 3.443x10%/ml vs from healthy individuals
=1.379x10%/ml) (Figure 5.2), again suggesting that exosomes transfer proteins
and RNA that represent the burden of disease and that these can be detected

when the appropriate assay is used.

E8 particles/ml

Figure 5.2 — Exosome extraction from serum of healthy individuals and prostate cancer
patients:
Data represent mean and individual exosome particle concentration derived from 1ml of serum

of healthy individuals and prostate cancer patients and error bars represent +/- SEM, n=3.
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5.4.2 The extraction and purification of exosomal RNA

Further downstream applications of exosomal samples from both cell line
culture supernatant and patient serum would involve the evaluation of
exosomal RNA cargo. Based on available literature | opted to extract cell line-
derived exosomal RNA using the combined phenol (Trizol) and column based
approach, using an adapted protocol described in the methodology section.
This was done due to our main interest to optimise methodology for the
extraction and purification of patient-derived exosomal RNA for further
microRNA analysis and the combined phenol and column technique was shown

to be superior in extracting small RNA compared to other kits (328).

Cellular and exosomal RNA was extracted from the same preparation of cells
prior to exosome extraction, therefore the data presented here matches exactly
the cellular origin of the exosomal RNA. Cellular RNA concentration (ug/uL)
extracted pre- and post-DS7423 treatment in LNCaP NTC cells shows
decrease in RNA concentration per cell. However, from the same cellular
preparations, the exosomal RNA that was extracted using the same kit
demonstrates a consistent increase in RNA concentration per cell (pg/uL)
(Figure 5.3). Information available in the literature suggests that exosomes
released from cancer cells after exposure to cytotoxic and targeted therapies
are able to mediate specific cell-to-cell interactions and activate signalling
pathways in cells. Exosomal RNAs are heterogeneous in size but enriched in
small RNAs such as microRNAs. In the primary tumour microenvironment

cancer-secreted exosomes and microRNAs can be internalised by other cells
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at the local vicinity or by transfer within the systemic circulation. MicroRNAs
loaded within these exosomes might be transferred to recipient cells to exert
genome-wide regulation of gene expression. The way that exosomal
microRNAs contribute to the development of drug resistance has not been fully

described however (215).

Cellular RNA per cell Exosomal RNA per cell
0.00003 0.00015-
0.00010+

0.000024

0.000014 0.000054

RNA ng/uL per cell
RNA (pg/pl) per cell

0.00000-

0.00000

Figure 5.3 — Cellular and exosomal RNA per cell extracted from LNCaP NTC cells pre-
and post-DS7423 treatment:
Left panel shows cellular RNA concentration (ng/uL) and right panel exosomal RNA

concentration (pg/pL) per cell. Values represent mean+/-SEM, n=3.

Further information obtained from a high sensitivity Agilent bioanalyser
demonstrate that the exosomal RNA isolation method under both control and
treatment conditions enabled the extraction of RNA with a broad size
distribution that also included RNA in the range of microRNAs as seen by the

early peaks in the electropherograms (Figure 5.4).
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Figure 5.4 — Bioanalyser analysis of total RNA samples from LNCaP NTC cell line

exosomes pre and post treatment with DS7423:
Representative electropherograms showing the size distribution in nucleotides (nt) and
fluorescence intensity (FU) of total exosomal RNA in control (left panel) and treatment (right

panel) samples. The peak at 25 ntis an internal standard and the 18S and 28S ribosomal peaks

are absent as expected for exosome preparations.

Samples from the LOCATE clinical trial cohort were then used for the extraction
and purification of serum-derived exosomes from a group of 10 patients,
identified by the research team but their clinical information was blinded to
myself at the time of the experiments. The table below shows information about
total particle count, protein and RNA concentration of exosomes extracted from
3mls of patient serum and the variability in total protein and RNA concentration

observed within this cohort from equal volume of starting material (Table 5.1).
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LOCATE |Total Nanosight Total Protein Total RNA
Patient count concentration Concentration
ID (particles/ml) (ng/ml) (pg/ul)

001 7.54 x 1010 214.1 3,385
002 7.81 x 1010 391.1 430
003 5.68 x 1010 273.5 972
004 5 x 1010 374.3 615
005 5.14 x 1010 290.8 1,500
006 3.92 x 1010 350.9 1,865
007 1.22 x 1011 777.3 4,580
008 8.08 x 1010 400.1 305
012 1.07 x 1012 952.8 2,010
015 3.2 x 1011 835.9 10,475

Table 5.1 - LOCATE patient serum-derived exosomes were evaluated by NTA, protein
concentration and RNA concentration prior to further downstream applications.

3mls of serum led to the extraction of exosomes that were suspended in 200uL of PBS. Total
amount of protein and RNA in 200pL total volume available can be calculated from the above

concentrations.

We then sought to determine whether microRNAs could be detected within a
cohort of prostate cancer patients recruited in the LOCATE trial due to detection
of biochemical relapse of previously treated prostate cancer. Specifically, we
decided to design assays for the detection of miR-21 within this cohort of
prostate cancer patients. miR-21 was identified as a microRNA target that was
interesting because of its previously identified oncogenic activity in other

cancers.
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Using miR-21 tagman probes in exosomal RNA samples extracted from this
cohort of 10 prostate cancer patients, digital-droplet PCR analysis was done as
an initial pilot experiment to establish whether we would be able to detect this
microRNA in exosomal RNA derived from clinical samples. Indeed, as we show

below we were able to detect miR-21 in 3 of these 10 patients (Figure 5.5).
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Figure 5.5 — Fluorescence amplitude plotted for the 3 positive RNA samples:

The unbroken green line represents the threshold, above which are positive droplets (blue) with
PCR amplification and below which are negative droplets (gray) without any amplification. For
each exosomal RNA sample RT -ve and RT +ve samples are shown (C04-C08) and compared

to positive control cellular RNA sample from H1975 lung cancer cell lines (C09-C10).

To conduct further analysis as part of these pilot experiments to characterise
patient-derived exosomal samples, we tested our in-house built FRET-FLIM
technology that has been optimised for use in exosomes. The ability to detect
ErbB heterodimerisation in patient-derived exosomes coupled with exosomal
microRNA information in combination with clinical data and multiparametric

MRI imaging (done within LOCATE) will allow us to create a multivariate
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statistical model to predict the occurrence of metastases and future treatment

resistance in prostate cancer patients presenting with biochemical relapse.

Optimised assays for the detection of EGFR-HERS3 dimer in exosome samples
by FRET-FLIM were applied in patient-derived serum exosomes in suspension
in PBS to evaluate whether there was detectable FRET efficiency within this
cohort of patients, the variability of lifetime range and FRET efficiency and
whether these values correlated with any of the available clinical data that was
blinded to us at the time of this pilot study. FRET efficiency was evaluated in 6
out of 10 patients. Four patients were not evaluable due to very high auto-
fluorescence in the images that did not allow us to measure FRET efficiency
reliably. We saw a range of FRET efficiencies from 0.01-10.2% suggesting that
EGFR-HERS heterodimerisation can be detected within the exosomes of

patients with prostate cancer and new biochemical relapse (Figure 5.6).
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Figure 5.6 — EGFR-HER3 heterodimerisation by FLIM in patient-derived exosomes:

(a) Fluorescence lifetime from exosome samples was determined using global lifetime analysis
with tri-exponential filter. The images are representative of the lifetime in two patients
demonstrating high and low FRET efficiency values that was calculated using the equation
FRET=1-(tDA/TD). The pseudocolour lifetime image is a visual representation of the decrease
in lifetime (ns) in patient LOC007 when compared to LOC006.

(b) the histograms depict the fluorescence lifetime (ns) distribution normalised per pixel
frequency in the 2 patients as in (a) showing the shift to lower lifetimes predominantly per

normalised pixel frequency in each all samples analysed from each patient.
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Figure 5.7 shows that when radiological findings were un-blinded to us the low
FRET efficiency percentage values (<1%) were associated with the absence of
detectable disease by CT and MRI imaging. Higher FRET efficiency percentage
values were detected in patients whose radiological examinations show
evidence of lymph node and metastatic disease at the time of biochemical
relapse. In other words, the presence of EGFR-HER3 heterodimerisation in
patient serum-derived exosomes shows correlation with the detection of
disease relapse in prostate cancer and warrants further evaluation within a
bigger cohort to determine whether this could serve as a valuable biomarker
when assessing patients clinically.

12

10

FRET efficiency %

(| [

0
LOCO006 LOCO012 LOC007 LOC003 LOCo04 LOCO005

no disease nodal metastasis

Figure 5.7 — FRET efficiency % values in 6 prostate cancer patients presenting with

biochemical relapse in LOCATE trial: EGFR-HER3 dimer heterogeneity correlates with

volume of disease.

In addition, table 5.2 shows FRET efficiency percentage and its relevance with
PSA value and radiological findings. The data, despite done in a small cohort

of patients, suggests that percentage FRET efficiency in patient serum-derived
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exosomes could have important prognostic and predictive biomarker value,
both in the prediction of diagnosis of relapsed and/or metastatic disease as well
as potential predictive information with regards to treatment response and
resistance. The FRET-FLIM assay in exosomes therefore, needs to be
evaluated in the full LOCATE patient cohort to be able to obtain statistically
robust results about the value of EGFR-HER3 dimerisation as a predictive
biomarker in this cohort of patients. Furthermore, we would like to correlate the
FRET efficiency percentage value at the 1-year follow-up timepoint, and assess
its correlation with the clinical responses in the patients that have started
androgen-deprivation therapy due to newly diagnosed metastatic disease, to
see whether it is predictive of resistance. Finally, in the very small proportion of
LOCATE patients where tumour or metastatic tissue was obtained at the time
of recruitment to the trial, the correlation of FRET efficiency between exosomal

and tumour samples would be interesting to study.

3.7

LOCO003 2.7 N1MO
LOCO004 3.2 6.09 NiM1
LOC005 10.2 3.68 N1M1*
LOCO006 0.9 1.24 NOMO
LOCO007 8.9 4.5 N1MO
LOCO012 0.7 2.83 NOMO

Table 5.2 - LOCATE patient FRET efficiency, PSA values and radiological staging.
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5.5 Discussion

Here we show that treatment of prostate cancer cells in vitro with DS7423 leads
to increase in the numbers of exosomes per cell, suggesting that these
nanoparticles might have the ability to transfer information as part of their cargo
to encourage other cells to acquire proteins and RNA that will enable resistance
to treatment and cell aggressiveness. Exosome enumeration done by
Kharaziha et al, provided evidence that exosomal numbers reported by
nanoparticle tracking analysis was enhanced in DU145 cells that acquired
resistance to docetaxel when compared to docetaxel sensitive parental DU145
cells. Additionally, docetaxel-resistant DU145 exosomes were enriched with
specific proteins that could serve as predictive biomarkers of treatment
response and drug resistance within further studies in the future (329). It might
well be the case that elevated PSMA protein level expression, that has been
detected by our in vitro work as a response to treatment using PISK-mTOR
inhibition in a subgroup of prostate cancer cells, might be packaged within
exosomes as part of their cargo, transferred to other cells in the vicinity and
encourage resistance to targeted therapies. Liu et al, have demonstrated that
PSMA at the protein level is enriched in exosomes and that the exosomal

PSMA is able to retain its functional enzymatic activity (330).

