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Abstract

Prostate cancer is a lethal disease for both high risk patients who present with metastases
at diagnosis, and for those experiencing biochemical recurrence (BCR) after curative ther-
apies for a localized disease. Although most patients respond well to androgen depri-
vation therapy (ADT), they inevitably fail, become castration resistant, further progress,
and die from a metastatic (m) castration resistant prostate cancer (CRPC). The clinical
heterogeneity of the disease underscores the intra-tumoral cell heterogeneity, by which
neuroendocrine differentiation (NED) mirrors hormone resistance and contributes to pro-
gression. Neuroeondocrine products and their receptors are current targets in ongoing
clinical trials as therapies and/or targets for molecular imaging of metastases. The central
hypothesis is that circulating markers reflect the increasing contribution of neuroendocrine
(NE) cells during the progression of the disease and are traceable in liquid biopsies (whole
blood), exemplifying extensive NE tumour heterogeneity. It was tested by investigating
NE-products in primary tumour foci, followed by their transcripts in liquid biopsies of
patients with advanced disease. Nuclear algorithms were used to analyze 5 different NE-
markers in the prostate from patients who received neo-adjuvant ADT prior to radical
prostatectomy (RP). Several patterns were observed, corroborating highly heterogenous
subpopulation of NE cells in both benign glands and tumour foci. Mining of 35 NE-
related genes in six transcriptomic datasets confirmed their significant association with
disease progression and predominance expression in diverse types of metastases. The 17
most over-expressed transcripts in a series of 35 transcripts were assayed by RT-qPCR in

the blood of 15 mCRPC patients and 8 healthy controls. 10 patients over-expressed at



least one NE-related gene, providing 9 unique NE signatures. A high overlap of com-
monly over-expressed genes was found in the datasets and liquid biopsies, suggesting
a favorable signature to be studied further. Our findings highlight our ability to detect
NED with new, non-invasive methods in the blood of mCRPC patients and support that
disease progression correlates with signatures involving NED. Taken together, these NE
signatures not only emphasize the importance of the NE cell subsets when combatting the

most aggressive form of the disease but may also open the door to Precision Medicine.
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Abrégé

Le cancer de la prostate (CaP) est une maladie mortelle pour les patients de haut risque,
ceux qui ont des métastases au moment du diagnostic, et ceux qui récidivent biochim-
iquement (BCR) suite a des traitements curatifs pour un cancer localisé. Alors que la ma-
jorité de ces patients répondent favorablement aux thérapies éliminant et/ou bloquant
I'action des androgenes (ADT), ils rechutent inévitablement tous, deviennent résistants
a la castration (CRPC), puis progressent davantage et décedent d"un cancer métastatique
(mCRPC). L'hétérogénéité clinique du CaP souligne I’hétérogénéité cellulaire intra-tumorale,
dont la différenciation neuroendocrine (NED) reflete la résistance aux androgenes et con-
tribute a sa progression. Certains produits issus des cellules neuroendocrines (NE) et
leurs récepteurs sont présentement des cibles thérapeutiques en cours d’essais cliniques,
et/ou servent de base pour la détection des métastases par imagerie moléculaire a des
tins pronostiques et thérapeutiques. L'’hypothese centrale veut que plusieurs marqueurs
circulants refletent la contribution croissante des cellules NE lors de la progression de la
maladie et qu’ils soient tragables dans les biopsies liquides (sang entier) des patients, il-
lustrant ainsi la grande hétérogénéité des cellules NE dans les tumeurs et métastases. Elle
a été testée en étudiant divers produits NE dans les foyers tumoraux de la prostate, suivie
de I’analyse de transcrits NE dans les biopsies liquides de patients au stade avancé du
CaP. Des algorithmes ont été utilisés pour analyser cinqg marqueurs-NE dans la prostate de
dix patients ayant recu de I’ADT néo-adjuvante avant leur prostatectomie radicale (RP).
Plusieurs patrons d’expression ont été observés, appuyant ainsi la grande hétérogénéité

de la population NE, dans les glandes bénignes et les foyers tumoraux. L’analyse bio-
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informatique de 35 génes-NE dans six bases de données de transcrits accessibles publique-
ment a confirmé une association significative avec la progression de la maladie et la
prédominance de leur sur-expression dans diverses métastases. Les 17 genes NE les
plus sur-exprimés ont été testés par RT-qPCR dans le sang de 15 patients mCRPC et 8
contrdles en santé. Dix patients sur-expriment au moins un géne NE, générant 9 NE-
signatures uniques. Un grand chevauchement des genes NE communément sur-exprimés
a été trouvé dans les bases de données et les biopsies liquides, suggérant une signature
prometteuse a confirmer lors d’études a venir. Nos données soulignent notre capacité a
détecter la NED dans le sang de patients mCRPC par des méthodes nouvelles et non-
invasives et supportent que la progression de la maladie correle avec des signatures im-
pliquant la NED. Pris dans leur ensemble, ces signatures NE ne mettent pas seulement
I'emphase sur I'importance des sous-populations de cellules NE lorsque les patients com-
battent la forme la plus agressive de la maladie mais peuvent ouvrir la porte a la médecine

de précision.
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Chapter 1

Introduction

1.1 The Prostate

The human prostate is a walnut-sized organ at the base of the urinary bladder. It is the
site of three major causes of morbidity: prostatitis, benign prostatic hyperplasia (BPH),
and prostate cancer (PCa). The prostate gland is the largest accessory gland of the male
urogenital or reproductive system. It functions to secrete a thin, alkaline fluid that forms a
portion of the seminal fluid [1]. This prostatic fluid is rich in enzymes, proteins and miner-
als that help protect and nourish sperm cells. Hormones, including peptides and proteins
produced by the hypothalamus eg., luteinizing hormone-releasing hormone (LHRH) and
the pituitary gland eg., luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
along with androgens produced by the testis and adrenal glands control the function of
the prostate.

The most commonly used nomenclature to describe the structure of the human prostate
is that of McNeal [2], as seen in Figure 1.1. The prostate was divided into three major his-
tologically distinct and anatomically separate areas. These areas are the non-glandular
tibromuscular stroma that surrounds the organ and the two glandular regions, called

peripheral and central zones. The central zone consists of the base of the prostate and



surrounds the ejaculatory ducts and has little contribution in the occurrence of the dis-

ease.

Proximal urethra

Central zone

Figure 1.1: Anatomy of the Human Prostate

(Left): showing the ejaculatory ducts (ED), seminal vesicles (SV), and anterior fibromuscular
stroma (AFS). (Right): showing the urethra and bladder in relation to the three major glandular
regions [1,3].

The peripheral zone makes up the remainder of the gland, while surrounding most
of the central zone and extending caudally to partially surround the distal portion of the
urethra. The peripheral zone ducts consist of small, simple round to oval acinar struc-
tures that empty into long narrow ducts surrounded by a stroma of loosely arranged
muscle bundles. Glandular acini in the peripheral zone are the main site for prostatitis
and PCa [1].

McNeal also identified an additional, smaller, glandular region that surrounded the
prostatic urethra, called the transition zone and extending between the bladder and the
verumontanum. It is a small volume of the prostate, comprising of only 5% of the normal

organ and is the principal site of BPH pathogenesis [2].



1.2 Prostate Cancer

PCa is the first most common non-cutaneous cancer in men in the Western World and
the third leading cause of cancer-related deaths among Canadian men [4]. Since the mid
1900’s, the prostate in ageing men has become a major site for medical problems. Accord-
ing to Prostate Cancer Canada statistics, an estimated 1 in every 9 Canadian men in 2019
will have been diagnosed with PCa in their lifetime. Further, for every 63 men diagnosed,
11 men will die from the disease. If detected early, the survival is close to 100 percent. If
detected late, 3 out of 4 men will die.

In 1941, Huggins and Hodges initially proved that PCa growth was androgen-regulated
and responsive to ADT achieved by surgical castration [5]. Hence due to tumour het-
erogeneity, certain androgen-independent tumour cells emerge under treatments, while
some subsets become androgen-insensitive. Although a majority of patients treated by
surgery or radiation therapy remain cancer-free over time, about 30% experience a bio-
chemical recurrence (BCR) and require systemic treatments. At this point, PCa progres-
sion becomes inevitable and lethal, as patients fail successive lines of treatments, resulting
in palliative care and death from the disease. Newer and more effective targeted therapies

are a primary concern for researchers in the field of PCa.

1.2.1 Detection and Diagnosis

During the detection and diagnosis process, a doctor or specialist, primary urologist may
perform a digital rectal examination (DRE), along with a prostate specific antigen (PSA)
test in blood. PSA is a prostate specific serine protease normally released into the seminal
fluid to keep the seminal plasma fluid from lysing the seminal fluid protein, seminogelin,
during the process of semen liquefaction [6]. PSA is produced by the luminal cells of the
prostatic epithelium and in well-differentiated cancer cells.

The introduction of PSA screening in the late 1980s and early 1990s has led to an earlier

detection of PCa [6,7]. It is now considered a validated serum PCa biomarker, with the



greatest limitation being that it is not specific for PCa alone. It is not used for diagnosis,
but instead for progression and response to therapy. Values within the range of 4-10
ng/mL would be commonly observed in BPH cases. Pathological and histological biopsy
tests coupled with a suspicious DRE would confirm the diagnosis. The challenge remains:
still to define firm biomarkers that specifically signal cancer initiation and/or progression
to metastasis.

With advanced genomic and proteomic technologies, there has been a growth in PCa
biomarker research, showing promise in both improved sensitivity and specificity. Newer
generations of biomarkers can be tested via liquid biopsies (serum, urine, blood) or with
tissue-based assays that are Food and Drug Administration (FDA) approved. The iden-
tification and characterization of the disease have become increasingly precise through
improved risk stratification and advances in magnetic resonance and functional imaging,
as well as from the emergence of biomarkers. However, to this day PSA remains the
standard biomarker, while some biomarkers included in circulating tumour cells (CTCs),

microRNAs, and exosomes are in their infancy [8].

1.2.2 Grading and Staging

The standard approach for grading PCa relies on the Gleason score (GS), which was intro-
duced about 50 years ago and has achieved worldwide acceptance. The Gleason system
was specifically designed to take histological heterogeneity into account, making it an
outstanding predictor of prognosis for patients. It was developed in 1966, by Donald F.
Gleason and consists of five grades or patterns, as seen in Figure 1.2 [9]. This classifica-
tion system looks at the differentiation of cancer cells and how they differ from normal
cell types and glandular acini, with the lowest grades showing well-differentiated cells
and representing the least aggressive prognosis. For analysis, the most commonly occur-
ring grade is added to the second most common grade to give the GS. The scores are then

grouped together, known as a Group Grade as seen in Figure 1.2 [9].



In 2014, the International Society of Urological Pathology (ISUP) made the most recent
changes to this grading system. Some of which include classifying all cribiform cancer
and glomeruloid patterns as Gleason Grade 4, the grading of mucinous adenocarcinoma
based on underlying architecture rather than uniformly considering these tumors as pat-
tern 4, and the introduction of a GS - based 5 grade system [10]. The designated ISUP
grade consists of five grades: grade 1 (GS < 3+3), grade 2 (GS 3+4), grade 3 (GS 4+3),
grade 4 (GS 4+4, 3+5, 5+3), and grade 5 (GS 9-10 from 4+5, 5+4, and 5+5) [10].

Grade Group 1; 3+3= 6 or less than 6; low grade. The cancer cells are well-
1 differentiated. They act and are arranged much like normal prostate cells. The
glands in the prostate are still seen. The cancer is growing very slowly.

Grade Group 2; 3+4 = 7; low-intermediate grade. The cancer cells are
moderately differentiated. They look different than normal cells but aren’t as
abnormal as poorly differentiated or undifferentiated cells seen in highest
Gleason patterns below. The cancer may grow very slowly.

Grade Group 3; 4+3 = 7; high-intermediate grade. The cancer cells look
different than normal cells but aren’t as abnormal as poorly differentiated or
undifferentiated cells. The cancer is growing at a moderate pace.

Grade Group 4; 4+4, 3+5, 5+3 = 8; high grade. The cancer cells are poorly
differentiated. They look, act and are arranged very differently than normal
prostate cells. The glands in the prostate cannot be seen well. The cancer is
growing quickly and is likely to spread.

Grade Group 5; 4+5, 5+4, and 5+5; very high grade. The cancer cells are
undifferentiated. They are very abnormal. The cells act and are arranged very
differently than normal prostate cells. The glands in the prostate can’t be
seen well. The cancer is growing very quickly and is more likely to spread.

Figure 1.2: Gleason Grading System
Prostatic adenocarcinoma (histological patterns) according to Gleason Grading System inclusive

of grading Group system for scoring, and respective descriptions [9].

The most common staging system for PCa is the tissue, node, metastasis (TNM) sys-
tem. The TNM combinations are then grouped into 4 stages, with the highest stage num-
ber being the most spread cancer. (T) describes if the tumour has grown outside of the
prostate to the surrounding tissue and is usually assigned a number from 1 to 4, with the

higher number meaning that the tumour has grown outside the prostate. (N) describes
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lymph node (LN) near the prostate where cancer cells have spread. NO is negative for LN
and N1 is positive for LN. (M) represents metastasis and describes whether or not the
cancer has spread to other parts of the body. MO is negative for metastasis, whereas M1
represents a positive metastasis.

Stage 1: (T1 or T2a, NO, M0)

e The cancer was found in the tissue upon prostate biopsy consisting of 12 cores in
general, numbered according to their location within the organ. (T2a) is when the

tumour is in one lobe of the prostate and takes up one-half or less of the lobe.
Stage 2: (T2b or T2c, NO, M0)

e The tumour is in more than half of one lobe (T2b) or in both lobes (T2c) or the

prostate.
Stage 3: (T3 or T4, NO, M0)

e The tumour has grown through the capsule and either into the lower part of the

bladder or into one or both seminal vesicles (T3).

e The tumour has attached to or grown into any of the following (T4): rectum, external

sphincter of the anus, levator muscles of the pelvic floor, pelvic wall.

Stage 4: Any (T, N1, M0) or any (T, NO, M1)

1.2.3 Treatment

Patients diagnosed with PCa have a variety of options, depending on the stage of cancer,
the grade or Gleason score, as well as the overall health status and life expectancy. Pa-
tients with low-risk cancer may be offered active surveillance and delayed treatments if
there is evidence of progression upon re-biopsy and increase in blood PSA levels. During
active surveillance, the doctor surveys for any signs and symptoms of cancer progression,

while tests are administered every 3-6 months. Patients with a medium to high risk have
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the option of undergoing curative therapies, such as a radical prostatectomy (RP) and/or
radiation therapy. RP implies the removal of the prostate and some surrounding tissues,
including the seminal vesicles and in some instances, the pelvic lymph nodes. Surgery
and radiation continue to be effective treatments for men with more significant cancer,
such as those with a PSA level greater than 10 ng/mL [11].

Systematic treatments are reserved for patients with locally advanced or non-organ
confined disease at diagnosis and patients who fail curative therapies, as monitored by
detectable blood PSA during follow-up. This is commonly referred to as BCR, and occurs
in about 30% of patients. ADT then becomes standard of care for all patients. Further
recurrence during ADT implies that patients become castration resistant, referred to as
CRPC, with PSA blood levels rising when testosterone is at zero. Currently, these pa-
tients continue to receive ADT until they progress to metastatic CRPC (mCRPC). In this
scenario, the PSA levels of a patient will continue to rise, even though no metastases
are detected upon imaging. Agents targeting androgen synthesis like Abiraterone and
blocking and competing for androgen binding to the androgen receptor (AR), such as
Enzalutamide, both inhibit its signalling pathway. These are the most up to date lines of
therapy introduced in mCRPC patients remaining on ADT [12].

Taxane-based therapy with docetaxel and more recently cabazitacel, along with im-
munotherapeutic agent sipuleucel-7*, and the radiopharmaceutical radium-223 chloride
(Ra-223) have proven survival benefits in CRPC patients [13]. Further, there are several
ongoing clinical trials with new and innovative drugs for more complete inhibition of ei-
ther androgen synthesis or blocking and competing for binding to the AR. As of 2017, the
median survival has improved for men with metastatic disease and is now 5 years, due to

the early administration of chemotherapy and the aforementioned therapeutic drugs [11].



1.3 Resistance to Therapy

As previously mentioned, about 30% of patients will experience a BCR after receiving
the gold standard hormone treatment, being ADT. It is a constant battle between vary-
ing lines of therapy, and cells acquiring resistance and immune-tolerance to these drugs.
There are endless ways that this might be accomplished. One such possibility is that the
tumour cells might convert into a different histological subtype that is associated with a
loss of dependency on the original oncogenic driver. Another possibility could be that the
drug or therapy given to the patient, might not be specific or even targetable to the phe-
notype of the patient’s cancer cells. For PCa specifically, there are several studies looking
at the correlation between the effectiveness of hormone therapy (involving androgens)
and plasticity or heterogeneity of the tumour cells. A subset of CRPC cases appear to
be AR-independent, with minimal to no AR expression in some cancer cells of prostatic
tissues. These tumours may be highly heterogeneous and display a specific NE pheno-

type [14-16].

