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Abstract

While effective, resistance to 15t generation and 2"¢ generation androgen
receptor (AR) pathway inhibitors is inevitable, creating a need to study the mechanisms
by which prostate cancer (PCa) cells become resistant to these treatments. At its core,
resistance can be categorized into AR driven and non-AR driven. The research
presented in this thesis explores the hypothesis that non-AR driven resistance
mechanisms exploit cellular plasticity to gain a survival advantage. Previous research
has demonstrated that in response to 1% generation anti-androgens, epithelial PCa cells
can undergo an epithelial-mesenchymal transition (EMT); a process implicated in
metastatic dissemination of cancer cells throughout the body. Augmenting prior
research demonstrating LYN tyrosine kinase’s role in resistance to 1t generation anti-
androgens, our research demonstrates LYN promoting both EMT and metastasis.
Specifically, we discovered that signaling cascade downstream of LYN alters the sub-
cellular localization and therefore stability of key EMT promoting transcription factors
Slug and Snail. While LYN does contribute to both treatment resistance and metastasis
in PCa, its role in EMT was a pan-cancer mechanism observed in both breast and
bladder cancer.

Our research also explored the increased incidence of neuroendocrine PCa
(NEPC) as a resistance mechanism to more potent 2" generation anti-androgens
(enzalutamide and abiraterone). Interrogating a model of in vivo derived enzalutamide
resistance, our research uncovered the crucial role of neuronal transcription factor brain
derived 2 (BRN2) in the transformation of epithelial prostate cells to neuroendocrine
(NE) phenotype. Importantly, we discovered that AR inhibition relives its’ suppression of
BRN2; thereby increasing BRN2 expression and initiating NE differentiation of epithelial
PCa cells. Moreover, targeting BRN2 not only reduced the enzalutamide-induced NE
differentiation but also reduced proliferation of enzalutamide resistant PCa cells and
terminal NEPC cells. Building on this data, our research outlines the discovery of small
molecule BRN2 inhibitors (BRN2i) that recapitulate the functional results demonstrated
by conventional knockdown techniques. These BRN2i display specificity to BRN2 and

selectivity in compromising growth of NEPC cells. Altogether, this thesis demonstrates



two possible mechanisms how PCa cells alter their identity as epithelial cells to more
mesenchymal (LYN) and/or neuroendocrine (BRN2) and gain resistance to AR pathway

inhibitors.



Lay Summary

Targeting the androgen receptor (AR) has been the cornerstone of treatment for men
suffering from prostate cancer, essentially starving tumors of the fuel they need to grow
and survive. While effective, resistance eventually emerges and tumors come back
stronger and more aggressive than before. Research presented in this thesis studies
the roles of two proteins, LYN and BRN2 in the aggressive nature of the recurrent
prostate cancer.

We discovered that LYN activates a protein network that allow cells to gain enhanced
invasive and migratory properties. These abilities enable the cancer cells to navigate
around the human body to both close and distant metastatic sites.

We also studied the function of BRN2 in promoting a deadly form of prostate cancer
called Neuroendocrine Prostate Cancer (NEPC). BRN2 is essential for the growth and
survival of NEPC and we have developed drugs that can inhibit BRN2 and display
therapeutic potential for treating NEPC.
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1. CHAPTER 1: Introduction
1.1. Prostate Cancer

1.1.1. History and Epidemiology

Prostate Cancer (PCa) is a significant cause of cancer related mortality in men. In North
America, approximately 1 in 7 Canadian men (Canadian Cancer Society) and 1 in 9 American
men (American Cancer Society) are diagnosed with PCa in their lifetime. The observed
prevalence of PCa has been subject to drastic changes over the last 40 years. Before the
1990s, the diagnosed prevalence of PCa was much lower and only possible with the
presentation of clinical symptoms like urinary obstruction, bone pain and general fatigue and
weakness. At point of diagnosis, localized treatments such as surgery were no longer beneficial
and treatments were designed to extend life or in some cases were simply palliative. Thus, with
the introduction of prostate specific antigen (PSA) screening and early detection, the option of

curative intent became viable.

Prostate Cancer statistics (per 100,000 Males)
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Figure 1.1 — Prostate Cancer epidemiology (age adjusted):
Statistics from National Cancer Institute (NCI) https://seer.cancer.gov/statfacts/html/prost.html

Due to these changes, there was a significant decrease in the number PCa related deaths
(Figure 1-1). Furthermore, with the increase of awareness campaigns against PCa, men have
been more vigilant about their doctor visits and the digital rectal exam (DRE) have combined to
greatly increase the incidence/prevalence of PCa (3). However, the benefits of blanket PSA
screening and its socioeconomic costs have been scrutinized by several studies. Initially,

several large studies failed to find a significant improvement 10 year survival for patients whose



PCa was discovered using PSA screening vs. patients who were diagnosed by DRE or due to
symptoms (4, 5). It is possible that the benefits of PSA screening were drowned out by the high
survival rate of a majority of PCa patients with less aggressive disease. Interestingly, a recent
bio-statistical reanalysis of the same studies found that PSA testing is beneficial to the patients
(6). While more research will be required to settle this debate, Wilt et al. showed that even
treatment options like surgery for patients with early stage PCa also did not provide any benefits
to overall survival compared to active surveillance (7). Combined, this information strongly
suggests the addition of other screening procedures are required to compliment PSA and the
DRE to identify high-risk patients that would then require surgery and or anti-androgen

treatments.

1.1.2. Staging
Gleason grading system is the primary means used to classify PCa pathologically.
Scores of 1-5 are used to provide a primary and secondary pattern, although only patterns of 3,
4 and 5 are considered cancerous. Primary and secondary Gleason score sums greater than 6
(3+3) are considered malignant and Gleason scores sums of 1-5 are not. Newer guidelines

recommend utilizing the Gleason grading system to report prognostic values as Gleason groups

(8).

Table 1-1: Gleason Grade system

Gleason Grade Gleason Score (sum) Histology details
Grade 1 <6 Well formed glands (8).
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Grade 2 3+4 Mostly well formed glands, with some

poor/cribriform glands

Grade 3 4+3 Predominantly poorly formed glands with

sparse well formed structures (8).
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Grade 4 4+4 Only poorly formed, fused, cribriform
glands
Grade 5 4+5, 5+4, 545 No glandular formation at all (8).

In addition to Gleason grading, PCa is further classified using the Tumor-Node-
Metastasis (TNM) staging system. T; is defined by no palpable tumor; T, refers to a palpable
tumor that is localized to the prostate; Ts tumors have extended beyond the prostate and Ta
tumors have invaded into adjacent organs. The N category refers to tumor positivity in the lymph
nodes, where No means no tumor and N; indicates lymph node is positive for tumor. The final M

category denotes the presence of distant metastasis (9).

Patients may undergo treatment, or they may select active surveillance based on their
Gleason Score/Group and their TNM stage. These factors also combine together to give Stages
I, I, Il and IV. Patients with localized (T1/T>) disease presenting with a Gleason Group 1 (3+3)
or Group 2 (3+4) are classified as Stage | or Il. An important sub-staging for Stage Il is Stage lIc
where a patient with localized disease has Gleason Group 3 (4+3) histology as this distinction
has considerable implications on overall survival (8). Stage Il includes upgrades to Gleason
Group 4 and or Ts/T4, but importantly No and Mo standing. Finally, any patient presenting with
N1 or M1 is considered Stage IV regardless of Gleason Group. At diagnosis, approximately
70% of patients have Stage | or Il (https://seer.cancer.gov/statfacts/html/prost.ntml) and are
subject to active surveillance. If during surveillance, a patient is upgraded to Stage lic, Il or 1V,
treatment is recommended especially if life expectancy is greater than 10 years. Immediate

treatment is also recommended for any patient diagnosed with stage Ill or IV PCa (10).



1.1.3. Androgen Receptor (AR) and Steroidogenesis

PCa is a hormone-responsive disease (testosterone) with the androgen receptor (AR) as
the central driver. Since its characterization in the 1960s (11), AR has been the cornerstone of
targeted therapy in prostate cancer. The AR is encoded on region q11-12 of the X-chromosome;
structurally, it contains a regulatory N-terminal domain, the DNA binding domain, a hinge region
and a ligand binding domain (LBD) (12). Once testosterone or dihydrotestosterone (DHT) bind
to the LBD, the AR dimerizes and translocates to the nucleus. With the aid of a plethora of co-
activators and co-repressors, the AR recognizes androgen receptor binding elements (ARE)
and either transcribes or represses genes. For example, PSA is an AR dependent gene and a

strong indicator of AR activity.

The production of androgens is a tightly controlled biological system beginning with the
release of gonadotropin-releasing hormone (GnRH, also known as luteinizing hormone
releasing hormone (LHRH)) and corticotropin-releasing hormone (CRH) from the hypothalamus.
This hormonal signal is received by the pituitary gland, which releases both luteinizing hormone

Hypothalamus (LH) and follicle stimulating hormone
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1.1.4. Disease progression

Prostate Cancer tumor progression typically follows a pattern. As stated previously,
unless patients are diagnosed with stage Ill or IV, they are advised to participate in an active
surveillance program. This strategy avoids overtreatment of indolent cancers while patients on
the program are subject to needle biopsies in 1-2 year cycles (15). If PSA velocity (rate of PSA
increase) increases or if the Gleason score is upgraded during the surveillance period, patients
are actively treated if their life expectancy is greater than 10 years. If the PCa is still localized at
this stage, patients consider surgery or radiation as their treatment options. Despite efficient
localized therapies, up to 35% of patients recur, and increasingly potent therapies manage the

disease in order to extend the life until the patient (Fig. 1.3).
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Figure 1.3 — Prostate Cancer disease progression:
Typical disease progression of PCa patients.

1.2. Treatments for PCa

1.2.1. Localized therapy (Radiation and Surgery)
The two most common treatments for localized PCa are radiation therapy and surgery (16).
Radiation therapy techniques-
o External Beam radiation (EBRT) — Beam of radiation delivered by a machine outside the
body (16).



o Static high dose — Utilizes a 3D image of the prostate to deliver high dose of
radiation to specific areas.
o Intensity modulated — Computer driven therapy that delivers a very precise dose
of radiation.
o Proton — Delivers doses of protons instead of X-rays using similar computerized
technology for precision to avoid damage to other organs.
e Brachytherapy — Utilizes small radioactive pellets that deliver constant radiation into the
prostate. An injection through the perineal region delivers around 100 pellets that

release low doses radiation over weeks or months (16).

Main surgery techniques-

o Reteropubic and Perineal — Reteropubic surgery accesses the prostate through the
abdomen in the front of the body above the penis while perineal surgery occurs through
the region between the anus and the scrotum. Both surgery techniques require large
incisions (16).

e Laproscopic — Laproscopic surgery uses several smaller cuts and specialized longer
tools to remove the prostate. Due to the smaller incisions, this therapy results in less
blood loss and recovery time, however, requires highly skilled urologist surgeons (16).

o Robotic-Assisted Laproscopic — The robotic assisted surgery provides the surgeon with
much more precision with the surgery tools, however, the skill of the surgeon remains

the most important factor in the success of the therapy (16).

1.2.2. 1stgeneration anti-androgens

For ~35% patients with recurrent PCa after localized therapy, androgen deprivation
therapy (ADT) remains the standard of care. The purpose of ADT is to compromise the
production of testosterone and DHT in the body by compromising production leutenizing
hormone releasing hormone (LHRH) and inhibiting the pituitary-gonadal hormone axis. Taking
advantage of feedback loops, LHRH inhibitors can be both antagonistic and agonistic. LHRH
antagonists like degarelix inhibit release of leutenizing hormone (LH) and follicle stimulating
hormone (FSH) from the pituitary and consequently the production of testosterone from the
testis. LHRH agonists like leuprolide function by tricking the LH negative feedback loop and
after a temporary testosterone “flare”, the testis stop producing testosterone (17). AR LBD
inhibitors like bicalutamide (18), flutamide (19) and nilutamide (20) were initially used to manage
the testosterone flare. These molecules function as competitive inhibitors for testosterone

and/or DHT in the LBD of AR in order to inhibit its activity. As the most potent/effective of the
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three, bicalutamide was investigated in many different scenarios and doses in the clinic with
limited success (21, 22). In the late 1990s combination of low dose bicalutamide (50mg/kg) and
leuprolide became the mainstay 1%t line treatment for most patients with advanced prostate

cancer displaying better outcome than leuprolide alone (21).

These treatment modalities can also used in conjunction with surgical therapies. Neo-
adjuvant hormone therapy (NHT) as a tool can reduce the tumor burden in an attempt increase
the ratio of organ confined disease prior to surgery (23). While no randomized study has shown
improvement in outcomes with the standard 3-month NHT followed by surgery, it is suspected

that this strategy could be beneficial to a subset of patients (24).

1.2.3. 2" generation anti-androgens

Unfortunately, all patients develop resistance to anti-androgens and the progression to
Castration Resistant Prostate Cancer (CRPC) is not a question of “if’ but “when”. The diagnosis
of CRPC occurs under the following scenario: progression of lesions and/or rise of serum PSA
in consecutive tests while the patient is on ADT a minimum of 4 weeks and amount of serum
testosterone is still within castration range. The average age of CRPC diagnosis is between 70-
73 years and 10-20% of men progress to CRPC within 5 years of initial hormone therapy (25).
Approximately 90% of CRPC patients exhibit enhanced AR activity and therefore, AR remains
the cornerstone of targeted therapy in CRPC. In 2011 and 2012, two breakthrough trials, CUO-
AA-301 (26) and AFFIRM (27) lead to the approval of anti-androgens abiraterone (Zytga) and
enzalutamide (Xtandi) respectively.

The initial approval of abiraterone was gained in patients already progressing on the
chemotherapeutic docetaxel, and later the CUO-AA-302 trial (28) gained approval for
abiraterone to be used in chemotherapy naive CRPC. Mechanistically, abiraterone is a
CYP17A1 inhibitor that cripples the conversion of pregnelolone to DHT precursor
dehydroepiandrosterone, compromising the 5a-dione pathway and therefore reducing the
amount of DHT produced by CRPC patients (29). abiraterone inhibits both isoforms of
CYP17A1, the 17a-hydroxylase and the 17,20-lyase (30). In 2014, Taplin et al. demonstrated in
a phase Il clinical trial that relative to ADT (luprolide), addition of abiraterone reduced DHT by
an additional 85%, DHEA by 97-98%, and androstenedione (AD) by 77-78% (31). This research
prompted the LATITUDE phase Ill clinical trial, which in 2017 demonstrated that co-
administration of abiraterone and ADT in hormone naive CRPC improved radiographic free

survival by 33 months in comparison to 14.8 months in ADT alone patients (32).



Due to its structural similarity to pregnenolone, abiraterone is a substrate for another
major steroidogenesis enzyme, 3B-HSD. Between 2014 and 2016, in a series of elegant papers
Sharifi and colleagues demonstrated how abiraterone is metabolized in patients and
investigated the biological role of these metabolites (33-35). Their research demonstrated that
3B-HSD metabolizes abiraterone into D4-abiraterone (D-4A), which displays anti-androgen
activity comparable to enzalutamide. Unfortunately, this D4-A metabolite is transient and is
converted to 3-keto-5a-abiraterone by Sa-reductase, resulting in an AR agonist. Building on this
work, clinical investigation of 5a-reductase inhibitor dutasteride is currently underway (36).

Almost parallel to the development of abiraterone, Dr. Charles Sawyers built upon the
structure of anti-androgen bicalutamide and selected a more potent anti-androgen now called
enzalutamide (ENZ). ENZ also competes with testosterone and DHT for the LBD pocket of the
AR, and treatment with ENZ significantly reduces AR activity both in vitro and in vivo (37).
Following a similar path to abiraterone’s clinical development, the PREVAIL ftrial in 2013 lead to
the approval of ENZ in the pre-chemotherapy landscape (38). Currently, the ARCHES trial is
evaluating the efficacy of ENZ in combination with ADT (Luprolide) in hormone therapy naive
CRPC (NCT02677896). It would be reasonable to expect similar results to the LATITUDE trial
with abiraterone, cementing the use of these 2" generation anti-androgens as first line therapy

in combination with LHRH agonists/antagonists in CRPC.

1.3. AR driven mechanisms of resistance to hormone therapy

In cancer, whenever a targeted therapy is available for a specific cancer type, the major
resistant mechanisms always develop around the original target (39). Similarly, in PCa
continued AR signaling is observed in approximately 90% of patients after 15t generation anti-
androgens and approximately 60% after treatment with the more powerful 2" generation anti-

androgens (40).

1.3.1. Resistance to 15t line hormone therapy
The AR+ mechanisms of resistance fall into the following categories:

¢ AR Amplification and enhancer activation
Although the number varies, AR amplification can be present in up to 60% of CRPC
patients (41). This creates a hypersensitive cell that can continue to proliferate in a low

androgen (testosterone) environment. Interestingly however, patients with AR amplifications



in CRPC have better outcomes than patients who do not; the AR amplification may allow the
cells to remain differentiated and androgen driven (42). Therefore, it is logical to expect that
these tumors retain their AR dependence and remain sensitive to further AR inhibition with
more potent anti-androgens.

More recently, mutations in AR ubiquitination pathways have been identified that in
essence would mimic genomic amplification and result in significantly higher protein levels of
AR. Chief among them is the SPOP mutations which are present in approximately 11% of
CRPC patients (43). Furthermore, expression of chaperone proteins that prevent AR
degradation like HSP27 also create a scenario of “amplified” AR expression in CRPC (44).

Between June and July 2018, several key publications utilized next generation
sequencing (NGS) technology to perform whole genome sequencing on PCa patients and
discovered that ~80% of patients have duplications in chromosome X approximately 650k
base pairs upstream of the AR. This region serves as an enhancer for the AR and this
duplication drastically increases AR expression and promotes resistance to anti-androgens
(45).

AR Variations and truncations

Splice variants of AR are a more recent discovery (46). Theoretically, these variants of
the AR that lack LBD are constitutively active. The functional importance of these variants is
highly debated as they are always accompanied by increased AR expression (47). The
predominantly expressed and studied variant in prostate cancer is AR-V7. This variant
activates a set of canonical AR target genes but not surprisingly, V7 with its altered structure
has a unique set of sequences it binds and activates (48, 49). An even more recent
discovery is the genomically truncated versions of AR detected in a surprising amount of
patients. These truncations have similar result to the splice variants as they create variants
of AR that lack the LBD. However, these changes occur in the genome where the exons
encoding the LBD are deleted (50). While their presence is detectable, the importance of
splice variants and genomic truncations in promoting PCa progression remains a topic of

intense debate.

AR mutations
The first reported AR mutation was discovered in LNCaP cells, a missense mutation in
residue 878 that changed a Threonine to and Alanine (T878A). This mutation increased

promiscuity of the AR making agonists of progestins, oestrogens and anti-androgens like



Flutamide. Another characterized AR mutation is the L702H mutation. Interestingly, this
mutation reduces AR'’s affinity to DHT, however, it increases binding to cortisol and
cortisone by up to 300% (51). This allows these glucocorticoids to activate the AR under
ADT conditions and promote growth of PCa. Furthermore, several other LBD mutations
have been characterized in CRPC that promote either sensitivity or promiscuity of the AR
(L702H, V716M, V731M, W742C, T878S, and H875Y) (52-54). In addition to LBD mutations,
N-terminal mutations also occur during CRPC that alter protein-protein interactions of the
AR resulting in increased stability and or nuclear localization, including E255K, W435L and

many more that have not been functionally characterized (53, 55).

Outlaw pathways (Post-translational modifications)

Historically, the outlaw pathways are signaling cascades that lead to re-activation of the
AR through growth factors and/or receptor tyrosine kinase mediated mechanisms. These
extrinsic and intrinsic mechanisms all result in varying post-translational modifications of the
AR that enhances its function in CRPC. The table below refers to modifications of the AR

that have their functional role characterized.

Table 1-2: List of Androgen Receptor post-translational modifications:

Modification Enzyme Functional role
- responsible
Phosphorylation
CDK1 Enhance chromatin binding, transcriptional
S81 (56-58) CDK5. CDK9 | activity and proliferation.
S213, S791 (59, 60) AKT. PIM1 Promotes localizations and protein stability
T282. S293 (61) AURKA Enhances transcriptional aCtIVIty
S650 (62) P38 JNK Role in nuclear localization.
Y267, Y363 (63, 64) ACK Promotes ligand independent activity.
Y534 (65) SRC Promotes ligand independent activity.
Enhances transcriptional activity but can
S515 (66, 67) CDKY7, MAPK | increase ubiquitination and degradation.
Enhances transcriptional activity but can
S578 (68, 69) PKC, PAK6 | increase ubiquitination and degradation.
S308 (70) CDK11P58 Represses transcriptional activity.
S81, S94, S256, S308, | PP2A Removes phosphorylations and reduces
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S424 (71) AR activity but also reduces ubiquitination
and degradation.

Removes phosphorylations and reduces
S256, S650 (72) PP1 AR activity but also reduces ubiquitination
and degradation.

Methylation and Acetylation
Methylation - Enhances chromatin
K630, K632 (73) Set9 interaction.
Acetylation - Enhances co-activator
K639, K632 (74) p300 binding and promotes proliferation.
Causes dissociation from HSP90 and
K618 (75) ARD promotes nuclear localization.
De-Acetylation — Inhibits co-activator
K639, K632 (76) SIRT1 recruitment.

Ubiquitination

Ubiquitination and proteasomal
K845, K847 (77, 78) MDMZ, CHIP degradation

Altered Steroidogenesis

Although circulating androgen levels remain low in patients treated with ADT, the intra-
tumoral androgens remain very high in these patients at resistance. Several key publications
demonstrated that the “backdoor” androgen synthesis pathway produces
dihydrotestosterone (DHT) in the tumor (79). Specifically, androgen precursors from the
adrenal gland like dehydroepiandrostrone (DHEA) are processed by the cancer cells into
androstenedione (AD) by the enzyme 3BHSD (Fig. 1.4) (80). AD is then converted to 5a-AD
or androstenediol by the enzyme 5a-reductase 3BHSD17 and 5a-AD is directly converted to
DHT by 3BHSD17 creating the dominant steroidogenesis pathway in CRPC (80).
Additionally, DHT has a 2-3 times higher affinity for the AR as well as a lower kg and
therefore, would activate AR at much lower concentrations (81). Therefore, even small
increases in DHT synthesis combined with hypersensitive nature of the AR during CRPC
can drastically increase proliferation of PCa cells (82).

Recently, several key mutations have been identified in the steroidogenesis pathway
that has important implications for CRPC patients and what treatments they receive moving
forward (83, 84). Specifically, point mutation in 3HSD (1245A>C) enhanced DHT synthesis
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by stabilizing the enzyme and preventing its ubiquitination and subsequent proteasomal
degradation (85).
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Figure 1.4 - Steroidogenesis pathways in Castration resistant prostate cancer:
Simplified androgen synthesis pathway and inhibitors. Extracted from Yamaoka et al. (2010) (Clinical
Cancer Research) with permission from publisher AACR.

e Co-activators and Co-repressors

The steroid receptor coactivators (SRC) also known as the pl160 family are the first
identified co-activators of hormone receptor proteins. This family of proteins contains a
protein interaction domain on the N-terminus and transcription activation domains at the C-
terminus (86). Binding with the SRC proteins enables recruitment of GATA2, an important
activator of AR signaling (87, 88). Combination of promiscuity mutations and binding with
SRC co-activators likely enhance AR singling in CRPC. Overall, over 150 different proteins
interact with the AR either activating or inhibiting its activity. For example, interactions with

the following proteins can differentially modulate AR cistrome and enhance its activity.
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o Chromatin modifiers like EZH2 (89), LSD1 (90), p300 (91), BRD4 (92).

o Transcription factors and activators like NFkB (93), STAT3 (94) and B-catenin (95)
are known to promote canonical AR signaling.

o Pioneer factors like FOXAL (96), GATAZ2 (88) and HOXB13 (97).

Interestingly, loss of AR-corepressors occurs frequently in PCa. Although they can
accompanied by AR amplification, mutations in co-repressors like NCOR1/2 (~12%), and
ZBTB12 (~10%) are expected to markedly increase AR activity during CRPC (41). These
repressors function through interaction with the AR N-terminus domain (NTD) and the LBD
(98).

1.3.2. Resistance to 2"9 generation anti-androgens
A large majority of PCa patients that are resistant to 2" generation anti-androgens
enzalutamide and abiraterone still retain the potential to respond to further inhibition of the AR
pathway. Similar to the AR positive mechanisms of resistance observed during CRPC, AR
reactivation is observed in approximately 60-65% of patients resistant to enzalutamide and
abiraterone (40). Histologically, these patients present with either adenocarcinoma or mixed
phenotype and typically observe a rise in PSA as tumor burden increases CRPC (99). This has
led to the clinical evaluation of many potential 3@ generation anti-androgens like Galeterone
(100), Orteronel (101), VT646 (102), ODM-201 (103) and many more under pre-clinical
development.
e Mutations
The most common genetic modification in these patients is copy number amplifications
(CNA) of the AR, likely retained from exposure to 1t generation anti-androgens. This results
in drastically increased expression of the AR and therefore increasing the sensitivity of the
cancer cells to gonadal and non-gonadal androgens. Since the AR is the final target for both
these therapies, it is no surprise that AR mutations are selected by these treatments,
specifically in response to enzalutamide. Korpal et al. in 2013 showed that the F877L
mutation confers resistance to enzalutamide as it becomes an agonist for AR activity (104).
Utilizing cfDNA technology, Azad et al. detected H875Y mutations in the AR LBD of patients
progressing on enzalutamide (105). A follow up study by Lallous et al. in 2015 functionally
characterized this mutation as a partial agonist for enzalutamide. Interestingly, this study

also demonstrated that the previously identified T878A mutation is also a partial agonist for
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enzalutamide, and combination of F877L and T878A or H875Y mutations convert
enzalutamide to a full agonist (54).
Splice Variants

In addition to mutations, splice variants of the AR have long been implicated in
resistance to anti-androgens. In 2014, Antonarakis et al. assembled the most convincing
clinical evidence for the importance of AR-V7 in resistance to both enzalutamide and
abiraterone (47). The inherent resistance to enzalutamide of PCa cell line 22RV1 that
expresses a high amount of AR-V7 supports this premise (49). These data prompted great
interest in development of AR N-terminus inhibitor EPI-001 (106) as well as the newly
synthesized AR DBD inhibitor (107). Both inhibitors target domains of AR present in the FL
and the V7 version. While convincing, the data implicating AR-V7 as a major form of
resistance is somewhat controversial. For example, studies have shown that the presence of
AR-V7 is coupled with increased AR-FL mRNA and overexpression of AR-V7 in LNCaP
cells did not confer resistance to enzalutamide in vitro and in vivo (108). Thus, the authors
hypothesized that the increased AR-V7 expression is a by-product of increased AR-FL
MRNA (108, 109). Supporting evidence for this can be garnered from studies that show that
AR-V7 and AR-FL have very different cistrome binding regions and V7 may not regulate the
same genes that FL does to drive AR+ PCa (110). The failure of AR inhibitor/degrader
Galeterone in phase lll that selected patients based on their AR-V7 expression is perhaps
the most stark piece evidence against the importance of AR-V7 as a targetable mediator of
resistance to anti-androgens (NCT02438007). While its importance as a driver of resistance
is debatable, the utility of AR-V7 as a predictive biomarker of response to 2" generation
anti-androgens is almost undeniable as patients AR-V7+ patients receiving chemotherapy
(Taxanes) have a better prognosis than AR-V7+ patients receiving anti-androgens (111,
112).
Truncations

Apart from alternative splicing of mRNA to produce variants of the AR, recent studies
have identified genomic truncations in the AR gene on the X chromosome that delete the
region of the genome that codes for the LBD (50). Originally thought to be rare, recent
studies have demonstrated these truncations to be more prevalent, but these truncations are
subject to the same scrutiny as AR-V7 as they produce a similar product in the end.
Interestingly, the presence of the truncated AR was the single most significant factor in

predicting resistance to enzalutamide and abiraterone (113). A considerable amount of
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research is currently underway with the goal of unmasking the role of AR-V7 as well as the

truncated AR versions in enzalutamide and abiraterone resistance.