Literature search reveals that proteomic analysis of exosomes from the
metastatic cell line PC-3 identified 266 proteins known to have variable cellular
functions including transport, cell organisation and biogenesis, metabolism,

response to stimulus and regulation of biological processes. The tetraspanin
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protein CD151 and the glycoprotein CUB domain-containing protein 1 were
identified. Their roles in tumour progression and invasiveness suggest that
these can be used as promising biomarkers for prostate cancer (331). The work
from another group used exosomes extracted from the DU145 prostate cancer
cell line compared to the contents of the cell lysate from the same cell line.
Within this study about 100 proteins were identified to be enriched in exosomes
relative to cells, and these could be used as novel putative extracellular markers
for prostate cancer (332). In another study, the identification of ITGA3 and
ITGB1 in LNCaP and PC-3 cell-derived exosomes indicate that these proteins
as part of exosomal cargo can manipulate non-cancer cells in the vicinity by

enhancing migration and invasion (333).

Mass spectrometry using urinary exosomes of patients was also performed to
identify proteins that are differentially expressed in prostate cancer patients
compared to healthy male controls. This study identified 246 to be differentially
expressed in the two groups with the majority being upregulated in exosomes
from prostate cancer patients. Several of these proteins had high sensitivity and
specificity for prostate cancer as individual biomarkers and combining them
within a multi-panel test showed the potential to be able to fully differentiate
prostate cancer patients from non-disease controls (334). Regarding the
detection of canonical prostate cancer biomarkers in exosomes, PSA and
TMPR22-ERG fusion mRNA are found as well in these extracellular vesicles.
In addition, &-catenin was detected in exosomes extracted from PC-3 cell

culture supernatant and urine of prostate cancer patients (335) and survivin
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was expressed at higher levels in exosomes from prostate cancer patients

compared to healthy controls (336).

We were also able to show that serum-derived exosomes can be extracted
successfully from samples obtained from patients and that the detection of miR-
21 and EGFR-HERS heterodimerisation can be utilised within bigger patient
cohorts to provide predictive biomarker information of recurrence and response

to treatment.

Our preliminary work showing detection of miR-21 is the first record to our
knowledge of this microRNA being identified in a subgroup of prostate cancer
patient-derived exosomes and its predictive biomarkers significance might be
important especially if demonstrated within the full LOCATE clinical trial patient
cohort. Apart from miR-21 literature search reveals the detection of other
exosomal microRNAs in prostate cancer that might attract work in the future
within translational research. For example, exosomal miR-34a was shown to
regulate response to docetaxel and to correlate strongly with prostate cancer
progression and poor prognosis (337). Exosomal RNA sequencing screening
in a cohort of patients with CRPC identified miR-375 and miR-1290 as having
prognostic significance. These were identified and validated in a bigger cohort
of 100 patients. Interestingly, despite their prognostic ability when detected in
exosomes of patients, their exosomal levels did not always correlate with their
expression in tissue, demonstrating that the identification of cancer-derived

molecules in biological fluids might not always be coming directly from the
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tumours but from the interaction of tumour cell with the microenvironment or

immune system (338).

Exosomes also contain double-stranded DNA (dsDNA) reflecting the genomic
DNA (gDNA) of the originating cell. Studies in pancreatic, melanoma and lung
cancer show that KRAS (339), BRAF and EGFR (340) mutations can be
detected in exosomes by PCR. Similarly, detection of PSMA mRNA within
exosomes, using digital droplet PCR, and its relative expression levels pre- and
post-targeted treatments could be a useful tool to use as a non-invasive liquid
biopsy to detect the point of the emergence of resistance and the possible need
for change in therapy. However, additional work is needed to understand the
functional distribution of extracellular DNA in different exosome populations that
might preferentially accommodate specific types and amounts of DNA. For
example, the genomic aberrations in PISK pathway that includes PTEN
mutations and deletions would be an ideal area to research to measure the
PTEN copy number as an exosomal-based circulating DNA assay. The
standardisation of these assays using patient-derived exosomal material is still

in its early days and further work will help to advance this field.

Finally, the use of exosomal FRET-FLIM for the detection of EGFR-HERS
dimerisation has been utilised in our laboratory to show its importance as a
predictive signature when used in combination with exosomal immune profiling
within a multivariate statistical model where the decrease of EGFR-HER3

interaction after targeted treatment in head and neck cancer correlated with
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worse short term RECIST best overall response outcome (318). My preliminary
data within the LOCATE patient cohort also demonstrates that EGFR-HERS3
dimerisation can be predictive of recurrence of prostate cancer and/or
metastatic disease and the combined use of exosomal FRET-FLIM with
microRNA profiling and PSMA mRNA expression could allow us to create a

robust model of prediction that would correlate with radiological findings.



208

Chapter 6: Summary and future directions

6.1 Summary

Blockade of androgen receptor signalling in advanced and metastatic prostate
cancer represents a very effective antitumour strategy. This leads to remissions
for about 2-3 years, however the disease inevitably progresses to castration-
resistant prostate cancer which is associated with poor prognosis and poses
considerable therapeutic challenges (341). Recent advances in next-
generation sequencing and RNA interference screening have provided
considerable understanding in prostate cancer biology, apart from the
androgen receptor signalling, and have allowed the identification of novel
pharmacological approaches to targeting prostate cancer (153). As a result,
personalised approaches in the treatment of advanced prostate cancer patients
are now possible, an approach that is really relevant given the high intra- and
inter-patient heterogeneity (342). More specifically, alterations in the PISK-AKT
pathway are identified within a significant proportion of prostate cancer patients
at all stages of the disease. These can be targeted pharmacologically with PI3K
pathway inhibitors and various combination studies are currently underway

(see table 1.2).

Within this project, | aimed to investigate the resistance pathways that emerge
through targeted inhibition of PISK-AKT-mTOR pathway, especially those
involving rewiring of ErbB receptors, as a means of understanding failure to

treatment and to allow better patient stratification within a prospective future



209

clinical trial. | have demonstrated that PISBK-AKT-mTOR inhibition upregulates
HER2 or HERS3 in prostate cancer cell lines and that depending on the PTEN
status, differential upregulation of AR or PSMA is observed that are shown to
be dependent on ErbB feedback reactivation. These resistance mechanisms,
irrespective of the PTEN status, have shown enhanced signalling of the PI3K-
AKT-mTOR pathway as demonstrated by sustained and increased AKT
phosphorylation levels, despite targeted inhibition of the pathway. Using shRNA
interference to develop stable knockdown of HERS3 in the LNCaP PTEN MT cell
line | was able to demonstrate that AR upregulation following PIBK-AKT-mTOR
inhibition is dependent on HER3. Furthermore, using FRET-FLIM technology in
our laboratory | have shown for the first time that strong HER2-HERS3
heterodimerisation occurs after 48 hours treatment with PIBK-AKT-mTOR
inhibitor in LNCaP parental cells as a mechanism of resistance by enabling
sustained signalling of the PI3K pathway. In the PTEN WT setting, the use of
lapatinib was able to abrogate the observed PSMA upregulation that occurs in
both hormone-sensitive and castrate-resistance cell lines demonstrating that
HER2 activation via phosphorylation is an important feedback mechanism in
enabling PSMA upregulation. Interestingly, the HER2-mediated upregulation of
PSMA does not depend on HER2-HERS heterodimerisation in this setting. The
ErbB heterodimerisation patterns in metastatic prostate cancer have not been
fully described and we lack information about their significance in the hormone-
sensitive and castrate-resistant settings in allowing prostate cancer cell growth,
however our work provides evidence that this is determined by PTEN status. It

is possible, that the full complexity between the ErbB and AR/PSMA signaling
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pathways is not at all fully decoded and further research needs to be done to
understand the patient heterogeneity leading to ErbB upregulation and how this
determines further pathway activation and sensitivity/resistance to targeted

treatment (121).

Finally, | have used patient serum to extract exosomes successfully and
demonstrate that these can be used as liquid biopsies to detect ErbB
heterodimerisation and to assess microRNA expression as important
biomarkers in patients within clinical trials to allow their initial stratification to
treatment but also as a means of monitoring their responses to targeted

therapies.

6.2 Future directions

Understanding why and how the anti-proliferative effects of PIBK-AKT pathway
inhibition can be overcome with upregulation of important targets is an
important area to focus on since this pathway is so frequently upregulated in
prostate cancer. Our finding of PSMA upregulation in a subset of prostate
cancer upon PI3K-AKT-mTOR inhibition has not been described before. There
is strong belief currently that PSMA has an important role functionally in
prostate cancer and that its significance is not limited to its detection as a
prognostic biomarker. Our work has enhanced this view and we are interested
in performing further work to define the targets downstream of PSMA that could
be exploited both pharmacologically and as biomarkers of resistance to
targeted treatment. In addition, we are working on optimising assays by the use

of mass spectrometry techniques for the detection of glutamate substrates in
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order to be able to measure changes in these metabolites in metastatic prostate
cancer upon PI3K-mTOR inhibitor as a result of PSMA upregulation.
Establishing these assays using preclinical material from this project could
enable further utilisation of such techniques in clinical samples in the future.
Furthermore, PI3BK-mTOR driven upregulation of PSMA can lead to an increase
in angiogenesis via HIF1a and mGLUR1 and this is also another area we would
like to work on in the future. Collectively, targeting the PSMA-dependent
mechanisms driving prostate cancer progression may provide a novel paradigm
for the development of therapeutic strategies that target both tumour

progression and vascularization (194).

Assays within liquid-biopsies that are able to detect PSMA expression at
baseline and upon its upregulation as a resistance mechanism following
targeted treatment are important to develop as PSMA expression level might
have significant predictive power of clinical outcomes, especially in the PTEN

WT setting.

Furthermore, the quantification of EGFR-HERS dimer formation within prostate
cancer patient serum-derived exosomes is an area of work in our group. The
FRET-FLIM assay is being applied to serum-derived exosomes from the
LOCATE trial cohort, to correlate dimer formation with the detection of
metastatic disease and clinical outcome in terms of treatment resistance. In
order to maximise prognostic capacity, it is important to fully profile the disease
of each patient. The combination of data from multiparametric MRI radiological

biomarker information and established clinicopathological factors together with
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the output from our proteomic and microRNA exosome data should provide a
better prognostic model for outcome. The availability of archival or new prostate
biopsy samples from the LOCATE patient cohort will also enable us to apply
the FRET-FLIM assay in a subset of patients from this trial to observe whether
any correlation between tissue and exosomal dimer exists. Further
improvements in protein-based biomarkers within exosomes are also being
sought to detect PSMA and other proteins with key relevance to our findings.
Simultaneously, we aim to describe the tumour microenvironment and immune
response, in order to fully profile all the relevant factors involved in metastasis
and treatment resistance. The generation of all this data will be challenging and
will require collaboration with bioinformatics and computational statistical
modelling. Once validated, high-throughput technology will need to be
developed to enable the use of these assays in routine clinical practice.