1.3.1 Function and Effect of Androgens on Prostate Cancer

Prostate cancer cell growth and survival depends on androgens, the major ligands for
the AR. Testosterone is the primary circulating androgen, with approximately 90% pro-
duced by the Leydig cells in the testes and 10% produced by the adrenal cortex. Testos-
terone is converted to dihydrotestosterone (DHT) by the 5a-reductase enzyme present
in prostatic luminal cells. DHT and to some extent testosterone can both bind to the
AR in prostate cells, although DHT has greater affinity for AR, via the ligand binding
domain (LBD) of the AR protein as seen in Figure 1.3. This binding causes a conforma-
tional change that leads to dissociation of the HSP90 (heat shock protein 90) complex,
homo-dimerization of the receptor, translocation to the nucleus, and through its DNA
binding domain, then binds to androgen-response elements (AREs) in the promoter re-

gion of androgen-regulated genes and activate their transcription [17,18]. For instance,



nuclear AR binds to the promoter of the KLK3 gene encoding PSA and whose transcrip-
tion is primarily driven by androgens in androgen-sensitive and/or -dependent prostate

cells.
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Figure 1.3: Canonical Full-Length Wild Type AR Exons and Domains in the Encoded
Full-Length Protein [19]
Top: Exon structure of the AR gene. Bottom: Protein domains of the full-length wild-type AR

showing which exon encodes for which domain. Additional minor domains are indicated [19].

Although most patients respond well to ADT, they inevitably fail, become CRPC, fur-
ther progress, and die from mCRPC. The primary mechanism of resistance of prostate
cancers involves the androgen/ AR axis. Tumour cells that survive ADT, grow and may
differentiate despite inhibition of steroid synthesis and blockade of androgens/ AR bind-
ing which effectively prevents downstream signalling in the canonical pathway [18, 20,
21]. This pathway is central to the development and pathogenesis of CRPC. Some mech-
anisms that ultimately alter AR axis signalling, disease progression, and treatment resis-
tance can be stratified into AR-dependent and AR-independent resistance mechanisms.
AR-dependent resistance mechanisms include AR amplification, AR point mutations, ex-
pression of constitutively active AR splice variants, and altered intra-tumoral androgen
biosynthesis [17,18,20]. Truncated mutants, as well as splice variants lacking the LBD
are constitutively active and resistant to many AR-targeted therapies [22-25]. There have
been an extensive amount of studies indicating that out of all the variants, the greatest
effect of resistance against therapies come from AR-V7 [19,26,27]. At least 22 AR-Vs have
been described (some of which are seen in Figure 1.4 with AR-V3, AR-V7/AR3, AR-V9,

9
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Figure 1.4: Known AR-Variants (V) Lacking Specific Domains [19]

Inset: A simplified schematic of the gene encoding for AR with designated cryptic and canonical
exons as well as intronic sequences known to be integrated into alternatively spliced AR protein
products. Main: The subset of AR-Vs known to lack the LBD are shown above with the translated

sequences represented on the left and the name(s) of the corresponding variant on the right [19].

and AR"%** currently clinically identifiable from prostate tumour tissues and CTCs in
blood associated with CRPC [28-31]. All AR-Vs lacking the LBD do contain the full N-
terminal domain and at least one exon of the canonical DNA-binding domain and may
thus activate gene transcription. Of note, AR-V5 and AR-V6 are distinct variants that
contain different translated 3’ sequences of cryptic exon 2 [19].

As a result of the mutations, no clinical therapy to date completely addresses AR-
independent pro-tumoural activity. The AR-Vs production, activity, and enrichment dur-
ing disease progression emphasize a clinical need for AR inhibitors that target non-LBD
sites, as seen in Figure 1.5. There are already many treatments that target the LBD.

Gonaotropin-releasing hormone (GnRH) agonists (leuprolide or goserelin), in addition to
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Figure 1.5: Current Androgen/AR-targeted Treatments in Clinical Use or in Development
[19].

androgen biosynthesis inhibitors (like abiraterone acetate), block testosterone-mediated
activation of the AR. 5-a reductase inhibitors (finasteride or dutasteride) may have a
role in a combination therapy to prevent testosterone conversion to its higher affinity
form, DHT. Anti-androgens (bicalutamide, nilutamide, and flutamide) are competitive
inhibitors of AR ligand binding domain. Direct AR inhibitors such as enzalutamide, apa-
lutamide, or darolutamide, block androgen binding to the AR LBD to prevent AR activa-
tion. Even though, N-terminal and DNA-binding domains are targets for AR inhibition,
there are no clinically approved therapies specifically targeting these domains. However,
several studies are looking at developing such a drug, for example the NTD-directed EPI-
001 series or the DBD-targeted VPC-14449 [19].

1.3.2 Plasticity and Tumour Cell Heterogeneity

A tumour, or cluster of cancer cells consists of varying degrees of molecular phenotypes.
Cancer cell plasticity can be defined as the ability of a cell to substantially modify its iden-
tity and acquire new phenotypic traits that more closely resemble a distinct developmen-

tal lineage. Such plasticity is increasingly recognized as having a key role in drug resis-
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tance and metastasis, two major causes of cancer mortality [32-34]. Phenotypic and func-
tional heterogeneity may arise among cancer cells as a consequence of genetic changes,
environmental differences or stress, and reversible changes within cell properties, causing
cancer cell plasticity. There are two main types of tumour heterogeneity: intra- and inter-
tumoural heterogeneity, both of which play an equally important part in the therapeutic
resistance of PCa treatments.

Lineage plasticity, the ability to transition from one committed developmental path-
way to another, has been proposed as a source of intra-tumoural heterogeneity and of tu-
mour adaptation to an adverse tumour microenvironment including exposure to targeted
anticancer treatments [22,32]. One such transition is epithelial to mesenchymal transi-
tion (EMT), which is a loss of epithelial phenotype and induction of mesenchymal char-
acteristics. This is known to be associated with the increased capacity of tumour cells to
migrate and invade other tissues [35]. Another well-known pathway of lineage plasticity
in cancer is the histological transformation of adenocarcinomas, for example PCa, to ag-
gressive NE derivatives. This was originally found in lung cancers harbouring an EGFR
mutation, and was subsequently reported in PCa in the presence of anti-androgens [32].
In their study, Zou et al. provided evidence of plasticity in a Tp53-knockout and Pten-
knockout mouse model of PCa in which tumours were less durably responsive to the anti-
androgen abiraterone than their counterparts from a Pten-knockout mouse model [36].
Tumours deficient in p53 and PTEN displayed a variety of histological subtypes, includ-
ing squamous, sarcomatoid, small-cell NE-like and other non-adenocarcinoma pheno-
types, which were not found in the single Pten-knockout model [36].

Multiple mechanisms of resistance to anti-androgens have been described in patients,
some but not all of which include loss of AR expression. Mechanisms in therapy-resistance
PCa exhibiting the AR loss include the following: NE transformed prostate tumours, tu-
mours with altered tyrosine kinase signalling (FGFR and MAPK) showing stemness char-
acteristics and sensitivity to the inhibition of these kinases [37]; and tumours with up-

regulation of KMD1A (or LSD1), a histone demethylase that regulates this gene expres-
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sion in stem cells [38]. In tumours resistant to anti-androgen therapy while retaining AR
expression, a subset of patients has been described to have an intermediate adenocarcinoma-
NE phenotype, displaying transcriptomic hallmarks of NE tumours, all while having
a high AR expression [39]. Some important transcripts or families that are known to
be involved with the NED transition include the MYC family members, RB1 and TP53,
AKT-mTOR signalling pathway, SOX family members, and several other lineage plasticity
drivers like AURKA and FOXA1 [14,40-44].

Cooperativity between

RB1loss, PTEN loss, Transdifferentiated Potential further
TP53 alteration, NKX3.1 loss. AR-negative/NE-positive: < lineage
Cooperativity between AR, PSA negative; Jeprogramming
MYCN, AURKA amplification. CGA, SYP, NSE positive. \
FOXAT loss, FOXA2 gain. \
BRNZ2 gain. \
Downstream EZH2, Alternative splicing by \
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Figure 1.6: Model of Therapy-Induced Prostate Cancer Cell Lineage Plasticity [22]

Treatment of adenocarcinoma with ADT or AR-targeted therapy ultimately leads to therapy re-
sistance through multiple mechanisms. ADT: androgen deprivation therapy; AR: androgen re-
ceptor; BRN2: POU Class 3 Homeobox 2; CGA: Chromogranin A; EZH2: Enhancer of zeste 2
polycomb repressive complex 2 subunit; GFG: Fibroblast growth factor; FOXA1: forkhead box
protein Al; FOXAZ2: forkhead box protein A2; GR: glucocorticoid receptor; MAPKs: mitogen-
activated protein kinases; MYCN: neuroblastoma-derived v-myc avian myelocytomatosis viral
related oncogene; NE: neuroendocrine; NKX3.1: NK3 homeobox 1; NSE: neuron-specific enolase;
PSA: prostate-specific antigen; PTEN: phosphatase and tensin homolog; RB1: retinoblastoma 1;
SOX: sex-determining region Y-box; SRRM2: serine/arginine repetitive matrix 2; SYP: synapto-
physin; TP53: tumour protein p53. Note: This figure was adapted from [22]. The acronym’s used
in my thesis for chromogranin A (CHGA) and neuron-specific enolase (NSE or ENO2) may differ

from those in the figure.
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There are several models explaining theories of how this phenomenon of plasticity
ultimately leads to intra-tumoural heterogeneity. This was first noted based on tumour
cell morphology by experimental pathologists in the 1800s. Aside from cellular mor-
phology and tumour histology, improved technology uncovered additional molecular
features including variation in cell surface markers, genetic abnormalities, growth rates,
and responses to therapy [45,46]. One of the popular models explaining cancer cell plas-
ticity is the cancer stem-cell model. This model suggests that some cancers are orga-
nized into a hierarchy of subpopulations of tumourigenic cancer stem cells (CSCs) and
their non-tumourigenic progeny [47]. Evidence from both experimental models and clin-
ical studies indicate that CSCs survive against several commonly used cancer therapeu-
tics. Moreover, the properties and transcriptional signatures specific to CSCs are highly
predictive of overall patient survival pointing to their clinical relevance [48]. However,
there are still many challenges to represent and prove the validity of this model. There
is difficulty replicating solid-cancer stem-cell markers and inter-patient variability from
xenograft models were unclear about what if the majority or minority of cancers follow
this model [49]. New experimental approaches such as genetic mapping in the cancer
cells of tumours growing in mice models, as well as transplantation assays to evaluate
the potential of cancer cells to form tumours may help to address the uncertainty of this
model. Further attempts to explain how tumour cells gain plasticity, and ultimately how

this leads to resistance of therapies are underway.

1.4 The Neuroendocrine Phenotype

The normal prostate glandular acini consists of three main cell subtypes: luminal, basal,
and stem cells, with very few NE cells. A mature prostate epithelium contains several
distinct cell types that differ in their morphology, as seen in figure 1.7. The luminal cells
are tall columnar epithelial cells that express cytokeratins 8 and 18, as well as secretory

proteins such as PSA [50]. Below the luminal layer are the non-secretory basal cells that
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line the basement membrane and express CK5 and CK14. The basal cells express low
or undetectable levels of AR compared to the luminal cells, nearly all of which express
high levels of AR. Stem cells are believed to be housed in this cell layer, although they
are not detected per se, due to a lack of markers distinguishing them from their daughter
cells. Finally, the rare NE cells correspond to basally localized cells that express secreted
neuropeptides and other hormones. They are found to appear slightly more in the tran-
sitional and peripheral zone of the prostate, and are lacking in the central zone. There
are two different morphological types of NE cells: the open-type cells and the closed-type

cells as seen in Figure 1.7 [50].

Intermediate Luminal Neuroendocrine Basal
cell cell cell cell

Basement
membrane

Epithelium

Smooth
muscle

Stroma

Fibroblast Endothelial Neuron
cell

Figure 1.7: Epithelial Cell Types in the Normal Prostate [50]

Schematic representation of cell types in the adult prostate. The epithelial compartment is com-
posed of basal cells that line the basement membrane, secretory luminal cells, and rare intermedi-
ate and NE cell subpopulations. These epithelial ducts are adjacent to a stromal compartment that
includes smooth muscle cells, fibroblasts, and vascular and neural components and inflammatory

cells [50].

The open-type possess long surface microvilli through which the cells reach the lumen
and receive luminal stimuli (pH, chemicals). It was actually hypothesized that when these
NE cells open to the lumen, their secretory products may be found in the seminal fluids.
The closed-type NE cells have lateral processes through which the cells can contact the

adjacent luminal and basal epithelial cells (luminal and basal) and receive stimuli from
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nerve ending, neighboring blood vessels and underlying stromal cells. Usually these cells
are not recognized under the light microscope or by hematoxylin and eosin staining, but
can easily be seen by immunohistochemistry (IHC) staining with specific markers such
as synaptophysin (SYP), chromogranin A (CHGA), and neuron-specific enolase (NSE).
However, in general NE cells are sparse and sometimes found in clusters or nests’.
Neuroendocrine cells receive neuronal input (neurotransmitters released by nerve
cells or neuro-secretory cells) and, as a consequence of this input, they release message
molecules (hormones) into the blood. As part of a diversified NE system, the NE cells
in the prostate secrete a variety of molecules, hormones, or peptides, such as serotonin
(5-HT), histamine, CHGA, calcitonin (CALCA), and other members of the calcitonin fam-
ily, neuropeptide Y, vasoactive intestinal protein (VIP), bombesin/ gastrin-releasing pep-
tide (GRP), also best known as bombesin, its amphibian analog, parathyroid hormone-
related protein, NSE, thyroid stimulating hormone-like peptide, somatostatin (SST), VEGF-
A and others [51-54]. Although the physiological functions have not yet been fully un-
derstood, it is thought that prostatic NE cells are involved with regulation, secretion,
differentiation, and proliferation of prostatic secretory and basal cells through exocrine,
endocrine, paracrine and autocrine mechanisms [51,55]. A role in reproduction cannot be

excluded due to the presence of NE-products in the seminal plasma.

1.4.1 Neuroendocrine Classification

In 2004, the World Health Organization (WHO) created a classification of tumours of the
urinary system and male genital organs. This current histological classification of NE tu-
mours of the prostate includes: (1) focal NED in conventional prostate adenocarcinoma;
(2) carcinoid tumour (WHO well-differentiated NE tumour); and (3) small cell NE carci-
noma (new WHO classification, poorly differentiated NE carcinoma) [56]. All PCa shows
focal NED, although the majority only shows rare or sparse single NE cells. It is known

that about 5-10% of prostatic carcinomas contain zones with a large number of single or
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PSA NE Markers Ki67

PCa. Positive Scattered + cells Not increased in NE cells
PCa. with Paneth cell NE Variably positive Diffuse positive in Paneth cells Few cases studied —not increased
differentiation
Carcinoid-like tumor Usually™ positive Positive Not studied
Carcinoid tumor Negative Diffusely positive Usually low
Rarely increased (typically <5%—
20%)
SC carcinoma Usually negative or scattered Positive in ~90% of cases > 50%, typically >80%
positive cells
LC NE carcinoma Usually negative but may be Diffusely positive Usually >50%
positive
Mixed NE (SC/LC) usual PCa. Same as above for each Same as above for each Same as above for each component
component component

*
Results refer to carcinoid-like areas. Tumors usually associated with usual prostatic adenocarcinoma.

PCa. indicates adenocarcinoma; SC, small cell; LC, large cell.

Table 1.1: Classification of NED in Prostatic Tumours [51]

clustered NE cells detected by CHGA immunostaining. Besides 5-HT, positively stained
proteins found in these NE cells include NSE, SYP, bombesin/ GRP and VEGF-A [56].

Although the WHO neuroendocrine classification is analogous to other organs, it does
not account for the unique aspects of NED in PCa. With new clinical and molecular data
emerging from patients overcoming hormone therapies, this highlighted a need for a re-
finement of diagnostic terminology to encompass the full spectrum of NED. In 2013, the
Prostate Cancer Foundation assembled a working committee on the molecular biology
and pathologic classification of NED in PCa. The re-defined pathological classification
includes: (1) usual prostate adenocarcinoma with NE differentiation; (2) adenocarcinoma
with paneth cell NE differentiation; (3) carcinoid tumour; (4) small cell carcinoma; (5) LC-
NEC (large cell neuroendocrine carcinoma); (5) mixed (small or large cell) NE carcinoma
- acinar adenocarcinoma [51,57].

The newly proposed classification of NE prostate carcinoma is outlined in table 1.1
[51], as well as the morphological features of each classification in Table 1.2 [57]. In cur-
rent practice, NE cells are defined by IHC positivity for either SYP, CHGA, or CD56 (also

known as NCAM1). Even though only about 10% of untreated usual prostate adenocarci-
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WHO (2004) Epstein et al.

Histologic classification Histologic classification Morphologic features
Focal NED in conventional  Usual prostate adenocarcinoma  Usual acinar or ductal adenocarcinoma of the prostate in which
prostate adenocarcinoma with NED NED is demonstrated by IHC alone
Adenocarcinoma with Paneth cell Intense eosinophilia with large cytoplasmic granules
NED
Carcinoid tumor Carcinoid tumor Uniform appearance of well-differentiated cells; rare mitoses
Small cell NE carcinoma Small cell carcinoma Sheets of uniform cells, frequent mitoses, high nuclear/
cytoplasmic ratio
Large cell NE carcinoma Large cells, extensive
Mixed (small or large cell) Biphasic carcinoma with distinct admixed components of NE
NE carcinoma—acinar (small cell or large cell) carcinoma and usual conventional acinar
adenocarcinoma adenocarcinoma; rarely, the adenocarcinoma component may

have ductal or other variant features

NED, Neuroendocrine differentiation; IHC, immunohistochemistry; NE, Neuroendocrine.

Table 1.2: Morphological Features of NED [57]

nomas shows focal NED, it is a highly heterogenous phenotype, specifically in PCa. The
de novo NE tumours of the prostate, which are composed of exclusively NE tumour cells
without history of prostate adenocarcinoma are very rare. The tumours that fit into this
category include the aforementioned carcinoid tumour, small cell carcinoma, and large

cell NE carcinoma of the prostate [57].