Lastly, section 1.2.3 mentions the shift of enzalutamide and abiraterone to first line therapy
given in combination with LHRH agonist leuprolide. The drastic increase in patient survival in
patients receiving abiraterone in combination with ADT (LATITUDE) is likely also occur in the
ARCHES trial (enzalutamide + with ADT); moving them both to first line therapy in the future.
Historically, CRPC referred to resistance to ADT; however, with this change in the treatment
paradigm of PCa, in the future CRPC will also encompass resistance to enzalutamide and

abiraterone.

1.4. Cell plasticity driven responses to hormone therapy

All somatic cells in the human body (apart from red blood cells and B-cells) contain all
3.23 billion base-pairs and therefore have equivalent potential. Under perfect conditions, it
should theoretically be possible for a terminally differentiated cell to de-differentiate and then re-
differentiate into a completely different cell type. The term cell plasticity attempts to define the
process of cells re- and de-differentiating in a more succinct manner; focusing on the ability of
the cells to “bend like plastic” into any shape the environment requires in order to survive (114).
Analogously, once treatment begins, PCa cells find themselves in a cellular environment/state
devoid of either androgens or AR activity and need to adapt in order to survive. Therefore, it is
important to study their response to anti-androgen therapies in order to characterize any

differentiation processes undertaken by the cancer cells for their continued survival.

1.4.1. Epithelial to Mesenchymal transition

One of the major differentiation phenomenon studied in cancer biology is epithelial
mesenchymal transition (EMT). This process is the primary suspect for the mechanisms behind
dissemination of cancer cells to distant metastatic sites, and one of the defining characteristics
of CRPC is the presence of metastasis. Approximately 85% of CRPC patients have metastatic
disease while only 4% of primary PCa patients present with metastasis (25). Additionally,
approximately 1/3 patients who are diagnosed with CRPC without metastasis develop them
within 2 years (25). Finally, metastatic disease is the cause of death in CRPC, therefore

studying and understanding it is imperative in order to improve patient survival.
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Since its characterization in 1995 (115), EMT has been closely linked to the metastatic
process. EMT is loosely defined by a loss of epithelial markers and cell polarity and an augment
invasion and migration. As a key aspect of development, the EMT process endows cells with
these enhanced migratory attributes that assist in formation of organs like gastrulation, neural
crest formation and even heart development (116). Mechanistically, hallmarks of EMT consist of
the loss epithelial cell adhesion molecules like E-Cadherin (CDH1) and ZO-1 (TJP1) and a gain
of EMT cytoskeletal proteins like Vimentin (VIM), N-Cadherin (CDH2) and Fibronectin (FN1)
(117). Furthermore, an increase of matrix metalloproteases (MMP) also occurs during the
transition in order to break down the extra-cellular matrix (ECM) and allow for migration of cells.
These transformative cytoskeletal and ECM proteins as well as suppression of E-cadherin is
controlled by 3 major families of transcription factors, TWIST, ZEB and SNAI families.

Several studies have demonstrated that AR pathway inhibition induces EMT (118, 119).
In 2012, Sun et al. demonstrated that androgen deprivation triggered the E-cadherin to N-
cadherin switch, suggesting EMT was occurring (119). The authors reported that during
androgen deprivation, expression of Zeb1 (ZEB1) drove EMT. Furthermore, Kwok et al. showed
that Twistl was upregulated in androgen independent prostate cancer and downregulation of
Twist increased E-cadherin expression and reduced cell migration and invasion (120). In 2012,
Reiter and colleague conducted one of the more comprehensive studies looking at EMT
biomarker N-Cadherin in CRPC. They found N-cad to be upregulated in both primary and
metastatic CRPC, and inhibiting N-cadherin with an antibody suppresses EMT and reduces
tumor growth and metastasis (121).

Interestingly, it appears as though EMT transcription factors may come into play
immediately after castration but prior to resistance. Akamatsu et al. studied a patient derived
xenograft (PDX) model's response to castration by sampling tumors overtime for RNA-seq.
Their data demonstrated within the first few days after castration, transcription factor Snail
(SNAI1) was upregulated and family member Slug (SNAI2) was downregulated. This is
consistent with other study that demonstrated that Slug is an AR-regulated gene (122).
Interestingly, Zeb2 (ZEB2) (123) and Slug (124) are established AR target genes that could
potentially promote EMT processes during CRPC. Altogether, these studies suggest that
transcription factors like Snail and Zeb1 promote EMT immediately after castration and during
resistance when the AR recovers its activity, TFs like Slug and Zeb2 may continue to promote
metastasis.

While it may not be direct, many signaling pathways culminate in regulation of either

TWIST, ZEB or SNAI family proteins and promote EMT processes in CRPC. Downstream of
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several growth factors like Epithelial Growth Factor (EGF) (125, 126) and Insulin Growth Factor
(IGF) (127), kinases like AKT (PKC) and ERK (MAPK) can regulate the stability of Slug and
Snail by inhibiting phosphodegradon activation by GSK3p (128, 129). These post-translational
modifications on the SNAI family are instrumental in regulating their activity as their half-life
even in mesenchymal cells is approximately 4 hours (130). Many factors play into this stability,
as even the sub-cellular localization of these proteins can limit their vicinity to cytoplasmic
proteasome based degradation methods (131). Furthermore, phosphorylation by p21-activated
kinase (PAK1) regulates the nuclear translocation and stability of the Snail (132).

Our lab has previously shown that non-receptor tyrosine kinase LYN is upregulated in
CRPC (133). Research discussed in Chapter 3 of this thesis demonstrates how this increased
expression of LYN regulates the sub-cellular localization and stability of both Snail and Slug,
increases their expression and activity thus promoting metastasis (134). Furthermore, we
demonstrate LYN’s upregulation and activation of this pathway active in both triple negative
breast cancer (TNBC) and muscle invasive bladder cancer (MIBC), the most metastatic and

lethal subtypes of their respective cancers.

1.4.2. Emerging clinical subtypes in PCa

Historically, during CRPC only 5-10% of patients presented with AR/PSA low disease,
however, as the 2" generation anti-androgens have become the “go to” treatment option for
most patients, the emerging phenotypes of resistance have drastically changed the landscape
of CRPC progression. Clinicians noted an increase in the percentage of patients progressing on
enzalutamide or abiraterone without a concomitant rise in serum PSA. These patients generally
present with an abnormal histology different from traditional adenocarcinoma. These
pathologies included the lethal small cell/neuroendocrine prostate cancer (NEPC) observed in
approximately 13-14% of patients and a newly characterized Intermediate Atypical Carcinoma
(AIC) observed in a striking 28% of patients. The IAC subtype carries a worse prognosis in
comparison to resistant patients with adenocarcinoma (99). Further investigation into this new
subtype will be illuminating once the initial characterization is published and available for data
mining. Relative to the new IAC subtype, NEPC is better characterized and understood. Aside
from the unique small cell morphology and positive staining for neuroendocrine (NE) markers,
namely chromogranin A (CHGA), neuron specific enolase (NSE), and synaptophysin (SYP), it is
often distinguished from prostatic adenocarcinoma by reduced AR activity (135).

More recently, Bluemn et al. and reported that approximately 13% of patients develop

NEPC post enzalutamide and abiraterone (40). This number was further corroborated from
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Stand UP 2 Cancer data that showed that 17% of patients post enzalutamide and abiraterone
develop NEPC (136). Interestingly, Bluemn et al. also stated that ~25% of patients had what
they referred to as Double Negative Prostate Cancer (DNPC). In patients DNPC presented with
abnormal histology, but the tumors were negative for AR/PSA as well as NEPC markers like
CHGA and SYP (17). Transcription factors from the Inhibitor of Differentiation (ID) family were
the major regulators of the DNPC phenotype downstream of fibroblast growth factor receptor
(FGFR) signaling. It remains to be seen if there are any commonalities between the IAC
subtype and the DNPC subtype and how they relate to the terminal NEPC stage.

1.4.3. Neuroendocrine Prostate Cancer

Poorly differentiated neuroendocrine tumors can arise from a variety of different
mechanisms. In epithelial cancers genomic and epigenomic alterations can drive this phenotype
as the cancer progresses, however, the acquisition of this phenotype as a response to targeted
therapy in epithelial cancers has generated a renewed interest. Specifically, the mechanisms
behind increased incidence of NEPC has become a major topic of research in PCa. In an effort
to understand the biology of NEPC, the cell of origin for this form of PCa is a focus of intense
debate as there are two competing hypothesis. The “lurker cell” hypothesis (51) states that the
NEPC cells grow out from the sparse neuroendocrine (NE) cells population already present in
the prostate. Until recently, this is a reasonable hypothesis as the prevalence of de novo NEPC
is approximately 1% (137). Furthermore, the presence of tumor cells with NEPC characteristics
within well-differentiated adenocarcinomas is well documented and can be interpreted to
support this hypothesis (138, 139).

The other major theory in the field states that these tumors arise due to an unexpected
yet powerful plasticity of PCa cells as an adaptive response to more potent therapies:
enzalutamide and abiraterone. Combined with the detection of typical adenocarcinoma
mutations like TMPRSS-ERG fusions and a general lack of gross genomic differences in
terminal NEPC tumors, a model of divergent evolution from a common precursor PCa cell is
conceivable (2). A similar sequence of events is also observed in lung cancer patients that
acquire resistance to EGFR-targeted therapies detour through a plastic state that can lead to
small cell lung cancer (SCLC) in 15-20% of patients (140). Recently, several major research
papers have demonstrated the remarkable plasticity of PCa cells in response to therapy. This
growing body of work favours the plasticity model through a variety of cell fate governing
transcription factors (141-144), including BRN2 (POU3F2) which is discussed in chapter 3 and 4
of this thesis (145).
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1.4.3.1. Pathology, Markers and history

The WHO has two classifications of “neuroendocrine” cancers. Well-differentiated NE
tumors in the lung or gastroenteropancreatic tract are not very aggressive and mostly retain
their respective organ’s architectural pattern. These characteristics are similar to normal
neuroendocrine cells in the body and secrete neurosecretory proteins like serotonin and
chromogranins. Conversely, poorly differentiated NE tumors have a high mitotic index and are
characterized by sheets or clusters of small round cells that visually lack cytoplasm, contain a
hyperchromatic nuclei that are often disfigured (146). The last known histological subtype is a
large cell neuroendocrine, and as evident from the name they maintain their cytoplasm and
contain prominent nucleoli.

For the purposes of accurate diagnosis, some NE biomarkers exist to differentiate
between low grade and high-grade NE carcinomas. While somatostatin and serotonin can
identify low-grade tumors, the utility of biomarkers for high-grade tumors is somewhat limited as
they can be present in tumors that lack NE morphology and therefore are not recommended by
the WHO as a defining characteristics. While these biomarkers like chromogranin-A (CHGA),
synaptophysin (SYP), NCAM1 (CD56) cannot define the disease alone, their presence in an
abnormal amount could be foretelling for resistance to targeted therapies (147, 148). Not
surprisingly, the expression of these markers is significantly higher in NEPC when compared to
CRPC-adenocarcinomas (149) and in combination with pathological data could provide both

diagnostic assistance and possible treatment regimens.

1.4.3.2. Consistencies and differences between NEPC and SCLC

These poorly differentiated NE tumors can occur in the lung, prostate, bladder and
breast. However, small cell lung cancer (SCLC) and small cell prostate cancer are the only two
with significant research into them. There are few differences but considerable similarities
between SCLC and NEPC. The mutational rate for SCLC is approximately 7.4 protein-changing
mutations per 1 million base pairs, while it is only 1 protein-changing mutation per million base
pairs for NEPC. The high mutational burden of SCLC is likely the reason behind the promising
efficacy of immune checkpoint inhibitors observed in clinical trials (146). Although there are
several clinical trials underway in NEPC with checkpoint inhibitors (NCT02601014,
NCT0248935, NCT02787005, NCT02312557, NCT02861573), they will likely require accurate
patient selection for mis-match repair (MMR) mutations that result in an increased mutational

load for that patient.
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Apart from this major difference, the similarities between SCLC and NEPC are
substantial. For example, homozygous loss of function mutations or deletions in tumor
suppressor genes p53 (TP53) and retinoblastoma 1 (Rbl) is global event across all SCLC
patients (150). In NEPC, loss of p53 and Rb1 occurs in approximately 60-70% of patients (2).
Furthermore, much of research conducted in NEPC today stems from previous SCLC studies,
for example, several of the recent major drivers and targets identified in NEPC have been
previously identified in SCLC; most notably nMYC (151, 152), SOX2 (153) , EZH2 (154, 155)
and SOX11 (156, 157).

1.4.3.3. Drivers and Targets in NEPC

The oldest and most studied model of NEPC comes from the GEM TRAMP mouse
model where the SV40 large T-antigen is expressed in the prostate. The SV40 T-antigen inhibits
both p53 and Rb1l and upon castration ~15% these mice progress to NEPC characterized by
small cell phenotype and expression of NEPC markers like CHGA, SYP and CD56 (158, 159).
More recently, a pair of studies explored the effect of prostate specific knockout of p53 and/or
Rb1 (Single KO or Double KO).These mice spontaneously developed heterogeneous tumors in
their prostate with loss of luminal characteristics (high AR and KRT8) and NE characteristics
with high SYP and CHGA (160). Further analysis revealed that both the luminal and NE cancer
cells arose from a single clone. Furthermore, the DKO mice were resistant to castration and
interestingly, mice with SKO for Rb1 developed loss of function mutations in p53 post castration
and progressed to NEPC. Similar to the findings in the TRAMP model, the authors discovered
that with the loss of p53 and more specifically Rb1, the activity of Enhancer of Zeste homolog 2
(EZH2) was significantly increased; and inhibition of EZH2 restored sensitivity to AR pathway
inhibition in these tumors as well as in cell lines derived from these tumors (160).
Simultaneously, Mu et al. also reported plasticity in an in vitro LNCaP-AR model with knock-out
of both Rb1l and p53 (141). Similar to the GEM model, these authors also noted that KO of
these tumor suppressors render the cells resistant to AR pathway inhibition. This in vitro model
displayed a switch from a luminal AR+ KRT8+ lineage to an AR- KRT5+ NE marker positive
basal/NE lineage. The authors reported that sex-determining-region Y box 2 (SOX2) was the
transcription factor driving this plasticity and conferred resistance to enzalutamide (141).
Overall, the Rb1 and p53 knockout GEM model corroborated previous studies with the TRAMP
model, further establishing the importance of p53 and more specifically Rb1 in NEPC.

In 2011, Beltran et al. characterized the first patient dataset of NEPC and identified CNA
of Auoura Kinase A (AURKA) and its allosteric binding partner nMYC (135). The data showed

20



that inhibition with AURKA inhibitor Alisertib reduced tumor proliferation in human NEPC cell
line NCI-H660 (135) by creating an unstable nMYC that is promptly degraded (161). In 2016,
two major publications tested the transformative properties of nMYC from adenocarcinoma to
NEPC, while artificially generated the models in these two papers demonstrated the potential of
nNMYC as a driver of NEPC. Lee et al. provided convincing evidence showing that nMYC over-
expression paired with constitutively active myristoylated AKT converted benign prostate cells to
castration resistant tumors with focal NEPC histology (142). Mechanistically, Dardenne et al.
demonstrated that nMYC could cooperate with EZH2 in order to drive NEPC specific histone
methylation patterns (143). These findings were complemented with patient data that clearly
show that NEPC is an epigenetically driven disease with stark increases in expression of genes
responsible for histone and DNA methylation (2, 162). On the bases of these studies, clinical
trial was established to evaluate the efficacy of nMYC inhibition by targeting AURKA
(NCT01799278) in NEPC. While unsuccessful overall, a few patients on the trial responded well

to AURKA inhibition warranting further exploration with better patient selection.

1.5. Treatment options: Beyond the AR

1.5.1. Chemotherapies (Taxanes)

Until 2005, treatments for CRPC were palliative. Anti-androgens like bicalutamide
provided a minimal survival benefit and was used to control the testosterone “flare” at the
beginning of agonistic ADT. However, in 2005 with the completion of the SWOG 9976 (163) and
TAX 327 (164) trials, treatment with docetaxel (Taxotere) chemotherapy showed a 3 month
survival benefit in CRPC patients. Docetaxel is a well-studied chemotherapeutic agent that
disrupts microtubule dynamics, preventing their depolymerisation during mitosis (165). This
triggers mitotic catastrophe and results in apoptosis dependent cell death (166). While
docetaxel did improve survival, resistance was once again inevitable. Several mechanisms of
resistance were attributed to this phenomenon, primary among them was the increased
expression of multi-drug resistance protein 1 (MDR1) (167). Additionally, cancer cells were also
noted to switch to class Ill B-tubulin which had much lower binding affinity to Docetaxel (168).
In 2007, a semi-synthetic 2nd generation taxane called cabazitaxel (Jevtana) boasted evasion
of MDR1 and it was expected to be effective after resistance to docetaxel. In 2010, the TROPIC
trial determined that cabazitaxel provided a survival advantage post-docetaxel when compared
to the standard of care at that stage, mitoxantrone (169). Interestingly, cabazitaxel failed to

demonstrate superiority to docetaxel in chemotherapy naive CRPC patients at their maximum
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clinically doses of 20-25 mg/m? for cabazitaxel and 75 mg/m? for docetaxel (170). In hindsight,
this result isn’t surprising as the two chemotherapies were equally potent pre-clinical models
demonstrated and cabazitaxel only displayed an advantage in Docetaxel resistant models (171)
and was equi-potent to docetaxel in chemotherapy naive setting.

More recently, CHAARTED trial demonstrated a significant survival advantage when
docetaxel was used in combination with ADT in hormone naive metastatic prostate cancer
patients (172). Since then, various combinations of taxanes are currently under investigation at

different stages of PCa in an effort to find ideal combinations that improve patient survival.

1.5.2. Personalized Therapies (Immunotherapies and PARP inhibitors)
While taxanes and hormone therapy remain the cornerstones of PCa treatment, recent
advances in personalized medicine (precise patient selection) have yielded several therapies

that demonstrated success in CRPC.

Immunotherapy: The U.S. Food and Drug Administration for treatment (FDA) approved many
different therapies of mMCRPC between 2010 and 2012. The IMPACT trial in 2010 lead to the

approval of Sipuleucel-T (Provenge), the first immunotherapy for minimally symptomatic

MCRPC patients (173). Sipuleucel-T is a dentridic cell based vaccine against prostatic acid
phosphatase (PAP) (174). While successful, due to the expensive nature of the treatment as
well as the approval of other therapies in that timeframe, Sipuleucel-T is rarely used. Several
other vaccine type immunotherapies are currently under development for CRPC. Recently, a
PSA poxviral-vaccine based immunotherapy called PROSTVAC discontinued the PROSTPECT
trial for patients with metastatic CRPC (NCT01322490) based on lack of efficacy in the interim
analysis. Other candidates include DNA based vaccine INO-5150 and CD40 inducible dendritic
cell vaccine BPX101.

In addition to vaccine-based immunotherapies, checkpoint blockade antibodies are an
attractive therapeutic option in PCa. These antibodies function by disrupting the inhibitory
interactions between T-cells and cancer cells. While many different proteins are responsible for
this, the most studied proteins are, Cytotoxic T-lymphocyte associated protein 4 (CTLA4) and
Programmed Death protein 1 (PD-1). With the approval of CTLA-4 antibody Ipilimumab (175) in
2010 followed by the approval of two anti PD-1 antibodies Nivolumab (176) and Pembrolizumab
(177) in 2014 for metastatic melanoma, there has been an immense interest in elucidating the
optimal clinical scenario where these therapies could benefit PCa patients. For example,
pre/post chemotherapy, pre/post 2" line hormone therapy or in combination with either of the

two.

22



PARP Inhibitors: Building on the treatment strategy from ovarian cancer, in 2015 Mateo et al.
investigated the efficacy of Poly-ADP-ribose polymerase 1 (PARP1) inhibitors (PARPI) in PCa

(178). In response to DNA damage, PARPL1 is activated and recruits proteins that direct DNA
damage response (DDR) and activate base excision repair (BER) machinery (179). Inhibition of
PARP1 compromises repair of both single-strand and double-strand DNA breaks at replication
forks that are generally repaired by tumor suppressor proteins BRCA1 and BRCA2. Therefore,
inhibition of PARP1 in tumors that have BRCA1/2 loss leads to accumulation of DNA break and
massive cellular toxicity (179). Comprehensive analysis into the TOPARP trial revealed that 14
out of the 16 (total 50 on trial) patients that responded to PARPi harboured homozygous
deletions or mutations in 1 or more DDR genes like BRCA1/2, ATM, CHEK2 etc. These results
led to a “breakthrough therapy” designation from the FDA. With the recent advances in next
generation sequencing, DNA from tumor biopsy and possibly cell-free DNA (cfDNA) will provide
DDR gene status and guide patient selection for PARP inhibitors, thus birthing the first precision

medicine platform for PCa.

The most striking advantage of both immunotherapies and PARP inhibitors is possibility
of their use at any stage of PCa. In addition to CRPC, NEPC patients with BRCAL/2 mutation
are expected to respond to PARP inhibitors (180). This sensitivity to PARP inhibitor has the
potential to create a more fundamental sub-type within PCa that is independent of histology.
Also depending on their clinical success, checkpoint inhibitors combined with optimal patient
selection may also yield therapy regimens that provide benefit to patients regardless of AR

status or histological sub-types.

1.6. Thesis Hypothesis and Objectives

Androgen receptor plays a central role in PCa progression and remains a crucial driver
of resistance to anti-androgens. While it is essential to understand the processes that result in
re-activation of the AR, increasing evidence suggests non-AR driven mechanisms of resistance
may be more important than previously thought. The work presented in this thesis largely
focuses on these AR independent mechanisms of resistance, namely the hijacking of cell
plasticity mechanisms that alter PCa cell identify thus making them resistant to AR pathway

inhibitors.

Chapter 3: Building upon the previous work done in the lab on the increased expression of LYN
tyrosine kinase in metastatic CRPC as PCa tumors become resistant to 1t generation anti-

androgens, we hypothesized that this increased LYN expression enhances the metastatic
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capability of PCa cells. Our goal was to determine whether LYN expression can promote a
transition from epithelial to mesenchymal phenotype and delineate the molecular mechanisms

behind this process.

Chapter 4: As the treatment landscape of PCa shifted to use of 2"? generation anti-androgens,
the prevalence of NEPC increased and we also hypothesized that AR-pathway suppression
may trigger NE-differentiation as a mechanism of resistance. Utilizing a model of resistance to
enzalutamide that captures this NE-differentiation our objective was to identify, understand and

target molecular mechanisms behind this process.

Chapter 5: Results in Chapter 4 implicate neuronal transcription factor BRN2 in NE-
differentiation and demonstrate its role in growth and survival of NEPC. Therefore, we
hypothesized that targeting BRN2 with small molecule inhibitors may provide an effective
strategy to help treat NEPC. The objective for this chapter was to design and implement
effective selection criteria for BRN2 inhibitors and utilize these molecules as tool compounds to

gain further insight into BRN2'’s role in maintenance of NEPC phenotype and survival.
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2. Chapter 2: Materials and Methods

2.1. Generation of ENZ-resistant xenografts and cell lines:

Chapter 4 and 5: Detailed procedure for generation of CRPC and ENZR tumors and cell
lines is found in our previously published report (181). In summary, 1x108 LNCaP cells in
matrigel were injected subcutaneously into flanks of 6-8 week old athymic male nude mice
(LNCaP SQ) and body weight, tumor growth and serum PSA was measured weekly. Once
serum PSA reached 50-75 ng/ml, mice were surgically castrated (Cx). Upon recurrence of PSA
to pre-castration levels, mice were randomized into 2 treatment groups and received either
vehicle control or 10 mg/kg ENZ daily by oral gavage (Tx). Body weight, tumor growth and
serum PSA was monitored weekly until vehicle control treated CRPC, or tumors that recurred in
the 10 mg/kg ENZ treatment group (1° ENZR) grew to the experimental endpoint. Select primary
ENZR (1° ENZR) tumors were excised at the experimental endpoint and tumor sections were
allografted subcutaneously into bilateral flanks of castrated 8-10 week old athymic nude mice,
which were dosed daily with 10 mg/kg ENZ from day of tumor transplant and mice were
monitored for growth of transplanted tumors, body weight and serum PSA (ENZRT1). Serial
transplant of select ENZRT1 tumors was repeated for a second and third time (ENZRT2 and
ENZRT3) as above into castrated mice dosed daily with 10 mg/kg ENZ. In total, 35 ENZR tumors
were generated over 3 serial transplant generations from 4 out of 10 primary PSA* ENZR
tumors. Cell lines were generated from primary CRPC as well as primary and T1-3 transplanted
ENZR tumors. Specific cell lines used in chapter 2 and 3 are derived from CRPC, primary ENZR
(1° ENZR) and transplanted ENZR (ENZRT1-3) tumors are listed as “tumor derived cell lines” in

Figure 4.1.