Although some predictive tools already exist, we hope to improve the prediction
of outcome by these methods, especially where targeted therapies are used in
metastatic prostate cancer. Firstly, validation of our exosomal assay must be
carried out within the LOCATE patient cohort but we are also very interested to
also take this forward within a clinical trial using targeted inhibition of the PI3K
pathway. Ideally this should be done prospectively in a cohort of patients
receiving targeted treatment against the PI3K pathway, we would be interested
in obtaining information of the PTEN status by IHC either from archival samples

or by the acquisition of fresh biopsies at the time of recruitment.
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Finally, in collaboration with Crescendo Biologics we aim to perform further
work using their bispecific CD137-PSMA Humabody. This is designed so that
it delivers highly potent T cell costimulatory activity by clustering and activating
CD137 on T cells only in the tumour microenviroment (TME) and then it has the
ability to rapidly accumulate in the tumours that are expressing PSMA, to
activate tumour-specific T-cells in the tumour microenvironment. Data from this
exciting approach suggests that the targeted costimulatory molecule has
potential as a platform in its own right. We propose to utilise the cryopreserved
PBMCs from anonymised samples of prostate cancer patients from the
LOCATE cohort to investigate whether this CD137-PSMA bispecific Humabody
has the ability to target and kill PSMA positive prostate cancer cell lines in co-
culture. This will be carried out as an in vitro cell growth/viability assay using
serial dilutions of the bispecific Humabody in prostate cancer cell lines with
known positive expression of PSMA. The demonstration of a positive outcome
in the killing of PSMA-expressing cells in vitro will confirm that the CD137-
PSMA bispecific Humabody is capable of engaging tumours from patients by
binding to PSMA and in doing so, it is able to initiate T-cell mediated killing in a
tumour-specific manner. It will also lead to further in vivo evaluation of this effect
as well as and move towards to the future design of a clinical trial that will aim
to assess clinically relevant endpoints in patients with PSMA positive prostate
cancer following biochemical relapse upon treatment with anti-androgen and
other targeted therapies that are able to upregulate PSMA as a resistance

mechanism.
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In summary, we aim to define the best predictive biomarkers for use in patients
to improve clinical outcomes and responses to therapies as well as to minimize
patient morbidity, toxicities and financial burden. Development of minimally
invasive methods, by the use of exosomes, for obtaining information about the
whole tumour proteome and transcriptome will prove invaluable for tumour
surveillance, both during and after treatment. The ultimate goal will be to
provide therapies to which patients will respond and at the right time along the

timecourse of their disease.
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Acronyms:

ADT: Androgen Deprivation Therapy

CT: Computed Tomography

EBRT: External Beam Radiotherapy Brachytherapy

EPI: Echo Planar Imaging

FN: False Negative

FORECAST: FOcal RECurrent Assessment and Salvage Treatment
GCP: Good Clinical Practice

HER: Human Epidermal growth Receptor

ICER: Incremental Cost Effectiveness Ratio

LOCATE: Localising Occult prostate Cancer metastasis with Advanced imaging
TEchniques

MRI: Magnetic Resonance Imaging

PCUK: Prostate Cancer UK

PET: Positron Emission Tomography

PSA: Prostate Specific Antigen

QALY: Quality Adjusted Life Year

RIS: Radiology Information System

TP: True Positive

UCL: University College London

UCLH: University College London Hospital

WBMRI: Whole Body Magnetic Resonance Imaging
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2.0 Protocol Summary

2.1 Summary of trial design

Title:
Short Title:

Sponsor Name:
Funder Name:
Design:

Overall Aim:

Primary outcome:

Secondary outcomes:

Whole body multi-parametric MRI:
Accuracy in staging of biochemically
relapsed prostate cancer

LOCATE: Localising Occult prostate Cancer
metastases with Advanced imaging
TEchniques

UCL

Prostate Cancer UK (PCUK)
Prospective cohort study

To prospectively compare diagnostic
concordance of whole body multi-
parametric Magnetic Resonance Imaging
(MRI) with current conventional multi-
modality reference standard imaging (CT
scan, isotope bone scan +/- PET-CT scan)
for staging of prostate cancer patients
with biochemical relapse following
external beam radiotherapy or
brachytherapy of locally advanced
prostate cancer
The per site sensitivity and specificity of
whole body multi-parametric MRI for
nodal and distant metastasis
1.0 Diagnostic performance of MRI for
the assessment of the extent of the
recurrent prostate cancer compared
to choline PET-CT
2.0 Interobserver agreement of MRI for
disease staging
3.0 Derivation and evaluation of
quantitative MRI signal heterogeneity
indices of metastatic disease as
predictors of treatment response to
androgen deprivation therapy (ADT)
4.0 Exploration of the Human Epidermal
growth factor Receptor (HER)
activated dimer in metastatic
castration-resistant prostate cancer
5.0 Cost-effectiveness of whole-body
multi-parametric MRI for metastatic
disease staging compared with
conventional staging with computed
tomography and bone-scan
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Recruitment target:

Planned Number of Sites:

Inclusion and Exclusion Criteria:

Anticipated duration of
recruitment:
Duration of patient follow up:

Definition of end of trial:

One-hundred and thirty patients

Two
- University College London Hospital
- Guys and St Thomas Hospital

Inclusion Criteria:

1.0 Men who have undergone previous
external beam radiotherapy or
brachytherapy with or without neo-
adjuvant/adjuvant hormone therapy

2.0 Men who have radiorecurrent disease
defined by biochemical failure —
Phoenix definition (PSA nadir + 2
ng/ml)

Exclusion Criteria:

1.0 Men unable to have MRI scan, orin
whom artefact would significantly
reduce quality of MRI

2.0 Men unable to give informed consent

Thirty-six months

For one year or until death

Recruitment: Last patient undergoes
staging MRI

Active: Last recruited patients undergoes
1 year follow up MRI and/or undergoes
suspected metastatic site biopsy
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2.2 Trial Schema

RESEARCH

Patients suspected of recurrence

of prostate cancer following EBRT
or brachvtheraoy
Recruitment to the study
Vv
Standard re-staging investigations Vv
(CT scan, Isotope bone scan, PET-
CT scan)
1% research whole body MRI scan
v Significantlincidental
findings
MDT derived staging and Wholfe body MRI derived st.ag.mg
treatment plan (staging not disclosed to clinical
team)
Treatment/Expectant
\4 management
Vv
Vv

1 foll tagi
Clinical patient follow-up year follow up scan (staging

disclosed to clinical team)
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3.0 Introduction

3.1 Background

Locally advanced (T3/4; T (any), N1-2) and metastatic prostate cancer is a lethal
disease and mortality within this group is primarily from prostate cancer rather than
from other causes as previously thought [1]. Whilst locally advanced disease is often
treated with local therapies (external beam radiotherapy (EBRT) / brachytherapy),
biochemical failure of therapy occurs in 25% of treated men at 5 years [2]. Failure of
local therapy initiates an imaging based assessment for metastatic disease; yet
metastatic disease is difficult to detect on conventional imaging (CT and bone-scan)
unless PSA level are very high (PSA > 20 ng/mL) [3], and so most men within this
group have negative imaging findings and irrespective of biochemical failure undergo

expectant management awaiting disease progression [4].

This is not an unreasonable strategy as escalation to androgen deprivation therapy
(ADT) (if not previously administered) itself has potential toxicity such as hot flushes,
breast tenderness/enlargement, lethargy; osteopenia, osteoporosis; cognitive
impairment; and metabolic syndrome [5]. Where metastatic disease is detected on
conventional imaging the UK STAMPEDE study suggests that with ADT alone median

progression free survival (PFS) is only 12 months [6].

We hypothesize that the poor outcome in this group of patients is a consequence of

poor patient stratification, with:
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(i) An inability to select patients appropriately from within the biochemical
failure group;
(ii) And an inability to predict whether any given patient will benefit from

ADT.

This stems from the fact that biochemical monitoring does not necessarily provide
the best reflection of disease status; with the over reliance on biochemical
monitoring itself a consequence of flaws with conventional imaging staging

methods:

e Sensitivity for metastatic disease detection on CT is low; sub-centimetre
metastatic lymph nodes are incorrectly ascribed as normal and early bone
lesions are not visible [7]

e Bone scan is insensitive for early disease detection as it images the reaction
within bone of the presence of disease rather than the disease process itself

[8]

There is a clearly recognised and pressing need for development of imaging
biomarkers to better detect disease, monitor treatment and potentially predict
response to guide therapy [9]. Magnetic Resonance Imaging (MRI) methods may
offer a solution. Recent technological advances have enabled the reliable whole-
body MRI staging of cancers within a reasonable scanning time [10,11]. Furthermore,

multi-parametric MRI (T1, T2, contrast enhanced and diffusion weighted) of the
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prostate shows promise for detection of local disease within the prostate and is set

to revolutionise the management of early stage disease [12].

We have developed and assessed the feasibility of performing whole-body multi-
parametric MRI for staging metastatic disease. We hypothesize that a whole body
multi-parametric MRI will be more sensitive and specific than conventional imaging
staging for detection of metastatic disease in patients with biochemical failure
following local therapies. We therefore propose a comparative trial of conventional
imaging verses whole-body multi-parametric MRI within this population of men. We
would further like to explore whether heterogeneity between metastases of multi-
parametric MRI signals can predict men unlikely to respond to ADT. We aim to
enhance the main study by exploratory work on exosome, pathway and genomic
analysis, the results of which could lead to complimentary imaging / non-imaging
biomarker combinations of clinical utility for patient stratification Finally we will
perform a health economic analysis to assess the cost-effectiveness of whole-body
multi-parametric MRI for metastatic disease staging compared with conventional

staging with computed tomography and bone-scans.

3.2 Proposed Trial
Multi-centre prospective cohort study of patients with prostate cancer, presenting
with biochemical failure following external beam radiotherapy or brachytherapy,

being evaluated for local recurrence and metastatic disease spread.
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4.0 Aim/Outcomes
To prospectively compare diagnostic concordance of whole body multi-parametric

Magnetic Resonance Imaging (MRI) with current conventional multi-modality
reference standard imaging (CT scan, isotope bone scan +/- PET-CT scan) for staging
of prostate cancer patients with biochemical relapse following external beam

radiotherapy or brachytherapy of locally advanced prostate cancer.

4.1 Primary Outcome
The per site sensitivity and specificity of whole body multi-parametric MRI for nodal

and distant metastasis

4.2 Secondary Outcomes

1.0 Diagnostic performance of MRI for the assessment of the extent of the
recurrent prostate cancer compared to choline PET-CT

2.0 Interobserver agreement of MRI for disease staging

3.0 Derivation and evaluation of quantitative MRI signal heterogeneity indicies of
metastatic disease as predictors of treatment response to androgen deprivation
therapy (ADT)

4.0 Exploration of the significance of the Human Epidermal growth factor
Receptor (HER) activated dimer in metastatic castration-resistant prostate cancer
5.0 Cost-effectiveness of whole-body multi-parametric MRI for metastatic
disease staging compared with conventional staging with computed tomography and

bone-scan
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5.0 Cohort

5.1 Patient Eligibility
There will be no exception to the eligibility requirements. Queries in relation to the

eligibility criteria should be addressed prior to enroliment. Patients are eligible for

the trial if all the inclusion criteria are met and none of the exclusion criteria applies.