1.4.2 Models of Neuroendocrine Prostate Cancer

In the 1990’s, a team of scientists created a transgenic mouse model of metastatic prostate
cancer originating from NE [58]. At this time, experimental models to explore the role
of NE cells in PCa were not available, with the majority of research being conducted
by using human tissue samples, human cell lines, and animal models of sporadic natu-
rally occurring disease. Garabedian, et al., were able to develop a new transgenic mouse
model in which SV40 T-Ag was produced in members of the NE cell lineage resulting in
metastatic PCa. By using a rat probasin gene promoter in the transgenic adenocarcinoma
mouse prostate (TRAMP) model, they were able to restrict expression of SV40 T-Ag to
secretory cells in the dorsal and lateral lobes of the prostate. What they found was that

progression of PCa generated by SV40 T-Ag in mouse NE cells did not require androgens
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Name or Origin of cells Histology Evidence of plasticity
characteristic
Cell line
NCI-H660 Lymph node metastasis from NA Dependency on EZH2

a patient with small-cell

prostate cancer
GEMMs
Rb1 deletion Mouse prostate epithelium Mixed adenocarcinoma and NEPC (SYP*) cells EZH2 inhibition reverses antiandrogen
and Pten loss (enzalutamide) resistance
Tp53 deletion ~ Mouse prostate epithelium  Divergent differentiation, including squamous, Lineage tracing demonstrates that
and Pten loss (luminal cells) sarcomatoid, and small-cell NE-like (SYP'CHGA")  luminal adenocarcinoma cells give

Mycn induction

Mouse prostate epithelium

cells

Foci of poorly differentiated carcinoma with

rise to NE tumours in response to
antiandrogen (abiraterone) treatment

Upregulation of AR-regulated genes

and Pten loss divergent differentiation, including sarcomatoid  following EZH2 inhibition
and small-cell NE (CHGA") cells
Xenografts
MYCN Human prostate epithelium  Divergent differentiation, including small-cell ~ Upregulation of epigenetic regulators

induction and
AKT activation

PDX
LTL331R

PDX adenocarcinoma
(LTL331)

NE and mixed NE-acinar adenocarcinoma
(SYP*CHGA*NCAM1*) cells

NEPC (SYP*CHGA'CD56") cells

(EZH2 and DNMT1); CSC features

Rapid emergence of NE tumour
following castration

Table 1.3: Plasticity in NEPC Models [14, 36, 59-63]

and that the FVB/N CR2-T-Ag mice provided a model of NE cancer whose progression
could be followed from initiation to advanced metastatic disease [58].

In an extensive review, Davies, et al. summarized an up-to-date review of the various
accepted models used to study neuroendocrine prostate cancer (NEPC) [59], as seen in
table 1.3. Notably, data from in vitro and in vivo human PCa models, as well as genetically
engineered mouse models (GEMMs), support that lineage switch from epithelial cells to
NE cells makes tumours less dependent on the AR, enabling them to escape inhibition of

the AR pathway.
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There are two hypotheses addressing the origin of NEPC: one suggesting that normal
NE cells undergo oncogenic mutation, and the other suggests that adenocarcinomas un-
dergo lineage conversion to the NE phenotype via genetic or epigenetic dys-regulation.
Irrespective of their origins, the models were shown to share consistent molecular or epi-
genetic features.

Some of the common molecular features include:

low or absent AR signalling [14,51,57, 64, 65]

RB1 loss (70-90%) [14, 66]

TP53 loss (56-67%) [39, 66]

MYCN amplification (40%) [39]

ERG rearrangements (50%) [67]

e up-regulation of BRN2 [68], SOX2 [69,70] and PEG10 [71]

down-regulation of REST [72,73]
Some of the common epigenetic features include:

e up-regulation of DNA methyltransferases and altered DNA methylation [14];

e up-regulation of enhancer of zeste homologue 2 (EZH2) and Polycomb-mediated

gene silencing [14, 74].

Researchers generally agree that lineage plasticity contributes to the acquisition of the
CSC phenotype, but its involvement in the emergence of NEPC is still under debate. No
direct evidence supports that NEPC arises from the expansion of resident CSCs and /or
NE cells within a heterogeneous tumour (as would be expected for a hierarchical model)
or from the transdifferentiation of adenocarcinoma cells via a CSC intermediate (as would

be expected for a dynamic transdifferentiation model) as seen in Figure 1.8.
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Figure 1.8: Hypothetical Models of NED in response to AR Pathway Inhibitors [59]

(a) The hierarchical model, showing heterogeneous tumour cells containing a varying mixture

SCs
Transformed luminal —p
epithelial cells

Migration and
invasion

of stemness and/or proliferative abilities; (b) The dynamic transdifferentiation model shows that
under pressure from the ARPIs, the luminal epithelial cells can be reprogrammed into NE cells.
The ability for migration and invasion, extent of therapy resistance, and extent of stem-like prop-
erties vary over the spectrum of adenocarcinoma to NE transdifferentiation (red indicates a high
level). [59]
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In the hierarchical model, androgen receptor inhibitors (ARIs) can reduce tumour bur-
den by eliminating the highly proliferative AR-driven cells (the luminal epithelial cells)
but not the relatively dormant AR-in-different cells (the cancer stem-like cells (CSCs)
and/or NE cells). The tumorigenic CSC population expands following ARIs treatment.
The plasticity of these cells enables them to differentiate into NE-like malignant cells,
which constitute NEPC. However, other mechanisms such as the acquisition of new mu-
tations in pre-existing NE cells could also drive the emergence of NEPC. In the dynamic
transdifferentiation model, the pressure of ARIs can cause luminal epithelial cells to be
reprogrammed into NE cells. Activation of a partial EMT endows cells with a plastic
phenotype to further progress via a transient pluripotent and stem-like state to generate

CSCs [59].

1.5 Neuro-Products and Their Potency on Cell Function

As previously mentioned, mCRPC patients that have progressed on ADT and onto fur-
ther lines of therapies have a higher prevalence of NED in their tumour composition,
resulting in adverse clinical outcomes [75]. Further evidence shows that NED in mCRPC
patients is significantly increased in LN metastases compared to the primary tumours
[76]. There are many NE-products, or intrinsic NE molecules used to detect NE compo-
nents, as previously mentioned. The main biomarkers used are CHGA, SYP, NSE, and
neural cell adhesion molecule (NCAM1).

CHGA, also known as secretory protein is an acidic protein encoded by the CHGA
gene in humans. Elevated CHGA expression levels in tissues and blood are correlated
with disease burden and poor outcomes of PCa [57,77,78]. CHGA appears to be the
most sensitive marker from literature, and is most widely used for detecting NED either
at the tissue level or in the general circulation [79-82]. acSYP, also known as P38, is an
acidic calcium binding glycoprotein closely associated with synaptic structure and func-

tion, and is an integral membrane protein of synaptic vesicles [83]. It has been reported
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that the expression level of SYP is higher in malignant prostate tissue, compared to be-
nign. Moreover, high SYP levels in tumours are associated with poor survival of patients
with prostate metastases to the bone [84-86]. In a systematic literature review by Muoio
et al., authors looked at the role of NSE in PCa progression [69]. Regarding the correla-
tion between blood NSE and PCa stage, only 3 studies demonstrated that increased PCa
stage was associated with higher NSE serum levels, especially in metastatic versus local-
ized PCa [87-89]. In light of this literature review, NSE might have a prognostic value,
but any definitive conclusion is currently not possible [90]. Lastly, NCAM1 or CD56, is a
membranous marker that plays a key role in cell-to-cell interactions [57]. Over-expression
of NCAML1 has been reported in various metastatic cancers as a promoter of cell migra-
tion, including in neuroblastoma, small cell lung carcinoma, renal cell carcinomas and

PCa [91].

1.5.1 NE Transcripts and NE-products Circulating in Liquid Biopsies

Obtaining solid biopsies at advanced stages of PCa has remained problematic in clinical
practice due to the invasiveness of the procedure. Liquid biopsy refers to the analysis of
blood or other bodily fluids to obtain clinically or biologically relevant information about
a solid malignancy, analogous to information obtained from a traditional tumour biopsy
[92]. It encompasses a broad spectrum of approaches aimed at characterizing different
fluid components including CTCs, circulating tumour DNA (ctDNA), circulating RNA,
microRNAs, and extracellular vesicles (EVs) as seen in Figure 1.9.

Some of the advantages of a liquid biopsy compared to the conventional tissue biopsy
is that it could help with the early intervention and diagnosis of a disease, risk assessment
of BCR, and treatment selection based on the presence of certain biomarkers [94]. Liquid
biopsies (blood in particular) are easy to access, less invasive than surgical removal of a
tissue biopsy, and can offer a more comprehensive cross-sectional molecular profile of pri-
mary tumours and metastases during each patient trajectory. Some of observable charac-

teristics like RNA over-expression, DNA abnormalities, variation in protein expressions
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Figure 1.9: Various Components in Liquid Biopsy [93]

A subset of aggressive tumour cells can enter the bloodstream from the primary tumour and/or
metastatic lesions. Exosomes are released by viable tumour and normal cells. Apoptotic or
necrotic tumour cells release ctDNA into the bloodstream. CTCs can further contribute to the

pool of circulating exosomes and ctDNA [93].

could all be found in a drop of patient blood and could be used to increase knowledge
about the underlying disease (e.g. tumour burden and heterogeneity), ultimately trans-
lating to improved cancer diagnosis, therapy guidance and disease surveillance. One
may also repeatedly draw blood throughout the patients’” disease for better stratification,
monitoring of therapeutic efficacy, identifying new therapeutic targets, and detect the
emergence of possible resistance mechanisms [93]. CTCs are cancer cells that are shed
by primary tumours or metastates into the blood stream. It is commonly known that an
increase in CTC enumeration is correlated with prognosis and disease burden in mCRPC

patients [95-98].
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In a study done by Khan et al., the authors investigated epithelial cell adhesion molecule
(EpCAM) expression and CTC detection in patients with metastatic neuroendocrine tu-
mours (NETs) and evaluated the potential of CTCs to predict radiological progression. To
their knowledge, this was the first systematic analysis showing EpCAM expression and
CTC detection in NETs. They concluded that the CTCs were associated with progressive
disease and may provide useful prognostic information given the variable survival rates
of patients with NETs [99]. They also highlighted the diversity of NE-products in CTCs,
with 82% being positive for SYP and 21% for CD56 (NCAMI1) [99]. Another study done
by the same group showed a significant correlation between the number of CTCs and an
elevated serum CHGA level [100]. The first limitation of studying CTCs is the rarity of
these cells in the bloodstream, usually around one CTC per billion of blood cells [101].
This challenge has been addressed by new technologies.

CellSearch (Menarini Silicon Biosystems Inc., Bologna, Italy) is the only FDA-cleared
and clinically available assay for CTC enumeration. CellSearch is an affinity-based assay
that uses immuno-magnetic beads targeting EpCAM to enrich CTCs. It is based on the as-
sumption that most CTCs, which are epithelial by origin, express EpCAM, whereas white
blood cells (WBCs) do not. The enumeration of CTCs is performed based on staining for
DAPI (a nuclear marker), CK (cytokeratin 7/8, an epithelial marker), and CD45 (a WBC
marker). DAPI+/CK+/CD45- cells are counted as CTCs. However, solely relying on Ep-
CAM expression for CTC enrichment has been recognized to have critical limitations due
to the fact that EpCAM expression is heterogenous or even not expressed in some cancer
cell subtypes and CTCs.

In a review done by Lampignano et al., authors look at enrichment, isolation and
molecular characterization of EpCAM-negative CTCs [102]. Reports showed that CellSearch
is unable to detect CTCs in about 36% of metastatic breast cancer patients [103], and
similar data are also published for lung cancer as well [104-106]. The second limita-
tion would be that some CTCs do not express EpPCAM. Examples of undetected cells are

those undergoing EMT due to the loss of epithelial characteristics such as the expression
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of EpCAM and E-cadherin, and gain some mesenchymal traits such as the expression of
vimentin. Eventually, cells lose their adhesive properties and gain motile and invasive
features [102,107].

Several studies have looked at CTC phenotypes as prognostic biomarkers in metastatic
PCa. Some have reported that CTCs with very small nuclei were significantly elevated
in patients with visceral rather than non-visceral metastatic PCa [108]. Similar observa-
tions were also reported using the Epic platform, which showed that CTCs from patients
with a NE phenotype were smaller in size [97]. The Epic Sciences platform is a non-
selection-based platform that characterizes all nucleated cells and identifies CTCs based
on a multi-parametric digital pathology process identifying abnormal cells among the
normal WBCs utilizing protein expression and cell morphology [109-111]. This technique
has demonstrated the ability to identify distinct CTC populations including traditional
(CK+,CD45-), apoptotic, CK-negative, and CTC clusters [112]. A very interesting study
done by Beltran et al., was able to demonstrate that CTCs from patients with NEPC have
distinct characteristics by utilizing the Epic platform. Neuroendocrine PCa tumour cells
were predominantly of smaller size, demonstrated lower AR-expression and abnormal
nuclear and cytoplasmic features [97]. When testing an independent cohort, they found
that up to 10% of CRPC patients also harbored similar NEPC CTC subpopulations and
their presence was associated with aggressive clinical features (i.e., visceral metastases
and high CTC burden) [97]. Further studies are still required to validate the clinical util-
ity of CTCs for early detection of NEPC patients as well as potential prognostic impacts

in predicting response to AR-directed therapies in CRPC [97].

1.5.2 Previous Work Done in the Host Lab

The host lab interest for NED dates back to the 1990’s. Studies range from the functional
outcome of various NE-products and the role they play on human PCa cell lines to their

expression in prostate NE cells in tissues in terms of cancer cell motility and hormone
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ablation, respectively. More recently, a pilot study was launched to analyze four NE tran-

scripts in the blood of mCRPC patients.

a. Bombesin Activation of PCa Cell Motility Through FAK

The host lab had identified the focal adhesion kinase (FAK) transcript through the use
of phosphotyrosine antibodies to screen an expression library generated from the RNA
of immature prostate cells in primary culture [113]. In searching for its potential role
in PCa, they observed the up-regulation of pp12574X expression, its activation by phos-
phorylation on tyrosine and its association with paxillin, a FAK partner than connects
integrins to the extracellular matrix (ECM) proteins, and p50““¥ in PCa tissues from pa-
tients with metastases [113]. The normal and localized PCa tissues showed undetectable

or low levels of both FAK mRNA and protein and an absence of pp12574%

complexes.
An increase in expression and activation of pp125©4K in metastatic PCa tissues were
also corroborated in PCa human cell lines, from the most tumorigenic and androgen-
independent AR-negative PC-3, followed by DU145 and then the androgen-responsive
and AR-positive LNCaP [113].

This was an integral finding that shed light on the signalling pathway for motility of
the NE-product, bombesin. Bombesin is an analog of GRP and contains the same active
sequence, however it is isolated from frog skin and is not a human protein. In previ-
ous findings, the host lab had already demonstrated that while bombesin acts through
the GRP receptor to induce intracellular calcium mobilization in PC-3 cells, it does not
stimulate their proliferation [114].

The lab then expressed an interest in the bombesin/ GRP signalling pathway in-
volving pp125©4% integrins and other associated proteins. A link was established be-
tween pp12574% and bombesin signalling pathways by showing that inhibition of protein
tyrosine kinases (PTKs) and protein kinase C (PKCs) alters PC-3 muotility triggered by

bombesin, while not affecting adhesion to ECM proteins. They reported that bombesin
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triggers tyrosine phosphorylation of some integrin and integrin- associated proteins cou-
pled to pp12574K in PC-3 cells [115].

In subsequent studies on FAK in cells undergoing bombesin-induced motility, it was
shown that bombesin treatment resulted in the re-localization of FAK in focal contacts
concomitantly with its tyrosine phosphorylation on residue 397 and with the formation of
actin lamellipodia [116]. Furthermore, the motility of bombesin-induced cells was signifi-
cantly reduced in the presence of FAK inhibitors, microinjected in PC-3 cells, and thereby
reducing cell motility. Altogether, these observations point towards a critical role for FAK

in the action of bombesin/GRP on PC-3 cell motility [116].

b. VEGF-A, a NE-product Activator PC-3 Cell Motility

With a growing interest in the VEGF family and their expression in PCa, it was noted that
not only was vascular endothelial growth factor A (VEGFA) detected faintly in tumour
and normal epithelial cells, but also that the highest levels were observed in the NE-cell
subtype [54]. This was achieved through IHC testing, with sparse prostate cells staining
positively for VEGF-A in accordance with CHGA and 5-HT stains [54].

The screening of the prostate cDNA library had also identified vascular endothelial
growth factor receptor 1 (FLT1), one of the VEGF receptors, as an active tyrosine kinase
in prostate epithelial cells. This puzzling observation in non-endothelial cells prompted
the host lab to investigate and demonstrate that VEGF-A activates its receptor, FLT1 in
PC-3 cells through similar FAK signalling, resulting in enhanced cell motility [54]. Thus
VEGF-A like bombesin/GRP activate their receptor signalling through FAK to enhance
cell motility. Similarly to bombesin, VEGF-A had no effect on PC-3 cell division (unpub-
lished results).