2.2. Human PCa specimens for RNA-Seq and

iImmunohistochemistry (IHC):

Chapter 4 and 5: RNA-seq was performed on samples from Weill Cornell College of
Medicine: Beltran 2016 (phs000909.v.p1 — cBioportal) (2)= 68 adenocarcinoma, 34 CRPC-
Adeno and 15 CRPC-NE; Beltran 2011 (phs000310 .v.p1 — cBioportal) =30 Adeno and 7 NEPC
(2). Tumors were classified by the following criteria based on histomorphology (1, 2): Adeno =
usual prostate adenocarcinoma without neuroendocrine differentiation (from radical
prostatectomy), CRPC = tumor obtained from CRPC adenocarcinoma metastasis without
neuroendocrine differentiation and NEPC = either of the following categories, adenocarcinoma

with > 20%, neuroendocrine differentiation, small cell carcinoma, large cell neuroendocrine
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carcinoma, or mixed small cell carcinoma — adenocarcinoma. For IHC, prostate cancer
specimens were obtained from the Vancouver Prostate Centre Tissue Bank and were classified
as above (Adeno n=93, CRPC n=30, NEPC n=11). Tissue microarrays of duplicate 1 mm cores
were constructed manually (Beecher Instruments). Samples were from radical prostatectomy or
transurethral resection of prostate. Imnmunohistochemical staining was conducted as previously
described (182) using the Ventana DiscoverXT Autostainer (Ventana Medical System) with
enzyme labeled biotin streptavidin system and a solvent-resistant DAB Map kit by using 1/150
concentration of BRN2 and (Abcam) and 1/25 concentrations of CGA and AR (Sigma)
antibodies. Specimens were graded from 0 to +3 intensity by visual scoring, representing
negative-heavy staining. Automated quantitative image analysis was conducted using pro-

plusimage software. Scoring was conducted at 200x magnification.

2.3. Cell culture

Chapter 3: Unless noted otherwise cells were maintained in complete media: RPMI-1640
(Hyclone) + 10% FBS for LNCaP, BT549, T47D, +Insulin (1 pg/ml) for BT549, DMEM (Hyclone)
+ 10% FBS for UC-13 and UC-13luc cells, Keratinocyte Serum Free Medium (Gibco) with BPE
and EGF for RWPE-2.

Chapter 4 and 5: PC-3, NCIH660 and LAPC-4 cells were obtained from the ATCC in 2013.
LNCaP cells were kindly provided by Dr. Leland W. K. Chung (Emery University) and
authenticated in January 2013. CRPC and ENZR cell lines were generated from LNCaP cells
(181), tested and authenticated by whole-genome and whole-transcriptome sequencing
(llumina Genome Analyzer lIx, 2012). Cells were maintained in RPMI-1640 (LNCaP derived
and PC3) or IMDM (LAPC4), containing 10% FBS, 100 U/mL penicillin-G, 100 mg/mL
streptomycin (all Hyclone), +/-10 uM ENZ (Haoyuan Chemexpress) or DMSO (Sigma-Aldrich)
vehicle (for ENZR vs. CRPC, PC-3 did not receive ENZ). Where indicated, CRPC or LAPC-4
cells induced to a NE phenotype were cultured in RPMI-1640, 10% FBS, 100 U/mL penicillin-G,
100 mg/mL streptomycin, +10 uM ENZ for 7 days prior to downstream analysis.

2.4. Cell line transfections and treatments

SiRNA - Seeded cells were transfected with 10 nM of siLYN (Santa Cruz Bio - s¢c29393 and
sc156047), 10 nM of siPAK1 (Santa Cruz Bio — sc29700) with Oligofectamine (Invitrogen -
12252-011) in OPTI-MEM (Gibco) media using manufacturer’s protocol. shRNA — shLYN
plasmid (Santa Cruz Bio - sc29393SH) 6 ug was transfected with X-tremeGENE 9 (Sigma —
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6365779001) using manufacturer's protocol. Plasmid — LYN wild-type, constitutively active,
kinase dead and empty vector plasmids were generously provided by Dr Yamaguchi
(Department of Molecular Cell Biology, Chiba University, Chiba, Japan). 6 pg was transfected
using TransIT-2020 (Mirus - MIR #5400). Selleckchem - Bafetinib (S1369). Millipore - MG132
(#474791), Cycloheximide (#239765).

Chapter 4 and 5: CRPC or ENZR cells were seeded at a density of 10° cells/ 10 ml
complete media in 10 cm tissue culture dishes (Corning Life Sciences) 18-24 hours prior to
transfection with siRNA, sh-RNA, plasmid overexpression or DNA aptamer. siRNA- Cells were
transfected with 10 nM BRN2#1 or control siRNA (Santa Cruz Biotechnology), 10 nM of
BRN2#2 and siSOX2 (Thermo) using Oligofectamine 3000 (Invitrogen) and OPTI-MEM media
(Gibco). After 18 hours, cells were re-transfected. After 4 hours, OPTI-MEM media was
replaced with complete media and cells were harvested after 48 hours. shRNA- The same
protocol as siRNA was used for sh-BRN2 transfections using sh-BRN2 or control sh-RNA
(Santa Cruz Biotechnology) and successfully transfected clones were selected and expanded in

complete media containing 10 ug/ml Puromycin.

Overexpression- 1 pug SOX2 plasmid (Addgene, #16353) or 8 ug BRN2 plasmid (Addgene
#19711) were transfected using Mirus T20/20 and OPTI-MEM media (Invitrogen) according to

manufacturer’s instructions. After 18-24 hours, OPTI-MEM media was replaced with complete
media +/- 10 uM ENZ and cells were harvested after 7 days or at indicated time points. For 7

day experiments, CRPC cells were re-transfected on day 4. siRNA/overexpression- Cells were

plasmid transfected with Mirus T20/20 on day 1 and the following day transfected with siRNA
with Oligofectamine 3000. After 18-24 hours cells were re-transfected with siRNA and OPTI-
MEM was replaced with complete media +/- 10 uM ENZ and harvested 48 hours later (total 5
days).

BRN2 Aptamer- Indicated doses of BRN2-ARE aptamer were transfected into cells using

Oligofectamine 3000. After 18 hours cells were transfected for a second time for 4 hours. This
was repeated on day 4 and cells were either in OPTI-MEM or in complete media + 10 uM ENZ.
42DENZR cells were transfected with the aptamer and after 18 hours transfected a 2nd time.

Following this they were exposed to R1881 for 48 hours and samples were harvested.

Generation of BRN2 CRISPR Knockout cells- Cells were transfected with 500 ng GeneArt

Platinum Cas9 nuclease (Thermo) and 125 ng gRNA using Lipofectamine CRISPRMAX
(Thermo). The targeting gRNA sequence 5-GCTGTAGTGGTTAGACGCTG-3’ was used to edit
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exon 1 of the POU3F2 locus. At 72 hours post-transfection, cells were harvested for analysis of
genome modification efficiency using the GeneArt Genomic Cleavage Detection Kit (Thermo)
with the forward primer 5-AAATCAAAGGGCGCGGCGCC-3' and reverse primer 5'-
GCCGCCGCCGTGGGACAG-3'. Sanger sequencing assessed ten individual clones for indels
at the POU3F2 locus.

Generation of doxycycline inducible eSpCas9 stable cell lines: Doxycycline inducible
eSpCas9 in a piggybac vector (Vectorbuilder). pHypbase vector containing the piggybac
transposase was provided by the Sanger Institute. 4 ug of pPb_eSpCas9 and 4 ug of pHypbase
were transfected into 42DEN?R cells using Mirus T20/20 overnight. Cells were allowed to grow

RPMI +FBS media for 2 days prior to Puromycin selection at 1 ug/mL concentration for 1 week.

BRN2 gRNA transfection: gRNA purified from GeneArt kit was transfected into 42DENZR

cells stably expressing doxycycline inducible eSpCas9. During and post transfection, 100 nM of

doxycycline was present in the media. Cells were harvested 4 days later for analysis by WB.

2.5. Proliferation, invasion and migration assays

Chapter 3: Migration Assay: Transfected cells were trypsinized and plated in 6 well plates at

250,000 cells per well. At approximately 100% confluence, cells were exposed to 10 pg/mli
Mitomycin (Sigma) for 2 hours prior to scratch to arrest proliferation and isolate migration as the
only source of wound closure. Images were taken at indicated time points using Axioplan Il

microscope (Zeiss).

Invasion Assay: Transfected cells were trypsinized and 25,000 cells were run through BioCoat

Matrigel coated Transwell inserts with 8 UM pore size (BD Biosciences) as per manufacturer’s

protocol.

Chapter 4: Proliferation Assay: WST-1 (Promega) or Crystal Violet staining was used to assess

cell growth according to the manufacturer’s protocol. 1,000 cells were seeded in 96 well plates
in complete media and absorbance at 450 nm for WST1 and 590 nm for crystal vaiolot was

measured after 72 hours.

Migration Assay: Cell migration was assessed in a wound-healing assay. Cells were plated on

Essen ImagelLock 96-well plates (Essen Instruments), incubated for 2 hours with mitomycin (10
pg/ml) prior to wound scratching with a wound maker (Essen Instruments) 24 hours after

plating. Wound confluence was monitored with Incucyte Zoom Live-Cell Imaging System and
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software (Essen Instruments). Wound closure was measured every six hours for 24 hours by

comparing the mean relative wound density of three replicates.

Invasion Assay: Invasion was assessed by the invasion of 2.5x10* cells through BioCoat

Matrigel-coated Transwell inserts with 8 ym pore size (BD Biosciences). After 24 h, the
Transwell insert was removed and fixed for 10 min in 100% methanol (Sigma-Aldrich) at -20° C
and mounted on glass cover slips with Vectashield Mounting Media with DAPI (Vector
Laboratories). Filters were imaged using Zeiss Axioplan Il microscope (Zeiss) and cells invaded

in membrane were gquantified.

Chapter 5: Proliferation Assay: Cells were seeded in 96 well plates (7000 per well for 42DEN“R
and 5000 per well for 16D°RPC cells) in RPMI media with 10% FBS, treated for 72 hours. Fixed in
1% Glutaraldehyde and stained with Crystal Violet. Sorenson solution dissolved the Crystal

Violet and plates were read at 590 nm.

2.6. Gene expression profiling
Chapter 4 and 5: RNA-seq- Specimens were prepared for RNA sequencing (RNA-seq)

using TruSeq RNA Library Preparation Kit v2 and transcriptome sequencing was performed
using lllumina HiSeq 2000 (lllumina Inc.) or HiSeq 2500 (human tumors) according to standard
protocols. Sequence data mapping and processing was performed as previously described
(183), except normalization was performed using reads per million. Quantification of gene
expression was performed via RSEQtools using GENCODE v19 as reference gene annotation
set. Expression levels (RPKM) were estimated by counting all nucleotides mapped to the gene
and normalized by the total number of mapped nucleotides (per million) and the gene length
(per kilobase). Sequencing of the AR ligand binding domain was performed exactly as
previously described (105). To assess global differences in gene expression in microarray and
RNA sequencing data, multidimensional scaling to analyse differences between cell line gene
expression data was performed using the Principal Coordinate Analysis (PCoA) tool in XLSTAT
software (Addinsoft®).

Micro-array- Differential expression profiing was performed on 16DCRPC, 42FENZR and
16DCRPC cells with BRN2 over-expression. Total RNA was extracted using TRIzol® and the RNA
guality was measured using Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA). Samples were
prepared following Agilent’'s One-Color Microarray-Based Gene Expression Analysis Low Input
Quick Amp Labeling v6.0. An input of 100 ng of total RNA was used to generate Cyanine-3
labeled cRNA. Samples were then hybridized on Agilent SurePrint G3 Human GE 8x60K
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Microarray (AMDID 028004) and arrays were scanned with the Agilent DNA Microarray Scanner
at a 3 ym scan resolution. Data was processed with Agilent Feature Extraction 11.0.1.1. and

processed signal was quantile normalized with Agilent GeneSpring 12.0.

RNA quality control as well as gene profiling was done in the Laboratory for Advanced

Genome Analysis at Vancouver Prostate Centre, Vancouver, British Columbia, Canada.

2.7. Western blotting (WB)

Chapter 3, 4 and 5. RIPA lysis buffer (Thermo Fisher) was mixed with protease and
phosphatase inhibitors and was used to lyse total proteins as previously described (44).

2.8. Subcellular fractionation

Chapter 3 and 5: Cytoplasmic, membrane, nuclear and chromatin fractions were isolated
using the Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Fisher) using

manufacturer’s instructions.

2.9. Immunoprecipitation

Chapter 3 and 4: : Immunoprecipitation (IP) was performed using ImmunoCruz™ IP/WB
Optima B System (Santa Cruz) based on the manufacturer’s guideline. 2 ug of primary antibody,
or immunoglobulin G (IgG) was used for immunoprecipitation and control respectively. Blots
were incubated overnight at 4° C with designated primary antibodies at 1:1000 dilution, unless
noted otherwise. Proteins were visualized using the Odyssey system (Li-Cor Biosciences) and
densitometric analysis was performed using ImageJ software (National Institutes of Health,
USA).

2.10. Reagents and antibodies

Chapter 3: Primary antibodies were used at 1/1000 dilution: Cell Signaling - LYN (#2796),
Slug (#9585), Snail (#3879), E-cadherin (#3195), VAV1 (#4657), PAK1 (#2602). BD
Biosciences — Fibronectin (610077), E-cadherin (610181). Abcam — pLYNY396 (ab40660),
PVAV1Y174 (ab76225), ZO-1 (ab59720). Millipore — pPAK1S204 (#09-257), RAC1 (#05-389).
Santa Cruz Bio — Vimentin (sc5565), LYN (sc7274).

Chapter 4 and 5: Primary Antibodies were used at 1/1000 dilution: Cell Signaling — BRN2,
AR, PSA. Dako — ENO2. Santa Cruz — SYP, CHGA. Millipore — SOX2. Active Motif — EZH2, BD
Biosciences — ASCL1

Secondary antibodies (Licor) were used at 1/5000 dilution
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2.11. Immunofluorescence

Chapter 3: Transfected cells were plated at 50,000 cells per well in 12 well plates with cover
slips, 24 h later cells were fixed with 4% paraformaldehyde and permeablized with 100% cold
methanol. Cells were blocked with 3% BSA and Slug, Snail, E-cadherin, ZO-1 and LYN
antibodies were used at 1/50 dilution. Secondary antibodies Alexaflour 488 (green) and 594
(red) were used at 1/500 dilution. Cells were mounted using Vectashield Mounting Media with

DAPI (Vector Labs). Images were taken using the 780 LSM Confocal Microscope (Zeiss).

2.12. Quantitative real time PCR (qRT-PCR)
Chapter 3, 4 and 5: RNA was extracted from cells using TRIzol reagent (Life Technology).

cDNA was created using reverse transcriptase MMLV and random hexamers (Invitrogen) from 2
Mg mRNA. Real-time PCR amplification of cDNA was performed using SybrGreen ROX Master
Mix (Roche Applied Science). Gene expression was normalized to GAPDH and B-Actin levels

with 3 experimental replicates.

2.13. Luciferase assay

Chapter 4: CRPC and ENZ-resistant cells were plated in six-well plates (2 x 10* cells /
cm?) and transfected with a BRN2 luciferase reporter (courtesy of Dr. Goding, Ludwig Institute
for Cancer Research, Oxford, UK) (184) or Renilla (Promega) using T20/20 (Mirus). At 24 h
post-transfection, cells were incubated with or without 10 nM R1881 for 24 hours and luciferase
activities were measured using a Dual-Luciferase Reporter Assay System (Promega) and a
Tecan Infinite® 200 PRO microplate luminometer (Tecan). BRN2 luciferase activities were

corrected by the corresponding Renilla luciferase activities.

Chapter 5: BRN2 luciferase reporter cassette was cloned into piggybac backbone vector
and stable 42DEN“R BRN2-luc cells were created by co-transfection of BRN2-luc with pHypbase
plasmid (Sanger Institute) followed by selection with 20 pug/mL of Blasticidin. 42DEN?R BRN2-luc
cells were plated in 24 well plates at 100,000 cells per well. The following day the cells were
treated with 10 uM of different BRN2 inhibitors. 24 hours and luciferase activities were
measured using a Dual-Luciferase Reporter Assay System (Promega) and a Tecan Infinite®
200 PRO microplate luminometer (Tecan). The reduction of luciferase activity was validated by

WB for luciferase protein in the positive hits.
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2.14. Chromatin immunoprecipitation (ChIP)
Chapter 4: Cells treated with or without 1 nM R1881 for 24 hours were cross-linked with

paraformaldehyde (Sigma-Aldrich) and sonicated (Covaris sonicator) to shear DNA. ChIP assay
was performed using ChIP Assay Kit (Magnetic Agarose Beads) according to the
manufacturer’s protocol (Millipore) and antibodies against AR (N20; Santa Cruz), SOX2
(Millipore) and BRN2 (Cell Signaling). Negative control primers were designed for the regions
approximately 1600 bp upstream and 1800 bp downstream of the ARE 8733bp upstream of
BRN2 TSS using Primer Express 3 (Thermo Fisher). Negative control regions were selected to
be far enough away from the target site based on the fragment lengths upto 1000 bp during

sonication of genomic DNA.

Sequential Chromatin Immunoprecipitation (Re-ChlP)- Assay was performed via Re-ChIP-IT®

kit (Active Motif Inc., Japan), based on the manufacturer’s protocol using antibody against BRN2
(Cell Signaling) and SOX2 (Millipore). 1IgG was used as negative control for antibodies and
negative control primers for each binding site were designed as listed in Supplemental
Experimental Procedures. Using Primer Express 3 (Thermo Fisher), primers were designed
around BRN2/SOX2 consensus binding elements approximately 7500 bp upstream of NES start
codon and 35000 bp downstream of RFX4 start codon. Negative control primers were
approximately 5400 bp upstream of NES start codon and 38000 bp downstream of RFX4 start
codon. Negative control regions were selected to be far enough away from the target site based
on the fragment lengths upto 1000 bp during sonication of genomic DNA and also have a lack of
OCT binding motifs.

Chapter 5: 42DENZR cells were treated with 20 pM of BRN2i for 9 hours prior to fixing and lysis.
Cells were sonicated using Covaris sonicator at high setting for 3 minutes. ChlP was conducted
using Millipore MagnaChip kit as per manufacturer’s instruction. BRN2 (Cell signaling) antibody
was used at 1:100 dilution on 100 L of lysate. gqRT-PCR was used to analyze data as % input.

Primers were designed for intron 1 of PEG10 and downstream enhancer region of SOX2.

2.15. Animal studies

Chapter 3: Ultra-sound guided orthotopic injection delivered UC13-luc shCtrl and shLYN cells
as previously described (185). Mice were euthanized at <15% weight loss after a luciferin
injection of 150 mg/kg D-luciferin (Caliper Life Sciences). IVIS200 Imaging System (Caliper Life
Sciences) was used to take image of metastasis after cystectomy. Metastatic spread was

visualized based on bioluminescence. Tumors with bioluminescence 2105 photons and were
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excised and counted. All animal procedures were conducted according to the guidelines of the

Canadian Council on Animal Care.

Zebrafish Embryo: BT549 cells with or without siRNA LYN were stained with Vybrant CM-Dil

(Invitrogen) as per manufacturer’s protocol. Cells were grown to confluence and trypsinized with
EDTA. Cells were then washed with RPMI 1640 (Gibco). Cells were washed once in PBS, and
suspended in RPMI for injection into embryos. Casper Fish™® embryos were raised in E3
media at 28.5° C until 48 h post-fertilization; prior to injection, embryos were dechorionated and
anesthetized in 200 ug/mL tricaine (Ethyl 3-aminobenzoate methanesulfonate salt, Sigma,
A5040), and then placed in 10 cm petri dish coated with 1.5% agarose, in addition to a few
drops of 6% Ficoll PM (Sigma, F4375) containing 200 ug/mL tricaine for better healing after
injection. A microinjector (INJECT+MATIC) was used to load the cell suspension into a pulled
capillary needle for embryo injection. Approximately 100-150 BT549 cells were injected into the
yolk sac of each embryo. Following injection, embryos were kept at 35°C for the duration of the
experiments. Around 15-20 fish were anesthetized and visualized using Axioplan Il microscope
(Ziess) at 24 and 48 h time intervals. Visible and individual dots outside the yolk sac were

counted per fish.

Chapter 4: 42FEN?R sh-BRN2 and sh-CTR ENZR cells were injected into castrated male athymic
mice (Harlan Sprague-Dawley) under pressure of daily oral 10 mg/kg ENZ. Tumors were
monitored for growth and blood was drawn for PSA screening weekly as previously described
(181). When tumors reached 1000 mm?3 or greater than 10% animal body weight, tumors were
harvested and processed for RNA analysis by qRT-PCR. All animal procedures were conducted

according to the guidelines of the Canadian Council on Animal Care.

Chapter 5: Three male Nu/Nu mice (body weight 25-30 g) were purchased and caged
individually at the day of experiment. Each mouse was given IP dose (10 mg/kg) of drug
formulation in a volume of approximately 100 pl. Blood was collected by tail vein bleed (~70 pl
per time point per mouse) in different indicated time. Blood samples were centrifuged at 10000
rpm, at 4° C for 5min. The serum sample are subjected to LC-MS/MS analysis to get the

concentration of BRN2 inhibitor (Cpd. 18-51) in the blood in ng/mL concentration.

2.16. Zymography
Chapter 3: Zymography: After serum starvation, cells were incubated in fresh serum free RPMI
with for 24h prior to and media was collected and concentrated using Amicon centricon-10

concentrators (EMD Millipore, Billerica, MA). Samples were resolved on 10% non-denaturing
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polyacrylamide gel containing 1 mg/ml of porcine gelatin (Bio-Rad). Staining, de-staining and

imaging was done as previously described (125).

2.17. Invitro kinase assay
Chapter 4: In vitro Kinase Assay- Recombinant protein kinase PAK1 [10-50 nM] employed in

the substrate profiling process was cloned, expressed and purified using proprietary methods at
Kinexus. The SNAI2 peptides [S251], [S251A], [S247A/S251A/S254A] were synthesized at
Kinexus and the [y—33P]-ATP was purchased from PerkinElmer. The assay was conducted using

Kinexus’ proprietary protocol.

2.18. RACL1 Activity assay

Chapter 3: Millipore (#17-283) performed according to manufacturer’s instructions. In short,
cells were lysed and immunoprecipitation was done using magnetic beads fused with p21
binding domain of PAK1 to pull out active levels of RAC1. The precipitate was then run on SDS

page gel for western blot analysis.

2.19. Drug Affinity Responsive Target Stability (DARTS)

Chapter 5: Cells were lysed in NP40 lysis buffer (1% NP-40, 150mM Sodium Chloride, 50mM
Tris-HCL @ pH 8.0) containing protease and phosphatase inhibitors (Roche). 600uL of lysis
supernatant at a concentration ranging from 4-6 pg/uL is split into two 300 pL tubes. Tube 1 is
incubated with DMSO while the 2™ tube is incubated in 10 uM concentration of small molecule
for 1 hour. Pronase diluted in 1XTNC buffer (10x TNC =500 pyL 1 M Tris-HCI pH 8.0, 100 yL5 M
sodium chloride, and 100 puL 1 M calcium chloride with 300 uL ultrapure water) (186) to 1:100
and serially diluted further to 1:1000, 1:5000 etc. concentrations is added into separate tubes.
Following this, 30 pL of cell lysate from DMSO and small molecule tubes are added into each

Pronase dilution for 30 minutes. Samples are boiled and analysed by WB.

2.20. BioLayer Interferometry
Chapter 5: Avidin-tagged DNA-binding domain of BRN2 was biotinylated by biotin ligase

produced by pBirACm transformed BL21 cells. Bacteria were grown overnight in culture, and
diluted to 0.1 OD the next morning in media containing biocytin. At OD of 0.6, cells were
stimulated with 250 nM of IPTG for 3 hours and collected. BRN2 was purified with Ni-nTA beads
using buffers and conditions previously described (187). Purified and biotinylated BRN2-DBD
was bound to super-strepavidin sensors in assay buffer (188). Compounds were diluted 2-fold

down from 50 uM to 1.3 uM. Data was quantified using OctetRED (ForteBio) apparatus.
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2.21. Microsomal Stability

Chapter 5: Conducted by Sai Life Sciences using their proprietary protocol.

2.22.  Analysis of publically available databases

Two publically available databases were used in this study:

CBioportal for Cancer Genomics- This website allows the researcher to visualize, download

and analyze large-scale cancer studies such as The Cancer Genome Atlas (TCGA) studies for
different cancers (189). TCGA provisional studies (2015) for prostate adenocarcinoma, invasive
Breast Cancer and Bladder. Other data sets include

The UCSC Xena Genome Browser (http://genome.ucsc.edu/)- This website is developed

and maintained at the University of California Santa Cruz (UCSC) not only makes large-scale
studies available for further analysis but also allows the researcher to visualize and analyze
his/her data in the context of larger datasets (190). Xena software was used to visualize the
clinical correlation between mRNA expression of LYN and following EMT genes, Vimentin
(VIM), N-Cadherin (CDH2) and Fibronectin (FN1).

2.23.  Statistical analyses
Data are representatives of three independent experiments and are expressed as mean *
standard error of the mean (SEM). P-values were calculated using Student t-test to compare

control and treated groups and p-values less than 0.05 were considered statistically significant
(*P< 0.05; **P< 0.001; ***P< 0.001).
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3. Chapter 3: Targeting LYN regulates Snail family shuttling and

inhibits metastasis

3.1. Background
3.1.1. Src Family Kinase —LYN

Since its discovery in 1979, research into the “proto-oncogene” Src has lead the field of
non-receptor tyrosine kinases (191). The Src family of kinases (SFK) has 11 members that
contain a Kinase domain, a SH2 domain and a SH3 domain (192). Combined, these SFKs play
a major role in the cellular events of different biological systems, ranging from the immune
system (193) to the nervous system (194). Due to their pleiotropic nature, it is no surprise that
aberrant activation of SFKs is associated with carcinogenesis and tumor progression. Aside
from their fundamental roles in cell proliferation, survival and angiogenesis, SFKs enhance cell
migration and invasion across different cancers. Increased migratory and invasive attributes of
cells in cancer occurs through a process called Epithelial-Mesenchymal Transition (EMT) which
is considered crucial for metastasis (116). Metastasis is the sequential process whereby cells
gain enhanced abilities to penetrate the basement membrane, intravasate into blood/lymphatic
vessels, survive in the vasculature, extravasate to secondary sites, and adapt to new host
environments (195). The colonization and tumor growth at the distant site is dictated by
conflicting pressures like proliferation, dormancy, angiogenesis and apoptosis; all these
pathways, like EMT, are regularly modulated by SFKs (196).