5.1.1 Patient Inclusion Criteria
e Men who have undergone previous external beam radiotherapy or

brachytherapy with or without neo-adjuvant/adjuvant hormone therapy
e Men who have radiorecurrent disease defined by biochemical failure —

Phoenix definition (PSA nadir + 2 ng/mL)

5.1.2 Patient Exclusion Criteria
e Men unable to have MRI scan, or in whom artefact would significantly reduce

quality of MRI

e Men unable to give informed consent

6.0 Recruitment
There will be 3 entry points into the trial:
1. Patients already recruited to FORECAST study: As part of FORECAST trial

(REC NO: 13/0204), patient with biochemical failure will undergo a
baseline whole body MRI study. These patients will be identified by the
FORECAST trial team and their details passed onto the LOCATE trial team
(note that investigators overlap between the two studies). Potential
participants for LOCATE will be approached for a repeat follow-up 1-year

whole body MRI scan and blood tests.
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2. Patients eligible for the LOCATE study that do not participate within the
FORECAST trial will directly be enrolled from relevant clinics at UCLH

3. Patients eligible for the study, and expressing an interest to participate,
will be identified at Guys and St Thomas NHS trust by Dr Simon
Chowdhury (Consultant Oncologist, Guys and St Thomas NHS Trust). They
will be provided the patient information sheet and sample consent for
the LOCATE trial and referred to the UCLH oncology clinic (Dr Heather

Payne, Consultant Oncologist, UCLH).

In all cases, patient information sheets and sample consent forms will be made
available to patients a minimum of 24 hours prior to the consent procedure.
Following dissemination of these, patients will be contacted to arrange an
appointment for the MRI scan/blood test. Consent will be obtained at the time of
the appointment and prior to commencement of any trial intervention. Patients will
be asked to arrive half an hour before the scheduled time. They will be met and
greeted by a nominated member of the trial team who will go through the patient
information sheet and undertake written informed consent. A signed copy of the
consent form will be stored in the site file and also be provided to patients for their

records.
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7.0 Intervention

7.1 Standard of care interventions
Recruited patients will undergo the standard imaging protocol employed at UCLH or

Guys and St Thomas hospital. The standard imaging study compromise of the

following:

7.1.1 Multi-parametric prostate MRI
A standard minimum mp-MRI protocol as defined by the UK consensus guidelines on

prostate MRI [13] will be used. Conventional T1 and T2-weighted images are
acquired of the prostate in accordance with the standard imaging protocol employed
by each hospital site. Anatomical images are supplemented by diffusion weighted
imaging (as per hospital site protocol); and +/- axial T1 images during dynamic

contrast enhancement.

7.1.2 Computed Tomography
Routine CT staging scans of the chest/abdomen/pelvis will be performed with

intravenous contrast using the standard staging protocol for CT scan at hospital site.

7.1.3 Isotope Bone Scan
Bone scans will be performed using Technetium-99m labelled diphosphonates

administered through intravenous injection. For prostate cancer patients with
suspected bony metastasis, the standard protocol employed at the hospital site will
be used. As a guide, whole body imaging is conventionally performed with anterior
and posterior views, 256 x 1024 matrix and energy window(s) of 140 KeV. Effective
dose (ED) is 3mSv (or 5mSv for Cancer patients) and Diagnostic Reference Level

(DRL) is 600 MBq (0r 800 for Cancer patients).
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7.1.4 Positron Emission Tomography (PET)- CT Imaging

Where performed during routine clinical care, a choline PET-CT study will be
obtained. As a guide, a dedicated combined PET/64-detector-CT (VCT-XT Discovery,
GE-Healthcare Technology, Waukesha, WI), CT is performed (for attenuation
correction) using 64x3.75 mm detectors, a pitch of 1.5 and a 5 mm collimation (140
kVp and 80 mA in 0.8 s). Maintaining the patient position, a whole-body Choline PET
emission scan is performed and covers an area identical to that covered by CT.
Acquisitions are carried out in 2D and 3D mode (4 min/bed position). Transaxial
subsets expectation maximization with two iterations and 28 subsets will be used.

The axial field of view is 148.75 mm, resulting in 47 slices per bed position.

7.2 Trial specific interventions

7.2.1 Multi-parametric whole-body MRI
Recruited patients will undergo a multi-parametric whole body MRI on presentation

with biochemical failure (staging) and then at 12 months (follow-up). All MRIs will be
performed at UCLH on a 3T MRI scanner. The MRI protocol will be limited to a
maximum of 1 hour scan time and will be standardized. The following MRI

sequences will be used:

Morphological (T1- weighted) Imaging

Pre-contrast T1 mDIXON breath-held coronal imaging with two flip angles (2.5 and
15 degrees) and multiple stacks covering head to mid-thigh will be acquired. This
sequence is considered as morphological imaging in this protocol and provides a

superior soft tissue and bone contrast images in a fairly short amount of time. By
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using two flip angles, we can quantify T1 values at these flip angles for the

comparison of changes at baseline and follow up whole body MRI imaging.

Morphological T2-weighted imaging
Axial T2 weighted turbo-spin-echo (TSE) anatomical images, covering head to mid-

thigh will be acquired from patients in free breathing. These images are mainly
provide excellent morphological data for investigating the nodal and extra-nodal
involvement in recurrent prostate cancer and would be helpful for characterizing
and localizing suspected metastasis identified on functional (DWI and post-contrast

MRI) MRI sequences.

Diffusion Weighted MRI Imaging (DW!)
Axial fat suppressed free breathing echo planar imaging (EPI) DWI with 2-b values

(b0 and b1000 s/mm?” ) with matched resolution and coverage to axial T2 imaging
will be acquired.

Diffusion-weighted MRI is sensitive to molecular diffusion due to random and
microscopic translational motion of molecules, known as Brownian motion, because
random motion in the field gradient produces incoherent phase shifts that result in
signal attenuation. The areas involved with metastasis appear bright on diffusion
weighted images which, when added to morphological images, aid in diagnosis of

suspected area of involvement.

Post-Contrast T1-weighted imaging
After administration of intra venous (IV) gadolinium (Gd) based contrast agent at

standard dose of 0.1 mmol/kg, a repeat T1 mDIXON breath-held imaging with one
flip angle (15 degrees) will be performed covering vertex to toe. Post contrast MRI

investigates the vascularity of tumours, as malignancies are often manifest by an
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increase in new vessels formation and an increase uptake of contrast material. Gd
reduces T1 relaxation time leading to diseased tissue appearing bright on post-

contrast T1 weighted MRI.

7.2.2 Blood samples
Blood will be taken from recruited patients, by an appropriately trained member of

the trial team, at the time of each multi-parametric whole body MRI (staging and
then at 12 month follow-up). The cannula will be inserted for the injection of MRI
contrast will be used to withdraw blood. Blood samples will be used for exosome
and phenotypic (FACS analysis)/DNA-RNA analysis. In total a maximum of 50 ml of

blood will be taken:

e up to 3 Acid Citrate Dextrose Solution (ACD)tubes (yellow-capped tubes): to
collect ~25 ml blood for serum separation
e up to 4 EDTA containing (purple-capped) tubes for PBMC’s isolation and

further FACS analysis, functional assays, and DNA/RNA isolation.

Frozen aliquots-samples will be transported by courier service in dry ice-containing
carrier boxes within 24 hours after obtaining the blood sample. Samples will be

processed at UCL and KCL laboratories:

e UCL: Exosome purification and analysis. DNA-RNA isolation and
analysis
e King’s College London: PBMC's isolation, FACS analysis and functional

assays
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7.2.3 Health economic data collection
For the health economic analysis, we will collect information on the use of standard
imaging tests and whole body MRI and the incidence of adverse events associated
with each imaging technique at the time of initial assessment. These data will be
obtained from a retrospective review of patient notes for all patients included in the
study.
At one year follow-up, after revealing results of whole body MRI, the consistency of
patient management plans between standard staging and whole body will be
assessed. If standard staging and whole body MRI staging produce the same
treatment decisions there will be no differences in costs between the two options
other than the imaging costs and the health economic analysis will consist of the
imaging costs as described above. If there are differences the health economic
analysis will additionally include the difference in cost of the management plans in
terms of the following:

e Imaging investigations

e Medications

e Radiotherapy

e Surgery

e Qutpatient visits

e Inpatient stays

e Day cases
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The research associate in health economics will, in conjunction with appointed
clinical research fellow, develop a care pathway and populate it with resource use

data from published sources and from patient records.

8.0 Imaging Analysis

8.1 Disease reference standard
The pathway for establishing the reference standard for disease status is illustrated

below:
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Figure 1: Outcome based reference standard flow chart
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FN: False Negative

TP: True Positive

ADT: Androgen Deprivation Therapy

As we expect the nodal and metastatic staging by whole body multi-parametric MRI
to be superior to conventional imaging (CT CAP and bone scan), a reference standard

based on conventional imaging alone would not be appropriate. This is a commonly

faced problem in radiologic studies. Whilst biopsy could be performed in cases
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where the MRI is suspicious for disease but conventional imaging negative, this
would place patients at risk of potential ‘unnecessary’ biopsy related complications,
as we do not know if the MRI findings could represent a true positive or false
positive result. We have therefore opted to derive a 1-year follow-up outcome based
reference standard as detailed above. The 12-month whole-body mp-MRI study will
interpret the staging mp-MRI and thereby minimize the number of biopsies required

for confirmation/exclusion of metastatic/nodal disease. Specifically:

(a) if conventional imaging staging is positive then conventional imaging alone
will act as the reference standard (conventional imaging is highly specific,
whilst not sensitive). These patients will be treated with ADT. All patients will

undergo a 12-month follow-up MRI to assess lesion response.