The findings are supportive of the paracrine role of NE cells in PCa. The direct action
of VEGFA on signalling through FLT-1 and FAK in PC-3 cells, as well specific VEGFA
binding to cell surface proteins, and stimulation of cell migration, adds to the concept

that the aggressive nature of prostatic tumour cells may be attributed to NE cell-mediated
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progression [54]. This observation was the first to demonstrate direct effects of VEGFA

on human PCa cells.

c. Calcitonin A (CALCA) Involvement on Motility in LNCaP Cells

Although not published yet, the host lab also showed that CALCA increases FAK acti-
vation and the motility, but not the growth of LNCaP cells. CALCA had no effect on
PC-3 motility and growth. Conversely, bombesin and VEGFA had no effect on LNCaP
cell motility, nor growth. These observations suggest that NE-products may exert differ-
ential effects on cancer cells displaying distinct features in tumours. Furthermore, their
action on motility supports a role in the migration of cancer cells and establishment of

metastases.

d. Serotonin (5-HT) Expression Post Hormone Castration

The canine prostate has the tendency to spontaneously develop hyper-plastic and neo-
plastic changes with increasing age, similarly to the human prostate and is seen as the
most reliable model to study these diseases, not naturally observed in most other mam-
malian species [117]. It has been a model of choice for the host lab for years and was
used to test the relation between NED and hormone treatment. The host lab compared
prostatic NE cells in both patients and dogs given androgen-ablation therapy, pharmaco-
logically (ADT) and surgically (castration), respectively. In both models, NE cells were
stained for 5-HT. The 5-HT positive NE cells were morphologically similar in dog and
human prostates and identified in all groups, independent of their hormonal status [118].
Interestingly, the number of NE cells or density was within the same range in normal and
hyperplastic dog prostates, but significantly higher after castration [118].

This confirmed that the dog may be a suitable animal model for studies regarding NE
differentiation. In both dog and man, androgen ablation leads to a significant increase
in 5-HT positive cell density. Moreover, once NED was induced, it was proven to be

reversible in the steroid-supplemented castrated dogs, which were restored to the nor-
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mal levels independently of basal cell growth and/or luminal differentiation [118]. This
suggests that NED may be hormonally repressed in the prostate and that NE cells are
regulated independently of basal cell growth and luminal/secretory cell differentiation

and are possibly hormonally repressed [118].

Circulating NE Transcripts in PCa Patients

A pilot study that is currently under review, tested the presence of four NE transcripts,
SYP, NCAM1, VEGFA, ENO?2 in the blood RNA of mCRPC patients. Overexpression of
SYP was found to be associated with past abiraterone treatments, current treatments with
a taxane, and more lines of therapy (Vesval, Wissing, Derderian et al., Molecular Oncol-
ogy -under review, 2021). Furthermore, circulating VEGFA over-expression was found to
be associated with patients who had received radiotherapy as their initial curative treat-
ment. However, not all of the four NE transcripts were over-expressed or clinically signif-
icant. This study also highlighted the existence of 3 cell subtypes of the prostate in liquid

biopsies.
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1.6 HYPOTHESIS AND OBJECTIVES

As previously mentioned, reports by the host lab revealed the action of some NE prod-
ucts such as VEGF-A, bombesin/GRP and CALCA on human PCa cell lines, activating
motility through FAK. Activation of cancer cell motility is a known contributor to tu-
mour metastasis at several steps, including breaching of the basement membrane, escape
from the primary tumour, migration to blood and lymphatic vessels, intravasation and
extravasation and movement into distant organs. Further reports show persistence of
5-HT expression in NE cells post hormone therapy, independent of androgens.

The recent pilot study analyzing VEGFA, SYP, ENO2 and NCAM]1 in the blood RNA
of CRPC patients revealed a distinct signature, with some of the NE transcripts being

significantly associated with anti-androgen, taxane or radiotherapy treatments.

Accordingly, we propose that circulating markers reflect the increasing contribution of
NE cells during the progression of the disease and are traceable in liquid biopsies (whole

blood), exemplifying extensive NE tumour heterogeneity.

Objectives were to:

1. Investigate NE cell subsets or populations in primary tumours.

2. Determine and select NE molecules of interest, and search for over expressed tran-

scripts in published PCa datasets.

3. Further explore if more NE circulating transcripts are found in the blood of patients

with advanced PCa.

4. Ascertain a potential NE signature of clinical relevance.
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Chapter 2

Materials and Methods

2.1 Immunohistochemistry (IHC)

Studies on human tissues by IHC (BMD-10-1160) was approved by the ethics board of the
research institute and renewed yearly. Formalin-fixed and paraffin-embedded blocks of
prostate from patients (n = 10) who received neo-adjuvant hormone therapy for 3 months
prior to RP were obtained from Dr. Gleave, Prostate Centre, Vancouver, BC. Consecutive
sections (5um) stained with CHGA, NSE, SYP, CALCA, 5-HT antibodies were scanned
using an Aperio Scanscope slide scanner at 20X. Slides were viewed and imaged by
ImageScope software, and analyzed by a nuclear algorithm previously established by
a pathologist (Dr. Eleonora Scarlata) in the host lab’s server. Whole sections were ana-
lyzed searching for stained NE cells expressing at least one or more biomarkers. The ratio
of stained cells to total cells in the whole tissue was determined for each biomarker in
both benign glands and tumour foci and expressed as percentages. Clinical data was not

available for these patients.
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2.2 Human PCa Cell Lines and RNA Extraction

Androgen-responsive LNCaP (ATCC CRL-1740; AR-positive) and androgen-independent
DU145 and PC-3 (ATCC HTB-81; ATCC CRL-1435; both AR-negative) were purchased
from ATCC (Manassas, VA, USA). The NCI-H660 (ATCC CRL-5813; neuroendocrine, low
AR) and 22Rv1 (ATCC CRL-2505; expressing AR and AR-V7) human PCa cell lines were
generous gifts from Dr. A. Zoubedi (Prostate Centre, Vancouver, BC, CDN) and Dr M.
Tremblay (McGill Goodman Cancer Centre, Montreal, QC, CDN), respectively. Cells
were cultured and passaged according to standard procedures or recommendations. De-
clumping for the NCI-H660 was achieved by pipetting up and down 25 times at cell
passages. RNA was extracted manually from cells at 70-80% confluence, following the

miRNeasy kit and accompanying protocol (Qiagen).

2.3 Patients and Healthy Volunteers

This study (number MP-37-2017-3189) was approved by the Ethics Review Board of the
McGill University Health Center (MUHC). All participants voluntarily signed an informed
consent form. Blood was drawn from 15 patients (on 2nd and 3rd line therapies) from the
MUHC at follow-up visits with oncologists and 8 healthy male volunteers of varying age
with no prostate-related diseases in their lifetime. A unique coded ID was generated for

each patient and volunteer to maintain blindness and ensure confidentiality.

2.4 Blood Processing and RNA Extraction

Blood samples were collected in PAXgene RNA tubes (4 x 2.5 mL, Qiagen) and kept
at room temperature for 2 hours to allow cell lysis before being transferred to -20°C
overnight and stored at -80°C. For RNA extraction, blood was thawed in the fridge (6-
8°C), and processed using a PAXgene RNA extraction kit and an automated Qiacube, as

per the manufacturer’s protocol (Qiagen). RNA integrity (RIN), all above 8.0, was deter-

33



mined by the BioAnalyser 2100 (Agilent, Milcreek, ON, Canada) and concentration was
determined by Nanodrop ND-1000 (Thermo Scientific, Waltham, MA, USA). 8-10 RNA
aliquots (each with 500 ng total RNA) were made in 10uL of volume. RNA aliquots were

stored at -80°C.

2.5 Gene Assays

All primers and probes were ordered from Thermo Scientific’". They were as follows
for the 17 genes of interest: VEGFA (Hs00900055-m1), FLT1 (Hs01052961-m1), CHGA
(Hs00900370-m1), CHGB (Hs01084631-m1), SCG2 (Hs01920882-s1), ENO2 (Hs00157360-
m1), SYP (Hs00300531-m1), POU3F2 (Hs00271595-s1), CALCA (Hs01100741-m1), CALCR
(Hs00156229-m1), SST (Hs00356144-m1), SSTR2 (Hs00265624-s1), GRP (Hs01107047-m1),
GRPR (Hs01055872-m1), NCAM1 (Hs00941830-m1), MYCN (HS01041361), AURKA
(HS00173978). Primers/probes for the 3 reference genes were: PGK1 (Hs00943178-g1),
PPIB (Hs00168719-m1), RPLPO (Hs00420895-gH)

2.6 RT-qPCR Assays in Cell Lines and Blood RNA

Gene assays were tested in each of the (5) human PCa cell lines using 200 ng RNA per
cDNA reaction. Next, 200 ng of RNA from each PCa cell lines was combined to create
a total of 1000 ng RNA, which was then serially diluted to generate standard curves for
each assay. The serial dilutions also served as positive controls and inter-calibrators across
various qPCR plates.

The first strand cDNA synthesis of RNA from both, whole blood and cell lines used
the same reagents and protocol. 500 ng total RNA was reverse transcribed using Maxima
H Minus First Strand cDNA Synthesis Kit, with dsDNase (Thermo Fisher Scientific) by
following the manufacturer’s protocol. Enzyme mediated dsDNA digestion was first per-

formed on the RNA samples to ensure elimination of any contaminating genomic DNA.
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Each total RNA sample was incubated for 2 min at 37°C with dsDNase (supplied with
the kit) in a 10 pL total reaction volume. This was followed by heat-inactivation of the
enzyme for 15 minutes at 65°C. To the same reaction tube, ANTP mix (10mM), oligo(dT);s
primers (25 pmol), and nuclease free water were added for a total reaction volume of 15
pL. This was followed by incubation for 5 minutes at 65°C to remove RNA secondary
structures. After the incubation, 4 4L 5X RT buffer and 1 4L Maxima H minus enzyme
mix were added to the same tube for a final reaction volume of 20 pL. Reverse transcrip-
tion was then carried out by incubation for 10 minutes at 25 °C followed by 15 minutes
at 50 °C, and termination by heating for 5 minutes at 85°C. The synthesized cDNA was
stored at -80°C until further use.

For each g-PCR reaction, 5 pL 2X TagMan® Fast Advanced Master Mix (Thermo
Scientific™™, catalogue number: 4444963), 0.5 yL 20X TagMan Assay, and 3.5 uL nuclease-
free water (R0582) were combined with 1 1L of cDNA sample for a final volume of 10 pL.
Triplicate reactions were run in 384-well plates, using CFX384 Touch Real-Time PCR Sys-
tem (Bio-Rad). After the initial Uracil N-glycosylase (UNG) incubation for 2 minutes at
50°C followed by polymerase activation for 20 seconds at 95°C, the reaction mixtures
were subjected to 65 cycles of amplification following the sequence: 95°C for 3 seconds
and 60°C for 30 seconds. Of note, the specific amplification of all NE transcripts were
generally achieved after 40 cycles.

The CFX Maestro 1.1 software (v4.1.2433.1219) was used to quantify gene expression.
The following calculation allows for copy number calculation from the serial dilutions of

each gene assay:

[(RNA conc. (ng) x Avogadro’s Constant (6.022e23)]

[Amplicon Length (bp) x Avg. molar mass of 1 bp in dsDNA (660) x 1x09 ng/1g]

For each gene assayed with the RNA mix of the 5 cell lines, the resulting slope of
the standard curves and the sample’s mean Cq were used to calculate absolute transcript

copy numbers (CN) in each sample:
Logs Copies = [(Mean Cq - C)/m], where C = y-intercept, m = slope of the curve.
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Geometric mean of CN from the three reference genes were used to normalize target
gene CN in each sample including healthy controls. Relative fold change of target gene
expression in each sample was then calculated by a ratio of normalized CN in the sample
versus the average of normalized CN from all the healthy controls.

A sample maximization strategy was used to study all 17 genes of interest and 3 ref-
erence genes in the 15 patients and 8 controls, along with the serial dilution panel of PCa

cell line RNA on each plate, with water as the negative control.

2.7 Statistical Analyses

All statistical analysis was performed in R studio.

For the IHC stained benign and cancer glands, the Fisher’s Exact Test was used to
determine statistical significance of each NE-biomarker moving from benign to cancer.
IHC bar graphs were generated from Excel.

Published transcriptomic datasets (gene microarray and RNA sequencing) were ac-
cessed through Gene Expression Omnibus for the Stanford (GSE3933) [119], Cambridge
(GSE70770) [120], MSKCC (GSE21032) [121] cohorts, and cBioportal for the SU2C [122],
TCGA [123], Neuroendocrine [14] and Fred Hutchinson (GSE74695) cohorts [124]. For the
Stanford dataset, normalization was carried out as described in the original paper [119].
Data retrieved from the other datasets were already processed and normalized (into z-
scores). All over-expression was defined as being higher than the 99.5% confidence in-
terval of the benign samples (for Stanford, Cambridge, and MSKCC), primary tumours
(for SU2QC), or relative to all samples (for Fred Hutchinson and Neuroendocrine datasets).
Fisher’s exact test was used to compare the percentages of cases over-expressing each
gene based on category of sample type, or site of metastases. Transcriptomic dataset heat
maps, hierarchical clustering dendrograms, Kaplan-Meier graphs, and box plots were
generated by R studio. All significance was determined by a p value < 0.05. Tests used:

Fisher’s Exact Test and Kruskal-Wallis test with Wilcoxon pairwise comparison. Kaplan
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Meier survival curve analysis, combined with COX univariate and multivariate survival
analysis were carried out for the MSKCC dataset. Hierarchical clustering for each gene
of interest was performed per dataset through the advanced heat map R Studio coding of
dendrograms.

The RT-qPCR bar graphs, standard deviations and heat maps were generated by Ex-
cel, boxplots were generated by R studio. Gene over-expression was determined by using
a threshold of 2.58 standard deviations above the mean expression of that gene in blood
RNA samples from volunteers, to ensure with 99.5% confidence that expression in con-
trols was lower than this threshold.

To detect whether patients or treatment characteristics were associated with over-
expression of individual markers, all the characteristics were dichotomized, and differ-
ences were evaluated using Chi-square tests in 2x2 tables. Survival analyses for disease
progression and death were performed using the Cox proportional hazards model. If no
event had occurred, patients were censored at the last date they were known to be alive
and/or without disease progression, either clinical (worsening of symptoms: fractures,
pain), biological (PSA rising in two subsequent measurements), or radiological (new le-
sion or increased size of existing lesions). Results with p < 0.05 were considered signifi-
cant.

To analyze and rank the best possible NE signature or pattern found from the lig-
uid biopsy and datasets, both frequency, intensity and mean values were weighted and
used to score each NE transcript. Each cofactor holds different weights of importance:

frequency (80%), maximum point intensity (10%), mean of intensity (10%).
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Chapter 3

Epithelial Cells in Benign Glands and
Cancer Foci Differentially Express

NE-Related Products

3.1 Variation of expression in the NE cell subtypes

To assess the NED patterns in the prostate of patients, we analyzed consecutive sections
from 10 hormone-treated patients prior to their RP. Sections had been stained for two to
five NE-markers: CHGA, NSE, SYP, CALCA, 5-HT.

Five out of the ten patients (3, 5, 6, 7, 9) had consecutive slides stained for all the
tive markers; patient 8 had four stained for the same NE markers, excluding CALCA;
patients 2 and 10 sections were stained for CHGA, NSE, and CALCA; patient 1 sections
were stained for CHGA, NSE, and SYP; patient 4 sections were stained with CHGA and
SYP.

All of the patients’ slides were positively stained for at least one marker in either the
benign gland or cancer foci. Interestingly, even though there were many similarly stained
cells, there were no two stains that contained the exact same pattern. This suggests a

variation in the phenotypes of cells belonging to the NE subtype, with some markers
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being favourably expressed in certain NE cells. This is exemplified nicely in benign acini,
illustrated in Figure 3.1, wherein two positively stained cells are seen in CHGA, but lost

in NSE, SYP, CALCA, and 5-HT.
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Figure 3.1: Example of consecutive benign glands exemplify NE cells of varying pheno-

types
Patient 7 shows NED heterogeneity of benign areas from the same block. From left to right:
CHGA, NSE, SYP, CALCA, 5-HT. Circled cells are unique, whereas the arrows show some of

the similar cells in each marker.

Areas of stained cancer foci are shown in Figure 3.2 exemplifying sections from patient
4, whereby the NE cells in cancer foci express only a subset of known NE markers, creat-
ing various patterns. Several cells that are positively stained in the CHGA slide are found
to be negative in the SYP slide. On the right, top and bottom panels, the cells exemplify
this well. The 4 red circled cells in the top CHGA slide are almost completely negative for
the SYP stain. This cancerous nest of NE cells is a notable example of the various NE cell
subsets at the molecular level that exists within one patient’s tumour foci.

Figure 3.3 shows the panel of all 5 of the NE-markers for patient 3. The aligned can-
cer cells are intensely stained for CHGA, NSE, SYP, but completely negative for CALCA
and 5-HT. The circled cell on the right appears in CHGA and NSE, but is negative in
SYP, CALCA, and 5-HT. These images further corroborate the NED intra-tumoural cell

subtype found in prostate cancer from hormone-treated patients.
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CHGA

Figure 3.2: Consecutively stained cancer areas show NED heterogeneity
Patient 4 shows a variation of expression in NE cell subsets in consecutive cancerous sections from
the same block. Top and bottom are consecutive slides, stained for CHGA and SYP. The red circles

show similar positively stained cells.