LYN kinase is a member of the Src family of kinases. Consistent with the other members of
the family, LYN consists of a kinase domain, an SH2, an SH3 domain and a unique N-terminal
region. It is active when phosphorylated at Y397 and inactivated when phosphorylated at Y508
(197). The inactive from is created when the C-terminus phosphorylation creates a binding site
for its own SH2 domain. This intramolecular interaction closes the protein and blocks the kinase
domain, thus shutting down LYN activity (197). The chief culprit for this inactivating
phosphorylation is C-terminal Src kinase (CSK), and Y508 can be de-phosphorylated by
phosphatases such as SHP-2 (198) and CD45 (199), leading to activation of the kinase.
Interestingly, SHP-1 and SHP-2 can also de-phosphorylate Y397 in the kinase domain and
abolish the kinase activity of LYN (200). LYN’s activity is modulated downstream of many
receptor proteins like GM-CSF receptor (201), c-KIT (202), EGFR (203) as well as Integrins
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(204). In turn, LYN can activate or inhibit a number of signalling molecules through tyrosine
phosphorylation for example, FAK (205), STATS5 (206), ras-GAP (207) and PI3K (208).

Structurally, LYN also has two splice variants that differ by 20 amino acids at the N-
terminus and generate 53kDa and 56kDa isoforms. These isoforms can also drastically change
LYN’s function as demonstrated by Huang et al.; phosphorylation on Y32 occurs downstream of
EGFR signaling and mediates DNA replication through MCM7 activity in human cancers
(209).The presence or absence of these important regulatory elements between these isoforms

exhibits potential for versatility in LYN'’s functions between different cell types.

3.1.2. Roles of LYN in cancer

Although genetically modified models (GEM) of hyperactive LYN did not provide evidence
of LYN initiating neoplasia, there is mounting evidence that it plays a role in regulating and
maintaining cancer biology in both solid and liquid cancers (197). For example, several reports
have demonstrated the crucial role of LYN in BCR-AbI induced Chronic Myeloid Leukemia
(CML) (210, 211). BCR-Abl and LYN can cross phosphorylate each other, enhancing their
respective signaling pathways (212, 213). Interestingly, patients that develop resistance to CML
therapy Imatinib, display significantly higher levels of LYN expression and ablation of LYN from
these cells induces strong apoptosis (214). Coincidentally, small molecule inhibitors developed
for Imatinib resistant CML like Bafetinib (215) and Ponatinib (216) are also potent inhibitors of
LYN. In addition to CML, LYN promotes progression of B-Non Hodgkins Lymphomas (B-NHL)
through activation of STAT3 (217). LYN also activates the AKT pathway downstream of the B-
cell receptor in B-cell chronic lymphocytic leukaemia (B-CLL) (218). A unique incident with LYN
has been described in Acute Myeloid Leukaemia (AML), whereby fusion of Tel (ETV6) and LYN
activates STATS independently from JAK2 promoting proliferation (206). Altogether, these
studies show the LYN activity is intimately involved with oncogenic signaling cascades in
Leukaemia/Lymphoma, and inhibiting LYN in has potential for treatment of certain types of liquid

cancers.

While few kinases are genetically altered in solid cancers, their activity is commonly
enhanced. In particular, there is increasing evidence that LYN is associated with metastasis and
thus may promote EMT (219). For example, we have recently reported increased expression of
LYN in metastatic castration-resistant prostate cancer (nCRPC) (133). In addition to prostate,
LYN has been implicated in other cancers, including breast (220), colon (221) and glioblastoma

(222). LYN regulates cellular events, like proliferation and survival, in multiple cancer types
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(197) and targeting LYN in Ewing’s Sarcoma reduces metastatic potential (223). Higher LYN
protein expression has been implicitly linked to highly aggressive Triple Negative Breast Cancer
(TNBC), whereby 46% of TNBC cases were LYN(+). Also, 79% of LYN(+) patients were TNBC
and LYN expression was linked to reduced patient survival (224). In this study, LYN knock-down
using siRNA in TNBC cell lines reduced cell migration and invasion. With the availability of a
well-tolerated and clinically active inhibitor, Bafetinib (225), targeting LYN presents as a viable
strategy. Therefore, the underlying mechanism by which LYN modulates metastasis warrants

exploration.

3.2. Introduction

The gain of mesenchymal markers Vimentin and Fibronectin with a concomitant loss of
E-cadherin are hallmarks of EMT. Central to this process is an increase in transcription factors
of the SNAI family, which lead to transcriptional repression of E-cadherin and start the
transformation to a mesenchymal phenotype (226). In this study, we provide mechanistic insight
into how LYN regulates EMT in prostate cancer (PCa), breast cancer (BrCa) and bladder cancer
(BICa). In vitro and in vivo studies showed LYN promotes EMT via initiating the VAV-RAC1-
PAK1 signal cascade; this leads to protein localization and stability of the SNAI transcription
factors Slug and Snail, upregulation of EMT-related genes, invasion and metastasis.
Furthermore, we established the importance of LYN in human metastatic cancer, demonstrating
that LYN expression across multiple tumor types is, i) increased in metastatic tumors and
primary tumors that eventually metastasize, ii) negatively correlates with E-cadherin expression,
iii) positively correlates with the expression of EMT markers Vimentin and Fibronectin. Our
results suggest that LYN is a major upstream regulator of Slug and Snail, two central
transcription factors that control EMT across multiple cancer types; thus specific targeting of

LYN may be a rational therapeutic approach to prevent or treat metastatic disease.

Days (CSS) The critical importance of this research
1 8 5 AD CRPC to prostate cancer treatment resistance comes
— — | Lyn from two pieces of data from Zardan et al.

o e | [ S wew e Actin (133). LYN expression is induced under
LNCaP cells  LNCaP xenograft Model androgen  deprivation  conditions  and

Figure 3.1 - LYN expression induced by consolidated at castration resistance (Fig. 3.1).
androgen deprivation:

LNCaP cells cultured in CSS over time (left panel),
and LNCaP xenografts before castration (AD) or suggest that LYN gets up-regulated in
after progression to CRPC in xenografts (right

panel)

A possible interpretation of this data would
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response to treatment and helps confer resistance to ADT. Importantly, the expression of LYN

remains increased into CRPC which is almost always metastatic.

3.3. Results

3.3.1. LYN mRNA expression correlates with cancer metastasis and E-
cadherin expression.

To investigate the relevance of LYN to tumor spread in human cancers, we analyzed

LYN expression in PCa across published data sets (http://www.oncomine.org/). We found that

LYN was significantly upregulated in PCa metastases compared to primary tumors across 5
different cohorts (Fig. 3.2) (227-231). This clinical data further implicates LYN in the metastatic

process of PCa.
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Figure 3.2 - LYN expression vs. Metastasis:
Log2 median Intensity of LYN mRNA expression compared between indicated cohorts of PCa

tumor samples from primary tumor and metastasis.
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Interestingly, we discovered a similar trend in other cancers; whereby LYN expression is
upregulated in metastatic forms of the disease. In 4 cohorts of BrCa patients, LYN was
significantly upregulated in the primary tumor in patients that experienced a metastatic event in
less than 3 years compared to tumors that did not metastasize (Fig. 3.3 A) (232-235).
Surprisingly, the study from Bos et al. contained temporal data and further analysis revealed
that LYN’s expression was highest in primary tumors that metastasized within 12 months of
diagnosis, and the expression decreased in patients that experienced a metastatic event later
(Fig. 3.3 B). LYN expression was also significantly upregulated in 5 different cohorts of primary
muscle invasive Bladder Cancer (BlICa) compared to superficial BICa (Fig. 3.3 A) (236-240).
Together, these human data strongly implicate LYN in promoting metastasis of multiple tumor

types and implicate it as a potential target to prevent disease progression.

B Lyn Expression v/s Time to Metastasis
Lyn expression - BrCa " Bos et al.
41 ) O Hatzis et. al. .E = 3 No Metastasis
31 [ Kao et. al. 53 - _— O <12 Months
.. € 3 12-24 Months
24 ] Boset. al. = —_
03 Minn et. al. = 3 24-36 Months
1 S [ 36-48 Months
E
0 r-llu-‘ ) 1
U s g
-1+ 1 -
| Metastasis 0 ) ) )
] -a.é\% '5\% 6\": @% \.9‘:
& & & & &
& ,ﬁ* N N
Lyn expression - BICa O G e
3 . .
) Blaveriet. al. Figure 3.3 —LYN mRNA is up-
. ) Dyrskiot et. al. regulated in metastatic cancers:
[ Sanchez-Carbayoet. al. (A): Log2 median Intensity of LYN mRNA
3 Stransky et. al. . L. .
expression in indicated cohorts of primar
11 .. 33 Modlich et. al. P i ,p ¥
_IIJT I'T'IFI I""-I BrCa tumors of patients that experienced a
0 o T metastatic event by 3 vyears, and Non-
] . . . .
1Muscle Invasive invasive vs Muscle invasive BICa (B)
'

Expression of LYN in Bos et al. samples
separated by time to metastasis.

To decipher LYN’s role in EMT, we examined a possible link between LYN and E-
cadherin, a major epithelial cell-adhesion protein and a de facto tumor suppressor (241).
Analysis of gene expression of LYN and E-cadherin (CDH1) in multiple patient tumor samples
using the in silico transcriptomics database (http://ist. medisapiens.com/) showed an inverse
relationship between the two genes across multiple tumor types (statistically significant cancers
identified in the legend Fig. 3.4 A). To further establish the link between E-Cadherin and LYN

expression at the protein level, we examined the E-Cadherin Reverse phase protein array
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Figure 3.4 - LYN expression vs E-Cadherin:
(A) Affymetrix analysis of patient mRNA expression comparing LYN vs E-Cadherin (n= 8575, from 175 different

tissue types) from http://ist.medisapiens.com. (B) Prostate Cancer, BrCa and BlCa TCGA Provisional data sets
from www.cbioportal.com. The graphs show RPPA score of E-cadherin (CDH1) in tumours with LYN mRNA up or
down-regulated by 1 standard deviation (z-score) vs unaltered LYN mRNA levels.

(RPPA — dot blot assay for protein expression in patient samples) in tumors with + 1 z-score vs.

unaltered LYN expression in TCGA datasets from the cBioportal repository (189). Statistically

significant up- or down-regulation of E-cadherin protein expression was observed in prostate,

breast and bladder tumors with low and high LYN expression respectively, compared to
unaltered (Fig. 3.4 B).

0

1

Shd, ‘ - ot
B it o et isivaibled ¥1s

0

se s e e PPPrPpppppen

LR

1000 2000 3000 4000 5000 6000
Lyn Kinase

Colorectal carcinoma, n=400 , =-0.3991, p=0

Bladder cancer, n=174 | r=-0.4255, p=4_8e-09

Lung adenocarcinema, n=311, r==0.2641, p=2.3e-06
Breast carcinoma, NOS, n=553 , r=-0.1908, p=6.2e-06
Breast ductal cancer, n=327 |, r=-0.2095, p=0,00014
T=ALL, n=68  r=-0.4312, p=0.00024

AML, n=322 , r=-0.1959, p=0.00041

Renal oncocytoma, n=5 , r= 0.9911

Myeloma, n=102 , r= 0.3147, p=0.0013

Uterine sarcoma, n=14 , r= 0.6799, p=0.0075

Lung, carcincid tumor, n=27 , r=-0,5027, p=0.0075
Renal cancer, n=209 , r=-0.1727, p=0.012

Cervical adenocarcinoma, n=8 , r= 0.7999, p=0.017
Gastric adenocarcinoma, n=21, r=-0.4980, p=0.022
Thyroid carcinoma, n=58 , r=-0.3010, p=0.022
Nephroblastoma, n=33 , r= 0.3789, p=0.030

Oral squamous cell carcinoma, n=34 , r= 03578, p=0.038
Cervical squamous cell carcinoma, n=57 , r=-0.2725, p=0.04
B-cell lymphoma, n=198 , r=-0.1371, p=0.054
Qwarian, serous carcinoma, n=141 , = 0.1550, p=0.067
Melanoma, n=8 , r=-0.6495, p=0.081

Glioma, n=275 , r=-0.0965, p=0.11

Synovial sarcoma, n=12 , r=-0.4487, p=0.14

Testis, seminoma, n=15 , r=—0.39586, p=0.14

RPPA score (CDH1)

RPPA score (CDH1)

RPPA score {CDH1)

B  Llynup-regulation Lyn down-regulation
Prostate Adenocarcinoma (TCGA, Provisional) N=578 samples
2.0 20
1.0 1.0
0 0
-1.0 -1.0
20 -2.0
-3.0 3.0
-4.0 4.0
50 p-value: 0.0016 50 p-value: 0.0475
Lyn: EXP>1  Unaltered Lyn: EXP<1  Unaltered
Breast Invasive Carcinoma (TCGA, Provisional) N=1105 samples
20 -1 2.0
1.0 10
e 0
19 1.0 =
2.0 [ -2.0 -
L )
-3.0 -+ » 3.0 ,,:I:
Fv;ue: 1.5x10%(-9) .p—value: 0.1467
Lyn: EXP>1  Unaltered Lyn: EXP<1  Unaltered
Bladder Urothelial Carcinoma (TCGA, Provisional] N=436 samples
20] | 2.0
1.0 1.0 L
0.0 A 0.0 ;-.r'_"-“.' -
10 L 1.0 : L
20 | 2.0 . l
3.0 p-value:0.003 -3.0 " p-value:0.008
Lyn: EXP>1  Unaltered Lyn: EXP<1  Unaltered

41



http://ist.medisapiens.com/
http://www.cbioportal.com/

A

PrCa

LNCaP T47D BT549 UC13

BrCa

BICa

= == |lyn
— ——— \/iNCUlIN
B Emp LYN Emp LYN Emp LYN siCtr siLYN siCtr siLYN
| — e - — e LYN
[r— - —— == -l — p—- w wai | E-Cad
— N—— d H pu— P | \/inculin
T47D LNCaP RWPE - 2 BT549 UC-13
BrCa PCa Prostate BrCa BICa
3.3 ~ . .
C 1.25 4 OEmp ELyn WT OsiCtr  Msilyn
2.8 A
3
§ 14 g 231
< 3 g |
Z < 18
£ 0.75 A £
- c 1.3 A
o )
& 2 0.8 -
g o .
‘E 0.5 A &€ 03 -
[}
e« 024 Lyn E-Cad Lyn E-Cad
0.25 -
LNCaP RWPE-2 T47D -0.7 -
BT549 UC-13

Figure 3.5 - LYN modulates E-Cadherin in vitro:

(A) Levels of LYN Kinase in LNCaP, T47D, BT549 and UC13 cells (B-C) Western Blot
analysis and relative mRNA expression of LYN and E-cadherin with over-expression
and siRNA knockdown of LYN. Graphs represent pooled data from 3 independent
experiments.

To validate the patient data in vitro, we modulated LYN expression in PCa, BrCa and
BICa cell lines, inducing expression in primarily epithelial cell lines with low levels of
endogenous LYN and using siRNA knockdown in more mesenchymal cell lines with high levels
of LYN (Fig. 3.5 A). We first transiently over-expressed wild-type (WT) LYN in PCa LNCaP
cells, K-Ras transformed prostate epithelial RWPE-2 cells, and in epithelial-like T47D BrCa
cells. In all three cell lines, LYN over-expression suppressed E-cadherin at both mRNA and
protein levels (Fig. 3.5 B). By contrast, knockdown of LYN by siRNA increased E-cadherin
MRNA and protein levels in mesenchymal-like BT549 (BrCa) and UC-13 (BICa) cell lines (Fig.
3.5 C). Collectively, these data suggest that modulating LYN expression affects levels of E-

cadherin inversely in cancer cells in vitro, and in human tumors.
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3.3.2. LYN expression and activity modulates Epithelial and Mesenchymal
cell states

Accompanied by loss of E-cadherin expression, ectopically induced expression of LYN
decreases cell-cell contact (cobblestone structures), E-cadherin and ZO-1 expression and vice
versa for knockdown of LYN (Fig. 3.6).

A
Gain of Function Loss of Function

Bright field

Z0-1

Figure 3.6 — LYN kinase regulates EMT phenotype:

Bright-field and immunofluorescence imaging with E-cad in Red and ZO-1 in green of (left)
LNCaP cells treated with Empty or LYN WT plasmid and (right) BT549 treated with siRNA
control or LYN.
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Figure 3.7 — LYN expression regulates EMT markers and cell migration and invasion:
(A and B): Analysis of indicated genes with over-expression LYN and si RNA knock-down of LYN. (A)

Western Blot (B) Relative mRNA expression, graphs represent pooled data from 3 independent
experiments. (C) LNCaP and T47D cells transfected with Empty or LYN WT plasmid, BT549 and UC-13
cells transfected with siRNA LYN: Top half - Percent area migration from time zero assessed in scratch
assay in after 48h for LNCaP and T47D, 9h for BT549 cells and 18h for UC-13 cells. Bottom half — Relative
number of cells migrated through Matrigel Boyden chamber after 24h. (D) Zymography assay measuring
MMP2 activity in LNCaP transfected with LYN WT and BT549 cells treated with siLYN.

Accordingly, overexpression of WT LYN in PCa (LNCaP) or epithelial-like BrCa (T47D)
cells induced a significant increase of the mesenchymal markers Vimentin and Fibronectin at
the protein and mRNA level compared to cells transfected with empty vector (Fig. 3.7 B&C).
Reciprocally, LYN knockdown by siRNA induced a mesenchymal-to-epithelial transition (MET)
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in cancer cells. Silencing LYN in mesenchymal-like BT549 (BrCa) and UCM-UC13 (BICa) lines
caused a marked increase in E-cadherin, as well as decreases of Vimentin and Fibronectin at
both protein and mMRNA levels compared to control (Fig. 3.7 B&C). Invasion and migration were
also significantly increased in WT LYN expressing cells compared to empty vector control (Fig.
3.7 C) while knockdown decreased cell migration and invasion compared to control (Fig. 3.7 C).
LYN expression also modulated MMP activity as knockdown reduced while over-expression
increased MMP-2 activity as shown by Zymography assay (Fig. 3.7 D).

Data-mining of the TCGA cohorts for PCa, BrCa and BICa further corroborated our in
vitro data as patients with higher LYN mRNA exhibited an increase of EMT markers Vimentin
(VIM) in BrCa and BICa, Fibronectin (FN1) in PCa and BICa and N-Cadherin (CDH2) somewhat
weakly in BICa while the patients with decreased LYN displayed lower expression of all

markers(Fig. 3.8).

Prostate Breast Bladder

LYN  Vim Fib NCad LYN Vim Fib NCad LYN Vim Fib NCad

Spearman: 0.24 0.35 0.14 0.51 0.20 0.19 0.37 0.47 0.20

Figure 3.8 — LYN mRNA correlates with EMT markers in patients:
Heat map of TCGA data showing gene expression of Vimentin, Fibronectin and N-Cadherin in human

PCa, BrCa and BICa patients stratified by their LYN expression (http://xena.ucsc.edu).

As a kinase, LYN functions primarily by phosphorylating downstream effectors. To
investigate whether the kinase activity of LYN is required for regulating epithelial and
mesenchymal cell states, constitutively active (CA) and kinase dead (KD) mutants of LYN (242)
were transfected into LNCaP cells. Compared to LYN WT (Fig. 3.6) and LYN CA, cells
expressing LYN KD retained their cell-cell contact, E-cadherin and ZO-1 expression (Fig. 3.9 A)
while inhibition in BT549 cells using the LYN inhibitor Bafetinib (243) was accompanied by an
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increase in cell-cell contact, E-cadherin and ZO-1 (Fig. 3.9). With the increased activity of LYN
as shown by the levels of p-LYN, our results showed that overexpression of LYN CA further
increased Fibronectin and Vimentin expression and decreased E-Cadherin expression, while in
LYN KD expressing cells, these markers remained equivalent to empty vector control (Fig. 3.10
A&B). Conversely, we found that Bafetinib treatment of BT549 cells significantly upregulated E-
cadherin and decreased Vimentin and Fibronectin expression compared to control treated cells
(Fig. 3.10 A&B). Lastly, LYN CA cells showed significantly increased cell migration and
invasion compared to LYN WT, KD or empty vector controls, whereas Bafetinib treatment
significantly reduced migration and invasion (Fig. 3.10 C&D). Together these data support that

LYN expression and activity regulate EMT, cell migration and invasion.

Gain of Activity Loss of Activity

Control Bafetigib
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Merge

Figure 3.9 — LYN’s kinase activity is required for EMT:
Bright-field and immunofluorescence imaging with E-cad (Red) and ZO-1 (green) in LNCaP cells treated with LYN CA
or LYN KD plasmid (/eft) and BT549 treated with 1uM Bafetinib (right) for 24h.
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3.3.3. LYNregulates E-Cadherin through SNAI family proteins

Our results indicated that modulating LYN expression and activity resulted in regulation

of E-cadherin at both protein and mRNA levels, suggesting LYN may alter transcriptional control

of E-cadherin. To test this hypothesis, we investigated the relationship between LYN and E-

cadherin transcriptional repressors. Knockdown of LYN by siRNA reduced protein expression of
Slug (SNAI2) and Snail (SNAI1) in BT549 and UC13 cells (Fig. 3.11 A) which was validated
using different LYN siRNA (Fig. 3.11 C). This trend was also observed in an in vivo model of

LYN loss-of-function; prostatic and bladder tissue from LYN knockout mice (244) showed

reduced expression of Slug and Snail compared to tissue from WT animals (Fig. 3.11 B). In a

combination experiment, over-expressing WT LYN following siRNA knockdown rescued the
levels of Slug and Snail (Fig. 3.11 D).

A

Figure 3.11 - Targeting LYN kinase reduces expression of EMT factors Slug and Snail
(A-D) Western Blot analysis of indicated proteins (A) in BT549 and UC13 cells transfected with LYN

siRNA, (B) in prostate and bladder tissue from LYN** and LYN” transgenic mice, (C) BT549 of cells
treated with different LYN siRNAs, (D) BT549 cells treated with LYN siRNA + LYN WT plasmid.

siCtr silyn  siCtr siLyn B Lyn++ Lyn-- Lyn++ Lyn-+
S ol || — Lyn —
|| e s S|ug — — -
Ll || — Snail
[— oy H H Vinculin o e | |

BT 549 uc13 Prostate Bladder

D siCtr silyn
siCtr  silyn-2 silyn-1 Emp  Lyn-WT
—— — Lyn ——
— « | Slug -_ -
-— Snail W —
S G w— | Vinculin — e —
BT 549

Lyn

Slug

Snail

Vinculin

Lyn

Slug

Snail

Vinculin

48



Relative mRMA

Lyn Lyn
Zmp WT CA KD Emp WT CA KD
— O — | | P- - yn
| . — — | R pLynTv3s7
| - e ey - | — Slug
P - - e — +| Snail
|— — — —-| W p— w— | \/inculin

LNCaP

T47D

Bafetinib Bafetinib
Oh 12h 24h Oh 12h 24h
= 2 T = | S —— ———| Lyn
= (e
| - > e | —— — - S|ug
PR —————— | CENIND S  — |Snai|
| | | — |Vinculin

BT 549

uci3

Figure 3.12 - LYN kinase activity modulates protein levels of Slug and Snail:
(A-B): Western Blot analysis on indicated genes in (A) LNCaP and T47D cells transfected with LYN WT, CA
and KD mutants and (B) BT549 and UC13 cells treated with 1uM Bafetinib for 12 and 24 hours.

Conversely, overexpression of WT LYN increased protein expression of both Slug and
Snail and this increase was enhanced with LYN CA, but not LYN KD compared empty vector
control in LNCaP cells and T47D cells (Fig. 3.12 A). This result was further supported by

Bafetinib treatment, which decreased Slug and Snail protein expression in BT549 cells and
UC13 cells (Fig. 3.12 B). Interestingly, LYN’s regulation of Slug and Snail protein was not
reflected at mRNA level in these experiments (Fig. 3.13) suggesting a post-translational

modification.
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Figure 3.13 - Targeting LYN does not alter Slug and Snail mRNA:
Relative mRNA expression of Slug and Snail in experiments from 3-11 and 3-12.
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Reflective of our results showing changes in protein, but not mRNA, levels of Slug and
Snail after modulating LYN expression and activity; RPPA analysis of the BrCa TCGA cohort
(245) revealed significant Slug (SNAI2) upregulation in patients with higher LYN expression

(Fig. 3.14). Collectively, our data demonstrate a positive relationship between LYN expression

and activity and the SNAI family factors Slug and Snail, in PCa, BrCa and BICa.
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Figure 3.14 — Slug expression is higher in patients with high
expression of LYN.
RPPA score of Slug (SNAI2) in tumours with LYN mRNA up-regulated by 1 standard

deviation (z-score) vs unaltered LYN mRNA levels.
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3.3.4. LYNKkinase expression regulates Slug and Snail stability

To investigate how LYN of Slug and Snail at the protein level, we investigated the effects
of LYN expression and activity on the rate of Slug and Snail degradation using Cycloheximide
(CHX) to block de novo protein synthesis. Interestingly, we found that by 4 hours, Slug and
Snail protein levels were almost completely degraded in empty vector control samples (Fig.
3.15). By contrast, the rate of degradation of both Slug and Snail was reduced after LYN over-
expression, with WT LYN expressing cells showing sustained protein expression at both 2 and 4
hours post-CHX treatment compared to control (Fig. 3.15). Reciprocally, reducing LYN
expression by siRNA treatment, or activity with Bafetinib, increased the rate of Slug and Snail
degradation compared to their controls, with both treatments causing Slug and Snail protein
levels to be at negligible levels by 2 hours (Fig. 3.15). These results showed that LYN
expression and activity are required to regulate the stability of Slug and Snail at the protein
level.
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Figure 3.15 - LYN expression modulates Slug and Snail protein stability:
BT549 cells transfected with control plasmid, LYN WT, LYN siRNA or treated with 1uM of

Bafetinib +/- 10 uM Cyclohexamide for 2 and 4 hours prior to extraction. Vinculin was
used as a loading control and densitometry (bottom graphs) was performed to quantify
band intensities of the WB (graph quantification: n=1).
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Since Snail and Slug have been reported to be degraded via the proteasome (246), we
investigated the role of LYN in regulating Slug and Snail proteasomal degradation. To do so,
cells were treated with LYN siRNA or Bafetinib with or without the proteasome inhibitor MG132.
Our data revealed that in LYN siRNA cells treated with MG132, there was less accumulation of
Slug and Snail compared to control siRNA cells (Fig. 3.16 A). Their degradation was further
investigated by adding 2.5 uM of Bafetinib and MG132 simultaneously for 8 hours. This
experiment again illustrates the decrease of Slug and Snail after LYN inhibition using Bafetinib,
however, when MG132 is added together with Bafetinib there is no decrease of Slug or Snail
(Fig. 3.16 A) as protein degradation is induced by Bafetinib and inhibited by MG132
simultaneously. Slug/Snail degradation via the proteasome requires ubiquitination, therefore, we
examined ubiquitinated levels of Slug and found that in LYN CA overexpressing in the presence
of MG132 failed to accumulate ubiquitinated Slug, while Bafetinib treatment induced its
ubiquitination (Fig. 3.16 B). Together, these data illustrate that LYN kinase expression and

activity prevents SNAI family protein proteasomal degradation and increases their stability.
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Figure 3.16 - LYN expression and activity regulates Slug and Snail ubiquitination and
degradation via proteasome
(A) Western Blot analysis of BT549 cells transfected with LYN siRNA for 40 hours and then treated

with 10 uM MG132 8 h prior to extraction. Right Panel — cells treated with 2.5 uM of Bafetinib and
10 uM MG132 both for 8 hours prior to extraction. (B) Immunoprecipitation of Slug followed by
immunoblot for Ubiquitin in BT549 cells transfected with WT LYN or treated with 1 uM of Bafetinib.
Cells were treated with 10 uM MG132 8 hours prior to extraction.
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3.3.5. LYNKkinase activates the VAV1-RAC1-PAK1 pathway translocating
Slug and Snail to the nucleus

Cytosolic localization and sequential proteasomal degradation of Slug and Snail can be
initiated by their phosphorylation by GSK3[3, thus preventing transcription of their target genes
that promote EMT (247). As our results showed LYN prevents Slug and Snail degradation by
the proteasome, we explored whether LYN affects GSK-3 activation. Our data revealed that
neither LYN overexpression (WT or CA) nor inhibition (with Bafetinib) affected levels of the
inhibitory phosphorylation of GSK3pB at Ser9 (248, 249) (Fig. 3.17 A). Despite having no effect
on pGSK-3[3, however, LYN activity modulated Snail and Slug nuclear translocation.
Immunofluorescence analysis showed that Slug and Snail (Fig. 3.17 B) accumulated in the
nucleus in WT LYN transfected LNCaP cells, and this effect was enhanced with LYN CA

transfection, while there was no detectable change with the KD mutant.
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Figure 3-17 - LYN expression and activity promotes Slug and Snail nuclear localization
(A) Expression of GSK3p in LNCaP cells transfected with LYN WT, CA and KD mutants and BT549 cells treated

with 1uM Bafetinib for 24h. (B) Immunofluorescence imaging with LYN in Red and Slug (left) and Snail (right)
in green of LNCaP cells transfected with LYN WT, CA and KD mutants. Arrows point to strong nuclear
localization.