(b) if conventional imaging staging is negative then patients will not have ADT
and will be monitored using PSA (and repeat conventional imaging as

clinically indicated); those within this group with:

e a positive staging whole-body mp-MRI may be a false positive or a
true positive finding; and re-evaluation of these lesions will be
performed at 12 months by follow-up whole-body mp-MRI.

o Where the follow-up study demonstrates a progressive lesion,
patients will undergo repeat conventional imaging +/- targeted
biopsy, if clinically possible, and repeat conventional imaging

remains negative. The repeat conventional imaging, if positive,
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or the biopsy, if repeat conventional imaging is negative, will
then define the reference standard.

o Where the follow-up study demonstrates no lesion or a
resolving lesion the intial whole-body mp-MRI finding will be
regarded as a false positive (as no treatment has been given in
the interim). It would be unethical to biopsy these patients.
Re-imaging with conventional methods may occur as clinically
indicated.

o Where the follow-up study demonstrates a static lesion,
patients will be managed as per best clinical practice. If the
PSA is rising they will likely undergo repeat conventional
imaging +/- biopsy as clinically indicated. If the PSA is stable,
the patients may not undergo repeat conventional imaging or

biopsy, in which case they will be excluded from analysis.

e a negative staging whole-body mp-MRI may be a false negative or a
true negative finding; and a re-evaluation of these patients will be
performed at 12 months by follow-up whole-body mp-MRI.

o Where the follow-up study becomes positive, patients will
undergo repeat conventional imaging +/- targeted biopsy (if
clinically possible) of the lesion if conventional imaging
remains negative. The repeat conventional imaging, if positive,
or the biopsy, if repeat conventional imaging is negative, will

then define the reference standard.
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o Where the follow-up study remains negative the initial mp-
MRI initial mp-MRI will be regarded as a true negative. No
biopsy will be performed. Re-imaging with conventional

methods may occur as clinically indicated.

8.2 Reporting of standard of care imaging

The reference standard imaging (CT CAP, Isotope Bone Scan +/- PET-CT) will be
prospectively reported by two radiologists and nuclear medicine physicians,
independently. The report will be transferred to a proforma and final nodal (N) and

metastatic (M) stages will be derived base on the reported proforma.

8.3 Reporting of trial imaging

8.3.1 Staging whole-body mp-MRI

The study will be reported by two radiologists experienced in oncological and
functional MR reporting, independently and then in consensus, blinded to all other
imaging tests. The images are reviewed for the presence of nodal (N) and metastatic
(M) disease and each radiologists will record the presence/absence of disease on the
study specific proforma (see appendix 1). The staging of disease will not be revealed
to the clinical team. Where a significant incidental (unrelated) finding is
demonstrated this will be reported on the Radiology Information System (RIS) as per
standard clinical practice. Where no significant incidental findings are noted the
study will be reported on the RIS system as “Study performed as per LOCATE

protocol. No significant incidental findings”.
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8.3.2 12-month follow-up whole-body mp-MRI

The study will be reported in consensus by two radiologists experienced in
oncological and functional MR reporting. The consensus proforma report for the
staging whole-body mp-MRI will be made available to the reporting radiologists prior
to review of the 12-month follow-up whole-body mp-MRI. The results follow-up
study will be compared with the staging study. The radiologists will generate a
consensus proforma report indicating sites of potential disease and also whether the
site is new, progressing (=>20% increase in size of lesion and/or definite increase in
conspicuity on functional imaging), regressing (<= 30% decrease in size of a lesion
and/or definite reduced conspicuity on functional imaging), static (<20% increase or
<30% decrease in the size of a lesion and equivocal/marginal change in conspicuity
on functional imaging), or resolved. A RIS report with disease locations indicated will

be generated on the RIS system and be made available to the clinical care team.

8.4 Comparison of standard of care imaging with whole-body mp-MRI
The research team will correlate the standard of care staging proforma with the

staging mp-MRI proforma and follow-up mp-MRI proforma. A radiologist and NM
physician in consensus will review all discrepancies, between standard of care and
whole body mp-MRI. Anatomical matching errors resulting from discrepancies in
ascribing disease location will be recorded and corrected. Residual discrepancies will

be highlighted and statistically assessed.
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The per site sensitivity and specificity will be determined against the disease
reference standard. In addition, a sign test for paired data will be used to test for
differences in patient staging (i.e. whether a difference between the disease

reference standard and MRI exists in site specific staging).

8.5 Repeat conventional imaging +/- lesion biopsy
All highlighted discrepancies will be discussed with the clinical team at the weekly

clinical prostate radiological/surgical meeting. Decisions/recommendations on
subsequent patient management will be made as outlined in section 8.1 above. All
decisions will be recorded and uploaded to the electronic health record system and
discussed with the patient prior to action. If repeat conventional imaging is
necessary, this will be performed as per standard clinical practice. If biopsy is
required patients will be consented for this as per standard clinical practice. The best
image guided biopsy approach to enable optimal sampling of the lesion will be

undertaken as per standard clinical practice.

9.0 Health Economic Analysis
To compare the incremental cost and cost-effectiveness from an NHS perspective of

whole-body multi-parametric MRI for metastatic disease staging compared with
conventional staging with computed tomography and bone-scan, for men presenting
with biochemical failure following external beam radiotherapy or brachytherapy of
locally advanced prostate cancer.

All analyses will conform to accepted economic evaluation methods [14].
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The care pathways for men who have previously been confirmed to have prostate
cancer and have undergone local treatment can be divided into the treatment
decision pathway and the subsequent disease pathway. The former includes the time
from presentation to treatment decision by the clinician and includes the imaging
tests received; the latter includes the time period following the treatment decision.
The treatment decision pathway will be different between whole-body MRI and
conventional staging, yielding different costs and potentially different treatment
decisions. In patients for whom the treatment decision with whole-body MRl is the
same as that with conventional staging, the subsequent disease pathways will be the
same. Where the treatment decision with whole-body MRI is different, the disease

pathway will be different, yielding potentially different costs and health outcomes.

If in the patients studied the concordance between the treatment decisions
associated with whole-body MRI and conventional staging is high, then the economic
analysis can focus on the cost of the treatment decision pathways only because the
disease pathways will be no different. In this case the cost-effectiveness of whole-
body MRI versus conventional staging depends only on the incremental cost (positive
or negative) of whole-body MRI versus conventional staging in the treatment decision

pathway.

Alternatively, if the concordance between the treatment decisions is low, then the
economic analysis ought to focus on both the treatment decision pathways and the

subsequent disease pathways because both of these will vary between whole-body
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MRI and conventional staging. In this case the cost-effectiveness of whole-body MRI
depends on the incremental cost of the whole-body MRI versus standard staging
algorithms in the treatment decision pathway plus the incremental costs and health

benefits of the two different disease pathways.

The precise nature of the economic analysis will therefore depend on the degree of
concordance between treatment decisions provoked by whole-body MRI versus

conventional staging, which will be assessed directly in the study.

Scenariol: there is concordance between the treatment decisions associated with

whole-body MRI and conventional staging

In this case, the cost components included in the analysis will be:

e Conventional metastases imaging tests (e.g., abdominal and pelvic CT and bone-
scan, plus additional tests as indicated by the conventional staging algorithm);

e Costs of treating adverse events associated with conventional staging;

e Whole-body MRI, plus additional tests generated by whole-body MRI;

e Costs of treating adverse events associated with whole-body MRI; and,

e MDT and other clinical meetings to determine the subsequent disease pathway.

The volume of resource use for each cost component will be measured directly in the

study. Unit costs will be taken from standard published sources. Since the two

algorithms yield the same treatment decisions cost-effectiveness depends on the

incremental cost of whole-body MRI versus conventional staging in the treatment

decision pathway.
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Scenario 2: there is discordance between the treatment decisions associated with
whole-body MRI and standard staging

In this case, cost-effectiveness depends on the incremental cost (positive or negative)
of the treatment decision pathway and disease pathway associated with whole-body
MRI versus conventional staging and the incremental health benefits (positive or
negative). We will calculate cost-effectiveness in terms of the incremental cost per

quality-adjusted life year (QALY) gained using one year and lifetime time horizons

Cost-effectiveness will be calculated as the mean cost difference between whole-
body MRI versus conventional divided by the mean difference in outcomes (QALYSs)
to give the incremental cost-effectiveness ratio (ICER). Non-parametric methods for
calculating confidence intervals around the ICER based on bootstrapped estimates of
the mean cost and QALY differences will be used .The bootstrap replications will also
be used to construct a cost-effectiveness acceptability curve, which will show the
probability that whole-body MRI is cost-effective at one year for different values of
the NHS’” willingness to pay for an additional QALY. We will also subject the results to

extensive deterministic (one-, two- and multi-way) sensitivity analysis.

10.0 Sub-study analysis

10.1 Comparison of whole-body multi-parametric MRI performance with
Choline PET- CT

A separate retrospective comparative study will be set-up using this data and

performed to determine the relative performance of both tests for detection of



270

metastatic disease and the combined performance of a PET-MRI protocol against the
disease reference standard. The per site sensitivity and specificity and overall patient
staging performance for individual and combined tests will be determined against

the disease reference standard.

10.2 Heterogeniety across metastases of multi-parametric MRI signals for
prediction of ADT response

For patients undergoing ADT treatment retrospective quantitative analysis of multi-
parametric MRI signals will be performed to derive heterogeniety indices from
confirmed true positive metastatic sites. The heterogeniety indices will inform
Bayesian models to predict high-risk patients with aggressive disease that progress

on ADT within 12-months of treatment.

10.3 The significance of the Human Epidermal growth factor Receptor (HER)
activated dimer

This project aims to investigate the significance of the Human Epidermal growth
factor Receptor (HER) activated dimer in metastatic castration-resistant prostate
cancer. Up-regulation of the HER1 (EGFR)/HER3 dimer was recently found by the Ng
laboratory, for the first time, to limit the efficacy of anti-EGFR treatment in human
breast cancer, as directly shown by imaging of residual disease; suggesting the
potential of combined EGFR/HER3-targeted treatment.

This molecular signaling rewiring is hypothesised to constitute a pathway of

resistance to hormonal treatment in prostate cancer as well.
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We intend to quantify the EGFR/HER3 heterodimer using Fluorescence lifetime
imaging microscopy (FLIM) in formalin-fixed prostate cancer tissues as well as in
matched circulating exosomes from patient-derived plasma. We will then correlate
the heterodimer quantification with tumour genomic changes such as PTEN
mutation/deletion . The patient-derived correlative experiments will be
complemented by mechanistic in vitro experiments that investigate the effect of
EGFR and PI3K/Akt inhibitors on HER dimer formation in castration-resistant and
sensitive prostate cancer cells, and their exosomes released into the culture
supernatants. In the clinical setting, the tissue- and exosome-derived HER dimer
measurements will be combined with functional imaging (whole body multi-
parametric MRI) to assess their value and translation as predictive biomarkers of

clinical outcome and response to treatment.

11.0 Sample size

130 patients (based on 50% prevalence of metastases) will be required to
demonstrate a minimum of a 20% difference in sensitivity for detection of
metastases between multi-parametric and conventional imaging (power of 90% and

statistical significance cut-off of 0.05).

12.0 Safety Reporting

The imaging techniques involved in this trial are well established and the risks of
each are well known. In case of any adverse event, including ‘related’ or
‘unexpected’ SAEs, these will be reported and submitted to relevant regulatory

organization(s).
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13.0 Incident Reporting

Relevant regulatory bodies will be notified of all deviations from the protocol or GCP
immediately. A report on the incident(s) might be required and a form will be
provided if the organisation does not have an appropriate document (e.g. Trust
Incident Form).

If site staffs are unsure whether a certain occurrence constitutes a deviation from

the protocol or GCP, R&D can be contacted immediately to discuss.

14.0 Withdrawal of Patients

In consenting to the trial, patients are consenting to trial treatment, assessments,

follow-up and data collection.