Figure 3.3: Heterogeneity in the expression of five NE markers

Patient 3 shows variation in cancerous stained NE cells of the same block. Consecutively stained
slides from left to right for CHGA, NSE, SYP, CALCA, 5-HT expression. Red circle show positively
stained NE CHGA+ and NSE+ cells in two sections; the red oval shows negatively stained CALCA

and 5-HT cells in an intensely stained zone for the other three markers.
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3.2 Unique NE patterns found in hormone-treated patients

Analysis with Fisher’s Exact test highlighted the significance between each NE marker

moving from benign glands to cancerous foci within each patient. Figure 3.4 shows a

graphical representation of the percentage of positively stained NE cells found with each
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Figure 3.4: Comparison of the prostatic NE-cell patterns among patients

Table 3.1: NE marker expression listed by predominance in the 10 cases

Patient Cases

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Patient 6

Patient 7

Patient 8

Patient 9

Benign Gland

NSE > SYP > CHGA

CHGA > CALCA > NSE

CHGA > SYP = CALCA = 5-HT > NSE

CHGA > SYP

CHGA > 5-HT > NSE > SYP > CALCA

Patient 10

CHGA > CALCA > 5-HT > SYP

CHGA

CHGA > CALCA > NSE

Cancer Foci

NSE > CHGA = SYP

CHGA > NSE > CALCA

CALCA > CHGA > SYP > 5-HT > NSE

CHGA > SYP

NSE > CHGA > CALCA > SYP > 5-HT

CALCA > SYP

CHGA > SYP > 5-HT > NSE

CHGA

CHGA > CALCA > NSE

41




Every patient portrayed unique NE marker cell patterns, with varying frequencies of
expression between NE markers, as seen in summary Table 3.1. When looking at the
cancer foci percentages of the 10 patients, we observed the frequency by which the NE
markers came out the most expressed, with CALCA (n=2/7, 28.5%) > CHGA (n=2/10,
20%) > NSE (n=1/9, 11.1%) > SYP = 5-HT (0%). There were 10 unique profiles found
with the expression of the 5 NE markers. No two patients contained the same frequency,
or predominance of expression. We observed 9/10 (90%) patients expressing at least one
of the NE markers in the cancer foci.

The pattern of NE marker predominance in benign glands was notably different. The
most frequently expressed marker was CHGA (n=7/10 cases, 70%) > NSE (n=1/9, 11.1%).
SYP, CALCA, and 5-HT were never the most expressed in any benign glands of cases.
There were 8 unique profiles found in the expression of the 5 NE markers. We observed
8/10 (80%) patients expressing at least one of the NE markers in the benign glands.

These overall patterns are indicative of highly unique NE signatures in patients, and
highlight the existence of multiple NE cell subsets. There was a significant differential ex-
pression (p < 0.0005) between benign glands and cancer foci. Of note, the NE marker ex-
pression in cancer foci was not always higher than that of the benign. For instance, patient
1 shows a significant differential expression for NSE (p=3.6e-168), > CHGA (p=1.28e-96)
> SYP (p=4.33e-93) in NE cells in benign vs. cancer foci. Interestingly, this patient’s be-
nign glands were more positively stained than the cancerous cells. NSE proved to be
the most effective marker (1.14% positively stained) for identification ofNE cells in this
particular prostate block. Conversely, patient 2 exhibits an inverse pattern, with signif-
icantly more NE-stained cells in all the cancer foci compared to the benign, expressing
NSE (p=3.42e-232), CALCA (p=4.49e-107), and CHGA (p=2.03e-82). CHGA was the best
NE marker present in both cancer foci and benign glands, comprising 1.1% of positively
stained cells.

When looking at patient 3 in Figure 3.4, there is a significant differential expression

for four of the five NE markers in cancer foci vs. benign glands, CALCA (p= 2.61e-92)
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> SYP (p=7.46e-28) > NSE (p=9.95e-09) > 5-HT (p=4.17e-06). For this patient, the most
positively stained NE cells in cancer were expressing CALCA (1.18%), while the most
positively stained benign cells were CHGA+ (1.16%). Both patients 3 and 6 had CALCA
as the highest expressed NE marker in the cancer foci.

Patient cases 3, 5, 6, 7 and 9 were tested with all 5 NE markers, and each contain a
unique signature of NE markers in both the benign and cancer areas. When looking at
Figure 3.4, patient 7 has a contrasting signature to that of patients 6 and 9. All of patient
7’s expression falls in the benign glands, whereas all of patients 6 and 9’s expression falls
in the cancer foci. Extrapolating from this, we can see the versatility of the NE cell phe-
notypes that exist within the prostate from hormone-treated cancer patients. NE cells are
not exclusively found in cancer foci, or benign glands, nor are they mutually dependent
on each other. Patient 4 was the only case in which there was no differential significance
found within the SYP marker moving from benign to cancer cells, however CHGA still
proved to be significant (p=1.56e-60).

Overall, the most percentage of positively stained cells in all the benign glands of the
10 patients were CHGA (1.16%) > NSE (1.14%) > SYP (0.53%). The most percentage
of positively stained cells in all the cancer foci of the 10 patients were CHGA (1.21%)
> CALCA (1.18%) > NSE (0.91%). Altogether these findings demonstrate that NE cells
are present in all prostate tissues included in this study, coming from 10 patients who
received neo-adjuvant therapies prior to RP. NE cells are detected in cancer and benign
areas of 9 vs. 8 cases, respectively. As a whole, they constitute up to 1.5% of epithelial
cells present in prostate sections and all five selected markers are detected. Inclusive of
both the benign and cancer cells combined, the most predominant markers were CHGA,
tollowed by NSE, CALCA, SYP and 5-HT. The use of a single marker is not sufficient to
study this prostatic cell subtype, displaying extensive subsets of cells expressing diverse

NE markers with varying combinations.

43



Chapter 4

In-depth Literature Review to Select NE
Markers

Based on the above observations on prostatic NE cells expressing one or several combined
markers, we carried out a systematic literature review to identify NE markers of interest
and further to mine PCa specific transcriptomic datasets, and investigate the most rele-
vant genes in patient liquid biopsies. Illustrated in Figure 4.1 is a flow chart of steps by
which markers were selected. In the identification process, the nine NE-products pre-
viously studied in the host lab (CHGA, GRP, GPRR, FLT1, VEGFA, CALCA, ENO2, SYP,
NCAM1) were included along with the aforementioned key words, yielding a total of
600 records to screen. Screening comprised of databases such as PubMed (n=561), NIH
clinical trials (n=20), and cBioPortal (n=7). Strict exclusion criteria ensured relevance and
comprehensibility during the screening process. Overall, 26 eligible NE transcripts were
noted. By adding the 9 NE markers studied in the host lab, a total of 35 NE-related tran-

scripts were chosen to conduct our search in datasets.
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g Neuro-products, receptors and intrinsic molecules Keywords: prostate cancer, neuroendocrine,
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2 CALCA, ENO2, SYP, NCAM1 biopsies, drug targets
—
—
00 Database Records
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] . Non- English language articles
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;g CHGB, SCG2, POU3F2, POU3F4, MYCN, AURKA, VTN, SNPH, NMB, NMBR, BRS3, SST, SSTR1, SSTR2, SSTR3, SSTR4,
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SSTR5, SST, CALCB, NMB, NMBR, BRS3, NTS, NTSR1, NTSR2, SORT1, MYCN, AURKA
_—

Figure 4.1: Flow Diagram of Literature Search and Inclusion Process
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NE Gene Acronyms NE Gene Full Name
VEGFA Vascular Endothelial Growth Factor A
FLT1 FMS Related Receptor Tyrosine Kinase 1
CHGA Chromogranin A
CHGB Chromogranin B
SCG2 Chromogranin C (Secretogranin 2)
VIP Vasoactive Intestinal Peptide
VIPR1 Vasoactive Intestinal Peptide Receptor 1
VIPR2 Vasoactive Intestinal Peptide Receptor 2
CALCA Calcitonin A
CALCR Calcitonin B
GRP Gastrin Releasing Peptide
GRPR Gastrin Releasing Peptide Receptor
VIN Vitronectin
SNPH Syntaphilin
POU3F2 POU Class 3 Homebox 2
SYP Synaptophysin
NCAM1 Neural Cell Adhesion Molecule 1
ENO2 Neuron Specific Enolase
POU3F4 POU Class 3 Homebox 4
SSTR1 Somatostatin Receptor 1
SSTR2 Somatostatin Receptor 2
SSTR3 Somatostatin Receptor 3
SSTR4 Somatostatin Receptor 4
SSTR5 Somatostatin Receptor 5
SST Somatostatin
CALCB Calcitonin B
NMB Neuromedin B
NMBR Neuromedin B Receptor
BRS3 Bombesin Receptor Subtype 3
NTS Neurotensin
NTSR1 Neurotensin Receptor 1
NTSR2 Neurotensin Receptor 2
SORT1 Sortilin 1
MYCN MYCN Proto-Oncogene
AURKA Aurora Kinase A

Table 4.1: An inclusive list of all the genes of interest, including their acronyms and full

gene name
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4.1 Mining of transcriptomic datasets reveals a correlation
between NE gene over-expression and progression of
disease

In order to gain insights on the most over-expressed NE-related genes in PCa develop-
ment and stage of disease, we mined three microarray datasets, known as Stanford [119],
Cambridge [120], and MSKCC [121] comprising 141 benign prostates, 310 primary tu-
mours removed at RP, 14 primary tumours from trans-urethral resections of the prostate
(TURP) in advanced hormone-treated patients (Cambridge), 9 lymph node (LN) metas-
tases removed at RP (Stanford) and 20 miscellaneous metastases (MSKCC). To deal with
PCa progression, we analyzed the RNA-seq dataset from the SU2C metastatic cohort of
advanced PCa patients [122], which include 81 metastases to LNs, 83 to bones, 16 to soft
tissues/adrenals, and 27 to the liver. For each dataset, the over-expression of a gene was
determined based on the 99.5% confidence interval of the mean expression level in the
benign samples (Stanford, Cambridge, MSKCC) or primary tumours (SU2C; n=6). The
last two datasets, the Fred Hutchinson [124] and Neuroendocrine dataset [14] did not
contain samples from the benign prostate or primary tumours, and samples were then
analyzed as relative to each other. Heat maps show unique patterns of over-expression
moving from benign to primary to metastases in the Stanford, Cambdrige, MSKCC, and
SU2C datasets, respectively. The related dendrograms help to cluster together NE genes
of similar patterns of over-expression.

In the Stanford gene microarray dataset, comparisons between the benign glands and
primary tumour samples show significant over-expression in two transcripts in cancer,
notably SSTRI (p = 1.39e-08) and AURKA (p = 6.0e-05) in 47% and 34% of the patients, re-
spectively. The majority of NE-transcript over-expressions within primary tumours were
in the 20-40% range, as seen in Figure 4.5. LNs resected at RP significantly over-expressed

five transcripts, AURKA (p=4.0e-09) in all 100% of patients, SSTR1 (p=1.39e-08) in 67%,
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Figure 4.2: NE Gene Overexpression in the Stanford Transcriptomic Dataset
In the Stanford cohort, 9/35 NE transcripts of our list were missing: GRPR, NMBR, BRS3, SSTR2,
SSTR3, SSTR4, SSTR5, CALCA, NTSR1.

SNPH (p=0.01) in 40%, SYP (p=0.02) in 38% and SORT1 (p=0.03) in 22% compared to
benign glands. As shown by the dendrogram on the left of the heat map, the two pre-
dominant transcripts AURKA and SSTR1 in LNs cluster together with VIPR1, although
less expressed. The general trend in the Stanford dataset shows more over-expression of

NE transcripts as you move from benign to primary tumours to LN metastases.
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Figure 4.3: NE Gene Overexpression in Cambridge Transcriptomic Dataset

In the Cambridge gene microarray dataset, comparisons between the benign sam-
ples and primary tumours show significance in the same NE transcripts as the Stanford
dataset (AURKA (p=1.56e-08) in 26% of the patients and SSTR1 (p=3.26e-05) in 20%), as
seen in Figure 4.5. However, the GRPR transcript (p=3.58e-08) ranked first, being over-
expressed in 29% of tumours and SYP (p=1.81e-05) in 20%. In primary tumours from
more advanced patients undergoing transurethral resection of the prostate (TURP), AU-
RKA ranked first, being significantly over-expressed in 38% of cases ((p=3.70e-05), sim-
ilarly to ENO2 (p=3.70e-05) > SSTR1 (p=0.001) in 31%. Based on the dendrogram in
Figure 4.3, there are two clusters of closely related NE-genes. The first cluster includes
AURKA, SSTR1, SYP, while the second cluster includes VTN, GRPR, SST. The first clus-
ter is similar to the cluster in Stanford, also enforcing the importance of AURKA and
SSTR1 over-expression in primary tumours of patients with advanced disease. The gen-
eral trend in the Cambridge dataset shows more over-expression of NE transcripts as
you move from the benign to primary tumours from untreated patients and to advanced

TURP cases.
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Figure 4.4: NE Gene Overexpression in MSKCC Transcriptomic Dataset

In the MSKCC dataset (gene microarray), comparisons between the benign and pri-
mary samples show significance for NE transcripts in cancer such as NTSR1 (p=0.015)
over-expressed in 18% of primary tumours, followed by AURKA (p=0.015) in 17% and
NTSR2 (p=0.045) in 16%. The metastatic samples displayed significantly more over-
expressed NE transcripts compared to benign tissues with AURKA (p=2.41e-08) and SSTR1
(p=7.23e-07) being predominant in 74% and 63% of cases, respectively. The additional
NE-transcripts being over-expressed were NTSR1, SST, CHGB (p=0.006) in 26%, followed
by SCG2, and CALCR (both at p=0.019) in 21%. Based on the dendrogram in Figure 4.4,
there is one main cluster of over-expressed NE transcripts in metastases with SSTR1, AU-
RKA and SST. In the primary tumours, VTN, NTSR1 and SSTR4 are closely related as
well. The general trend in the mSKCC dataset is similar to the previous ones, showing
an increase in over-expression moving towards advanced cases: starting with the lowest
number of cases and minimal expression in the benign, followed by an increasing pro-
portion of patients expressing NE genes in their primary tumours, and lastly the highest
proportion of cases over-expressing more elevated NE transcripts in metastases growing

in diverse locations.
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Figure 4.5: Percentage of patient over-expressing NE genes in samples included in the

Stanford, Cambdrige, and MSKCC cohorts and datasets

When comparing the three previously described datasets, each contains a compara-
tively similar cohort of primary tumours. Figure 4.5 shows similarities between the per-
centages of patients over-expressing NE genes in the samples analyzed. The most com-

monly NE transcripts that come up often in the three cohorts are AURKA > SSTR1 > SYP.
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Each of these three cohorts also contained samples related to more advanced cases (Stan-
ford= LN metastases, Cambridge = TURP, MSKCC = multiple metastases of un-ifentified
locations), in which some of the over-expressed NE transcripts are also similar. For exam-
ple, all of the advanced cohorts contain AURKA > SSTR1 as the highest over-expressed
transcripts. The TCGA (RNA sequencing) dataset did not provide insightful information,
as they had only one cohort of patient samples, being all primary. Our NE markers were
over-expressed by less than 10%. No statistical analyses were performed for this specific

cohort.
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Figure 4.6: NE Gene Overexpression in SU2C Transcriptomic Dataset

In the SU2C dataset (RNA sequencing of metastases from patients with advanced
disease), overall relative comparisons were made between the diverse sites of metas-
tases (bone, liver, LN, and other soft tissue). For each site of metastasis, the most over-
expressed NE marker was VTN ((p=2.2e-16) at 95% in the liver, GRP (p=1.30e-10) at 44%
in the bone, and SSTR1 (p=0.02) at 35% in both the LN, and other soft tissues. Looking at
all the metastatic sites as a whole, most of the chosen NE transcripts (n=33/35, 94%) were
over-expressed in at least one of the locations. The two transcripts that were not found
to be over-expressed by any site was NMB and VIP. Of the selected NE transcripts, the

sites where they were most over-expressed were the LNs for 94% of the genes (33/35), in
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Figure 4.7: Percentage of patients over-expressing each NE transcript in SU2C cohort
P-values from left to right: CHGA (p=0.003), CHGB (p=0.003), SCG2 (p=0.03), SYP (p=6.71e-05),
ENO2 (p=4.64e-06), NCAM1 (p=8.69¢-10), AURKA (p=0.01), VTN (p=2.2¢-16), GRP (p=1.29¢-10),
GRPR (p=0.02), SSTR1 (p=0.02), SSTR2 (p=0.003), CALCB (p=0.003), CALCR (p=4.20e-10), NTSR1
(p=1.9¢-06).

bones for 85.7% (30/35), in soft tissues for 80% (28/30) and lastly in the liver with 77%
(27/35) of the NE transcripts. Based on the aforementioned percentages, the metastatic
site that contained the most frequent amount of over-expression was LN. In like to the
Stanford dataset, the SSTR1 is the most over-expressed transcript found in the LN.

The dendrogram displayed in Figure 4.6, shows multiple clusters. One cluster that
stood out the most as being highly over-expressed was between SSTR1 and GRPR. Also,
the main cluster in the middle containing SYP, ENO2, MYCN, NTSR1, CALCB, BRS3 are
all highly over-expressed in the liver and other soft tissues. Interestingly, AURKA, NTS,
VIPR1, VIP, NMB cluster together at the top, and are all not highly over-expressed at any
metastatic site. As previously seen in the primary cohorts, AURKA and SSTR1 seemed
to be a predominantly important NE transcript for the primary samples, however we see
it less when moving towards the metastatic samples. Of note, the most significant NE
genes over-expressed in this series of metastases also differ from the predominant genes

observed in the small series of metastases of the MSKCC cohort.
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Figure 4.8: NE Gene Overexpression in Neuroendocrine Transcriptomic Dataset
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Figure 4.9: Percentage of patients over-expressing each NE transcript in the neuroen-

docrine dataset
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The RNA sequencing dataset by Beltran et al., [14] classifies PCa patients into conven-
tional adenocarcinoma (CRPC-Adeno), or neuroendocrine like CRPC (CRPC-NE) based
on pathological morphology guidelines [51]. No benign samples were provided in this
dataset, however there were prostate samples and varying sites of metastasis (LN, bone,
liver, others). Over-expression was based on the relative comparison of z-scores, and not
towards the primary prostate samples because of the low sample number (n=9). In the
heat map illustrated in Figure 4.8, the samples are categorized by site of metastases: LN,
bone, liver, and other soft tissues. Interestingly, the highest proportion of expressed tran-
scripts was in the CRPC-NE liver metastases (62.5%), followed by soft tissues (55.5%),
prostate (22.2%), LN (25%), Bone (0%). Furthermore, and as expected, the majority of
NE genes that were the most expressed were seen in the CRPC-NE cases, with a signifi-
cant differential over-expression of CHGA (p=0.02), and POU3F2 (p=0.02), both at 20% in
Figure 4.9.