The signal intensity and cellular localization of Slug and Snail in under these conditions
was also quantified (Fig. 3.18).
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Figure 3.18 - Slug and Snail nuclear intensity in response to LYN mutant transfection:
Quantification of the average signal intensity of Slug and Snail from Figure 5A and S2B using Zeiss Zen
software (black edition).
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Reciprocally, treatment of mesenchymal BT549 cells for 24 hours with 1uM Bafetinib
and MG132 for 8 hours to prevent degradation, illustrates a clear cytoplasmic localization of
Slug and Snail (Fig. 3.19 A) when LYN activity was inhibited compared to Bafetinib untreated
cells. These results were corroborated by a fractionation assay, showing that upon inhibition of
LYN activity by Bafetinib, Slug and Snail expression in the cytoplasmic fraction was higher than
in untreated cells (Fig.3.19 B).
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+MG132 Figure 3.19 - Inhibition of LYN causes
cytoplasmic retention of Slug and Snail:
(A) Immunofluorescence imaging (B) Nuclear
and Cytoplasmic extraction with Slug/Snail in
Bafetinib green of BT549 cells treated with 10uM of
+MG132

MG132 for 8h £ 1uM of Bafetinib for 24h.
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In addition to canonical GSK-3B signaling, p21 Activated kinase (PAK1) has been
reported to regulate the cellular localization of Snail (132) by phosphorylating and increasing its
nuclear translocation. First assessing the effect of PAK1 knockdown on Slug and Snail
expression, we found that, similar to what we observed with LYN knockdown (Fig. 3.11),
targeting PAK1 with siRNA reduced Slug and Snail protein levels (Fig. 3.20).
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Figure 3.20 - PAK1 regulates protein levels of Slug and Snail:
Relative mRNA expression and Western Blot analysis of indicated genes in BT549

cells treated with siRNA PAK1.

We then interrogated if PAK1 can bind and phosphorylate Slug. Our immunoprecipitation
experiment revealed that PAK1 and Slug form a complex and this complex is reduced after
Bafetinib treatment in BT549 cells while this interaction is enhanced when LNCaP cells are
transfected with CA LYN vs KD LYN (Fig. 3.21).
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Figure 3.21 - LYN activity alters interaction between PAK1 and Slug:
Immunoprecipitation of PAK1 followed by immunoblot for Slug in BT549 cells

treated with 1uM of Bafetinib for 24h and LNCaP cells transfected with LYN CA and
KD mutants.
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In addition, we found that Slug harbors a Pak consensus phosphorylation domain at
Serine 251 (Fig. 3.22, top) and, in a kinase assay, PAK1 phosphorylated Slug at this residue
while the mutant peptides exhibit significantly less signal from PAK1 phosphorylation (Fig. 3.22,
bottom). These results show for the first time that in addition to Snail, (132) PAK1 binds and
phosphorylates Slug and this effect can be regulated by LYN activity.
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Figure 3.22 - PAK1 phosphorylates Slug at similar concensus domain as Snail:
Schematic of amino acid sequence of Snail at Ser246 aligned with the sequence of Slug at

S251. Bottom Panel — in vitro kinase assay of control PAK1 consensus sequence compared
with a synthesized the Slug S251 peptide from the schematic.
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PAK1 is heavily regulated by the RAC1 GTPase (250) and in hematopoietic cells LYN
can modulate the activity of RAC1 through its GTP exchange factor VAV1 via direct tyrosine
phosphorylation (251). However, a role for LYN in epithelial regulation of VAV has not been
described. We therefore hypothesized that LYN phosphorylation of VAV1 activates PAK1 to
phosphorylate Slug and Snail, leading to their nuclear translocation. Consistent with this
hypothesis, we observed that PAK1 Ser204 phosphorylation, Tyrl74 VAV1 phosphorylation,
and active RAC1, measured by the RAC1-GTP assay, were increased in LNCaP cells
expressing WT LYN or the CA LYN mutant compared to empty or KD transfected controls (Fig.
3.23). Reciprocally, knockdown of LYN expression by siRNA and inhibition of LYN activity by
Bafetinib in mesenchymal BT549 cells reversed these effects on PAK1 and VAV1
phosphorylation and Rac-1 GTP (Fig. 3.23).
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Figure 3.23 - LYN activity regulates VAV-RAC1-PAK1 signaling pathway:
Western Blot analysis of indicated gene products in LNCaP cells transfected with LYN WT, CA and KD

mutants and BT549 cells treated with 1uM of Bafetinib and transfected with LYN siRNA. *WB for RAC1-
GTP from RAC1-GTP assay.
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These results implicated LYN in activating the VAV1-RAC1-PAK1 pathway, however

whether PAK1 was the primary mediator of Slug and Snail levels downstream of LYN remained

unclear. To assess the requirement for PAK1 in the LYN-dependent control of Slug and Snail,

we over-expressed LYN WT, CA and KD mutants in LNCaP cells while knocking down PAK1 by

siRNA. Indeed, we found that PAK1 knockdown abrogated the accumulation of both Slug and

Snail that is observed after overexpression of WT or CA LYN (Fig. 3.24), indicating that PAK1 is

required for LYN-mediated effects on Slug and Snail. Overall, our in vitro data reveal for the first

time a novel mechanism by which the LYN kinase activates the VAV1-RAC1-PAK1 pathway

(Fig. 3.25) in epithelial tumor cells, which promotes nuclear translocation of SNAI family

proteins to initiate transcription of EMT genes and repress E-Cadherin.
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Figure 3.24 - PAK1 is required for
LYN to stabilize expression of Slug
and Snail:

Western Blot analysis of indicated genes
in LNCaP cells transfected with LYN WT,
CA and KD mutants simultaneously
treated with siRNA PAK1.
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3.3.6. LYN kinase facilitates metastasis in vivo.

To show the requirement for LYN in promoting tumor metastasis in vivo, we modulated LYN
function and expression and assessed BrCa and BICa metastasis. First, using a well-
established zebrafish model where cell migration and invasion through the yolk sac are
quantified (252), BT549 cells were injected into the yolk sac of 2 day-old dechorionated
zebrafish embryos and cell migration/invasion into the fish was quantified. After 24 hours control

fish had significant cell migration to the tail region (Fig. 3.26).
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Figure 3.26 - Inhibition of LYN reduces in vivo cell migration and
invasion:
Representative image illustrating overlay of Bright-field and fluorescent live

images of the head and tail of embryos at 24h shown (n = 15-20 embryos).
Embryos were treated with 5uM of Bafetinib for the duration of the
experiment.

59



This effect became more drastic at 48 hours (Fig 3-27). By contrast, embryos injected with
siLYN treated BT549 cells or Bafetinib treated embryos showed only low-moderate numbers of
cells migrated at both twenty-four (Fig 3.26) and 48 hours (Fig 3.27).
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Figure 3.27 - Inhibition of LYN reduces in vivo cell migration and invasion:
(A and B) BT549 cells * siLYN were labeled with Vybrant Cm-Dil and injected into 48-hr post-fertilization
casper zebrafish embryos. (A) Overlay of Bright-field and fluorescent live images of the head and tail of
embryos at 48h shown (n = 15-20 embryos). Embryos were treated with 5uM of Bafetinib for the
duration of the experiment. (B) Migration/Invasion of BT549 cells to regions outside the yolk sac where
Low = 1-20, Moderate = 21-40 and High = >40 cells.
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Moreover, the control fish also had a much lower survival rate when compared to the treatment
arms (Fig 3.28) as the cancer cells seem to clog-up the blood vessels in the embryo.
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Figure 3.28 - Inhibition of LYN reduced metastasis induced embryo mortality:
Survival Curve for Zebrafish in each arm of the experiment from Figure 3-26 and 3-27

Second, we used an in vivo orthotopic BICa model with highly invasive UC-13 cells,

which have been shown to metastasize from the primary tumor site in vivo (185). UC-13

luciferase expressing BICa cells transfected with sh-control or sh-LYN were tested for their

expression of EMT markers, SNAI proteins and invasion and migration capacity in vitro (Fig.

3.29).
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Figure 3.29 - Stable K/O of LYN reduces EMT in UC13 BICa cells:
UC-13 cells transfected with LYN shRNA: Left Panel - Western Blot analysis of indicated genes.

Middle Panel - Percent area migration from time zero assessed in one dimensional 18h for
UC-13 cells. Right Panel — Relative number of cells migrated through Matrigel Boyden

chamber after 24h.
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These cells were then implanted orthotopically into the bladder of female nude mice and
tumor growth was monitored by IVIS imaging over 5 weeks. We observed no significant
difference in the average bioluminescence or weight of primary bladder tumors formed by sh-

LYN UC-13 cells vs. sh-control (Fig. 3.30 A-C).
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Figure 3-30 - Targeting LYN reduces in vivo metastasis in orthotopic BICa model:
(A) Bioluminescence from orthotopic bladder xenograft of UC13-luciferase cells transfected with shCtrl (n=10)

and shLYN (n=7): Representative image of the 17 mice (Left Panel), (B) average bioluminescence (Middle Panel)
and average bladder mass (Right Panel). (C) Representative images showing metastatic dissemination via
bioluminescence of shCtrl and shLYN cells from the primary tumor (TopPanel) and average Bioluminescence of
the abdomen post-cystectomy (Bottom left). Representative image of macroscopic metastasis of shCtrl and
shLYN cells from the primary tumor (Bottom middle) and average macroscopic metastasis per mouse, shCtrl
(n=10) and shLYN (n=7) (Bottom right).
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However, upon removal of the primary tumor and re-imaging to identify tumors in
metastatic sites, we found a significant reduction in bioluminescence from metastases (Fig.
3.31) as well as macroscopic metastases in sh-LYN tumor bearing mice compared to control
(Fig. 3.31).
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Figure 3.31 - Targeting LYN reduces in vivo metastasis in orthotopic BICa model:
Average Bioluminescence of the abdomen post-cystectomy (left). Representative image of macroscopic

metastasis of shCtrl and shLYN cells from the primary tumor (middle) and average macroscopic metastasis per
mouse, shCtrl (n=10) and shLYN (n=7) (right).

Interestingly, WB analysis of the tumors revealed that the primary tumors maintained
their LYN K/O; however, metastatic tumors from the shLYN arm recovered their levels of LYN
(Figure 3.32). Additionally, these metastatic tumors recovered their levels of Slug and
Fibronectin, lost their E-cadherin and showed no significant difference in their expression of
Ki67 (Figure 3.32). Taken together, our results show that targeting LYN can diminish the

metastatic capability of primary tumors.
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Figure 3.32 - LYN expression is recovered at metastasis:
(A) Frozen primary tumor samples and metastatic tumor samples) were lysed with T-PER lysis

buffer. The lysed samples were subject to Western Blot analysis. (B) Average densitometry for
both the primary and the metastatic tumors were normalized to the average shCtrl signal for each
antibody. Signal was calculated using ImageJ software.
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3.4. Discussion

Metastasis is the cause of approximately 90% of cancer related deaths (253). Epithelial-
Mesenchymal Transition (EMT) and Mesenchymal-Epithelial Transition (MET) are transient
physiological events that are central for tumor metastasis, however identifying a clinically
relevant and targetable mechanism that controls these dynamic processes has been elusive.
One potential candidate is the LYN tyrosine kinase, which we demonstrate is a central upstream
regulator of several different potent metastasis inducers; RAC1, PAK1, Slug and Snail. We
show for the first time that LYN regulation of VAV1 in cancers activates the RAC1-PAK1 kinase
cascade to stabilize Slug and Snail, allowing them to initiate transcription of EMT genes. Our
mechanism of EMT regulation by LYN is supported in human cancer data showing mutually
exclusive expression of LYN and E-Cadherin, and our results showing the requirement for LYN
in supporting metastasis in vivo is mirrored across multiple cohorts of prostate, breast and
bladder cancers. This work underscores the role of LYN in promoting tumor progression and

highlights it as a therapeutic target for advanced disease.

Multiple studies have shown an association between increased LYN kinase expression
and poor outcomes in cancer (197) or a mesenchymal phenotype in cancer cell lines (223, 224,
254), however, a well-defined relationship between LYN expression and human tumor
metastasis, or the mechanisms governing metastasis, such as EMT, have not been explored.
Using variety of LYN gain and loss of function experiments in in vitro models of PCa, BrCa and
BICa, we are the first to show LYN controls EMT by stabilizing the E-Cadherin repressors Slug
and Snail, and the transcription of EMT associated proteins. Accordingly, elevated LYN
expression and kinase activity enhanced the migration and invasion of cells in vitro, and LYN
was required for metastasis of BICa in vivo. Our in vivo data are further supported by a recent
studies showing reduced metastasis in spontaneous TRAMP PCa (255) and TNBC (256) in vivo
models after LYN knockout or inhibition. More importantly however, they are supported by data
from multiple human tumors showing significantly higher LYN expression is found in metastatic
PCa, BrCa and BICa tumors, and that LYN expression correlates with expression of Vimentin,

Fibronectin and N-Cadherin in these cancers.

Like all Src family members, LYN has a kinase domain along with two protein interaction
domains, a SH2 and a SH3 domain(197). Several reports have implicated LYN as a mediator
for protein stability. This can occur through its kinase activity (213), as well as its protein
interaction SH3 domain (257). Using mutant LYN expression (CA or KD) as well as a more

selective LYN inhibitor, Bafetinib, we were able to show that LYN kinase activity and not the
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SH3 domain is regulates expression of SNAI transcription factors; specifically, we discovered
LYN controls Slug and Snail expression post-translationally, by preventing their ubiquitination
and proteasomal degradation. These results support previous data showing drastic changes in
protein, but non mMRNA, expression of Slug and Snail proteins, underscoring their potentially
unstable nature and the importance of protein-protein interactions that modulate their
degradation (130, 258). Among these are phosphorylation events of Slug/Snail at the
phosphodegradon, mediated by GSK3B (247, 259), phosphodegradon-independent
ubiquitination by both the FBXL14 ubiquitin ligase (260) as well as the p53WT and MDM2
ubiquitin ligase complex (261),. Importantly however, ubiquitin-ligase dependent mechanisms of
Slug and Snail degradation require their cytoplasmic localization and p-GSK3f was not altered
with LYN over-expression and inhibition. These results suggested that LYN-dependent control
of Slug and Snail stability was through alternative mechanisms.

Indeed, we found that LYN kinase activity indirectly triggers a signaling cascade
concluding in the phosphorylation and activation of PAK1, which is known to shuttle Snail to the
nucleus upon phosphorylation at S246 (132). Not surprisingly therefore, PAK1 and its upstream
regulator, the RAC1-GTPase, are both well established modulators of cell migration, invasion
and metastasis (262, 263) and PAK1 is consistently upregulated in invasive human BrCa
tumors (264). Based on reports showing LYN can activate the RAC1-GTPase GTP exchange
factor VAV1 by phosphorylation (265), we hypothesized that LYN may be a key upstream
regulator of the VAV1-RAC1-PAK1 to Slug/Snail cascade. Consistent with this hypothesis, we
found silencing PAK1 reduces Slug and Snail at protein and not mRNA levels, and that the
increase of Slug and Snail from LYN over-expression is abrogated if PAK1 is silenced.
Importantly, we explain the effect of PAK1 on Slug by showing for the first time phosphorylation
on Slug at S251 by PAK1 and its interaction with Slug. Moreover, we showed that LYN was
required for activation of VAV1 as well as the RAC1-GTPase. While a role for LYN in activating
VAV1 has been established in platelets (265), macrophages (266) and lymphocytes (267), it has
not been shown in solid cancers, nor linked to downstream mechanisms by which EMT may be
regulated. Therefore, our results illustrate a novel role for the LYN kinase in regulating the
VAV1-RAC1-PAK1 pathway to modulate the sub-cellular localization and stability of the SNAI
family transcription factors, which initiates EMT.

Our work has established the clinical relevance of LYN in tumor metastasis as well as
delineated the mechanism by which LYN kinase modulates EMT in models of multiple human
cancers, suggesting LYN may be a rational therapeutic target, not only in treatment refractory

leukemia, where Bafetinib (INNO-406) has shown efficacy (225), but also in epithelial cancers.
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In particular, our data supports the use of LYN specific inhibitors in cancer patients with solid
tumors to prevent metastasis. Analysis of phase Il trials in hormone refractory prostate cancer
and advanced glioblastoma (NCT01234740, NCT01215799) will indicate whether LYN inhibition
prevented disease spread in advanced cancer patients. It is likely that multiple pathways
simultaneous drive tumor metastasis; however, with the advent of personalized medicine and
advanced genomics, pre-identification of metastasis effectors like LYN allows us to be better
prepared for implementing successful combination treatment regimens in an attempt improve
patient survival.
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4. Chapter 4: The master neural transcription factor BRN2 is an

Androgen Receptor-suppressed driver of neuroendocrine differentiation

in Prostate Cancer

4.1. Background
4.1.1. POU family transcription factor: BRN2

All POU family transcription factors contain a POUs domain followed by a POUy domain
with each containing their own helix-turn-helix motif (HTH) that recognizes DNA (268). As a
family, these proteins are ubiquitously expressed and different family members play important
roles in guiding development of different organs. While the POU domains are highly conserved
between the family members, the linker region between the two domains is highly variable and
flexible. This creates variability between the two domains and differentiates the DNA binding
capabilities of the POU family members. The binding element for POU family members is a
palindromic Oct factor recognition element (PORE) comprised of slightly variable palindromic
repeat of the basal Oct factor sequence 5’ — ATGC(A/T)AAT — 3’ (269). The POUs domain
recognizes the “ATGC” sequence while the “AAAT” sequence binds to the POUy domain. Since
each POU domain retains independent DNA binding capabilities, these two halves of the

octamer sequence bind in several different orientations (Figure 4.1).
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The flexibility of the linker region permits use of More PORE sites (MORE) that contain

extra base pairs between the recognition half-sites, thus adding another layer of complexity to
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the binding elements POU proteins recognize (270, 271). In addition to these three recognition
elements, BRN2 aka N-Oct-3 also recognizes N-Oct-3 recognition elements (NORE) (Figure

1.5). This element allows for non-cooperative dimerization between two BRN2 proteins and the

POUs domains overlap binding on both strands of DNA at a recognition site (272).
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Figure 4.2 - Binding orientation of PORE, MORE and NORE sites with POU domains:
Reported binding orientations of BRN2 dimers. Extracted from Cook et al. 2008 (Pigment Cell &

Melonoma Research) with permission from publisher Wiley.

In 2013, Ladato et al. published one of the first studies that comprehensively
characterized BRN2’s DNA binding capabilities. The authors examined how BRN2 and SOX2
co-operate to govern differentiation from embryonic stem cells (ESC) to neural progenitor cells
(NPC) (273). The authors found that ectopic expression of BRN2 in ESCs was sufficient to alter
SOX2 cistrome away from its ESC binding with parther OCT4 (POU5F1). Furthermore, Urban
et al. conducted an in-depth analysis of BRN2 binding to these three elements and discovered
that unsurprisingly, BRN2 binding partners modulate differential binding to these elements
(274). The authors discovered that in addition to SOX2, BRN2 also co-operates with Zicl in
mouse ESCs to regulate crucial genes for neuronal differentiation. This publication further
confirmed that in ESCs BRN2 primarily recognizes the basal Octamer, MORE and NORE motifs
(274). The repertoire of binding elements combined with the differential expression of POU
family members and their binding partners provides exquisite control over cell lineages both in

normal cells as well as in cancers.

4.1.2. Induced Neuronal differentiation
Following the pioneering work from Dr. Shinya Yamanaka, the capacity of terminally
differentiated cells to reprogram to a different lineage is a very active area of research (275).
This reprogramming is expected to aid in treatments of several diseases and understanding the

relevance of these processes in cancers may bear unexpected fruit. For neuronal
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reprogramming, Wernig and colleagues from Stanford reported that ectopic introduction of a
combination of 3 transcription factors BRN2, ASCL1 and MYTL1 (BAM) could efficiently convert
mouse embryonic fibroblasts (MEF) into induced neurons (iN) (276). More recently, this
experiment was repeated with dCAS9-VPR64 fusion protein and guide RNA (gRNA) that allows
for activation of endogenous BAM factors to convert fibroblasts to iN (277). The specific
functions of these proteins within this cocktail is an active area of exploration since the initial
characterization in 2011 (276). A follow-up paper from Dr. Wernig’s lab demonstrated that
ASCL1 expression is sufficient to begin differentiation of fibroblasts into iN and they
hypothesized that BRN2 and MYTLL1 likely just increase the efficiency of the differentiation (278,
279). Wapinski et al. in 2017 validated some of the results by establishing ASCL1 as a pioneer
factor with the ability to bind to and open up closed regions of the chromatin (280). A
significantly more detailed analysis at a single cell level revealed that while ASCL1 is important
to initiate differentiation to iN, unchecked the cells will end up in a myocyte lineage, and BRN2 is
crucial in maintenance of the neuronal lineage initiated by ASCL1(281). Moreover, BRN2 and
ASCL1 also co-occupy genomic loci containing important neuronal differentiation and cell
proliferation genes. Cooperative binding between these proteins likely initiates differentiation

and restricts cell cycle (282).

Independent of chronology, the many papers exploring this field can be summarized as the

following:

e ASCL1 is the pioneer factor that alters chromatin dynamics to favour neuronal
differentiation.

e Left unchecked, ASCL1 based differentiation ends in a myocyte lineage.

e Co-expression of BRN2 maintains neuronal pathways and suppresses myocyte lineage.

e BAM cocktail remains ideal for inducing neurons from mice embryonic fibroblasts.

It is important to note that these experiments are on mice embryonic fibroblast cells, and
not in human embryonic cells. The neuronal development process is very different in humans,
for example the neural progenitor population during coritcogenesis is expanded to allow for the
much larger cerebral neocortex that defines human beings and their mental capacity (283). The
maturation process of the neurons is tightly controlled and Karakhanyan et al. demonstrated
that in addition to the suppression of REST, BRN2 expression combined with knockdown of
MRNA binding protein PTBP2 can create functional mature neurons from human embryonic

fibroblasts (284). Additionally, the induction of neurogenic program by micro-RNA 124 is
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significantly more efficient in combination of BRNZ2 over-expression (285). The lack of
requirement for ASCL1 in differentiation of human neurons identifies an interesting discrepancy
that requires further investigation; however, the research consolidates the role of BRN2 in

neuronal differentiation of human cells.

4.1.3. Roles of BRN2 in other cancers

While the variability in binding sequences and binding partners hints at different
phenotypic results, across several cancers, the over-arching role of BRN2 is surprisingly
consistent. BRN2 expression allows differentiated epithelial cells to climb up the differentiation
ladder to a more primitive “plastic” state. Considerable evidence exists in both melanoma (286,
287) and glioblastoma (288, 289) that BRN2 expression promotes a slow proliferating cancer
stem cell or tumor initiating cell phenotype.

Many studies have validated the inverse relationship between BRN2 and Melanogenesis
Associated Transcription Factor (MITF) as a possible driving force of “phenotype switching”
observed in heterogeneous melanoma tumors (290). The current model states that melanoma
cells switch between a proliferative state driven by MITF and an invasive state driven by BRN2
(286). The invasive state of these cancer cells is accompanied by reduced proliferation and
increased tumor initiating capacity. Numerous studies have demonstrated that while knockdown
of BRN2 doesn’t affect melanoma cell proliferation, it severely reduces their ability to
metastasize and initiate tumors (291, 292). Similar to BRN2, slow-cycling melanoma cells
express higher levels of histone demethylase JARID1B. Knockdown of JARID1B initially
switches cells to a higher proliferative state, but drastically reduces their tumor initiating capacity
in vivo (293). While they both may serve as a driver of this plastic melanocyte state, the
relationship between BRN2 and JARID1B is yet to be elucidated.

Due to its involvement in neuronal differentiation, the importance of BRN2 in
glioblastoma was not entirely surprising. Through a series of elegant experiments, in 2014 Suva
et al. demonstrated that BRN2 was part of a 4 necessary transcription factors (SOX2, OLIG2
and SALL2) to maintain CD133* glioblastoma stem cells that had potent tumor initiating
capabilities (289). The authors showed that while BRN2 and or SOX2 can enrich the stem cell
population, the combination of these 4 TF created an over 50% population of CD133"* cells that
retained tumor initiating capacity in vivo with as little as 50 cells (289). Furthermore, while BRN2
has not been explicitly studied in other brain related cancers, it is highly expressed in
Medulloblastoma, Glioma and Neuroblastoma (Figure 4.3). Interestingly, data from Figure 4.3

also shows high expression of BRN2 in several small cell cancers like Ewing’s Sarcoma, SCLC
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and the previously mentioned Medulloblastoma and Neuroblastoma. Several previous studies
have shown that BRNZ2 is highly expressed in SCLC, where it acts upstream of other key
regulators of neural programming and is required for aggressive tumor growth (294, 295). BRN2
is also among the top differentially expressed genes between Osteosarcoma and EWS-FLI
fusion Ewing’s Sarcoma (296). More detailed studies are required for understanding the role of
BRNZ2 in these small/blue cell cancers, and in Ch2 and Ch3 of this thesis, our work explores the
essential role of BRN2 in small cell/neuroendocrine prostate cancer (145).
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Figure 4.3 - BRN2 expression in other cancers:
Expression of BRN2 in cancer cell lines from the CCLE database.