Discontinuation of Trial Intervention for clinical reasons

A patient may be withdrawn from trial intervention whenever continued
participation is no longer in the patient’s best interests, but the reasons for doing so
must be recorded. Reasons for discontinuing intervention may include:

e Intercurrent illness which prevents further imaging

e Patients withdrawing consent to further trial participation

e Any alterations in the patient’s condition which justifies the discontinuation

of trial imaging in the site investigator’s opinion

In these cases patients remain within the trial for the purposes of follow-up and data

analysis.

Patient withdrawal from trial intervention
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If a patient expresses their wish to withdraw from the trial, the site should explain
the importance of remaining on trial follow-up, or failing this of allowing routine
follow-up data to be used for trial purposes and for allowing existing collected data

to be used. If patient gives a reason for their withdrawal, this should be recorded.

Withdrawal of Consent to Data Collection

If a patient explicitly states they do not wish to contribute further data to the trial
their decision must be respected and recorded on the relevant CRF. In this event
details should be recorded in the investigator site file and no further CRFs must be

completed.

Losses to follow-up

If a patient moves from the area, every effort should be made for patient to be
followed up via GP.
If a patient is lost to follow-up at a site every effort should be made to contact the

patient’s GP to obtain information on the patient’s status.

15.0 Trial Closure

15.1 End of Trial
For regulatory purposes the end of the trial will be 1 year after the recruitment of

130 patients who have undergone the requisite imaging both at staging and
treatment efficacy assessment as per protocol at which point the ‘declaration of end

of trial’ form will be submitted to participating ethical committees, as required.
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15.2 Archiving of Trial Documentation
At the end of the trial, all relevant documentation will be archived securely and all

centrally held trial related documentation for a minimum of 5 years. Arrangements
for confidential destruction will then be made. It is the responsibility of Pls to ensure
data and all essential documents relating to the trial held at site are retained for a
minimum of 5 years after the end of the trial, in accordance with national legislation
and for the maximum period of time permitted by the site.

Essential documents are those which enable both the conduct of the trial and the
quality of the data produced to be evaluated and show whether the site complied
with the principles of GCP and all applicable regulatory requirements.

All archived documents must continue to be available for inspection by appropriate

authorities upon request.

15.3 Early discontinuation of trial
The trial may be stopped before completion as an Urgent Safety Measure.

Sites and relevant regulatory bodies will be informed in writing of reasons for early
closure and the actions to be taken with regards the treatment and follow up of

patients.

15.4 Withdrawal from trial participation by a site
Should a site choose to close to recruitment the Pl must inform the relevant

regulatory bodies in writing. Follow up as per protocol must continue for all patients
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recruited into the trial at that site and other responsibilities continue as per trial

protocol.

16.0 Quality Assurance

A strict MRI quality assurance program will be in place to ensure acquisition of
robust scan data including weekly phantom calibration. Scan acquisition will be
overseen by a dedicated research radiographer and medical physicist to ensure

explicit adherence to scan protocol. The QA program will run throughout the study.

17.0 Ethical and Regulatory Approvals

In conducting the trial, the Sponsor and Sites will comply with all laws and statutes,
as amended from time to time, applicable to the performance of clinical trials
including, but not limited to:
e The principles of ICH Harmonised Tripartite Guideline for Good Clinical
Practice
e The Human Rights Act 1998
e The Data Protection Act 1998
e The Freedom of Information Act 2000
e The Human Tissue Act 2004
e The Research Governance Framework for Health and Social Care, issued by
the UK Department of Health (Second Edition 2005) or the Scottish Health
Department Research Governance Framework for Health and Community

Care (Second Edition 2006)
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17.1 Ethical Approval
The trial will be conducted in accordance with the World Medical Association

Declaration of Helsinki entitled 'Ethical Principles for Medical Research Involving
Human Subjects' (1996 version) and in accordance with the terms and conditions of
the ethical approval given to the trial.

An annual Progress Reports to the REC will be submitted, which will commence one

year from the date of ethical approval for the trial

17.2 Site Approval
Evidence of local Trust R&D approval will be provided prior to site activation. The

trial will only be conducted at sites where all necessary approvals for the trial have

been obtained.

17.3 Protocol Amendments
Pl and nominated research fellow will be responsible for gaining ethical approval for

amendments made to the protocol and other trial-related documents. Once
approved, trial team will ensure that all amended documents are distributed to sites
and CLRNs as appropriate.

Site staff will be responsible for acknowledging receipt of documents and for

implementing all amendments.

17.4 Patient Confidentiality & Data Protection
All identifiable data will be stored in a secure manner and all efforts will be made to

adhere with the Data Protection Act 1998.
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17.5 University College London Insurance Indemnity
University College London holds insurance against claims from participants for harm

caused by their participation in this clinical study. Participants may be able to claim
compensation if they can prove that UCL has been negligent. However, if this clinical
study is being carried out in a hospital, the hospital continues to have a duty of care
to the participant of the clinical study. University College London does not accept
liability for any breach in the hospital’s duty of care, or any negligence on the part of

hospital employees. This applies whether the hospital is an NHS Trust or otherwise.”
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Appendix: Selection/Obligations of participating
sites/investigators

Site selection
In this protocol trial “Site” refers to the hospital or site where trial-related activities
are actually conducted.
Sites must be able to comply with:
1. Trial imaging, follow up schedules and all requirements of the trial protocol
2. Requirements of the Research Governance Framework

3. Data collection requirements

Selection of Principal Investigator and other investigators at sites

Sites must have an appropriate Principal Investigator (PI) i.e. a health care
professional authorised by the site, ethics committee to lead and coordinate the
work of the trial on behalf of the site. Other investigators at site wishing to

participate in the trial will be trained and approved by the PI.

Training requirements for site staff
All site staff will be appropriately qualified by education, training and experience to
perform the trial related duties allocated to them, which will be recorded on the site

delegation log.
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CVs for all staff must be kept up-to-date, signed and dated and copies held in the
Investigator Site File (ISF). GCP training is required for all staff responsible for trial
activities. The frequency of repeat training may be dictated by the requirements of
their employing Institution, or 2 yearly where the Institution has no policy, and more
frequently when there have been updates to the legal or regulatory requirements

for the conduct of clinical trials

Site initiation and activation

Site initiation

Before a site is activated, the trial team will arrange a site initiation with the site
which the Pl and site research team must attend. The site will be trained in the day-
to-day management of the trial and essential documentation required for the trial

will be checked. Site initiation will be performed for each site-by-site visit.

Required documentation

The following documentations will be submitted by the site to relevant regulatory
bodies prior to a site being activated by trial team:

1. Trial specific Declaration of Participation/Site Registration Form (identifying
relevant local staff)

2. All relevant institutional approvals (e.g. local NHS permission)

3. A completed site delegation log that is sighed and dated by the PI

4. A copy of the PI's current CV that is signed and dated

The trial team will ensure that:
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1. If the site was not included in the original CSP application, the Part Cis updated
and the R&D form is resubmitted to CSP (who will notify the lead CLRN of the new
site)

2. An SSI form is transferred to the site via IRAS

Site activation letter

Once the trial team has received all required documentation and the site has been
initiated, a site activation letter will be issued to the PI, at which point the site may
start to approach patients.

Once the site has been activated the Pl is responsible for ensuring:

1. Adherence to the most recent version of the protocol

2. All relevant site staffs are trained in the protocol requirements

3. Appropriate recruitment and medical care of patients in the trial

4. Timely completion and return of CRFs

Trial Activation
Principal investigator and nominated research fellow will ensure that all trial
documentation has been reviewed and approved by all relevant bodies and that

the following have been obtained prior to activating the trial:

1. Adequate funding for central coordination
2. Confirmation of sponsorship
3. Adequate insurance provision

4. Research Ethics Committee approval ‘Adoption’ into NIHR portfoli
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5. NHS permission

Appendix: Informed consent procedure

A screening log should be maintained by the site and kept in the Investigator Site
File. This should record each patient screened for the trial identified with radio-
recurrent prostate cancer and the reasons why they were not registered in the trial if

this is the case.

Sites must ensure that all patients have been given the current approved version of
the patient information sheet, are fully informed about the trial and have confirmed

their willingness to take part in the trial.

The PI, or, where delegated by the Pl, other appropriately trained site staff, are
required to provide a full explanation of the trial and all relevant treatment options
to each patient prior to trial entry and consent. During these discussions the current
approved patient information sheet for the trial should be discussed with the
patient. A minimum of twenty-four hours must be allowed, after reading the patient
information sheet, for patients to consider participation within the trial. Written
informed consent on the current approved version of the consent form for the trial

must be obtained before any trial-specific procedures are conducted. The discussion
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and consent process must be documented in the investigator site file along with a

copy of approved GP letter.

The trial team will be responsible for:

Checking that the correct (current approved) version of the patient
information sheet and consent form are used

Checking that information on the consent form is complete and legible
Checking that the patient has completed/initialled all relevant sections and
signed and dated the form

Checking that an appropriate member of staff has countersigned and dated
the consent form to confirm that they provided information to the patient
Giving the patient a copy of their signed consent form, patient information

sheet and patient contact card

Following enroliment:

Adding the patient trial number to all copies of the consent form and storage

within the investigator site file

The right of the patient to refuse to participate in the trial without giving reasons

must be respected. All patients are free to withdraw at any time.

Appendix: Data Collection and Management

Data will be collected from sites on version controlled case report forms (CRFs)

designed for the trial Data entered onto CRFs must reflect source data at site.
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Where supporting documentation (e.g. autopsy report, pathology reports, CT scan
images etc) is being submitted the patient’s trial number will be clearly indicated on
all material and any patient identifiers removed/blacked out prior to sending to
maintain confidentiality. A nominated individual will take responsibility for data
collection. Data ‘cleaning’ and database entry will also be performed by the trial
administrator. An external audit of data will be performed according to standard
operating procedures of the sponsor or their delegated body. Data will be held
according to the Data Protection Act 1998 and pseudo-anonymised as necessary.
Each participant will be given a study number and this will be used on all of their
study records. The paper records will be retained for a minimum of 10 years after
the end of the study. Any information that is transferred between trial centres or

from general practitioners surgeries will be anonymised.

All case report forms (CRFs) will be completed and signed by staff who are listed on
the site staff delegation log and authorised by the Pl to perform this duty. The Pl is
responsible for the accuracy of all data reported in the CRF. Once completed the
original CRFs will be filed and a copy kept at site. All entries will be clear, legible and

written in ball point pen. The use of abbreviations and acronyms will be avoided.

Any corrections made to a CRF at site will be made by drawing a single line through
the incorrect item ensuring that the previous entry is not obscured. Each correction
will be dated and initialed. Correction fluid must not be used. The amended CRF

must be filed and a copy retained at site.
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To avoid the need for unnecessary data queries CRFs will be checked at site to
ensure there are no blank fields before filing. When data is unavailable because a
measure has not been taken or test not performed, enter “ND” for not done. If an
item was not required at the particular time the form relates to, enter “NA” for not
applicable. When data are unknown enter the value “NK” (only use if every effort

has been made to obtain the data).