An interesting observation made with this dataset was that 14/35 (40%) of the se-
lected NE genes were over-expressed in the metastatic CRPC-adeno cases. This is a sub-
stantially different result compared to the previous SU2C and MSKCC dataset. In the
previously mentioned datasets, almost 100% of the selected NE genes were found to be
over-expressed in various sites of metastasis (with very few exceptions). When looking
at the dataset by Beltran, et al., very few of the selected genes (14.2%) were found in both
CRPC-adeno and CRPC-NE cases. This confirms that with disease progression towards a
CRPC-NE state, more NE genes are exclusively over-expressed, compared to the conven-

tional CRPC-adeno cases.
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Figure 4.10: NE Gene Overexpression in Fred Hutchinson Dataset

The Fred Hutchinson dataset provides patient samples that contain multiple metas-
tases, of which we verified if paired metastases might express the same NE gene pattern
or signature. The cohort contains a total of 171 tumour samples collected at autopsy of
63 treated mCRPC, whose death was identified as PCa-specific [124]. We focused on the
44 patients who had at least two lesions and up to 14 in one patient. The heat map, Fig-
ure 4.10, shows the hierarchical clustering of the diverse metastases for the 35 NE genes.
Of note, two main patterns were observed:

(1) a single patient may have lesions displaying a highly homogenous gene signature
in multiple metastases to one site (as seen in the LN mets of patient 06-081) or else, metas-
tases to various sites clustering together (patient 04-101, with 12 different metastases to 6
different sites).

(2) a single patient may contain lesions displaying a highly heterogeneous gene signa-
ture in multiple metastases to one site (as seen in the LN mets of patient 11-028). More-
over, we observed that metastases to the same site from different patients also clustered

together (bone metastases from 07-050,01-010, and 07-044).
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Looking at the heat map for this cohort, we can express the amount of positive relative
z-scores as percentages. The most expressed NE transcripts found were FLT1 (55%) >
VEGFA (54%) > SSTR1 (53%) > VIPR1 (52%).

Collectively, these findings are in support of prostatic NE cells differentially express-
ing specific transcripts, according to types of lesions, e.g. primary tumours vs. metas-
tases at various sites, and stages of disease. Moreover, the number of over-expressed
NE transcripts also increases with progression, being often differentially expressed and
more abundant in the various metastases of more advanced cases than in primary tu-
mours from RP cases. A conclusive pattern was that NE genes in the primary tumours
from TURP cases were closely related to metastases of advanced cases, whereas those
LNs from RP cases are closer to the primary tumours from RP.

The two summary Tables below summarize the main findings on patterns found in the
various datasets. When analyzing the datasets, we wanted to determine how often each
of the 35 NE transcripts were expressed, and by how much they were over-expressed.
Table 4.2 presents the most frequently over-expressed NE transcripts based on samples
analyzed in each dataset or cohort (sample), whereas Table 4.3 presents them based on
the most intense over-expression.

There are many similarities between frequency and intensity of over-expression. Within
the primary tumour samples: SSTR1, SYP, AURKA, SST, are the most common to both Ta-
bles in the RP cohorts, SSTR1 is common in the TURP primary tumour samples and also
appears highest in frequency and intensity. However, when looking at the LNs from Stan-
ford, the top five most frequent and most intense NE transcripts are not similar. AURKA is
the only similar transcript that appears both frequently and intensely in the LNs resected
at RP. Within the metastatic samples, there exists a high variation of over-expression. This
variety of expression of NE marker transcripts enforces the conclusion that there exists

multiple cell phenotypes in the NE subtype.
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Datasets Primary Tumours Metastases

RP TURP | LN/RP CRPC/ NEPC/
mixed locations mixed
locations
Stanford: Gene microarray, 2004 SSTR1> AURKA
AR >SSTR1 >
SNPH >SYP
CALCB> >CALCB
SORTL>SYP
MSKCC: Gene microarray, 2010 VIN>
:J:ﬁi AURKA>SSTR1> CHGB =SST =NTSR1
NTSR2>
POU3F4
TCGA: RNA Seq., 2015 AURKA=GRP=
SST>
SYp
Cambridge: Gene microarray, 2015 GRPR> £noz=
AURKA>
AURKA>
Syp= SSTR1>
futiing NCAML>
SSTR2
Neuroendocrine: RNA seq., 2016 5CG2=POU3F2>
FLT1 CHGB=NCAM1=
Hutchinson: Gene microarray, 2016
FLT1 > VEGFA > SSTR1 > VIPRL
SU2C: RNA Seq., 2019 W Bone; Lver; | OtherSoft
’ SSTR1> GRP > VIN > Tissue:
GRPR> | NCAM1> | NTSR1> | SSTRL>SSTR2
FLT1> | NTSR1> ENO2 = >ENO2 >
Syp CALCR > CHGB = GRPR = NTSR1
>CHGB FLT1 cALCB

Table 4.2: Frequency of the most over-expressed NE transcripts in published prostatic

datasets

Datasets Primary Tumours Metastases
RP TURP LN/ RP CRPC/ NEPC/
mixed locations mixed
locations
Stanford: Gene microarray, VIPRL > SYP > CGH:PA >
>
2004 NWB > ENO2>
VEGFA >
SSTRL NCAm1 >
AURKA
MSKCC: Gene microarray, SST> AURKA
2010 >SSTR4 > CHGA > SSTR1 > CALCA > AURKA > BRS3
VIN > CHGA
TCGA: RNA Seq., 2015 NTSR2 >VIP
>SST>
POU3F2 >
CALCB
Cambridge: Gene
. 8 AURKA> | 575 ssTRL
microarray, 2015 NMB>VIN> | Jopsvip
SSTR1 > VN
CALCA
Neuroendocrine: RNA seq., NTSR2 > GRPR
> CALCB >
2016 NTS > SSTR3 > SSTRS > SSTR1 > SSTR4. CaLca
>POU3F4
Hutchinson: Gene
microarray, 2016 VTN > NCAML > POU3F2 > SST > CALCR
SU2C: RNA Seq., 2019 N: Bone; Liver:
NMBR > POU3F4 > SST > SCG2 GRP >BRS3 > Tissue:
NTSR2>SSTR4> | >MYCN > CALCB > NTSR1 > MYCN
SSTR3 SSTR2> | CHGA>CALCA | >SYP>SSTR2>
VEGFA NCAM1

Table 4.3: Intensity of the most over-expressed NE transcripts in published prostatic

datasets
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Chapter 5

Over-expression of Circulating

NE-related Transcripts in PCa

5.1 NE-related transcripts are expressed in human PCa cell
lines

Out of the 35 NE-related transcripts analyzed in the published datasets, 17 of the most
representative over-expressed genes were chosen to continue studying in cell lines and
patient blood. Based on a compromise between the levels of over-expression in both
intensity and frequency (Tables 4.2, and 4.3), the chosen NE-related transcripts were:
CHGA, CHGB, SCG2, SYP, ENO2, NCAM1, POU3F2, MYCN, AURKA, GRP, GRPR, VEGFA,
FLT1, CALCA, CALCR, SST, SSTR2. These NE-related genes were each found to be either
the most frequently expressed, or most intensely expressed in the dataset analyses.
Figure 5.1 illustrates the NE transcripts expression levels in each cell line, AR-positive
LNCaP and 22Rv1, and AR-negative PC-3, DU145, NCI-H660. The chromogranin fam-
ily of transcripts (CHGA, CHGB, SCG2) showed similar expression, in that they were all
highly expressed in the NCI-H660 cell line, and somewhat expressed in the 22Rv1 cell
line. Other intrinsic molecular NE markers like POU3F2, SYP, ENO2, AURKA, MYCN
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were also seen in the NCI-H660 cell line. All of these aforementioned NE transcripts
were also expressed, but at low levels in the PC-3 cells. Interestingly, AURKA was mostly
expressed in DU145, compared to NCI-H660.

When looking at the lower panel of Figure 5.1, we see NE-product transcripts and their
respective receptors. Out of all the NE-transcripts presented in this panel, VEGFA and
SSTR2 are the only two markers present in all the five PCa cell lines, while the others are
not. We also see more variation here in the most expressive cell lines. VEGFA and CALCR
are most commonly expressed in DU145, while GRPR was found highly expressed in PC-
3 cells. Overall, most of the cell gene expression was found in the AR-independent cell
lines.

Even though NCI-H660 is the most expressive cell line, some NE genes are predomi-
nant in other cell lines. Figure 5.2 shows the mixture of all cell lines in a serial dilution,
with the corresponding R? values, and slopes. Equal fifths of each PCa cell line was rep-
resented during the dilutions. All 17 NE genes of interest, as well as 3 reference genes
RPLPO, PGK1, PPIB were successfully detected in each of the mixed cell line serial dilu-

tions, providing a positive inter-calibrator between the qPCR plates.
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Figure 5.1: Optimization of RT-qPCR assays in 5 Human PCa Cell Lines
16 NE genes of interest; note: NCAM]I assay testing in cell line was previously done in a prior

project, by another colleague, and is not included here.
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Figure 5.2: Serially Diluted Mixed Cell lines represented in each of the 17 NE genes of

interest and 3 references genes.

5.2 Clinical characteristics of patients

The characteristics of patients enrolled in this stsudy are displayed in Table 5.1. The 15

mCRPC patients were all advanced cases with 5 on second line therapies and 10 on third

lines therapies. 7/15 (46.6%) of patients were already metastatic at diagnosis, whereas

8/15 (53.3%) had received initial curative treatments (62.5% surgery, and 37.5% radiation).

Metastases were primarily found in bones (14/15, 93.3%) and LNs (6/15, 40%).

All of the patients were on systemic therapies against mCRPC: 6.6% received only

ADT, while 33.3% received Abiraterone as well. Other treatments included 9 patients on

chemotherapy (comprising 66.6% Docetaxel and 33.3% Cabazitaxel).
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Parameters mCRPC Patients
(n=15)
Age, median (range), years 71 (52-85)

PSA, median IQR, ng/mL

20.23 (1.2-38.8)

Gleason score at biopsy | 6 0 (0%)
7 4 (26.6%)
8 1(6.6%)
9 6 (40%)
10 2 (13.3%)
Not reported 1(6.6%)
Treatment of initially Surgery 5(62.5%)
localized disease (n=8) | cative Radiotherapy 3(37.5%)
Treatment of initially ADT 7 (100%)
m‘j;a)“atic disease ADT + palliative RT 2 (28.6%)
ADT +CT 2 (28.6%)
Time, median IQR, in Time diagnosis to CRPC 30(12-87)
months Time CRPC to inclusion 22.5 (12-33)
Metastatic Site None 0 (%)
Bone 14 (93.3%)
Visceral 2(13.3%)
LN alone 6 (40%)
LN + Bone 5(33.3%)
Current Line of mCRPC | 2" line 5(33.3%)
Therapy 3t line 10 (66.7%)
Current Treatment ADT only 1(6.6%)
AR Abiraterone 5(33.3%)
inhibitors | g2 utamide 0 (0%)
Taxanes Docetaxel 6 (40%)
Cabazitaxel 3 (20%)
Progressive Disease 8 (53.3%)

Table 5.1: Baseline clinical features of 15 mCRPC patients
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5.3 Over-expression of NE-related transcripts in the blood

of 15 mCRPC patients and 8 healthy controls

Upon verification of expression in all 5 human PCa cell lines, the 17 NE genes were then
tested in the blood RNA of mCRPC patients (15) and (8) healthy controls of varying age.
Important to note and as shown for each gene in Appendix 1, the normalized expres-
sion of NE transcripts did not correlate with age of controls. These mean normalized
expression values of controls were used to determine the threshold of over-expression for
each gene as presented in Table 5.2. Appendix 1 shows the normalized expression of all
NE transcripts within the blood RNA of the 15 patients. There were five NE genes for
which there was no signal in both the controls and patients (CHGA, GRP, CALCA, CALCR
and SST), leaving a remainder of 12 expressed NE genes of interest. Each boxplot below
in Figure 5.3, shows the relative normalized gene expression, with the over-expression
threshold defined above for each gene. VEGFA was the most frequently over-expressed,
namely in 26.6% (n=4/15) patients, followed by SYP, AURKA, FLT1, SSTR2 in 20% (n=3),
NCAM1, POU3F2, MYCN in 13% (n=2/15), and CHGB, GRPR in 6% (n=1). SCG2 was not
over-expressed in these 15 mCRPC patients. Hence, altogether, 10 out of the 17 NE genes
selected were found over-expressed in the blood RNA of a majority of mCRPC patients

compared to controls.
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AURKA 1.08e+11
MYCN 1.76e+11
FLT1 2.18e+13
5CG2 2.01e+10
CHGB 1.52e+10
ENO2 6.88e+11
NCAM1 7.90e+11
POU3F2 3.04e+10
SSTR2 5.19e+11
SYP 5.59e+10
GRPR 2.22e+11
VEGFA 9.57e+10

Table 5.2: Threshold values for each NE gene of interest

An over-expression threshold was defined for each gene by the mean in controls + 2.58 SD (stan-

dard deviations) for a confidence interval of 99.5%.
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Figure 5.3: Relative normalized gene expression of 12 NE transcripts in patients vs. con-

trols.
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Given the data above on circulating genes in patients, a heat map was constructed
to illustrate the distribution of circulating NE-related transcripts in each patient, as seen
in Figure 5.4. The heat map below reveals a high level of heterogeneity among patients
with over-expressed NE genes in the blood. At least one gene was over-expressed in
66.6% (n=10) of patients. No patient over-expressed all of the NE transcripts, suggesting
that the NE subtype is represented by cells of different phenotypes. Overall, there exists
9 different NE signatures, with the exception of those patients with similar signatures:
(R2 =R6), (R4=R20). Five patients (R1, R5, R7, R10, R22) did not over-express any of
our NE genes. Interestingly, R27 over-expresses the highest number of our 12 NE genes,
giving a signal at 67% (n=8/12). Altogether these findings on circulating NE transcripts
support a high differential NE gene expression between patients. They also substantiate
the existence of several cell subsets, exhibiting different phenotypes within the NE-cell

subtype, as frequently observed in advanced PCa.
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NE GENES R2 |R3 |R4 |R5 |R6 |R1 [R7 [R8 [R9 |R10 |R20 |R21 |R22 |R26 [R27 [Patients per Gene

CHGA 0

CHGB 1

SCG2 0

SYP

SSTR2

Genes per Patient

Relative Fold Change vs. Threshold

<0 0 32

Figure 5.4: Over-expression heat map representative of the 17 NE transcripts in mCRPC

patients
The black squares show no signal in the RT-qPCR assays. Blue squares show expression at the

threshold or lower, and the pink to red squares are over-expression values up to 32 fold.
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Chapter 6

Proposition of a Short-hand Unique NE

Gene Signature

Throughout the mining of transcriptomic datasets, and the results from liquid biopsies,
there exists much overlap in the most intense and frequent NE transcripts. Our results
showing a highly differential expression of NE markers in prostate tissues, as well as min-
ing transcriptomic datasets, led us to further explore the potential of their over-expression
in circulating blood, by which a specific NE signature could be indicative of advanced
disease. To our knowledge, there have been no studies to provide such a signature, or
pattern, given the extreme clinical heterogeneity of the disease, as well as the variation in
NE cell subtype.

Table 6.1 shows a colour-coated summary of similar genes found in the blood of our
cohort of patients, as well as the cohorts in each of the transcriptomic datasets. The top 12
NE genes of each dataset were ranked, as well as the 12 detectable transcripts in circula-
tion. One observation was that SSTR1 and VTN were commonly seen at 79% (n=11/14).
Although these two transcripts were not yet tested in patient blood, they are prospects
for future experiments when more NE genes will be added.

When looking at specific NE genes, SYP and CHGB are the transcripts most seen in
every dataset and in the blood at 88%. Following this would be AURKA seen in 63% of
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datasets and blood. SSTR2, POU3F2 and ENO2 were equally seen in 50% of the datasets
and blood. Based on the number of times any NE gene was seen in the top 12 ranks,
a signature containing the most relevant genes in circulation can be proposed. The NE
pattern or signature with the most prevalent genes would be composed of: SYP > CHGB
> AURKA > SSTR2 > POU3F2 > ENO2. We see that these NE transcripts are ranked the
best and most in all of the datasets + blood.

In the aforementioned results of each individual dataset, we saw that SYP was most
represented by the primary tumour samples, and less so in the metastases. The four pri-
mary datasets (Stanford, TCGA, MSKCC, Cambridge) all over-express SYP in primary
tumours of RP and TURP samples, as well as in some mets (LNs at RP). CHGB was previ-
ously seen frequently in the mixed metastatic samples as well as in NEPC mets. We see it
comes up as well in the dataset containing primary samples, although it is not ranked in
the top five of all transcripts. AURKA was very commonly seen in the databases. It was
often over-expressed in the primary tumours (RP, TURP), as well as in the LNs resected at
RP. Furthermore, it was also found in the mixed locations of metastases. SSTR2 is differ-
ent from the previous NE transcripts because it is exclusively found to be over-expressed
in the metastatic samples. It is highly ranked in the neuroendocrine, Hutchinson, SU2C,
and patient blood samples. In the SU2C dataset, SSTR2 was most intensely expressed in
the bone, and other soft tissue. Both POU3F2 and ENO2 were not very important when
looking at the liquid biopsies, however POU3F2 was commonly over-expressed in the
mixed NEPC and CRPC mets. ENO2 was found frequently in the primary tumours of RP
and in TURP samples, as well as in metastatic samples from the liver and soft tissues.