4.2. Introduction

Progression from primary prostate cancer (PCa) to advanced metastatic disease is
heavily dependent on the androgen receptor (AR), which fuels tumor survival. In men where
treatments for localized prostate tumors have failed, or in those who present with metastatic
disease, androgen deprivation therapies (ADT) are used to deplete circulating androgens to
abrogate AR signalling and prevent disease progression. Eventually however, PCa recurs after
first-line ADT as castration resistant prostate cancer (CRPC). Despite low levels of serum
androgens in men with CRPC, reactivation of the AR occurs; thus it remains central to tumor
cell survival, proliferation and metastatic spread. Thus, targeting the AR is a cornerstone
therapeutic intervention in CRPC patients and AR pathway inhibitors (ARPIs) that further
prevent AR activation, such as enzalutamide (ENZ), have become mainstays in the PCa
treatment landscape (297). Despite being a potent ARPI, the treatment benefits of ENZ are

short lived in CRPC patients and resistance rapidly occurs (27).
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ENZ resistant (ENZR) CRPC represents a significant clinical challenge due not only to
the lack of third-line treatment options to prevent AR driven tumor progression, but also because
it can be a precursor to rapidly progressing and lethal neuroendocrine prostate cancer (NEPC).
Although NEPC rarely arises de-novo, it is increasingly defined as a variant of highly ARPI-
resistant CRPC (99, 298). Aside from the unique small cell morphology and positive staining for
neuroendocrine (NE) markers that characterize NEPC, it is often distinguished from prostatic
adenocarcinoma by reduced AR expression or activity (299). Clinical presentation of NEPC
reflects this shift away from reliance on the AR, as patients typically present with low circulating
levels of prostate specific antigen (PSA) despite high metastatic burden in soft tissues, and are
refractory to APIs (298). Importantly, it has been reported that under the strong selective
pressure of potent APIs like ENZ, these “non-AR driven” prostate cancers, which include NEPC,
may constitute up to 25% of advanced, drug resistant CRPC cases (300). Not surprisingly
therefore, the incidence of NEPC has significantly increased in recent years (301), coinciding
with the widespread clinical use of APIs.

A number of molecular mechanisms likely facilitate the progression of CRPC to NEPC.
These include loss of tumor suppressors like RB1 (302, 303) and p53 (304), amplification of n-
Myc (1), mitotic deregulation through AURKA (1) and PEG10 (122), epigenetic controls such as
REST (305-307) and EZH2 (1, 308) and splicing factors like SSRM4 (306, 309). Importantly, the
AR plays a crucial, albeit still mechanistically unclear, role in NEPC. Reports over many years
have highlighted how ADT (310, 311) or loss of AR promotes the NE differentiation of prostate
cancer cells (reviewed in (178)); as such, many genes associated with a NE phenotype,
including ARG2 (312), hASH-1 (313) and REST (307, 314) are controlled by the AR. Although
this evidence underscores an inverse correlation between AR expression and/or activity and
molecular events leading to NEPC, the mechanisms by which the AR directly influence the
induction of a NEPC phenotype from CRPC under the selective pressure of APIs like ENZ
remain elusive.

Answering such questions requires a model of API resistant CRPC that recapitulates the
trans-differentiation of adenocarcinoma to NEPC that occurs in patients. Herein, we present an
in vivo derived model of ENZR, which is different to others (92, 315, 316), and underscores the
emergence of tumors with heterogeneous mechanisms of resistance to ENZ over multiple
transplanted generations. These include the natural acquisition of known AR mutations found in
ENZR patients (104, 105, 316, 317) and the transdifferentiation of NEPC-like tumors through an
AR* state, without the manipulation of oncogenes typically used to establish NEPC in murine

PCa models (142, 318, 319). Using this model and human PCa patient data, we show that a
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master regulator of neuronal differentiation, the POU-domain transcription factor BRN2

(POU3F2) (320), is directly transcriptionally repressed by the AR, is required for the expression

of terminal NE markers and aggressive growth of ENZR CRPC, and is highly expressed in

human NEPC and metastatic CRPC with low circulating PSA. Beyond suppressing BRN2

expression and activity, we also show that the AR inhibits BRN2 regulation of SOX2, another

transcription factor associated with NEPC. These results suggest that relief of AR-mediated

suppression of BRN2 is a consequence of ENZ treatment in CRPC that may facilitate the

progression of NEPC, especially in men with “non-AR driven” disease.

4.

2.1.

Emergence of AR-driven and non- driven tumors in ENZR CRPC

To model ENZ resistant (ENZR) disease, we developed cell lines from LNCaP-CRPC

and ENZR LNCaP-CRPC xenograft tumors. LNCaP cells were used to establish subcutaneous

tumors in intact male athymic nude mice and upon tumor growth and rising PSA, mice were

castrated. Once tumors recurred (CRPC) mice were treated with vehicle or 10mg/kg ENZ daily

and monitored for tumor growth (Fig. 4.4A).
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Figure 4.4 - Generation of ENZR Xenografts and Cell Lines:

1x10° LNCaP cells in matrigel were injected subcutaneously into flanks of 6-8 week old athymic male
nude mice (LNCaP SQ) and body weight, tumor growth and serum PSA was measured weekly. Once
serum PSA reached 50-75ng/ml, mice were surgically castrated (Cx). Upon recurrence of PSA to pre-
castration levels, mice were randomized into 2 treatment groups and received either vehicle control or
10mg/kg ENZ daily by oral gavage (Tx). Body weight, tumor growth and serum PSA was monitored
weekly until vehicle control treated CRPC, or tumors that recurred in the 10mg/kg ENZ treatment group
(1° ENZR®) grew to the experimental endpoint. Select primary ENZR (1° ENZ®) tumors were excised at the
experimental endpoint and tumor sections were allografted subcutaneously into bilateral flanks of
castrated 8-10 week old athymic nude mice, which were dosed daily with 10mg/kg ENZ from day of
tumor transplant and mice were monitored for growth of transplanted tumors, body weight and serum
PSA (ENZRT1). Serial transplant of select ENZ®T1 tumors was repeated for a second and third time
(ENZRT2 and ENZ®T3) as above into castrated mice dosed daily with 10mg/kg ENZ. In total, 35 ENZ®
tumors were generated over 3 serial transplant generations from 4 out of 10 primary PSA* ENZ® tumors.
Cell lines were generated from primary CRPC as well as primary and T1-3 transplanted ENZ® tumors.
Specific cell lines used in the manuscript derived from CRPC, primary ENZ® (1° ENZ®) and transplanted
ENZ® (ENZRT1-3) tumors are listed as “tumor derived cell lines” in the schematic. Each cell line shown is
representative of one line derived from one select tumor at each stage of transplantation. (B-C) Growth
of exact primary and transplanted tumors grown in individual mice (M66, M18, M35, etc.) that gave rise
to (B) 49C and 49F ENZ® cells and (C) 42C and 42F ENZF cells are shown. Tumors that grew as PSA* are
shown as blue lines, PSA™ are shown as red (in C, only the tumor in M42 and source of 42D/F cells was
PSA’). In cell line nomenclature, numbers correspond to mouse number in which transplanted tumors
were grown, letters denote the clone.
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Figure 4.5 - Emergence of AR-driven and non-driven phenotypes in an in vivo model of
ENZR CRPC:

(A-B) 1x10° LNCaP cells were used to establish primary and castration-resistant prostate cancer
subcutaneous xenografts in male athymic nude mice. Graphs show tumor volume and corresponding
serum PSA levels of tumors from 4 weeks post-castration. Time O represents time at which serum PSA
levels reached pre-castration levels and start of treatment with vehicle (V, n=10) or 10mg/kg ENZ (ENZ,
n=10). (A) Volumes of 10 vehicle treated CRPC (black line) and 10 ENZ treated (ENZ®) (purple line)
tumors. (B) Black line shows average serum PSA of vehicle treated mice, Blue line represents average
serum PSA of 9 out of 10 tumors that recurred in the presence of ENZ (ENZ*+ PSA) and red line
represents average serum PSA of remaining 1 tumor that recurred in the presence of ENZ (ENZR- PSA)
(n=10 total, represented in purple line from A). (C-D) Fraction of total (C) primary, or (D) transplanted,
ENZ®R xenografts that recurred with (blue) or without (red) parallel rise in serum PSA (ENZ*+/-PSA). (E-F)
Tumor volume and serum PSA levels for individual transplanted ENZ® xenografts (#42 and #49) used to
derive ENZ® cell line clones 42D and 42F or 49C and 49F, respectively.

While ENZ treatment did slow tumor growth compared to vehicle control, it did not
prevent tumor recurrence (Fig. 4.5A) and the majority of (9 out of 10, 90%) ENZ treated CRPC
tumors increased in tumor volume with concomitant rise in PSA (Fig. 4.5B). Importantly
however, PSA was not required for tumor recurrence as observed in one mouse (Fig. 4.5B-C).
PSA* CRPC tumors that grew in the presence of ENZ were serially transplanted into castrated
male mice treated with 10mg/kg ENZ to establish ENZR tumors (Fig. 4.4 A). Similar to the
primary CRPC parental xenografts that recurred in the presence of ENZ, the majority (26 out of
35, 74.3%) of transplanted tumors showed increasing volume associated with rising PSA (Fig.

4.5 C). However, over the course of serial transplantation, primary PSA* ENZR xenografts also
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gave rise to 9 serially transplanted tumors out of 35 (25.7%) that grew without rise in PSA (Fig.
4.5 D).

Cell lines were derived from vehicle treated CRPC (referred to as 16DCRPC) and multiple
transplanted ENZR tumors (referred to as 42DEN?R| 42FENZR - AQCENZR - 4QFENZR " etc.) and were
screened for protein expression of AR and PSA. Reflecting in vivo data, the established cell
lines displayed heterogeneous expression of PSA, yet all retained expression of the AR (Fig.
4.6 A). Importantly, 42DEN“R and 42FENR cell lines derived from PSA negative tumors (Fig. 4.4
E, 4.6 C) remained PSA negative in vitro (Fig. 4.6 A), whereas 49CENR and 49FENZR cells
derived from PSA positive tumors (Fig. 4.4 F, 4.6 C) retained PSA expression (Fig. 4.6 A).
Accordingly, sequencing the ligand binding domain (LBD) of the AR revealed the presence of
the F878L AR activating mutation in PSA* 49CENZR and 49FENZR cells but not in PSA- 42DENZR
and 42FEN“R cells (Fig. 4.6 B). Emergence of this mutation in only PSA* ENZR cells supports
previous results showing this alteration mediates resistance to ENZ (104, 105, 316, 317) and
suggest that it may be one mechanism by which the AR is reactivated specifically in this subset
of ENZR cells.
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Figure 4.6 - AR status in ENZR cell lines:

(A) Protein expression of AR, PSA and VINC in CRPC and ENZR cell lines. (B) Percent AR
mutations in 22RV1, LAPC4, LNCaP, CRPC and ENZR cell lines. (C) Immunohistochemistry
staining of xenograft tumors from Mouse 16, 42 and 49 for AR and PSA.
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Mounting evidence suggests that “non-AR driven” phenotypes of PCa can emerge under
the selective pressure of potent APIs like ENZ. Importantly, “non-AR driven” tumors are not
necessarily negative for AR expression, in fact many retain AR but show reduced AR activity
(2). Accordingly, our model of ENZR showed approximately 25% of serially transplanted tumors
may be non-AR driven (Fig. 4.5 D), which is a similar distribution to that seen in clinical reports
(300, 321). RNA-seq and microarray analysis (Fig. 4.7 A, D) of PSA- ENZR cells indicated that
these cells exhibited divergence in global RNA expression on principle coordinate analysis from
either CRPC or PSA* (“AR-driven”) cells and displayed reduction not only in PSA (KLK3), but in
many classical AR-regulated genes compared to 16DCRPC cells (Fig. 4.7 B, E). Underscoring the
AR dependency of AR-driven vs. non-AR driven ENZR phenotypes, targeting AR using siRNA
significantly reduced cell proliferation in 49FEN?R cells, while no effect was observed in 42DEN2R
and 42FEN“Rcells (Fig. 4.7 C). These data suggest that emergence of ENZ resistance does not

require AR re-activation.
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Figure 4.7 - 42DEN“R cells are AR non-driven:

(A) Differences in global RNA expression was determined using multidimensional principle
coordinate analysis of RNA sequencing data from CRPC and ENZR cell lines. (B) Heat map
showing fold increase in RNA sequencing reads per million of AR target genes in 42DEN?R cells
compared to 16DCRPC (=1). (C) Proliferation of “non-AR driven” 42D and 42FEN?R vs. “AR-driven”
49FENZR 72 hours after seeding in the presence of AR knockdown (siAR) compared to control
(siCTR) measured by absorbance. (D) Differences in global gene expression were determined
using multidimensional principle coordinate analysis of gene profiling data from CRPC and
ENZR cell lines.cells. (E) Heat map showing fold increase in gene expression profiling analysis
of AR target genes in 42DEN?R cells compared to 16DCRPC (=1).
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4.3. Results

4.3.1. The neural transcription factor BRN2 is highly expressed in NE-like
ENZR and in human NEPC

Our data analysis revealed that 42DENR and 42FEN“R cells exhibited reduced expression
of classical AR target genes. Additionally, 42DEN?R and 42FEN?R cells showed increased
expression of canonical transcription factors and markers associated with neuronal
development and NEPC (299), such as neuron specific enolase (NSE), synaptophysin (SYP),
chromagranin A (CGA, gene code CHGA) and neural cell adhesion marker 1 (NCAM1) (Fig. 4.8
A). The increased expression of each of these terminal NE markers was validated at the mRNA
(Fig. 4.8 B, D) and protein level (Fig. 4.8 C) in 42DEN“R and 42FENZR cell lines and in tumors
compared to CRPC controls. Significantly increased surface expression of NCAM1 on 42DENZR
and 42FENZR cells compared to 16DCRPC cells was confirmed by flow cytometry (Fig. 4.8 E).
Importantly, 42DEN?R cells were also enriched with NEPC score genes and have reduced

expression of AR score genes (Fig. 4.8 F).
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Figure 4.8 - AR non-driven ENZR cells display a NE differentiation signature:

(A) Heat map showing fold increase in reads per million of genes involved in NE differentiation
in 42DEN?R cells compared to 16DCRPC (=1). (B) Relative mRNA expression of NSE, SYP, CGA
(C) Protein expression of CGA, NSE, SYP and VINC in LNCaP, 16DCRPC, 42DENZR gnd 42FENZR
cells and tumors. (D) Relative mRNA expression of NCAM1 in 42DEN“R and 42FEN“R cells
compared to 16D°RPC (=1). (E) Frequency of live (7TAAD") NCAM1* in LNCaP, 16DCRPC, 42DENZR
and 42FEN“R cells. (F) Gene set enrichment analysis comparing 16D and 42D RNA-seq data for
NEPC gene signatures.
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Importantly, we found the neural POU-domain transcription factor BRN2 was strongly
upregulated in our RNA sequencing data in 42DEN“R ys. 16DCRPC cells (Fig. 4.9A). Across
multiple PCa cell lines, BRN2 mRNA expression was highest in the NEPC tumor derived
NCIH660 cell line and second highest in 42DEN?R and 42FENZR cells. These data were reflected
in serially transplanted xenografts that gave rise to 42DEV2R and 42FENZR cells but not primary
CRPC tumors (Fig. 4.9 D-top). These ENZR cells showed the highest BRN2 activity (Fig. 4.9 B)
and increased BRN2 expression was validated at the protein level by western blot (Fig. 4.9 C)
and IHC (Fig. S2C) in 42DEN“R and 42FEN?R cells and tumors compared to 16DCRPC, In addition
to NCIH660 and our ENZR cell lines, BRN2 expression was also increased in NE-like TRAMP+
transgenic prostate tumors (159, 322), where it positively correlated with the expression of NSE,
SYP and CGA (Fig. 4.9 D-bottom). These data suggest that, non-AR driven models of ENZR
display NE characteristics which may be supported by the expression of BRN2.
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Figure 4.9 - AR non-driven ENZR cells have increased levels of the neural transcription
factor BRN2.

(A) Relative mRNA expression of BRN2 in PCa cell lines compared to LNCaP (=1), representative data is
shown. (B) Relative activity of luciferase under the control of BRN2 48 hours post-transfection in PCa
cells compared to LNCaP (=1). Luciferase activity of BRN2 is normalized to Renilla, representative data
are shown. (C) Protein expression of BRN2 and NEPC markers (VINC loading control) in CRPC and ENZR
cell lines and tumors. (D) Representative IHC staining of BRN2 and CGA in (top) serially transplanted
tumors which gave rise to 42DEN® gnd 42FENR and in (bottom) cell line xenografts. (E) RPKM score of
BRN2 in prostate tumors or tissue isolated from TRAMP+ transgenic mice compared to normal. (F)
Pearson score of NSE, SYP and CGA compared to BRN2 in TRAMP+ prostates.

To investigate the clinical relevance of BRN2 in human NEPC, we assessed BRN2
expression in RNA sequencing data from prostatic hormone naive adenocarcinoma, castration
resistant adenocarcinoma (CRPC) and NEPC patient tumors (Beltran cohorts, 2016 (2) and
2011 (1)). In NEPC tumors, characterized by a high NEPC score and upregulation of canonical
NE genes (Fig. 4.10 A-B), BRN2 expression was significantly increased compared to CRPC or
adenocarcinoma (Fig. 4.10 C). Beyond this gene expression profile, NEPC is often associated
with low AR activity; in these patient tumors the AR activity score was significantly lower than
adenocarcinoma or CRPC (Fig. 4.10 D-E).
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Figure 4.10 - BRN2 is highly expressed in human NEPC:

(A) NEPC score, (B) Heat map of neuroendocrine associated genes, (C) BRN2 expression (line at mean),
(D) AR Score (1) and (E) Heat map of AR regulated genes in RNA sequencing data, obtained from two
cohorts (1, 2) of Adeno (n=98), CRPC (n=32) and NEPC (n=21) patients.

These data are in accordance with our observation in a human CRPC PDX which
transdifferentiated to NEPC in castrated mice (182). In this model we found BRN2 expression

was highly upregulated in transdifferentiated NEPC vs. adenocarcinoma (Fig. 4.11).
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Increased BRN2 expression in NEPC was also observed by IHC staining (Fig. 4.12).
Importantly, IHC analysis of not only human NEPC but also CRPC and adenocarcinoma
supported the inverse correlation between BRN2 and AR (Pearson R=-0.144, p=0.0043) and
positive correlations with CGA (Pearson R=0.2686, p<0.0001) and SYP (Pearson R=0.2709,

p<0.0001).
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Figure 4.12 - BRN2 protein expression in human NEPC:

IHC score for BRN2 protein expression in adenocarcinoma (Adeno, n=93), CRPC
(n=30) and neuroendocrine prostate cancer (NEPC, n=11). Representative IHC for AR,
BRN2 and CGA in Adeno, CRPC and NEPC tumors.
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Furthermore, in patients, BRN2 was more highly expressed in metastatic CRPC than
localized adenocarcinoma (231) (Fig. 4.13 A) and in metastatic than primary PCa (229) (Fig.
4.13 B). Finally, expression of BRN2 positively correlated with the NE associated genes CGA,
CGB, SYP and MYCN (229) (Fig. 4.13 C). These data show for the first time that BRN2
expression is strongly associated with severity of disease in PCa, especially a NE phenotype,

and that it is inversely correlated with AR activity.
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Figure 4.13 - BRN2 expression is higher in metastatic prostate cancer and correlates with
NEPC markers:

(A) Waterfall plot of BRN2 mRNA expression in prostatic adenocarcinoma or CRPC tumors from the
Grasso data set. (B-C) BRN2 mRNA expression in metastatic vs. primary PCa (B) and correlation between
BRN2 and CGA, CGB, SYP and nMYC mRNA z scores (C) from the Taylor data set, analyzed using
cBioportal.
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4.3.2. BRN2 s inversely correlated with AR expression and activity

Our observations in both NEPC patient tumors and our ENZR model, lead us to test the
hypothesis that inhibition of the classical AR pathway increases the expression of BRN2. In
accordance with our in vitro model where we observed PSA- cell lines express BRN2, analysis
of the CRPC samples in Grasso et al. (231) as well as the prostate adenocarcinoma TCGA
data showed an inverse correlation between BRN2 and serum PSA (Fig. 4.14 A). This trend
was mirrored by immunohistochemistry analysis of a TMA of both CRPC specimens as well as
treatment-naive adenocarcinoma, where we found a significant inverse correlation between
BRN2 staining intensity and circulating PSA levels in primary and CRPC patients. Moreover,
BRN2 staining intensity significantly increased in progression from primary PCa to CRPC only

patients with low levels of circulating PSA (Fig. 4.14 B).
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Figure 4.14 - BRN2 expression is negatively correlated to AR activity:
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(A) BRN2 expression in CRPC tumors vs. patient serum PSA in Grasso dataset. (B) IHC score as well as
representative TMA samples for BRN2 protein expression in radical prostatectomy (Primary) or TURP
(CRPC) specimens from patients with circulating levels of PSA between 0-10 ng/ml or 40-50 ng/ml.

Primary PCa PSA 0-10 n=26, Primary PCa PSA 40-50 n=7, CRPC PSA 0-10 n=22, CRPC PSA 40-50 n=2.
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In vitro studies further indicated that suppression of AR signaling regulates BRN2. Data

obtained from our AR-driven, PSA positive ENZR cell lines showed that compared to 16DCRPC,
they did not upregulate BRN2 or markers of NE differentiation in RNA sequencing data (Fig.
4.15 A, C), at the mRNA or protein level by western blot (Fig. 4.15 B), and showed significant

reduction in BRN2 activity (Fig. 4.15 C). Serially transplanted tumors that gave rise to 49F cells

(Fig. 4.4 B) were also negative for BRN2 and CGA (Fig. 4.15 D).
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Figure 4.15 - ENZR cells with high AR activity do not display higher BRN2 or NEPC

marker expression:

(A) Heat map showing fold increase in RNA sequencing reads per million of BRN2 and NE differentiation
genes in 49FENR cells compared to 16DRPC (=1). (B) Protein expression of AR, BRN2, CGA, NSE, PSA, SYP
and VINC in 16DRP¢ 49CEN*R and 49FF* and relative mRNA expression of BRN2 and NE markers in
16DRPC vs, 49FENZR (C) Relative activity of BRN2-luciferase reporter (normalized to Renilla) assessed 48
hours post-transfection in 49CEN® and 49FENR cells compared to 16DFC (=1). (D) Representative IHC
staining of BRN2 and CGA in serially transplanted tumors which gave rise to 49FfNR and 49CEA,
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Notably, in 16DCRPC cells BRN2 protein expression was increased after 2 days of ENZ

treatment, which was followed by increased expression of the terminal NE markers CGA, NSE

and SYP over 7 days of ENZ treatment (Fig. 4.16 A). Importantly, sSiRNA-mediated silencing of

BRN2 over the course of ENZ treatment prevented the ENZ induced upregulation of NE
markers in 16DCRPC cells (Fig. 4.16 A) and in LAPC4 cells (Fig. 4.16 D). Similarly, deletion of
BRN2 by CRISPR/Cas9 gene editing (Fig. 4.16 B) or stable knockdown by sh-RNA (Fig. 4.16
C) in 16DCRPC cells prevented ENZ-induced upregulation of NEPC markers, further confirming

BRNZ2 is a prerequisite for terminal NE marker expression.
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Figure 4.16 - Knockout of BRN2 prevents ENZ induced NE differentiation:

(A) Protein and relative mRNA expression of BRN2, SYP, NSE, CGA, and VINC in siScr and siBRN2 16DRP¢
cells treated -/+ 10uM ENZ for 2, 4 or 7 days. (B) Protein and relative mRNA expression of BRN2, SYP,
NSE, CGA, and VINC in different clones of 16DP harboring BRN2 CRISPR knockout (BRN2 KO) +/- 10 uM
ENZ for 7 days compared to wild type 16D cells (WT). mRNA expression of BRN2 in 16D*"C WT was
set to 1. (C & D) Relative mRNA expression of BRN2 and NE markers in (C) 16DR¢ cells with stable
knockdown of BRN2 (sh-BRN2) and (D) LAPC-4 transfected with BRN2 siRNA (siBRN2) that were treated
with 10uM ENZ compared to ENZ treated siCTR (siCTR=1) or empty vector transfected (sh-CTR=1).
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Reciprocally, transient overexpression of BRN2 in 16D°RPC cells was sufficient to induce
expression of NSE, CGA, SYP and NCAM1 (Fig. 4.17 A, B). Overexpression also triggered NE

morphology in the 16D cells as well as enriched for a NEPC gene signature and neuronal

associated pathways in BRN2 overexpressing 16DCRPC cells (Fig. 4.17 C, D).
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Figure 4.17 - BRN2 overexpression induces NE differentiation:

(A-D) Series of experiments in 16D*"C cells transfected with BRN2 overexpression vector (+BRN2). (A)
Relative mRNA expression of BRN2 and NE markers. (B) Bright field microscopy demonstrating
morphology changes. (C) Gene set enrichment analysis of NEPC signature from Beltran et al. 2016 on
gene-expression profiling of BRN2 OE cells (D) Ingenuity pathway analysis from gene-expression
profiling. X-axis is —log(p-value) (E-F) Relative mRNA expression of BRN2 and NE markers in (E) LAPC-4
cells treated with 10 uM ENZ or overexpressing BRN2 (+BRN2) and (F) 49FEN?R cells overexpressing BRN2
(+BRN2) compared to control vector transfected (CTR=1).
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Moreover, the effect of BRN2 overexpression on NE markers was enhanced with ENZ
treatment of 16DCRPC cells (Fig. 4.18 A). Importantly, overexpression of BRN2 in 16DCRPC cells
(Fig. 4.18 B), but also AR-driven 49FEN2R cells (Fig. 4.18 B) reciprocally downregulated AR
target gene expression, which was associated with significantly reduced sensitivity to ENZ in
both cell lines (Fig. 4.18 D, E). Together, these results suggest that the suppression of classical
AR signaling with ENZ treatment induces the NE phenotype in CRPC cells and this process
driven by BRN2 leads to ENZ-resistance.
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Figure 4.18 - BRN2 overexpression enhances NE differentiation, suppresses AR pathway
and confers resistance to enzalutamide:

(A) Relative mRNA expression of BRN2 and NE markers in 16D*F¢ cells with overexpression of BRN2,
treated with 10uM ENZ for 7 days compared to control vector treated (CRPC+ENZ=1). (B-C) Relative
mRNA expression of AR and AR target genes in 16D*" and 49FEN2R cells over-expressing BRN2 and (D-E)
growth response of 16D®"C and 49FENR cells overexpressing BRN2 exposed to 10uM of ENZ after 72

hours.
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4.3.3. Androgen Receptor directly represses BRN2 expression

To address AR regulation of BRN2 in CRPC, we assessed the effects of synthetic
androgen (R1881) stimulation of AR on BRN2 activity and expression. We found that R1881
significantly reduced BRN2 reporter activity in 42FENR (Fig. 4.19 A), 42DEN?R (Fig. 4.19 B) and
in 16DCRPC cells (Fig. 4.19 C). The expression of BRN2 mRNA was also reduced by R1881 in
multiple cell lines (Fig. 4.20 A, B, C) and was accompanied by a reduction in terminal NE
markers (4.20 A, B, C).
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Figure 4.19 - Reactivation of AR suppresses BRN2 activity:
(A-C) BRN2-luciferase reporter activity in (A) 42FENR (B) 42DEN® and (C)
16DRPC cells treated with 1nM of synthetic androgen R1881 for 48 hours.
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Importantly, the R1881 dependent reduction of NE markers was rescued by BRN2
overexpression, suggesting it is an important upstream androgen regulated transcription factor

responsible for NE marker expression (Fig. 4.20 A, B, C).