CRFs will be completed at site as soon as possible after patient visit/scans and

within 4 weeks of the patient being scanned.

Prior to filing, data will be checked for legibility, completeness, accuracy and
consistency, including checks for missing or unusual values. Queries will be sent to
the data contact at site. When responding to a query, site staff must update the
relevant CRF held at site, as applicable. The amended copy of the CRF will be
attached to the query sheet with a copy at site. All amendments will be initialed and

dated.
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Appendix: Whole body MRI Proforma

LOGAT

Localising Occult prostate Cancer metastases with Advanced imaging
TEchniques

CASE REPORT FORMS

WB-MRI IMAGING BOOKLET

aEE
e [e][e] - (I

Please send COMPLETED forms to:

LOCATE Co-ordinator
University College London
Level 3 East, 250 Euston Road
London, UK. NW1 2PG

General enquires: 0203 447 9094
between 9.00am and 5.00pm (UK Time)

E-mail: TBC

a

i

LOCATE MRI CRF Version 1.0: 20.02.14

¥ "3‘. CANCER UK
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Additional instructions for completing forms

WB-MRI Imaging Guidance

To be completed by the trial radiologist when reporting the WB-MRI.
See table below for definitions for T, N and M staging.

T1 Clinically inapparert; tumor nct T2 Tumor confined within prostate T3 Tumor extends through prostatic | T4 The tumor has spread or
palpable orwsible by imaging (palpable or visible on TRUS) capsule, bladder neck orseminal | anached to tissues nexttothe

capsule i
T1a Incidertal finding during P prostate (cther than the seminal

transurethral resection of prostate;  T2a Involves half of a lobe orless ~ T3a Unilateral extracapsular vesicles).
< 5% oftissue resected axtension T4a The tumor has spread to the

y : neck of the bladder, the external
T1b Incidental finding during T2b Involves more than half of a T3b Bilateral extracapsular sphincter (muscles that help control

transurethral resection of prostate,  lobe one lobe but not both lobes extension

> 5% oftissue resected urination), or the rectum

Tic Tumor identified by needle T2c Tumor involves both lobes T3¢ Tumorinvades seminal Tab The tumor has spread to
biopsy (e.g because of elevated vesicle(s) the floor and/or the wal of the
PSA) pelis

NO Cancer has not spread to any lymph nodes.

N1 Cancer has spread to a single regional lymph node (inside the pelas)
and is not larger than 2 centimeters

N2 Cancer has spread to one or more regional lymph nodes and is
larger than 2 centimeters (%4 inch), but not larger than 5 centimeters

N3: Cancer has spread to a lymph node and is larger than 5 centimeters

MO: The cancer has not metastasized (spread) beyond the regional
lymph nodes

M1: The cancer has metastasized to distant lymph nodes (outside of the
pelis), bones, or other distart organs such as lungs, liver, or brain

Note: Regional pelvic lymph nodes

Illustrated left - regional defined as (4’) presacral,
(5) externaliliac, (6’) obturator, (6) internal iliac.
Other sites are considered as metastatic nodes.

Note: M Staging

Illustrated right — Sub classification of metastatic
disease stage. M1a — non-regional nodal involve-
ment; M1b — metastatic bone disease and M1c —
other organ involvement

LOCATE MRI CRF Version 1.0: 20.02.14
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toffe]-[ | ][ |

Patient
Initials

_UcL.
L]

WB-MRI Imaging- Diffusion and T1 sequences 1/3

Total time to report diffusion and T1 weighted images-

Minutes

Diffusion weighted image

sequences quality— Please tick

T1 sequence quality— Please
tick

Good |:|
Good |:|

Adequate I:l
Adequate |:|

Poor I:l
Poor |:|

Local Tumour

Location

APICAL RIGHT

APICAL LEFT

BASAL RIGHT

BASAL LEFT

NOT VISIBLE

Max Dimension (cm)

T Stage (Circle) T

N Stage (Circle) NX

T2a
T2b

T2c

NO

T3a
T3b

T3c

N1

T4a
T4b

N2

Confidence
(Circle)

1- low

2- adequate
3- equivocal
4- good

5- excellent

Confidence
(Circle)

1- low

2- adequate
3- equivocal
4- good

5- excellent

N3

Nodal Sites

Confidence within main classifica-

tive

tion as negative, equivocal or posi-

Negative

1- definitely not present
2- probably not present

Negative

Equivocal
3- possibility not present
4- possibly present

Equivocal

Positive
5- probably present
6- definitely present

Positive

Regional Nodes

Presacral

External iliac

Internal iliac

Obturator

Metastatic Nodes

Inguinal

Common iliac

Para-aortic

Other abdominal

Nodes above diaphragm to neck

Neck nodes

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG

LOCATE MRI CRF Version 1.0: 20.02.14
For Office use only
Date form received:

Date form entered:

Initials:
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Site

WB-MRI Imaging- Diffusion and T1 sequences 2/3

M Stage

Negative Equivocal Positive

1- definitely not 3- possibility not 5- probably pre-
present present sent

2- probably not 4- possibly present | 6- definitely pre-
present sent

Negative Equivocal Positive

Confidence within main 1 2 3 4 5 6
classification as nega-
tive, equivocal or posi-
tive

1. All sites (tick diagnos-
tic confidence)

2. Non-skeletal— all
sites (tick diagnostic
confidence)

3. Skeletal- all sites
(tick diagnostic confi-
dence)

Non Skeletal individual Size of Size of Number of Number of
disease sites (tick confi- largest second additional additional
dence diagnostic organ de- largest deposits deposits
posit organ de- 26mm (if <10, | <6mm (if <10,
posit state number. | state number.
If >10 state, If >10 state,
>10) >10)

Brain

Lung (L)

Lung (R)

Pleura (L)

Pleura (R)

Liver (left lobe)

Liver (right lobe)

Spleen

Adrenal (L)

Adrenal (R)

Kidney (L)

Kidney (R)

Pancreas

Mesentery/peritoneum

Bowel

Soft tissue neck/chest

Soft tissue abdomen/
pelvis

Soft tissue limbs

Nodal- State

Other— State

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG
LOCATE MRI CRF Version 1.0: 20.02.14

For Office use only

Date form received: Date form entered: Initials:
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WB-MRI Imaging- Diffusion and T1 sequences 3/3

M Stage continued

Negative

1- definitely not
present

2- probably not
present

Equivocal

3- possibility not

present

4- possibly present

Positive

5- probably pre-
sent

6- definitely pre-
sent

Negative

Equivocal

Positive

Confidence within
main classification as
negative, equivocal or
positive

Skeletal individual
disease sites

Skull

1 2

3

4

5 6

Size of
largest
organ de-
posit

Size of
second
largest
organ de-
posit

Number of | Number
additional | of addi-
deposits tional
26mm (if | deposits
<10, state | <6mm (if
number. If | <10, state
>10 state, |number. If
>10) >10 state,
>10)

Cervical spine

Thoracic spine

Lumber spine

Pelvis

Sternum

Clavicle/Scapula (L)

Clavicle/Scapula (R)

Ribs (L)
Ribs (R)

Upper limb (L)

Lower limb (L)

(
Upper limb (R)

(

(

Lower limb (R)

Completed
by:

Signature:

CRFs should only be completed by appropriately qualified
personnel detailed on the site delegation log

D D MM Y Y Y Y

Date
completed:

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG
PROPS MRI CRF Version 1.0: 20.02.14

For Office use only
Date form received

Date form entered:

Initials
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Patient
Initials

_UCL.
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WB-MRI Imaging- Diffusion, T1 and T2 sequences 1/3

Additional time to report T2 images (in addition to diffusion and

Good |:|

T1)- Minutes

T2 sequence quality— Please
tick

Adequate |:|

Poor |:|

Local Tumour

Location

APICAL RIGHT

APICAL LEFT

BASAL RIGHT

BASAL LEFT

NOT VISIBLE

Max Dimension (cm)

T Stage (Circle) ™

T2a
T2b

T2¢

T3a
T3b

T3c

T4a

T4b

Confidence
(Circle)

1- low

2- adequate
3- equivocal
4- good

5- excellent

N Stage (Circle) NX

NO

N1

N2

N3 Confidence
(Circle)

1- low

2- adequate
3- equivocal
4- good

5- excellent

Nodal Sites

Confidence within main classifica-
tion as negative, equivocal or posi-
tive

Regional Nodes

Negative

1- definitely not present
2- probably not present

Negative

Equivocal
3- possibility not present
4- possibly present

Equivocal

Positive
5- probably present
6- definitely present

Positive

Presacral

External iliac

Internal iliac

Obturator

Metastatic Nodes

Inguinal

Common iliac

Para-aortic

Other abdominal

Nodes above diaphragm to neck

Neck nodes

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG

LOCATE MRI CRF Version 1.0: 20.02.14
For Office use only
Date form received

Date form entered:

Initials:
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WB-MRI Imaging- Diffusion, T1 and T2 sequences 2/3

M Stage

Negative
1- definitely not

Equivocal
3- possibility not

Positive
5- probably pre-

present present sent
2- probably not 4- possibly present | 6- definitely pre-
present sent
Negative Equivocal Positive
Confidence within main 1 2 3 4 5 6

classification as nega-
tive, equivocal or posi-
tive

1. All sites (tick diagnos-
tic confidence)

2. Non-skeletal- all
sites (tick diagnostic
confidence)

3. Skeletal- all sites
(tick diagnostic confi-
dence)

Non Skeletal individual Size of Size of Number of Number of
disease sites (tick confi- largest second additional additional
dence diagnostic organ de- largest deposits deposits
posit organ de- 26mm (if <10, | <6mm (if <10,
posit state number. | state number.
If >10 state, If >10 state,
>10) >10)
Brain
Lung (L)
Lung (R)
Pleura (L)
Pleura (R)

Liver (left lobe)

Liver (right lobe)

Spleen

Adrenal (L)

Adrenal (R)

Kidney (L)

Kidney (R)

Pancreas

Mesentery/peritoneum

Bowel

Soft tissue neck/chest

Soft tissue abdomen/
pelvis

Soft tissue limbs

Nodal- State

Other- State.