The genes not yet tested in the blood, such as SSTR1 and VTN, which are both com-
monly seen in both primary and metastatic samples, will be added on for future endeav-
ours of this project. Based on the overall combination of results with the datasets and
blood, we feel that the aforementioned NE genes (SYP, CHGB, AURKA, SSTR2, POU3F?2,
ENO?2) would be the most important to test in liquid biopsies of advanced PCa patients.

Additionally, NE markers that are known drug-targets in clinical trials, and that ranked
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high in liquid biopsies (VEGFA, FLT1 and GRPR) would also be the most important to

include in tests.

By combining literature studies on clinical trials, transcriptomic datasets, and liquid

biopsy testing, the final list of NE-genes proposed would include 8 markers: VEGFA,

FLT1, GRPR, AURKA, SSTR2, SYP, CHGB, POU3F?2.

Ranked NE Transcripts Stanford MSKCC TCGA Cambridge Neuroendocrine Fred Hutchinson su2c Patient Blood
1 SSTR1 VTN GRP GRPR 5CG2 SST SSTR1 VEGFA
2 AURKA AURKA VIP AURKA POU3F2 Syp VIN SSTR2
3 Syp NTSR1 VTN SSTR1 SSTR1 NTSR2 NTSR1 FLT1
4 CHGA SSTR1 SST Syp SSTR2 POU3F2 GRPR SYP
5 GRP NTSR2 AURKA SST CHGB VTN FLT1 AURKA
6 VIPR1 POU3F4 | POU3F2 VTN BRS3 SSTR2 SSTR2 NCAM1
7 CALCB SST CHGB GRP CALCR CALCA GRP POU3F2
8 VEGFA CHGA SSTR3 CHGB NCAM1 5CG2 NCAM1 MYCN
9 ENO2 SSTR4 SSTR1 CHGA SNPH NMBR CHGB GRPR

10 NMB CHGB CALCB viP GRP CALCR CALCB CHGB
11 SORT1 CALCA Syp NMB FLT1 VIPR2 SYP ENO2
12 CHGB Syp NTSR1 CALCB ENO2 POU3F4 ENO2 SCG2

Table 6.1: Ranking of most important genes gathered from all transcriptomic datasets and
patient blood data

The ranking of NE markers was analyzed with cofactors such as: intensity of over-expression,
frequency, and mean of over-expressed values. Each corresponding NE transcript over-expressed
in the blood is colour coated, and matched with those in the dataset. Both SSTR1, VTN are the
same colour, representative of genes to be tested. NE genes in grey (CHGA, GRP, SST, CALCA,

CALCR contained no signal in the blood of this small series of patients).
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Chapter 7

Clinical Relevance of the NE subset of

cells

An important aspect of this research is to find out if our findings are clinically relevant
and may help to predict recurrence of the disease (BCR) after curative therapy as well
as response to therapies. They could also be used as a basis to better manage patients at

advanced stage of the disease.

7.1 Survival analyses show the predicative value of circu-
lating NE transcripts

To ascertain the predicative value of our findings, we accessed the MSKCC database,
which was the only one to provide the patients’ clinical data regarding BCR after RP and
survival. Therefore, we tested different combinations of over-expressed NE transcripts
in this dataset and performed Kaplan-Meier survival analyses based on BCR, comple-
mented by Cox univariate and multivariate tests.

In the first set of analyses (Fig. 7.1), cases over-expressing at least one NE gene expe-
rienced earlier BCR (p=0.0024). This was supported by both the univariate and multi-

variate Cox analyses (Table 7.1). Results are relatively similar for cases over-expressing

71



two NE genes, (p=0.0029), and even more pronounced when five or more NE genes are

over-expressed (p=0.00039).
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Figure 7.1: Kaplan-Meier survival analysis
Left to right: At least 1 NE gene OE, At least 2 NE genes OE, At lease 5 NE genes OE.

With regards to over-expression of specific NE transcripts, we looked at the top 17
ranked NE genes in the MSKCC dataset (same ranking as previously listed in Table 6.1:
VTN > AURKA > NTSR1 > SSTR1 > NTSR2 > POU3F4 > SST > CHGA > SSTR4 >
CHGB > CALCA > SYP > CALCR > SCG2 > BRS3 > NTS > VIPRI). From this list,
we compiled our next set of survival analyses, starting from the top ranked gene, then
adding each gene in succession, and so forth. It is noteworthy that some of the NE genes
ranked in our list were chosen for their predominance in metastases datasets, but not
necessarily in primary tumours. This process was able to show us at what point there
was no predicative increase in the event of a BCR. One pattern we saw was that cases
over-expressing any of the top 17 ranked NE genes overall experienced an earlier BCR
(Figure 7.2). Interestingly, in the analyses between the top 7, 8, and 9 NE genes, there
was no increase in hazard ratio, nor significance. This was supported by the univariate
analyses, but lost in some instances during the multivariate analyses (Table 7.1).

In the middle right panel of (A.) in Figure 7.2, the cases that over-expressed the top 4
ranked NE transcripts (VTN, AURKA, NTSR1, SSTR1) experienced an earlier BCR (p<0.0001).
This combination of top ranked NE genes proved to hold the most significance, with 63

cases in the over-expressed group, and 77 cases that were not over-expressed, with a HR
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of 4.0 (Table 7.1). A trend that was seen in these results was that there seemed to be a
peak by which the addition of genes no longer added any effect of the event of an earlier
BCR. After the addition of the top 4 NE genes, the hazard ratios decreased, meaning that
there was less of a significant effect between the over-expressed and non over-expressed
cases. After the addition of the top 14 NE genes (Figs. 7.2 B, C), there were no changes
in the survival outcome, p-value remained (p=0.004), and no change to the hazard ratios.
Overall, having an increasing amount of select NE genes is indicative of experiencing an

earlier BCR.
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Figure 7.2: Kaplan-Meier survival analysis of the most important NE transcripts we had

ranked and known to be over-expressed in the MSKCC dataset

Graphs are placed in order of most relevant NE gene being over-expressed, then adding in succes-

sion, the rest of the list of over-expressed NE genes one at a time. The list of the 17 genes includes:

VTN > AURKA > NTSR1 > SSTR1 > NTSR2 > POUS3F4 > SST > CHGA > SSTR4 > CHGB >

CALCA > SYP > CALCR > SCG2 > BRS3 > NTS > VIPRI1. (A) shows the succession of the top 6
NE genes (B) shows the succession of the top 10 NE genes (C) shows the succession of the top 14

NE genes.
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Over-expressed Hazard Ratio (confidence interval)
Genes from MSKCC
Univariate Multivariate
At least one NE 3.6 (1.5-8.6) 2.6 (1.0-6.8)
gene
. 2.6 (1.4-5.1) 1.5(0.7-3.4)
genes
Atieastiive NE 4.0(1.8-9.2) 1.1(0.3-3.5)
genes
Top 1 NE genes 1.1(0.5-2.3) 1.1(0.5-2.7)
Top 2 NE genes 3.1(1.5-6.1) 2.2 (0.9-5.3)
Top 3 NE genes 3.0 (1.5-5.9) 2.4 (1.0-5.8)
Top 4 NE genes 4.0 (1.9-8.4) 3.5(1.4-8.7)
Top 5 NE genes 3.4(1.6-7.3) 3.0(1.2-7.2)
Top 6 NE genes 2.5(1.2-5.4) 2.1(0.9-5.1)
Top 7 NE genes 2.9 (1.3-6.4) 2.0(0.9-4.9)
Top 8 NE genes 2.9 (1.3-6.4) 2.0(0.9-4.9)
Top 9 NE genes 2.9 (1.3-6.4) 2.0(0.9-4.9)
Top 10 NE genes 2.8(1.3-6.3) 2.0(0.8-4.9)
Top 11 NE genes 2.8(1.3-6.1) 2.0(0.8-4.8)
Top 12 NE genes 3.2(1.4-7.2) 2.2 (0.9-5.5)
Top 13 NE genes 3.2(1.4-7.2) 2.2 (0.9-5.5)
Top 14 NE genes 3.2(1.4-7.2) 2.2 (0.9-5.5)
Top 15 NE genes 3.2(1.4-7.2) 2.2 (0.9-5.5)
Top 16 NE genes 3.2(1.4-7.2) 2.2 (0.9-5.5)
Top 17 NE genes 3.2(1.4-7.2) 2.2 (0.9-5.5)

Table 7.1: Univariate and Multivariate Cox analyses

Multivariate analyses for over-expressed genes, with pre-operative PSA, Gleason score, and T
stage as cofactors. Confidence intervals are within 99.5% (+/-2.58 SD) and significant hazard
ratios (HRs) are bold.
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7.2 Circulating NE transcripts in patients’ liquid biopsies
are clinically relevant

We next investigated whether the over-expression of circulating NE genes in our 15 pa-
tients were associated with clinical parameters. Note, the 9 highest ranking over-expressed
NE genes from (Table 6.1) were: VEGFA, SSTR2, FLT1, SYP, AURKA, NCAM1, POU3F2,
MYCN, GRPR. There was not a lot of significance seen in general, regarding baseline fea-
tures. Patients who received radiotherapy seemed to show an increase of NE detection,
however no specific transcripts reached significance. Studying individual NE genes that
were over-expressed, Figure 7.3 showed that SSTR2 detection was increased in patients
who did not receive any current mCRPC therapies (p=0.038). Furthermore, the same sig-
nificance was seen in NCAM1, and POU3F2. Interestingly, MYCN over-expression was

significantly associated to patients receiving Abiraterone (p=0.032).

VEGFA SSTR2 FLT1 sYp AURKA NCAM1 POU3F2 MYCN GRPR

Age

PSA

Bone metastases

Visceral metastases

Lines of mCRPC therapy

2nd vs. 3rd line

Progressive disease

Initial therapy

Surgery

Radiotherapy

mCRPC therapies (current)

003 oos  ooos
abiraterone 0.032
any taxane

- docetaxel

- cabazitaxel

mcRPC therapies (past)

any AR-inhibitor

- abiraterone

- enzalutamide

docetaxel

Figure 7.3: Patient and/or treatment characteristics and the association with over-

expressed NE markers
Characteristics were dichotomized, and differences were evaluated using Chi-square tests. Signif-

icance is indicated when applicable, p < 0.05.
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Survival analyses were conducted for disease progression and death (Table 7.2). Of
note, 2 patients had died during the period of this study. No statistical significance was
reached for disease progression and/or death but certain patterns or trends were ob-
served for specific NE markers. For instance, over-expression of SYP (HR 1.02) or AURKA
(HR 3.00) both have an increased risk for disease progression. The same NE markers: SYP
(HR 7.35) and AURKA (3.83) each have an increased risk for death.

Taken together, this data suggests the NE cell subtype over-expressed in liquid biop-
sies of patients with advanced disease are clinically relevant, correlating with outcome,
despite the low number of cases enrolled in this study during the pandemic. This substan-
tiates the proposed concept of the NE subtype consisting in a variety of cells differentially

over-expressing NE markers, at least in the advanced stage of disease.

NE Gene Disease Progression Death

Syp 1.02 (0.12-8.49) 7.35 (0.45-119.17)
VEGFA 0.33(0.04-2.67) NA

SSTR2 0.35(0.04-2.85) NA

GRPR NA NA
NCAM1 NA NA
MYCN NA NA

FLT1 0.42 (0.05-3.42) NA
AURKA 3.00(0.67-13.52) 3.83(0.24-61.27)
POU3F2 NA NA

At least one marker 0.64 (0.17-2.40) NA
Increasing of markers 0.68 (0.27-1.24) 0.91(0.33-2.55)

Table 7.2: Over-expression of circulating genes is associated with disease progression and
patient death

Hazard ratios and 99.5% confidence intervals for disease progression and death in patients over-
expressing the select circulating markers. HRs and respective 99.5% Cls were calculated using

Cox proportional hazard models. NA: non-applicable. No HRs show significance.
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Chapter 8

Discussion

This study highlights the concept of NED in a multitude of ways: (1) Inter-patient het-
erogeneity; (2) intra-patient heterogeneity; (3) inter-tumoural heterogeneity; (4) intra-
tumoural heterogeneity. The significance of NED in relation to progression is especially
seen through the analysis of multiple cohorts in the transcriptomic datasets. The com-
monality of transcript over-expression from the published datasets and liquid biopsies
enforces a strong shorthand signature for cells of the NE subtype to be studied and used
as possible biomarkers for prognosis of PCa. Clinical relevance substantiates the impor-

tance of the NE cell subtype when looking at the most advanced PCa cases.

8.1 NED in benign glands and cancer foci of primary tu-
mours

The intent of this part of the study was to demonstrate the inter-patient and intra-tumoural
NED in a small series of RP specimens from 10 patients that were stained by IHC with
tive different NE markers. As predicted, all of the 10 patients exemplified a different NE
signature or pattern within their benign glands as well as their cancer foci.

While focusing on the NE-stained cells in the benign glands, we found out that CHGA

was the most positively expressed NE-marker and that less that half of the cases expressed
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CHGA more in the cancer foci compared to the benign glands. This observation was
surprising because CHGA is well-known in literature and accepted as the main marker
expressed by NE cells in prostatic primary tumours [77,78]. Contrary to this, CHGA
expressed the highest percentage of positively stained cells in the benign area of all 10
patients (1.16%), and was most frequently expressed in 7 patients (70%). While these
tindings highlight the importance of CHGA to detect NE cells in the primary tissue of
the prostate, they also indicate that CHGA might not be the best NE marker in this se-
ries of cases (received neo-adjuvant ADT prior to RP). The tissues do not represent the
situation of patients who have had hormonal therapies for long periods of time and have
progressed to the mCRPC and more advanced stage, however they do remain meaning-
tul to reflect the effect of ADT on the NE subtype. When looking at the consecutive slides
in benign glands (Figure 3.1), the CHGA stain contains positive cells that are missing in
the NSE, SYP, CALCA, and 5-HT-stained slides. Within all of the benign glands of the
patients, there were 8 unique profiles, which suggests a high inter-patient complexity
regarding NED.

This study also confirms that there exists different subsets of NE-cells within each tu-
mour environment. Indeed, shifting sights to the positively stained NE-cells in the cancer
foci, CALCA was the most positively expressed. As previously mentioned, CALCA was
studied in the host lab and proved to enhance LNCaP motility through FAK activation
(unpublished). Therefore, the finding of its presence at high frequencies in the cancer foci
is of interest and in line with the fact that the receptor calcitonin receptor (CALCR), is in-
volved in PCa invasiveness, and possible relationship with metastases to the bone [125].
Within the cancer foci of all cases, no two patients contained the same frequency of NE
markers, nor did they have the same predominance of NE expression. Through our ob-
servations, 90% of the patients expressed at least one of the NE markers. Furthermore,
our NE markers were representative of the varying cells displaying NE phenotypes that

exist within each cancer foci.
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Another interesting finding was that not all of the NE markers were similarly ex-
pressed. For example, in patients 6 and 9, one NE marker had such a high predominance
of positive expression, while the other 4 NE markers were not expressed in the benign
nor in the cancer foci. When thinking in terms of clinical relevance, the knowledge of a
high NE content could affect the efficacy and efficiency of therapies. This result proves
that even though patients receive the same hormone treatment, and are at the same stage
of their disease, they do not express similar ligands and/or receptors at the same levels.
Due to the fact that there is high inter-patient heterogeneity, this sheds light on the urgent
need for a more precision based medicine.

In the above example specifically, patient 6 only expresses CALCA, with very mini-
mal SYP, in comparison to patient 9 who only expresses CHGA in its NE cells. If patient
6 and 9 were given the same CALCA or CALCR-targeted therapy, only patient 6 would
benefit. There were also patients in which there was no NE marker expressed in cancer
foci expression, and instead was only found to be positive in the benign glands (patient
7). This could also be due to the fact that NE protein might be expressed later in the dis-
ease, once a patient is metastatic. Considering that these IHC stained tissues are from the
primary tumours of RP cases, the cells might not have acquired a heavy NED phenotype.
Overall, we see a highly diversified NED between patients, within the same patient, and
even within the same tumour of the same patient in the primary tumour foci and benign
glands.

Among some limitations of the tissue NE marker analysis was that we did not have the
clinical data to perform further statistics on the patients, nor did we have access to TURP
primary tumours from advanced cases. Another aspect to consider is the additional stud-
ies of NED in normal and hyper-plastic prostates from organ donors and patients having
no PCa. Unknown external characteristics like age, Gleason score, or PSA level might
have correlated to varying expression levels of the NE markers. Another limitation was
that all 10 of these patients received neo-adjuvant hormone therapy prior to RP, and that

no comparison was made with prostate tissues from untreated (hormone-naive) patients.
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It would have been interesting to see an increase in the expression of NE markers, while
comparing before and after hormone-therapy, but diagnostic biopsies were not available.
It is important to mention that neo-adjuvant ADT prior to RP is not as frequent as in the
1990s. A major disadvantage was the difficulty to properly grade primary tumours due to
hormonal effects on more differentiated and hormone-dependent cancer cells, while not
providing sufficient benefits for surgeons. Deeper studies of tissue comparisons and scor-
ing of multiple NE stains are needed in future studies. An alternative strategy to analyze
several markers on the same slide could be done by immunofluorescence with multiple
antibodies. Since this tissue material was pre-stained years ago, no additional multiplex
staining was done. Nonetheless, it is conceivable that based on our observations sum-
ming up all the positive cells expressing different NE markers, they would reveal a wider
contribution of NE cells and their products to the prostate physiopathology, notably in
PCa.