ENZR + R1881

2.0- CIR
. = +R1881
= +BRN2+R1881

Relative Expression
—
o
1
1

el o

B 42DENZR + R1881 < 16DCRPC +R1881
- 15-
c 2.0- -+|g1888§1 c m CTR i
o mm +BRN2+R1881 .g O +R1881
§ ® 10 =2 +BRN2+R1881
2 %
N L
3 g
5 I
o i
BRN2 | NSE | SYP | CGA |[NCAM

Figure 4.20 - Exogenous expression of BRN2 rescue NEPC gene expression:
(A-C) Relative mRNA expression of BRN2 and NE markers in (A) 42FENR (B) 42DV2R and (C) 16DENR cells
overexpressing BRN2 treated with 10nM R1881 for 24 hours compared to control cells (=1).

Indeed, we identified an androgen response element (ARE) 8,733bp upstream of the
BRNZ2 transcriptional start site, and chromatin immunoprecipitation showed that stimulation with
R1881 significantly increased AR occupancy at this ARE compared to androgen-deprived
conditions (Fig. 4.21 A, B). To address the effect of AR binding specifically to BRN2 at this
ARE, a 20bp DNA aptamer, which physically inhibits binding of other molecules to its
complementary sequence (323), was designed to prevent AR binding at the ARE in the BRN2
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enhancer region (Fig. 4.21 C) and the effects of R1881 on BRN2 and NE marker expression
was assessed. The reduction of BRN2 (Fig. 4.21 D) and NE marker (Fig. 4.22 A) expression by
R1881 treatment in ENZR cells could be rescued in a dose dependent fashion by introduction of
the BRN2 ARE aptamer (ARE”P). No effects of aptamer treatment were seen on other AR
dependent genes such as PSA, FKBP5 and TMPRSS2, indicating the specific effects of
aptamer treatment on AR binding to BRN2 (Fig. 4.22 B). In addition, treatment of 16DRPC cells
with the BRN2 ARE*? increased expression of BRN2 and NE markers to similar levels as ENZ
(Fig. 4.22 C). Taken together, these results indicate that BRN2 is negatively regulated by AR
activation in both ENZR cells and 16DCRPC cells under the pressure of ENZ.
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Figure 4.21 - Active Androgen Receptor binds to BRN2 upstream enhancer:

(A) Schematic of Androgen Response Element (ARE) upstream of BRN2 transcription start site. (B)
Chromatin immunoprecipitation showing AR binding to the enhancer region of BRN2 in 42FENR cells
treated +/-10nM R1881 for 24 hours. (C) Schematic of anti-ARE aptamer designed to disrupt AR
recruitment to the BRN2 enhancer upstream of BRN2 transcription start site. (D) Relative mRNA
expression of BRN2 in 42FENR cells treated with 10uM R1881 -/+ increasing doses of BRN2-ARE”? for 48
hours compared to control treated cells (=1)
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Figure 4.22 - Inhibiting AR recruitment to BRN2 enhancer induces BRN2 and NE
differentiation:

(A-B) Relative mRNA expression of (A) NE markers and (B) AR target genes in 42FENR cells treated with
10uM R1881 -/+ increasing doses of BRN2-ARE”? for 48 hours compared to control treated cells (=1). (C)
Comparison of 16D cells treated with 10nM ENZ -/+ 100nM of BRN2-ARE?? for 7 days compared to
control treated cells (=1).
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4.3.4. BRN2 and AR regulate SOX2 expression in NEPC

As in neural development, multiple transcription factors may enhance a NE phenotype in
PCa. One candidate that has been implicated in human NEPC (324) and cooperates with BRN2
in neural cells (325) is SOX2. Indeed, SOX2 was significantly upregulated in human NEPC
compared to adenocarcinoma or CRPC (Fig. 4.23 A) as well as in NEPC PDX model (Fig. 4.23
B), and was positively correlated with BRN2 expression in metastatic PCa (231) (Fig. 4.23 C).
Like BRN2, SOX2 expression was highly expressed in NCIH660 cells, as well as 42DEV?R and
42FENZR cells compared to other PCa lines (Fig. 4.23 D).
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Figure 4.23 - SOX2 is upregulated in human NEPC:

(A) SOX2 expression in human prostatic adenocarcinoma (Adeno, n=68), CRPC (n=32) and NEPC
tumors (n=21). (B) SOX2 expression in patient-derived prostatic adenocarcinoma xenografts
(Adeno) and terminally transdifferentiated NEPC tumors (NEPC) based on RNA sequencing. (C)
Relative mRNA expression of SOX2 across different prostate cancer cell lines compared to LNCaP
as control (=1). (D) Left: Heat map of SOX2-BRN2 co-bound neural progenitor cell (NPC) gene
targets in NEPC, Adeno and CRPC tumors in two cohorts.
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In addition, genes co-bound and co-regulated by both BRN2 and SOX2 identified in
neural progenitor cells (NPCs) (273) were also enriched in NEPC patients (Fig. 4.24 A-left) and
in 42DENZR compared to 16DCRPC cells (Fig. 4.24 A-right). Co-regulation of these genes may be
mediated by BRN2-SOX2 protein-protein interaction,
immunoprecipitation of BRN2 and SOX2 in 42DEN“R and 42FENZR cells (Fig. 4.24 B), and Re-
ChIP experiments showing BRN2 and SOX2 co-occupy enhancer regions of NES and RFX4 in
42DEN?R (Fig. 4.24 C). These results showed that BRN2 and SOX2 can physically interact in

PCa cells and supported further investigation into the hypothesis that these two transcription

which we confirmed by co-

factors may work in concert to promote NEPC.
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Figure 4.24 - SOX2 co-operates with BRN2 to drive sub-set of NE differentiation genes:
(A) Heat map of fold increase in reads per million of genes identified as co-bound by SOX2 and BRN2 in
NPCs in 42D®RR cells compared to 16D (=1). (B) SOX2-BRN2 protein interaction shown by
immunoprecipitation of BRN2 and western blot for SOX2 in 16DC, 42DENR and 42FENR cells. (C)
Quantitative Re-ChIP analysis for the enhancer region of NES and RFX4 in 42DEN?R cells using anti-BRN2
and anti-SOX2 antibodies with indicated sequential order (BRN2/SOX2, Blue or SOX2/BRN2, Red). 1gG
was used as antibody control while sequences outside of the enhancer regions were designed for the
specificity of the binding.
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Similar to BRN2, SOX2 is also negatively regulated by the AR (326). Consistently, we
found that SOX2 expression was induced by ENZ treatment in 16D°RP¢ and LAPC4 cells (Fig.
4.25 A), whereas R1881 reduced SOX2 expression (Fig. 4.25 B). Beyond the AR however, it
remains unclear what regulates SOX2 expression in PCa and whether BRN2 is involved. We
found that SOX2 mRNA levels were reduced after BRN2 knockdown in ENZR (Fig. 4.25 C),
PC3, NCIH660 and ENZ treated LAPC4 cells (Fig. 4.26 A, B, C). While overexpression of
BRN2 in 16DCRPC (Fig. 4.26 D), PC3, LAPC4 or 49F&NZR cells (Fig. 4.26 E) markedly increased
SOX2; data that is in accordance with previous studies showing that BRN2 is required for SOX2
activity in neural development (327). Moreover, R1881 dependent suppression of SOX2 could
be rescued in ENZR cells by the addition of our BRN2 ARE aptamer (Fig. 4.26 F), further
supporting our data that BRN2 is AR suppressed and regulates SOX2 expression.
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Figure 4.25 - AR negatively regulates SOX2 expression in PCa:

(A) Relative mRNA expression of SOX2 in 16D*"C and LAPC-4 cells treated with 10 uM ENZ for 7 days
compared to control treated cells (=1). (B) Relative mRNA expression of SOX2 in 42DENR and 42FENR cells
treated + R1881 for 24 hours compared to —R1881 (=1). (C) Relative mRNA expression of BRN2 and SOX2
in 42FENR transfected with siBRN2 compared to siCTR transfected cells (=1).
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Figure 4.26 - BRN2 positively regulates SOX2 expression:
(A-C) Relative mRNA expression of SOX2, BRN2 and/or NE markers in (A) PC-3 cells, (B) LAPC-4 cells or
(C) NCIH660 cells transfected with different BRN2 siRNAs. (D) Relative mRNA expression of BRN2 and
SOX2 in 16D RP cells overexpressing BRN2 (OE BRN2) compared to control vector (CTR=1). (E) Relative
mRNA expression of SOX2 in PC-3, LAPC-4 and 49F*™?R cells transfected with BRN2 overexpression
vector. (F) 42FEN2R cells treated with 10nM R1881 -/+ 200nM BRN2-ARE*? for 48 hours
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To investigate whether SOX2 may reciprocally regulate BRN2, we examined the

enhancer region of BRN2 for potential SOX binding sites. Strikingly, we found a canonical SOX
binding motif (273) that overlapped with the ARE in BRN2 (Fig. 4.27 A). ChIP was used to
validate binding of SOX2 to the same region as the AR upstream of BRN2 in ENZR cells in

androgen deprived vs. stimulated conditions, and we found that SOX2 was able to bind this site

in the absence, but not presence of R1881 (Fig. 4.27 A). Interestingly however, we found that

neither knockdown nor overexpression of SOX2 altered mRNA expression of BRN2 in ENZ
treated 16DCRPC (Fig. 4.27 B, D, F), NCIH660, PC3 or ENZ treated LAPC4 cells (Fig. 4.27 C, E,
G). These results suggest a unidirectional regulation of SOX2 by BRN2 and not vice versa, and
show that SOX2 binding to the BRN2 enhancer is regulated by AR.
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Figure 4.27 - SOX2 does not regulate BRN2 and NEPC differentiation:

(A) Chromatin immunoprecipitation showing SOX2 binding to the enhancer region of BRN2 in 42FENR
cells treated with 10nM R1881 for 24 hours compared to control treated cells (=1). (B) Relative mRNA
expression of BRN2, SOX2 and NE markers in 42DEN cells transfected with (siSOX2, siBRN2 or siCTR; (C)
Relative mRNA expression of SOX2 and NE markers in PC3, Enz treated LAPC4 and NCIH660 cells
transfected with (siSOX2 or siCTR). (D-E) Relative mRNA expression of (D) 16D*P¢ and (E) PC3 cells with
overexpression of SOX2. (F-L) SOX2 overexpression vector + siBRN2 (OE SOX2/siBRN2) or CTR vector.
Post-transfection, 16DRP and LAPC4 cells were cultured in the presence of 10uM ENZ and harvested 5
days later for analysis
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4.3.5. BRN2 s required for NE marker expression and aggressive growth of
ENZR cells in vitro and in vivo.

Our data suggested that BRN2 contributes to ENZ resistance and is a master regulator
of ENZ induced NE differentiation in CRPC. Confirming the requirement for BRN2 in supporting
a NE phenotype across multiple cell lines, we found transient targeting of BRN2 reduced mRNA
levels of NSE, SYP, CGA and NCAML1 in 42DEN“R 42FENZR ' PC-3 and ENZ treated LAPC-4
cells (Fig. 4.28 A-D) and NCIH660 (Fig. 4.29 A). Similar results were observed in stable
shBRN2 knockdown 42FENZR cells (Fig. 4.29 D).
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Figure 4.28 - Silencing BRN2 reduces NEPC marker expression:
(A-D) Relative mRNA expression of BRN2 and NE markers in (A) 42DN*®, (B) 42FfN“R | (C) PC3 and (D) Enz
treated LAPC-4 cells transfected with two different BRN2 siRNA (siBRN2) compared to control (siCTR=1).
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Figure 4.29 - Inhibition of BRN2 reduces cell proliferation, migration and invasion:

(A & B) Relative mRNA expression of BRN2 and NE markers in (A) NCIH660 cells transfected with BRN2
siRNA (siBRN2) compared to control (siCTR=1) and (B) 42FE"%® cells with stable BRN2 knockdown (sh-
BRN2) compared to control transfected cells (sh-CTR) (=1). (C) Relative proliferation, 72 hours after
seeding in NCIH660 cells transfected with BRN2 siRNA (siBRN2) compared to control (siCTR=1). (D-F)
Relative proliferation (D), Relative wound density in one dimensional scratch assay (E) and number of
cells migrated through matrigel boyden chamber (F) in 42F¥"?® cells with stable BRN2 knockdown (sh-
BRN2) compared to control transfected cells (sh-CTR) (=1).
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In addition to the expression of terminal NE markers, we questioned whether BRN2 may
be important in regulating the aggressive biology of NEPC. Therefore, we investigated the
effects of BRN2 knockdown on cellular proliferation, migration and invasion in vitro. BRN2
knockdown significantly reduced proliferation in both sSiBRN2 NCIH660 cells and sh-BRN2
42FENZR cells (Fig. 4.29 C-D), and prevented wound closure in a one-dimensional scratch assay
(Fig. 4.29 E), as well as the capacity of sh-BRN2 42FENZR cells compared to sh-control cells to

migrate through a matrigel-coated Boyden chamber (Fig. 4.29 F).

The reduced proliferative capacity of sh-BRN2 cells in vitro was translated in vivo; sh-
BRN2 42FENZR subcutaneous tumors grown in castrated mice under the pressure of ENZ were
smaller than sh-control tumors (Fig. 4.30 A) and these tumors had reduced expression of BRN2
and terminal NE markers (Fig. 4.30 B), indicating that this NEPC signature was associated with
more aggressive growth. These in vitro and in vivo results indicate that ENZ-induced NE
differentiation is mediated by BRN2, which can be targeted to reduce invasiveness and tumor
proliferation both in ENZR and in CRPC.
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Figure 4.30 - Stable knockout of BRN2 reduces tumor volume and NEPC markers:

(A) Tumor volume of 42FENR sh-CTR and 42FENR sh-BRN2 xenografts grown in vivo (n=10).
(B) Relative mRNA expression of BRN2 and NE markers in 42FEN“R sh-BRN2 vs. sh-CTR
xenografts (=1) harvested at 12 weeks post-inoculation. Graph represents pooled data from 6
sh-BRN2 and 6 sh-CTR tumors.
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4.4, Discussion.

Clinical evidence suggests that the repercussion of potent AR suppression with APIs for
a subset of CRPC patients is the development of highly lethal NEPC tumors (178). Our work
reveals several novel findings with implications for patients with CRPC and NEPC. First and
foremost, we identify the master neural transcription factor BRN2 as a central and clinically
relevant driver of NE marker expression in advanced PCa. Utilizing a “non-AR driven” in vivo
derived model of ENZR and ENZ treated CRPC, we identified BRN2 as a direct target
suppressed by the AR that is both sufficient and required for NE differentiation in PCa and
mediates resistance to ENZ. Secondly, our data show for the first time the BRN2 dependent
regulation of SOX2 in PCa, and the importance of BRN2 over SOX2 in promoting NEPC. Lastly,
our data reveal a striking overlap of AR and SOX binding motifs in the enhancer region of BRN2
that allow the AR to competitively inhibit the interaction between SOX2 and the BRN2 enhancer.
These in vitro, in vivo and human studies highlight BRN2 as a key driver of NE differentiation
that may indicate progression towards a non-AR driven or NE phenotype in PCa patients.
Moreover, they suggest that relieving AR suppression of BRN2 could be a central mechanism
driving NE differentiation, making BRN2 a strong potential therapeutic target for the treatment

and/or prevention of NEPC.

BRN2 is a POU-domain transcription factor well-described in developmental biology,
where it plays an essential role in neural cell differentiation (320). In addition, BRN2 is highly
expressed in NE small cell lung cancer (SCLC), where it acts upstream of other key regulators
of neural programming (294) and is required for aggressive tumor growth (295). Complimenting
these reports, BRN2 was a highly expressed master neural transcription factor identified in RNA
sequencing of our AR non-driven ENZR cell lines, making it our top candidate for a potential
driver of ENZ induced NE differentiation in PCa. Indeed, we found BRN2 was not only sufficient
to increase terminal markers of NE differentiation in CRPC, but was also required for their
expression in CRPC cells exposed to ENZ, in ENZR cell lines and in bona fide NEPC NCIH660
cells. Importantly, inhibiting BRN2 expression and concomitant reduction in NE markers in both
ENZR and CRPC cells functionally led to significantly reduced proliferation, migration, invasion
as well as decreased ENZR tumor growth in vivo and increased resistance to ENZ in vitro.
These data mirror other reports showing the requirement for BRN2 in SCLC (295, 328) as well
as in melanoma, where it is required for invasion and migration (329-331). Importantly, we are
the first to identify BRN2 as a major regulator of NE differentiation in a model of castration and

ENZ resistant PCa and in terminally differentiated NEPC cell lines.
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Data from human specimens brought clinical relevance to BRN2 in aggressive PCa
tumors, including NEPC. RNA sequencing data from patient cohorts showed that BRN2 was
most highly expressed in clinically defined NEPC tumors compared to adenocarcinomas.
Importantly however, BRN2 was identified in CRPC specimens as well, indicating that BRN2 is
not a specific marker of NEPC, but rather may indicate potential towards disease progression,
especially in a setting of androgen deprivation. This was in accordance with our data showing
BRNZ2 is inducible in CRPC cells under the pressure of ENZ and supported our hypothesis that
it is an androgen suppressed gene. Indeed, we found BRN2 was most highly expressed in
primary adenocarcinoma or CRPC tissue from patients with low levels of circulating PSA, and
BRN2 expression significantly increased from progression to CRPC only in patients with low
PSA levels. Publically available data mirrored this inverse correlation between high BRN2
expression and low circulating PSA, and further underscored the association between BRN2

and the potential for NE-like disease, as it positively correlated with SYP and CGA expression.

Human data implicating AR control of BRN2 were complemented by mechanistic studies
using ENZR cell lines, which showed BRN2 is suppressed by the AR through ligand-dependent
binding to an ARE in the enhancer region of BRN2. AR binding to this site resulted in reduced
levels of not only NE markers but also SOX2, which we also found highly expressed in human
NEPC. SOX2 is a well-defined transcription factor that supports the proliferation and
invasiveness of prostate cancer (326, 332-334), is associated with NEPC (324), and is required
for the function and maintenance of NPCs (335). Importantly however, SOX2 can only drive a
neural development program by cooperating with other master transcription factors, especially
POU family members (325). In particular, BRN2 and SOX2 co-bind upstream of many genes
with central roles in neural cell fate and function (273, 336). Moreover, BRN2 is a key regulator
of SOX2 activity in NPCs, a function that is highly evolutionarily conserved (327, 336). Despite
extensive research into this “pou-sox code” in neural development, how SOX2 is regulated in
PCa is largely unexplored. Our study shows for the first time that BRN2 is required for SOX2
expression in both CRPC cells treated with ENZ as well as ENZR cells. The regulation of SOX2
by AR may be compounded by direct enhancer binding (326) and via AR dependent
suppression of BRN2. Indeed, as we found for BRN2, SOX2 it is more highly expressed in AR
negative than positive PCa cell lines (324), and is higher in NEPC and metastatic CRPC than in
adenocarcinoma (324, 326, 337). Altogether, these data suggest that the link between SOX2
and progression to AR-independent CRPC or NEPC may be a result of increased BRN2

expression.
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Our results showing BRN2 control of SOX2 also shed light on the importance of BRN2
over SOX2 in driving a NE differentiation in PCa cells. Although SOX2 is present in NE tumors
of not only the prostate (324) but lung (338, 339) and skin (340), these studies have not shown
a direct requirement of SOX2 in supporting this phenotype. Our results suggest that while SOX2
overexpression alone in CRPC cells can marginally increase CGA, NSE, SYP and NCAM1
expression, SOX2 requires the presence of BRN2 to do so. The hypothesis that BRN2 and
SOX2 work together to drive a neural program in CRPC cells is further supported by our data
showing direct BRN2/SOX2 protein-protein interaction at the enhancer region of neuronal genes
leading to their increase in ENZR cells; which is in accordance with previously reported ChlP-seq
analysis (273). Importantly however, while BRN2 and SOX2 can both bind upstream of each
other in NPCs (273), the controlling signals as well as the consequences of these binding
events remain unclear. Intriguingly, our observation that SOX2 bound to a canonical SOX motif
that overlapped with the ARE in the enhancer region of BRN2 suggests that the AR may play an
important role in controlling SOX protein DNA binding in PCa cells. While the consequence of
this inhibition of SOX2 binding to the BRN2 enhancer in the presence of androgen remains
unclear, it may be that this interaction supports the two factors coordinating to drive downstream

neural gene expression.

While our study focuses on the role of SOX2 and BRN2 in the context of ENZ-
resistance, in 2017, Mu et al. interrogated the relevance of SOX2 upregulation in PCa cells
upon loss of tumor suppressors RB1 and TP53 and its relationship with luminal and basal PCa
lineages (141). The authors were able to demonstrate that SOX2 regulates levels of basal
KRT5, KRT14 and p63, thus triggering a luminal to basal switch in LNCaP/AR cells. Consistent
with our data, they also observed a nominal increase in NE markers upon SOX2 overexpression
in LNCaP/AR cells. Moreover, the inhibition of SOX2 in p53 and Rbl knockout cells slightly
reduced the expression of NE markers. Interestingly, upregulation of SOX2 was also observed
in the DNPC population characterized by Bluemn et al (40) which lack NE marker expression
and it has been characterized to promote CRPC progression (341). Altogether, these data
suggest SOX2 functions as a mediator of different mechanisms of PCa disease progression to
different phenotypes likely through its ability to bind to and functionally co-operate with a variety

of transcription factors (342, 343).

Although multiple pathways likely converge to drive emergence of NEPC, understanding
the contribution of the AR to this disease is critical for better implementation of current API

therapies and novel drug design. Together, data from our human cohorts and in vitro
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mechanistic analysis strongly implicate BRN2 as an androgen suppressed transcription factor
that plays a significant role in the progression of PCa from adenocarcinoma to NEPC, making it

a potentially attractive and novel therapeutic target.
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5. Chapter 5: Development and Characterization of small molecule

inhibitors for BRN2 as a treatment strategy for NEPC

5.1. Introduction and in silico background

The constant pressure on CRPC tumors by androgen receptor pathway inhibitors
(ARPIs), most notably enzalutamide (ENZ) and abiraterone (Abi), selects for ENZ (ENZR) or Abi
(AbiR) resistant cells that are less dependent on AR for growth and survival, thereby shifting the
natural history of this classically AR-driven disease to an AR indifferent phenotype (298). Up to
25% of ARPI-resistant CRPC patients develop lineage plasticity changes associated with low
AR signaling including intermediate and terminally differentiated neuroendocrine prostate
cancer (NEPC), for which only limited palliative treatments exist (300, 344, 345). The lack of
innovative therapies for ENZ-resistant tumors, in particular those exhibiting neuroendocrine
features, stems from our limited molecular understanding of this deadly disease. Hence, to
understand the molecular mechanisms that facilitate the trajectory from adenocarcinoma to
highly aggressive and lethal NEPC, our lab developed a pre-clinical model of ENZR that
captures both AR-driven as well as the AR-indifferent NEPC-like phenotype. Using this model
we have been successful in identifying potentially untapped, novel therapeutic targets for the
NEPC subset of CRPC patients. In particular, RNA-seq transcriptional profiling identified the
neural POU-domain transcription factor BRN2 as strongly upregulated in ENZR NEPC-like
tumors and cell lines (145), which was complemented by parallel findings in NEPC patient
datasets. Further functional studies, both in vitro and in vivo, confirmed that BRN2 expression is
an absolute requirement for the emergence and maintenance of NEPC phenotype. Based on
the data shown in Chapter 4 (145), we have discovered BRN2 as a central and targetable driver

of NEPC in ENZR CRPC that warrants further pre-clinical evaluation.

5.1.1. In silico modeling of BRN2

BRNZ2 is a transcription factor (TF) and targeting TFs can be highly effective in treating
particular malignancies as has been seen with the success of targeting the AR in prostate
cancer. However, unlike AR, most TFs do not harbor a ligand-binding domain (LBD) and
inhibitors cannot be designed by studying the natural ligand. Historically, these TFs lacking an

LBD are considered difficult to target. However, recent advances in x-ray crystallography and
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modern drug discovery approaches shed more light on targeting DNA binding domains of TF as
a promising strategy (346, 347).

Since the crystal structure (a common prerequisite for in silico drug discovery) of human
BRN2 has not been resolved, we built its structure using a homology modeling approach (348).
Structurally, the POU domain of BRN2 consists of two subdomains, a C-terminal homeodomain
(POUY) and N-terminal POU-specific region (POUS) separated by a short non-conserved linker.
Based on the sequence homology and crystal structure of other POU-domain proteins (Pit1,
Octl and BRN5), we developed a BRN2 structure (Fig. 5.1A). The flexible loop that connects
POU" and POUS domains was further refined by Loop Modeler module in MOE software. The
quality of the developed BRNZ2 structure was assessed using Ramachandran plot (Fig. 5.1B)
and 100 nano-seconds (ns) molecular dynamic (MD) simulations using AMBER (Fig. 5.1C)
(349). During MD simulations different conformations of BRN2 were explored and their
respective stability was assessed by the root mean squared deviation (RMSD) between the
initial conformation and each snapshot during MD simulations. The most stable and
thermodynamically favorable conformation was established after 35ns simulation time (Fig
5.1C). This protein conformation was extracted and its active site was identified using Site
Finder module implemented in MOE. We observed that BRN2 does not attain a stable
conformation until the protein is allowed to fold for at least 35 ns in conditions simulating the
cellular environment, suggesting that our model is likely more robust than a previously
described homology model using a 20 ns simulation (350) and provides the optimal confirmation
of BRN2.