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG
LOCATE MRI CRF Version 1.0: 20.02.14

For Office use only
Date form received:

Date form entered:

Initials:
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WB-MRI Imaging- Diffusion, T1 and T2 sequences 3/3

M Stage continued

Negative Equivocal Positive Size of Size of Number of | Number
1- definitely not 3- possibility not 5- probably pre- largest second additional | of addi-
present present sent organ de- |largest deposits tional

2- probably not 4- possibly present | 6- definitely pre- posit organ de- |26mm (if |deposits
present sent posit <10, state | <6mm (if
number. If | <10, state
Negative Equivocal Positive >10 state, [number. If

- — - >10) >10 state,
Confidence within main 1 2 3 4 5 6 >10)

classification as negative,
equivocal or positive

Skeletal individual
disease sites

Skull

Cervical spine

Thoracic spine

Lumber spine

Pelvis

Sternum

Clavicle/Scapula (L)

Clavicle/Scapula (R)

Ribs (L)

Ribs (R)

Upper limb (L)

Upper limb (R)

Lower limb (L)

Lower limb (R)

Completed CRFs should only be completed by appropriately qualified
by personnel detailed on the site delegation log

D D MM Y Y Y Y

. Date
Signature: completed:

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG
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For Office use only
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WB-MRI Imaging— Final report— All sequences-Diffusion T1 and T2 and
contrast enhanced 2/3

M Stage

Negative

1- definitely not
present

2- probably not
present

Equivocal

3- possibility not
present

4- possibly present

Positive

5- probably pre-
sent

6- definitely pre-
sent

Negative

Equivocal

Positive

Confidence within main
classification as nega-

tive, equivocal or posi-
tive

1 2

3 4

5 6

1. All sites (tick diagnos-
tic confidence)

2. Non-skeletal- all
sites (tick diagnostic
confidence)

3. Skeletal- all sites
(tick diagnostic confi-
dence)

Non Skeletal individual Size of Size of Number of Number of
disease sites (tick confi- largest second additional additional
dence diagnostic organ de- largest deposits deposits
posit organ de- 26mm (if <10, | <6mm (if <10,
posit state number. | state number.
If >10 state, If >10 state,
>10) >10)
Brain
Lung (L)
Lung (R)
Pleura (L)
Pleura (R)

Liver (left lobe)

Liver (right lobe)

Spleen

Adrenal (L)

Adrenal (R)

Kidney (L)

Kidney (R)

Pancreas

Mesentery/peritoneum

Bowel

Soft tissue neck/chest

Soft tissue abdomen/
pelvis

Soft tissue limbs

Nodal- State

Other— State

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG
LOCATE MRI CRF Version 1.0: 20.02.14

For Office use only
Date form received:

Date form entered:

Initials:
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WB-MRI Imaging- Final report- All sequences-
Diffusion T1 and T2 and contrast enhanced 3/3

M Stage continued

Negative Equivocal Positive Size of Size of Number of [ Number
1- definitely not 3- possibility not 5- probably pre- largest second additional | of addi-
present present sent organ de- |largest deposits | tional
2- probably not 4- possibly present | 6- definitely pre- posit organ de- [26mm (if |deposits
present sent posit <10, state | <6mm (if
number. If | <10, state
Negative Equivocal Positive >10 state, |number. If
>10) >10 state,
Confidence within main 1 2 3 4 5 6 >10)
classification as negative,

equivocal or positive

Skeletal individual
disease sites

Skull

Cervical spine

Thoracic spine

Lumber spine

Pelvis

Sternum

Clavicle/Scapula (L)

Clavicle/Scapula (R)

Ribs (L)

Ribs (R)

Upper limb (L)

Upper limb (R)

Lower limb (L)

Lower limb (R)

Completed CRFs should only be completed by appropriately qualified
by personnel detailed on the site delegation log

D D MM Y Y Y Y

Date
completed:

Signature:

Please return to: LOCATE Co-ordinator, Centre for Medical Imaging, Level 3 East, 250 Euston Road, London, NW1 2PG
PROPS MRI CRF Version 1.0: 20.02.14
For Office use only

Date form received Date form entered: Initials:
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UNIVERSITY OF

SURREY
School of Biosciences and Medicine
Leggett Building
Daphne Jackson Road
Manor Park

Guildford, Surrey GU2 7WG UK

SUN Study Protocol
Title:

Discovering new cancer biomarkers from patients’ blood, urine and DNA. A tissue

banking project

Objective:

The purpose of this project is: To set up a tissue bank for serum, plasma and DNA as
well as tumour tissue of patients with suspected and confirmed diagnosis of cancer

and control samples from healthy volunteers.

Start date:

August 2008

Background

The diagnosis and treatment of cancer continues to be a challenge of the let century
despite an enormous scientific progress. Many cancers are detected too late and
curative treatment is impossible. Cancer prevention is the ultimate goal however one
of the main tasks of cancer research continues to be early cancer detection. A vast
majority of cancers could potentially be cured if detected early. Only very few tumour

types can be detected with the help of biomarkers and most of them are not specific
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for cancer. Good examples of clinically useful biomarkers are germ cell tumours
markers. The levels of alpha-fetoprotein and beta-HCG are often diagnostic and
provide important clinical information about the severity of illness, help clinicians to
decide the best course of treatment and can indicate recurrence very early on.
Unfortunately very few cancers have such tumour markers and intensive research is

needed to facilitate progress in this area.

Most biomarkers are made of peptides and proteins. These are usually secreted and
found in miniscule amounts in blood, urine, ascites and other body fluids. Current
scientific techniques have progressed significantly and it is possible to generate a lot
of important ground-breaking scientific data from very small amounts (approximately
50ul) of protein containing fluid. The complexity of such techniques such as
proteomics analysis continuous to be a challenge and intensive research is needed to
move science and biomarkers studies forward. Proteomics is a large-scale study of
proteins, their structure and functions. Similarly other “omics” technologies include
immunomic approaches-studying of antibodies and immuno-genomics-analysis of
gene polymorphisms associated with immune response genes and cytokines. Analysis
of results requires application of computer programmes such as Artificial Neural
Network, a form of machine learning capable of accurately modelling biological
systems and identifying biomarkers. Published data on purely proteomic approaches
have so far identified a panel of biomarkers that have low sensitivity and/or low
specificity [1-5]. The data is promising, but the application in clinical practice still very

limited as the novel biomarkers are not superior to currently used markers.

A clinically useful biomarker needs to be highly specific for a given cancer and highly
sensitive, it should help to diagnose cancer but also give prognostic information
regarding the severity of illness, likelihood for recurrence and help detecting early
recurrence. To characterise novel biomarkers and their use to predict and characterise
the course of malignant disease one needs to analyse the markers throughout the
length of illness, from the time of diagnosis, through treatment, progression,
development of metastases and resistance to treatment. This requires a long follow
up as well as repeated collection and analysis of samples such as blood, urine, ascites

and other tissues containing potentially useful biomarkers. The pattern of biomarkers
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expression will then subsequently require correlation with clinical data and
parameters such as response to treatment, progression free survival and overall

survival.

Development of novel biomarkers for a variety of uses including diagnosis and
treatment monitoring is on the Cancer Reform Strategy agenda and actively

encouraged by the National Cancer Research Institute and MRC.

We propose to set up a tissue bank to collect serum, plasma and DNA specimens from
patients referred for investigations of cancer as well as patients with a known
diagnosis of cancer. We will also approach healthy volunteers to collect “control”
samples. Patients will be requested to offer a blood sample when first presented and
if they continue to be followed up in the outpatients setting to donate a blood sample
at 6-monthly intervals. A one of DNA sample will be stored at the initial presentation.
Patients who undergo an operation to remove the tumour will also be asked to donate
a small sample of the tumour tissue. Healthy volunteers will offer one sample only and
will not be asked for tissue. At the same time we will ask both: patients with cancer as
well as healthy volunteers to offer a nail clipping to exclude an exposure to heavy

metals which can have a significant influence on proteins in the samples and a urine

specimen.

A minimal set of clinical data will be collected at the same time and stored on a secure
password-protected database. All samples will be anonymised immediately and

stored at a secure facility.

Use of the samples or data in research

The existence of the bank will be advertised on the University of Surrey Website under
the Postgraduate Medical School (PGMS) research section. The samples stored as a
tissue bank will be made available to other researchers providing their research is
scientifically sound. The samples will be donated to established academic research

groups following a structured application process. Each research group will have to
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submit a research proposal to the head of Oncology Department at PGMS, Professor
Hardev Pandha. Each proposal will then be considered taking into account the quality
of the proposed research, the available expertise of the researchers and available
research facilities and funding. Samples will be supplied for free except for the
transport costs. The results of the research and data gained form the samples will be
made available to the public through peer reviewed publications. All patients will be
covered under the NHS indemnity scheme as well as University of Surrey Indemnity
scheme, pending the circumstances of the event. We will require a regular report on
research progress from the team that will request access to the tissue bank samples.
The initial report will be requested a year from the time the tissue is released followed

by subsequent six-monthly reports.

Selection of participants

Potential participants will be identified in the Royal Surrey County Hospital, Frimley
Park Hospital and Ashford and St Peter’s NHS Trust and St George’s Hospital. We
intend to store approximately 400 initial samples. Patients who have been selected
will be approached by their consultants in context of a normal medical appointment
that requires medical consultation. Patients will be offered an information sheet and
will be asked to sign a written consent form. A blood sample will be collected at the
time of the clinic appointment. The sample will be anonymised immediately and
processed in the Postgraduate Medical School (PGMS) at the University of Surrey. The
samples will be stored at a secure -80° freezer and only the principal investigator and
the research team will have access to the samples. Tissue samples obtained in theatres
during routine and planned operation will either be snap-frozen in liquid nitrogen or
placed in a container with RNA-later solution to preserve the tissue. Clinical data of
the patients donating the samples will be stored securely on the password- protected
database on the University of Surrey Computer and only the Principal Investigator and
the data manager will have access to the data. There will be a separate database
linking the names of the patients with their assigned tissue bank numbers. The

database will be password-protected and the access will be restricted to the Principal
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Investigator and the data manager.

Study Protocol

1. Identify patients through diagnostic cancer clinics and cancer treatment clinics in
consultation with consultant colleagues based at the Royal Surrey County
Hospital and St Luke’s Cancer Centre, Ashford and St Peter’s Hospital and
Frimley Park Hospitals.

Inclusion:

i Patients with suspected cancer referred for investigations of cancer
for example: patients referred for prostate biopsy due to elevated
PSA, patients referred for bronchoscopy due to abnormal imaging

i Patients with established diagnosis of cancer attending follow up
clinics atthe Royal Surrey County Hospital and St Luke’s Cancer Centre
Patients will be given information sheet at the time of the consultation
Obtain written informed consent

2. Healthy volunteers will be approached through the poster campaign, given
information sheet and following a discussion an informed consent will be
obtained.

2. Obtain a blood sample, at presentation request 30ml of blood, at follow up 20ml of
blood, request nail clippings. (a one-of request only) and a urine sample.

3. The samples will be anonymised and transferred to secure facility at the PGMS and
processed-the initial blood sample will be processed to obtain a sample of DNA
and from the remaining blood serum and plasma will be isolated and frozen.
The nail clippings and urine specimens will be banked and stored in secure
facility for further analysis.

4. For patients at the time of diagnosis correlation with cancer/non-cancer diagnosis
will be made when results of histology are available

5. Clinical data will be collected and stored at a secure password-protected database

6. The samples will be stored indefinitely and released to other researchers following
a full research application submitted in writing to the Head of the
Department Prof. Hardev Pandha

7.Regular reports form applicants will be required, the initial report at one year
interval followed by 6-monthly intervals.
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8. Samples obtained in theatres during routine operations will be placed in a suitable
container and either snap-frozen in liquid nitrogen or placed in RNA-later solution.
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