8.2 Transcriptomic analysis reveals NE gene over-expression
in relation to progression

To better understand the relationship between NE phenotype, NE heterogeneity, and pro-
gression of the disease, several published RNA sequencing and microarray data were an-
alyzed. Each dataset contained samples from diverse cohorts of patients moving from
benign to primary tumours of RP cases removed in the weeks following diagnosis as well
as advanced TURP cases, to LN metastases resected at RP, or distant metastases from
patients with advanced disease.

When looking at the dataset analyses of mostly primary tumours of the Stanford, Cam-
bridge, MSKCC cohorts, there exists a high inter-patient heterogeneity of NE genes be-
ing over-expressed that increases with progression of disease. When moving from RP to
TURP primary tumours and to metastases, we observe a significant association with in-

creased NE transcripts. When comparing these three datasets, each were very similar in
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the over-expression of certain NE transcripts (AURKA, SSTR1, SYP). Each of these tran-
scripts were important in the RP, and advanced TURP cases. In like with literature, SYP
is a long-standing intrinsic NE marker used for identification of the NE-cell subtype. It
is no surprise that it's commonly over-expressed in primary tumour tissues [8,15]. Fur-
thermore, the elevated levels of AURKA is worth mentioning since the protein has gener-
ated interest, being involved in the progression of the disease. Our findings on its over-
expression in the various cohorts is of clinical significance given that there are currently
drug-targeted therapies for AURKA in clinical trials. The demonstration of the Somato-
statin family receptors (SSTR1, SSTR2) being over-expressed is also of great importance,
as these receptors are currently being targeted as therapies and used for molecular imag-
ing of metastases containing malignant NE cells [126-128].

The remaining metastatic datasets (Fred Hutchinson, Neuroendocrine, and SU2C)
contained various metastatic samples to different sites of the body. There were less simi-
larities found for NE genes over-expressed in these metastatic datasets, compared to the
many similarities found in the primary datasets and cohorts. This may imply that as the
disease progresses and becomes more advanced, and eventually mCRPC, mechanisms
controlling NED lead to some divergences. This would allow some NE cells to develop
their own unique set of genes with phenotypes that may not be similar between sites of
metastases and between patients. In the SU2C cohort specifically, metastases to the LN,
liver, bone, and other soft tissues each contain a very different pattern of over-expressed
NE genes.

Results show preferential NE over-expression of NE genes in the liver metastases,
followed by bone, then LN and other soft tissue (Fig. 4.6). No two sites of metastases con-
tained the same intensity or frequency of NE transcripts. When taking a closer look at the
composition of NE transcripts over-expressed in respective liver mets, the two datasets
contained very different patterns. In the SU2C cohort, VTN was the most frequently seen
transcript, while in the NE cohort, MYCN was the most frequent at this site. The dif-

ference in NE gene over-expression, even at the same site is indicative of inter-tumoural
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heterogeneity. It also enforces the notion that there exists multiple cell phenotypes within
the NE-subtype. The NE dataset has also illustrated and confirmed that the panel of 35
NE genes selected were more commonly found in the CRPC-NE patients compared to
the conventional CRPC-adeno patients. Within this NE dataset, some CRPC-NE patients
exhibited as high as 70-80% of our genes over-expressed. With these results in mind, we
were confident that moving forward with the testing of certain NE transcripts in the blood
of patients was a promising avenue.

The Hutchinson dataset was especially different because it contained multiple metas-
tases biopsied from warm autopsies.The dendrogram from Figure 4.10 illustrates that
patients containing multiple metastases to the same site could still present with a high di-
versity of NE markers. This is an important and relevant finding because it enforces cau-
tion when trying to image or treat the various metastases, since they are not all identical in
their molecular and cellular composition. Conventional tissue biopsies are not always the
best representative of the cancer as a whole, and instead would only provide one piece of
information or insight into a particular metastasis, while neighbouring metastases could
be comprised of different cell subsets and/or gene patterns. Furthermore, in addition to
inter-patient heterogeneity of gene over- expression in primary tumours and metastases,
we identified remarkable intra-patient heterogeneity in metastases located at different
sites, and even to the same site. It is thus conceivable that cells of diverse phenotypes
not only contribute to the development and stage of PCa, but also respond differently to
certain drugs, thus leading to further progression and death from this disease.

There were some limitations for the analysis of the datasets. One of them was that not
all genes were found in each dataset; 9 of 35 NE transcripts selected were not included in
the Stanford dataset, 1 in the SU2C, and 1 in the Hutchinson series. Furthermore, clinical
follow up data were not provided in most of them, and as such, we were able to asses

clinical relevance of our over-expressed NE genes solely with the MSKCC dataset.
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8.3 Traceability of NE genes in blood RNA of advanced pa-
tients

To better understand the expression of the NE genes in PCa progression, we shifted sights
their potential presence in the circulation, in whole blood. We chose 17 specific NE genes
of the 35 initial list because they were highly over-expressed in the publicly available
datasets, as well as found to be important in literature studies. A handful of the chosen
transcripts were also specific targets for therapy in clinical trials. We successfully showed
that the selected 17 NE transcripts (CHGA, CHGB, SCG2, SYP, ENO2, NCAM1, POU3F2,
MYCN, AURKA, GRP, GRPR, VEGFA, FLT1, CALCA, CALCR, SST, SSTR2 were measur-
able in 5 different human PCa cell lines (Fig. 5.1). The fact that the majority of NE gene
expression was seen in the more aggressive AR-independent cell line, NCI-H660, known
as a NE model, confirms the suitability of this model. High expression of NE genes in
other AR- negative cell lines also suggests that the NE phenotype is related to progres-
sion of the disease. Further, it supports the theory that NED is an enabler of resistance to
hormone-therapy. Indeed, cancer cells that can function independently of AR will not be
affected by androgen-deprivation therapies.

An interesting finding in cell line expression was that GRPR is predominantly ex-
pressed in the PC-3 cell line. As previously mentioned, the host lab was the first to prove
that GRP /bombesin binding to the GRPR is involved in the activation of PC-3 cell motility
through FAK [114,115]. Reaching the same conclusion for GRPR at the RNA level cou-
pled to the protein level, substantiated the importance and presence of gastrin-releasing
peptide receptor (GRPR) as a key NE transcript in more aggressive PCa cells. Literature
also places great value on the GRPR, for molecular imaging of metastases [129] and is
currently being studied in clinical trials. A few NE-related genes like CALCR, VEGFA,
AURKA were more expressed in other cell lines, notably CALCA in the DU145 cell line. It
is worth mentioning that the host lab has previously demonstrated that CALCA activates

LNCaP cell motility via FAK activation (unpublished data). However, the expression of
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its receptor had not yet been assessed. These findings support that NE-products and
related receptors may also act through paracrine mechanisms.

After optimization of assays , we then wanted to verify the traceability of our selcted
17 NE genes in the blood RNA of 15 mCRPC patients and 8 healthy controls. The RT-
qPCR results first showed that 5/17 NE genes were not expressed in either the controls
or the patients. The expression of the 12 remaining genes was also not significantly as-
sociated with age of healthy volunteers, whose ages for some of them overlap the age of
the patients. The mean of these values has allowed us to define the threshold for each
gene, enabling us to state on NE gene over-expression with a 99.5% confidence interval.
As predicted, we observed a wide diversity between patients, creating 9 unique signa-
tures or patterns based on the heat map generated in Figure 5.4. We hope that with the
addition of more patients to our cohort, all 17 NE genes would eventually be expressed.
Surprisingly, CHGA was not detectable in the liquid biopsies of our mCRPC patients in
their 2nd or 3rd line therapies. Therefore, it is conceivable that CHGA may not always be
the best NE-marker traceable in our mCRPC patients. Based on the IHC results, CHGA
was primarily seen in the benign glands of the prostate tissue compared to cancer foci.
These two results are in line with each other in that CHGA might not be the most impor-
tant marker in NE cells of advanced disease and instead be a useful marker in primary
tumours, or in cases that have not yet had treatments. This was also suggested by analy-
ses of transcriptomic datasets of prostatic tumour tissues (RP and TURP) and metastases
of patients with advanced disease.

From the 12 NE transcripts that we successfully detected in liquid biopsies, the most
over-expressed genes were VEGFA, AURKA, SYP, FLT1 and SSTR2. All of the aforemen-
tioned NE transcripts, except SYP are current targets for drugs in clinical trials. It was not
surprising that these were the most frequently over-expressed NE transcripts from the
blood RNA results, given their clinical involvement. As previously mentioned, GRPR is
known to be involved with molecular imaging of metastases, and VEGFA is known to be

targeted in combination with FLT1, its receptor. AURKA is known to interact with MYCN,
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causing downstream effects leading to a more aggressive NE phenotype. Both SCG2 and
ENO2 had no over-expression, even though they were expressed at threshold level. This
was surprising given that ENO2, the transcript for the NSE protein, was highly seen in
cancer foci (but of RP cases) in the IHC slides. In like with CHGA, NSE is also a known
NE-marker and is likely important at the early stages of the disease, in primary tumours.

As previously mentioned, high patient heterogeneity is illustrated by these results, es-
pecially given the fact that there were only two instances by which patients” had the same
over-expressed transcripts. We were successfully able to trace NE transcripts in the whole
blood, and concluded that there exists several cell subsets displaying NE phenotypes in
advanced PCa.

An important limitation in this project, and for this part of the thesis specifically, is
the small cohort size. Due to the COVID-19 pandemic, I was limited with backordered
reagents for my RT-qPCR reactions, as well as limited with patient access. Patients only
came to their in person visits if necessary for medical reasons/problems not solved by
speaking to their physicians through telemedicine, while blood PSA tests could be done
locally and close to home through their CLSC. Bio-banking was completely put to a stop,
thus limiting the number of liquid biopsy material available for analysis. Consequently,
statistical analyses for the clinical data of our patients have a limited statistical power
based on our small cohort size of 15 patients and 9 healthy controls. Expansion is planned
to increase our cohort size, and categories of patients enrolled. Some longitudinal follow-

ups are to be continued to trace these NE genes, along with other categories of makers.

8.4 A Short-hand preliminary NE Signature and Clinical
Relevance

When looking at the combined results from the primary tumours, datasets, and liquid
biopsies, there is no doubt that NED in PCa is related to progression of the disease. We

have demonstrated a high heterogeneity of the NE markers inter- and intra- patient as
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shown in cancer foci and benign glands. The mining of the list of our 35 genes in datasets
revealed that these NE genes are associated with progression, being primarily observed in
prostatic metastases from diverse locations, followed by primary tumours from advanced
cases and lymph nodes resected at radical prostatectomy. Based on a combination of how
frequent a gene appeared, and both the maximum and average intensity by which it was
over-expressed, we were able to rank the genes. Out of all 7 datasets (primary cases,
primary advanced cases, metastatic cases), and whole blood RNA, we obtained a list of
the top 12 transcripts. Given our top 6 found in liquid biopsies, as well as important
therapeutic targets, we propose a NE-signature composed of 8 markers: VEGFA, FLT1,
GRPR, AURKA, SSTR2, SYP, CHGB, POU3F2. This is a preliminary list that would be
expanded based on the addition of more patients, and more NE genes of interest, like
VTN and SSTR1. We have confidence that patients over-expressing top NE genes would
benefit from a precision medicine approach, due to the aggressive features of the NE
phenotype during disease progression.

Survival analyses performed on RP patients confirm that expressing at least one or
more NE gene(s) are predicative of an earlier BCR. This was possible through the clin-
ical data provided by the MSKCC dataset. Interestingly, after the addition of the top
4 NE genes ranked from the MSKCC dataset, there was less of a significant effect be-
tween the over-expressed and non over-expressed cases. This may have decreased in
significance due to the fact that the groups were more un-even after the addition of four
over-expressed NE genes. The fact that cases over-expressing two or more NE genes ex-
perienced an earlier BCR, supports the notion that NE cells displaying several phenotypes
may render a patient less responsive to ADT. This would have caused an indiscrepancy in
the significance of the varying cohorts. In line with this is the demonstration that NE tran-
scripts are more likely to be expressed in the most aggressive and androgen-independent
types of PCa cells. Further statistical analyses were provided by Cox univariate and mul-
tivariate analyses. Hazard ratios in all instances showed an increased risk of experiencing

a BCR in any given scenario, however this was not significantly supported by the multi-
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variate analyses, which included cofactors such as pre-operative PSA, Gleason score, and
T stage.

In order to see the specific patient characteristics in association to over-expression of
individual NE markers, a Chi Square test was performed. Surprisingly, not a lot of sig-
nificance came out of this analysis. This might be explained by the very small sample
size of only 15 patients. Interestingly, there were significant associations with SSTR2,
NCAMI, POUS3F2. These transcripts all showed increased over-expression in patients
receiving no current current mCRPC therapies. MYCN was the only NE transcript asso-
ciated with patients treated with Abiraterone. Another pattern observed (although not
significant) was that AURKA over-expression was affected by all clinical parameters, as
well as past and current therapies. This is presented in Figure 7.3. Survival analyses (in-
cluding disease progression and death) were also performed for the same over-expressed
genes. There was a slight increased risk of having disease progression if a patient over-
expressed SYP, however no significance was found. More information, follow ups, and
longitudinal studies are needed for a more conclusive clinical significance.

In line with the specific NE-products tested in host lab’s results, the clinical findings
are consistent with previous work. Even though there was no association between any
single NE product and risk of relapse, there was sufficient results from both the IHC and
RNA datasets to accept the notion of NE-products stimulating cancer cell motility. We
would reserve our hypothesis that NE-products are important for progression because
they affect motility. Along these lines, the host lab has shown that both AR positive and
AR negative cell lines are sensitive to NE-products. Interestingly, not all NE-products
are equally expressed within the cell lines, meaning that NE-products can have a dif-
ferential action on their neighbouring cells, depending on their expression. An increase
in amount of over-expression of our genes in the Taylor cohort is revealing of having a
significantly earlier recurrence of disease. Furthermore, the literature datasets show an
increase in over-expression, in the most advanced or progressed samples of the disease.

Based on these findings, it supports the relationship between NE-products, progression
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in the datasets, and PCa. This same finding may have not been seen in the blood biopsy
experiments due to a lack of large sample size. However, given the strong evidence thus
far from the IHC and dataset analyses, having a larger sample size would make the blood
results likely follow suit.

Speculating on the aforementioned findings of NE-products relating to progression
of PCa, the results argue for an increase in both the presence of NE cells, as well as an
increase in expression of NE genes within tumours. What is shown by the IHC results and
literature is an increase in the number of NE cells. However, this is not mutually exclusive
of the fact that there also can exist an increase in expression of NE genes in these cells. It
seems that some NE-products are more expressed in the NE cells of advanced disease,
compared to the primary. There also exists a pattern of these NE genes that render them
more aggressive, therefore being able to produce products that are negatively affecting
their environment and motility. From the dataset results, we know that NE cells are also
found in metastasis, meaning that these cells may have left the initial cancer site as a
stem cell and differentiated into a NE-like cell. Otherwise, it could be an expression of
NE-products on neighbouring cells. Due to plasticity from the stem cells, it is conceivable
that the gene patterns of a patient is constantly evolving. An increase in the number of NE
cells may occur simultaneously with the over-expression of some NE genes in particular
cells.

Overall, there is a clinical relevance of the NE-cell subtype in advanced PCa patients.
PCa continues to be a clinically challenging disease because of the androgen-independent

state by which there seems to be an increase in the NE cell-phenotypic diversity.
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Chapter 9

Conclusion

Metastatic castration resistant PCa patients remain un-curable, due to a high tumour het-
erogeneity and the clinically challenging, unpredictable biological nature of the disease.
There are no successful curative treatments for the 30% of patients that experience BCR
after initial curative therapies. Additionally, there is also no successful curative treat-
ments for those diagnosed with a metastatic disease, whose disease rapidly re-appears
after an initial favourable response. With increasing evidence of a supporting role for
NED in PCa, and correlating to the progression of the disease, it becomes imperative
to address certain underlying mechanisms. Plasticity, EMT, phenotypic diversity, and
resistance to hormonal therapies are all inter-related mechanisms that guide a cell to-
wards the NE phenotype. Once transformed prostate cells and their progeny gain NE
characteristics, and androgen-sensitive cells adapt, the overall tumour cells may become
androgen-insensitive and AR-independent. These cells would continue to thrive, despite
therapeutic efforts of the metastases from different categories of patients, and liquid biop-
sies (blood RNA) from advanced patients. Within the primary tumour tissues, we wit-
nessed high inter- and intra- patient heterogeneity, resulting in 10 unique patterns of our
ten cases. Each dataset contained varying cohorts of patients, showing an increased over-
expression of NE genes from benign, to primary tumours from RP, to primary tumours

from advanced TURP and LNs resected at RP, and finally to multiple sites of metasta-
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sis. Unique molecular patterns of over-expressed NE genes were observed in 60% of our
patients” whole blood, illustrating inter-patient heterogeneity and the urgent need for
precision medicine. An increasing amount of NE transcripts are clinically relevant, pre-
dictive of earlier BCR and found to be associated with disease progression. A short-hand
NE signature was suggested in our discussion, however further research is required to
enforce this signature. Particularly, serial longitudinal studies could be useful to narrow
down a specific testable liquid biopsy NE signature. The incorporation of liquid biopsies
to test for possible NE biomarkers predictive of progression would be a key step towards

precision medicine and the development or refinement of curative therapies.
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Appendices
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