While BRN2 lacks traditional targeting motifs like a LBD, our modelling identified a
potential pocket in the DNA-binding domain (DBD) that could be used to inhibit BRN2 function.
As such, four million small-molecules from ZINC database v15 (351) were docked into the DBD
pocket of our hBRN2 model structure using Glide (352) and FRED (353) programs. RMSD
values were calculated between the docking poses generated by Glide and FRED to identify the
most consistent binding orientation of the compounds. Only molecules with poses having RMSD
values below 2.0 A were selected for further analysis. Furthermore, the selected ligands were
subjected to additional on-site scoring using the LigX program and the pKi predicting module of
the MOE. The 5,000 compounds that consistently demonstrated high predicted binding affinities
were selected for visual inspection to exclude compounds containing reactive or toxic groups
such as aldehyde and alkyl halide groups. Based on chemical diversity and availability, 62

chemicals were purchased from commercial vendors as a first step of drug testing.
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Figure 5.1 - Structural information of the BRN2 protein:
A) Modeled structure of the human BRN2, built using Modeler v9.16. POU"® and POUS domains are

shown in red and orange color, respectively. DNA is shown as grey surface. Loop region is not shown for
clarity. B) Ramachandran plot showing the structural quality of the developed protein. It should be
noted that all the residues except Ser538 fall under allowed region (yellow boundary) confirming high
quality of the generated structure. C) Root mean square deviation (RMSD) plot generated based on
100ns-molecular dynamic simulations. The RMSD plot shows that conformation of the protein changes
significantly after 35ns. However, protein attains stability and maintains its structural integrity
throughout remaining simulation time.
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5.2. Results
5.2.1. Exclusion Criteria for hits from in silico screening

Sixty-two compounds were evaluated in vitro in a step-wise manner based on the

following selection/exclusion criteria:

Repression of BRN2 transcription activity using luciferase reporter

Affinity to BRN2.

Selectivity to BRN2" (42DEN?R) vs. BRN2"ed/o ( 16 DCRPC) cell lines

Repression of bona fide direct BRN2 transcriptional target (SOX2) and NEPC markers
(NCAM1 and CHGA)

P w NP

Criterion #1. The compounds were evaluated for their ability to inhibit BRN2 transcriptional
activity using BRN2" 42DENZR cells. In short, 42DENZR cells stably expressing a BRN2 reporter
cassette were treated for 24 hours and compounds that inhibited luciferase activity greater than
75% at 10uM passed criterion 1 (Figure. 5.2) and progressed to the 2" step in the pipeline. The
dotted line represents 50% inhibition while the red line represents 75% inhibition. At the first
step, compounds 7,8,18,39,40 and 62 displayed enough inhibition of BRN2 transcriptional
activity to progress to the Criterion #2.
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Figure 5.2 - Inhibition of BRN2 transcriptional activity:
Effect of BRN2 small inhibitors on BRN2 transcriptional activity: 42DV cells were transfected with BRN2-Luc

plasmid and treated with 10uM BRN2 inhibitors and luciferase activity and activity was performed.
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Criterion #2: The 2" selection step provides a yes/no answer for whether the compounds that
cleared criterion #1 directly interact with BRN2 protein. This was done using an in-cell assay
called the Drug Affinity Responsive Target Stability (DARTS) assay. This assay relies on the
protection against proteolysis conferred on the target protein by interaction with a small
molecule. Cell lysate from 42D cells is incubated with either DMSO or 3uM of one of the
compounds. Approximately 1 hour after, the lysate is exposed to increasing doses of the
protease Pronase for precisely 30 minutes. The reaction is halted and the lysate is run on an
SDS gel and the amount of BRN2 left in the lysate is measured via Western Blot. Figure 5.3
displays the results of the DARTS assay with the compounds from the 15t selection step.
Comparing each “ - + “ pair at 10 and 10 concentrations of Pronase shows differences in the
amount of BRN2 left over after 30 minutes. Importantly, this difference is attributed to the
protection BRN2 gains from the proteolysis process due to the binding of the inhibitors shown

with compounds 7, 18 and 39 and not by compounds 8 and 40.
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Figure 5.3 - DARTS assay:
BRN2 using DARTS assay: Cell lysate was incubated with BRN2 inhibitors in the presence or absence of
Pronase.
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Criterion #3: The 3" crucial yet simple step excludes molecules with off target effects. The 3

molecules that exhibit direct binding to BRN2 were subsequently assessed for activity by cell
proliferation using BRN2" (42DENZR) and BRN2"e¢/° (16DCRFC) cell lines (Fig. 5.4 - Criterion #3).
All compounds were found to have anti-cancer activity in NEPC cells however only Cpd.7 and
Cpd.18 inhibit cell growth in 42DEN?R without any effect on 16DCRPC, while compound 39 failed

the criteria as it had off-target anti-proliferative effect on 16DCRPC cells (Fig. 5.4 — Criterion #3).

PCa - Compound 7

1.5
= /
=]
=
g 1.0+
=
o
- 16DCF{F‘C
£ 054
5 - 42DENR
@ (NEPC)
u'u L] L L] L] L] L] L] L) L] L] L]
dshuﬁ‘ Q'.\ Q‘-’ hq:: A "p '\b ;-P @

Concentration (M)

PCa - Compound 18

1.5+
§ v’
=
2 1.0
£
CRPC
gos] 16D
;f - 42DENZR
® (NEPC)
u-n L] L L] L] L L] ¥ L] L] L] L]
D\;\qﬁ\ u‘." Q": M e % '\.Q ’\h "ivh "‘P

Concentration (uM)

Figure 5.4 - Cell proliferation:
Cell proliferation:

NEPC-like cells 42DEN#R

&

Q;
IR

BRN2 -
—— e

VINC

= =
o o
L 1

Relative Proliferation
=]
tn

0.0

PCa - Compound 39

X

L] L]
B
Cn‘$ q'-a

L) L) L] L] L] L] L L]
Q.'\()" .‘q?b'\b*\‘:’lg"bb

Concentration {uM)

and 16D**¢ were treated with different
concentrations of BRN2 inhibitors for 72 hours and cell proliferation was performed
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Criterion #4. The last criterion measures downstream effects of BRN2 inhibition. For this step,
we evaluate whether the compounds can inhibit gene expression of BRN2 target SOX2 as well
as NEPC markers NCAM1 and CHGA. Both Cpd.7 and Cpd.18 were found to decrease
expression of BRN2 dependent gene SOX2 and NE markers NCAM1 and CHGA in 42DENZR

cells (Fig. 5.5 — Criterion #4), thus passing the selection criteria of our full pipeline.
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Figure 5.5 - Compounds inhibit BRN2 targets and NEPC markers:
42DENR cells were treated with 10uM of BRN2 inhibitors for 48 hours and expression of Sox2, NCAM and
CHGA was evaluated using qRT-PCR.

5.2.2. Compounds 7 and 18 directly bind to BRN2 DNA binding domain

In order to confirm that both Cpds 7 and 18 bind directly to BRN2 we utilized BioLayer
Interferometry to detect interaction with the DNA binding domain of BRN2. Amino acids 264-440
of BRN2 containing the POUS, the linker region and POU" domain was cloned into the pET

vector using Polymerase Incomplete Primer Extension (PIPE) cloning (354). In short, primers for

pET vPrE FL  DBD| the BRN2 insert and the pET vector were designed with matching
- overhangs with the C-terminus overhang containing the His-tag (Fig.
‘| 5.6). The PCR products transformed into BL21 cells post digestion with

! hd restriction enzyme Dpnl.
ve
-
-
.9
..

Figure 5.6 - PIPE cloning of BRN2-DBD in pET vector:
. Agarose gel displaying the amplicons of the Vector and the
. two inserts, BRN2 full length (FL) and DBD inserts.
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The finished vector containing an Avidin tag at the N-terminus and a His-tag at the C-
terminus was co-transformed into bacteria with a pBirACm biotin ligase plasmid. The BRN2-
DBD was purified using Ni-nTA affinity chromatography and buffers previously described (187).
The purified protein was immobilized on a streptavidin biosensor and the interaction between
BRN2 and the two compounds was measured in real time through an interference pattern
generated on the Octet system as previously described (188). Figure 5.7 demonstrates that
both compounds 7 and 18 reversibly bind to the DBD of BRN2. This is demonstrated by the loss
of signal after 60 seconds as the biosensor is removed from buffer containing the compounds
and washed. Furthermore, the increased signal is dose dependent manner, going from 1uM
(red line) to 50uM (teal line).

010 010
0.09 0.03
0.08 0ng

0.07

£ 005 Y g
004 J
003

002

00

vl
W)
L
0 20 40 60 80 100 120 140 160 180 a0 100 120 140 160 180
Time (sec) Time [sec]

e &) j\_f\‘,"v\vf Y /.'\

0.00

- 6 12 25 w50 3 [ 1z 15 w50 |

Figure 5.7 - BioLayer Interferometry:
BRN2i Cpd. 7 and 18 binding to purified DNA binding domain of BRN2 quantified using BLI assay.

Combined with the data from the exclusion pipeline, these experiments demonstrate that
Compounds 7 and 18 function as BRN2 inhibitors (BRN2i) that bind within the DNA binding
domain of BRN2 and inhibit its activity and growth promoting effects.

5.2.3. BRN2 inhibitors disrupt DNA binding

For the purposes of inhibiting BRN2 activity, the initial goal was to design inhibitors for
the DNA-binding domain. While Figure 5.6 shows that the two compounds possess the
capability to bind to the DBD of BRNZ2, it does not show evidence that this interaction inhibits
BRN2’s ability to bind to DNA. To address this, 42DEN“R cells were subject to sub-cellular
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fractionation after short-term (6h) treatment with different BRN2 inhibitors. Figure 5.8
demonstrates that these compounds work by inhibiting the interaction between BRN2 and the
chromatin. Unsurprisingly, most of the BRN2 is detected in the nuclear fraction while the
cytoplasmic is relatively empty. Importantly, consistent with our hypothesis that these
compounds inhibit DNA binding, the amount of BRN2 detected in the chromatin bound fraction
decreases dramatically once the cells are treated with 20uM of Cpd. 7, 18 and derivative 1814

compared to control. HSP90 and Histone H3 are controls for each sub-cellular fraction.

Cyto Nuclear soluble Chromatin bound

Ctrl #7 #18 #18.« Ctrl #7 #18 #181.. Ctrl #7 #18 #18u

— N — BRN2

—— — — — Hsp90

[ F e

Figure 5.8 — Sub-cellular Fractionation:
42DV cells were treated with BRN2i at a dose of 20uM for 6 hours prior to cell lysate.

Following lysis and fractionation assay, lysate analyzed by WB for indicated genes.

In further support of this hypothesis, ChIP was conducted with BRN2 antibody in
42DENZR cells + 20uM of Cpd. 18 for 6 hours. The data showed a marked reduction in BRN2
recruited to specific regions around the SOX2 and PEG10 genomic loci (Figure 5.9); originally
extracted from ChIP-seq done in Glioblastoma (289). Altogether, these two experiments greatly
support the hypothesis that the BRN2i function by interfering with the BRN2 and DNA

interaction, thus abolishing its’ transcriptional activity.

04- 42DENZR _ chIP Figure 5.9 - BRN2 Chromatin
' - Immunoprecipitation:
p— E?MSO 42DV cells were treated with BRN2i at
- IP . BRN2 i
031 = cpats 20uM for 6 hours were lysed and sonicated.
§_ DMSO and Cpdl18 treated cells were
£ 0.21 immunoprecipitated with BRN2 antibody
= with 1gG as control. Extracted DNA was
0.1 amplified with gRT-PCR for regions of Pegl0
and Sox2. Data was analyzed with % Input
0.0- method.
Sox2 (DS-Enchancer) Peg10 (Intron 1)
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5.

2.4. Pathways downstream of BRNZ2 inhibition

The previous results chapter examined the role of BRN2 specifically relative to NE

differentiation and NEPC markers (SYP, CHGA and NCAM1). The downstream response of

cellular pathways to BRN2 inhibition was studied by conducting a gene profiling of 42DEN?R cells

treated with BRN2 inhibitors for 48 hours (Figure 5.10). Interestingly, the data revealed greater
than 50% reduction of major NEPC drivers previously identified: SOX2 (141), PEG10 (122),
AURKA (135), EZH2 (2, 160), ASCL1 (313) and SOX11 (144). In addition to the drivers and
NEPC markers (Fig. 5.7), surprisingly we observed reduced expression of many of the

epigenetic regulators that have been implicated in progression of NEPC like DNMT1, SUV39H1,

DNMT3B, CBX1, CBX2, CBX3 and CBX5 (162).

NEPC
drivers/targets

NEPC

markers

Epigenetic regulators

POU3F2
SOX2
PEG10
AURKA
AURKB
ASCL1
SOX11
DNMT1
4" GCG
NEUROGH1
SYT4
NCAM1
CHGA
SCGN
SCG3
NKX2-2
ENO1
KCNH6
CHGB
ENO2
— EED
SuUz12
SUV420H2
SUV39H1
DNMT3B
DOT1L
CcBX1
CBX2
CBX3
CBX5
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HDAC?2
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Figure 5.10 - Expression changes in
NEPC drivers/targets and markers:
Gene-profiling data from 42D cells treated

with BRN2i for 48 hours prior to RNA
extraction using Trizol Reagent. mRNA was
quality controlled and triplicates of each
sample was run on a micro-array. Data output
was quantile normalized and expression
values in heat map are in ratio to 42DENA®
DMSO treated samples set to 1.
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One of the more interesting discoveries from the micro-array we found was that the
compounds also down-regulated BRN2 itself. This phenomenon has been alluded to several
times in publications. In 2014, Suva et al. discovered that the over-expression plasmid they
utilized for BRN2 was in fact hyper-methylated and the BRN2 mRNA in the cells contained the
3 UTR region suggesting that the exogenous expression eventually triggered endogenous
BRN2. Moreover, ChlP-seq data from Urban et al. also showed evidence of BRN2 binding in its
own promoter, creating a feed-forward loop for its expression. Utilizing our molecules as a tool,
we demonstrate that Cpd. 18 reduces BRN2 expression in a dose dependent manner (Figure
5.11 - left). Furthermore, once BRN2 expression is triggered in 16DCRPC cells for 24 hours with
Doxycyline, its expression is maintained for up to 7 days once the Dox has been removed from
the media. Altogether, this data greatly supports the hypothesis that BRN2 regulates its own
expression (Figure 5.11 - right).

Dox— On (1 day)
A B \L Dox — Off (Days)
0 0.1 1 2.5 5 10 Cpd 18 (uM) Ctrl 4 7
. B BRN2 BRN2 g-
. Vinculin Vinculin |w=— — — a—
42D 16DCRPC

Figure 5.11 - BRN2 autoregulation:
(A) 42DENRR cells treated with increasing doses of Cpd. 18 for 48 hours. Lysate was collected and protein

expression analyzed by WB. (B) 16D cells transfected with Doxycyline inducible BRN2. Cells were
stimulated with 1ng/mL of Doxycyline for 24 hours and then removed. Samples were collected for WB
analysis at indicated time points.
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The downstream effects of BRN2 inhibition were further validated in human NEPC cell
lines, NCI-H660. We found that Cpd 7 and 18 not only reduced cell proliferation, but also
downregulated expression of a majority of the genes previously studied in Results Chapter 2
and identified in the gene profiling. Figure 5.12 shows that inhibition of BRNZ2 in terminal NEPC
cells (NCI-H660) also reduces expression of important NEPC drivers like SOX2, ASCL1,
PEG10 and n-Myc.
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Figure 5.12 - BRN2i reduce NEPC cell proliferation and expression of NEPC drivers and
markers:

(A-C) NCI-H660 cells were treated with 10uM of BRN2 inhibitors Cpd. 7 and 18 (A) for cell proliferation
measured using Incucyte ZOOM, (B-C) for 7 days and cells were extracted for (B) WB analysis of indicated
genes and (C) gRT-PCR analysis for indicated genes.
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One of the major consistencies in NEPC is the loss of Rb1. While the mRNA levels of
Rb1 isn’t altered in 42DEN?R cells, Rb1 is hyper-phosphorylated and non-functional (355), thus
mimicking the conditions observed in patients (Figure 5.13A-B). Therefore, it is no surprise that
these cells are enriched for the Rb1 loss signature (Figure 5.13C). Interestingly, while analyzing
the micro-array, we discovered that treatment with the BRN2 inhibitors completely reverses the

Rb1 loss signature (Figure 5.13D).
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Figure 5.13 - Rb1 status in ENZR cells relative to BRN2
(A) gRT-PCR of Rb1 mRNA levels in LNCaP, 16D and 42DEN?R cells with LNCaP set as control (=1). (B)

Western Blot analysis of protein levels of Rb1l, pRb1 (Thr 821/826) and Actin as control. (C) GSEA
analysis of Rb1 loss signature enrichment in 42DEV?®R cells. (D) GSEA analysis of Rbl loss signature
downregulated after treatment with BRN2i (combined analysis of expression data from Cpd7 and Cpd
18).
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This striking reduction in the Rbl loss signature, essentially the E2F1 signature
prompted an examination of the cell cycle in response to BRN2 inhibition. E2F1 signaling is
crucial for transition from Growth phase 1 (Gi) to DNA Synthesis (S) phase of the cell cycle
(356). Consistent with this, we found that BRN2 inhibition caused powerful G; arrest and as
approximately 90% of the cells are at this phase. Although not as potent, SiRNA treatment with
BRN2 showed a similar trend (Figure 5.13).
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Figure 5.14 - Cell cycle changes in response to BRN2 inhibition:
(A) Flow Cytometry analysis of Propidium lodide staining vs counts in 42DENR cells treated with BRN2i

and siBRN2 for 48 hours. Cells were trypsinized, fixed and stained with PI. (B) Cell populations analyzed
via FlowJo indicate cell cycle stages between the different treatments. Data presented is pooled from 3
independent experiments.
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While the propidium iodide (PI) staining provides a general idea about the cell cycle
stage of the cells, it cannot differentiate between G; and Go quiescent cells. Using a different
DNA staining agent Hoescht dye and an RNA staining agent Pyronin Y it is possible to separate
out active cells containing 2n amount of DNA and high RNA content (Q1) and quiescent cells
that have 2n DNA but low RNA content (Q4). Figure 5.14 below reveals that 48 hours after
BRN2 inhibition the cells are arrested but have not entered a quiescent state as their RNA

content is extremely high.
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Figure 5.15 - GO/G1 separation:
(A) Flow Cytometry analysis of Pyronin Y staining vs Heoscht staining in 42
cells treated with BRN2i for 48 hours. Cells were Trypsinized, fixed and stained first
with Pyronin Y and then with Hoescht. (B) Cell populations analyzed via FlowJo
indicate cell cycle stages between the different treatments. Data presented is
pooled from 3 independent experiments.
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Delving further into the molecular mechanisms behind this cell cycle arrest, we mined

our gene-profiling data for cell cycle inhibitory pathways that are activated in response to BRN2

inhibition. Strikingly, we discovered a modest yet significant recovery of p53 signaling, another

major tumor suppressor lost in approximately 60-70% of NEPC patients (Fig. 5.15 A). The top

genes in this pathway that were upregulated were cyclin dependent kinase inhibitors p21
(CDKN1A) and p27 (CDKN1B) (Fig. 5.15 B). These data were recapitulated at protein levels

(Fig. 5.15 C). The cell cycle data from Figure 5.8 also no changes in sub GO levels suggesting

a lack of apoptosis and consistent with this, we observed no PARP cleavage.
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As an important cross-validation, we first examined if this recovery of p21 was consistent
between our inhibitors and siRNA treatment for BRN2 (Figure 5.16A). Moreover, transfection of
BRN2 targeting guide RNA (gRNA) in a stable inducible eSpCas9 42DEN“R system for 48 hours
caused in a dose dependent reduction in BRN2 and a concomitant increase in p21 (Figure
5.16B). Altogether, this data demonstrates the on target nature of the inhibitors as well as the

consistency in the effects of inhibiting and downregulating BRN2.
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Figure 5.17 - Targeting BRN2 via different mechanisms:
(A) Western Blot analysis of indicated genes in 42D cells treated with 3 chemically different BRN2

inhibitors and 2 different siRNA for BRN2 for 48 hours. (B) 42DENR cells stably transfected with Dox.
Inducible eSpCas9 cells were transfected with doses of guide RNA (gRNA) target Exon 1 of BRN2 and
treated with 10ng/mL of Dox. Cells were lysed 48 hours later and Western Blot was performed for
indicated genes.
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5.2.5. Targeting BRN2 greatly sensitizes cells to AR pathway inhibition

Data from chapter 4 indicates that increased expression of BRN2 in can confer

resistance to enzalutamide (Fig. 4.18D). Therefore, we posited that inhibition of BRN2 could

bestow sensitivity to anti-androgen treatment. As shown previously, these compounds have no

effect on 16DCRPC cells under FBS (androgen positive) conditions (Figure 5.18A). However,

once BRN2 expression is induced by maximal androgen blockade (CSS + enzalutamide), co-

treatment with the BRN2 inhibitors severely reduces cell proliferation (Figure 5.18A).

Interestingly, we found that androgen blockade drastically reduced the expression of p21, likely

allowing CRPC cells to continue with cell proliferation. Yet again, co-treatment with BRN2i

recovered levels of p21 likely causing the reduction in cell proliferation (Figure 5.18B).
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Figure 5.18 - Combination of AR and BRN2 inhibition on Proliferation:
(A) 16DPC cells in CSS media treated -/+ 10uM ENZ for 7 days in the presence or absence of Cpd 7 and

Cpd 18. Cell proliferation was quantified using Incucyte Zoom. (B) Western Blot analysis comparing
levels of BRN2 and p21 in 16DR"C cells cultured in CSS + 10uM ENZ with and without BRN2 inhibitors,

Compounds 7 and 18.
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One of the major effects of BRNZ2 inhibition demonstrated in the previous results chapter
was its role in NE-differentiation after AR pathway inhibition, whereby knockdown of BRN2
hindered the ability of cells to undergo NE-differentiation (Figure 4.16). We see this
recapitulated with BRN2i as the induction of the NE phenotype is reduced upon co-treatment
with BRN2 inhibitors. This effect can been seen morphologically, as the spindle-like morphology
created by AR inhibition is prevented when Cpd. 18 is co-administered (Figure 5.19A). This
phenotypic change is reflected in qRT-PCR data as the upregulation of NEPC genes is
diminished with the combination treatment (Figure 5.19B).
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Figure 5.19 - BRN2 inhibition hinders NE-differentiation induced by AR pathway
inhibition :

Cells treated with 10uM of Cpd 18 +/- 10uM ENZ for 7 days (A) Pictures were taken using bright field
microscope. (B) mRNA expression of 16D“*" was analyzed for indicated genes.
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5.3. Future Directions

Overall, our data shows that both chemically different scaffolds display high specificity to
BRN2. Unfortunately, they both also suffer from low microsomal stability. With half-life of T, = 4
minutes for Cpd.7 and Ti2 = 3 minutes for Cpd.18 (Figure 5.20A), these molecules serve as
excellent tool compounds but require medicinal chemistry optimization before any in-vivo use is
feasible. Our recent lead optimization efforts yielded compound 18-51 with a T12 = ~47 mins in
microsomal stability, and an in vivo serum T2 = ~50 minutes (Figure 5.20B). 18-51 retains its
specificity to 42DENZR cells, inhibits expression of BRN2 and downstream target genes (Figure
5.20C-D).
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Figure 5.20 - Lead optimization:
(A) Metabolism in mice liver microsomes rate of Cpd 1851, compared to Cpd 18. (B) Serum
levels of Cpd 18-51 collected over 6 hours from mice tail vein (n=3). (C) Proliferation of Cpd
18-51 in 42D cells compared to 16D cells. (D) qRT-PCR of NEPC genes in 42DV cells
treated with Cpd 18-51.
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NEPC markers

The improvements though significant, are not enough for a clinical candidate. While med-chem.
optimization continues, future directions include testing 18-51 in multiple in vivo models.
Xenograft studies will measure anti-cancer activity in 42DEN?R cells as well as NCIH660 cells.
Importantly, through collaborations we will examine the efficacy of these compounds in NEPC
PDX models (Figure 5.21. (40) as well as in patient derived organoids both in vitro and in vivo.
The last major priority moving forward will build upon the data presented in figure 5.17
highlighting the powerful synergy between AR and BRN2 inhibition. Employing a similar
strategy, combination therapy experiments will be conducted using 16D°R"C cells as well as a

few of the “Adeno” PDX models presented in Figure 5.21.
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Figure 5.21 - BRN2 expression in NEPC patient derived xenograft models:
RNA-seq of PDX models from Adenocarcinoma, double negative prostate cancer (DNPC) and

neuroendocrine prostate cancer (NEPC) characterized in Bleumn et. al in 2017.
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6. Discussion — Treatment resistance and cell plasticity

A considerable body of research both old and new has delved into the notion of cellular
plasticity. Historically, this field of research studied plasticity in response to growth factors like
TGFp that induce EMT (357), or cocktails of chemicals and specific growth factors can induce
neuronal differentiation as well as de-differentiation to a more pluripotent state (358-360).
However, cancer therapy induced phenotypic plasticity is a relatively newer concept. Supporting
evidence for treatment induced cell plasticity can be garnered from papers showing evidence of
cell dormancy and the theory of cancer stem cells (CSC).

The relapse of cancer years after remission is a well-documented phenomenon. During
remission cancer cells often survive through a process called tumor dormancy, whereby, cancer
cells adopt a low proliferative quiescent phenotype in order to survive through treatments. This
small collection of tumor cells likely exists in an equilibrium of cell renewal and death as there is
little to no overall growth of the “tumor” (361). This growth equilibrium is also held in check by
two major factors, immune evasion and localized angiogenesis for resources (361). Relapse
occurs through some sort of trigger event years later and in the field of tumor dormancy, the
biological understanding of this trigger event remains a major challenge as it could vary from
macro-environment, to micro-environment but most likely through acquisition of specific
mutations within the cells.

Tumor dormancy and the cancer stem cell hypotheses have considerable similarity as
the low-proliferating, immune evasive dormant cells exhibit stem cell properties (362). The CSC
theory specifically has two possible interpretations. One states that the stem-like cancer cells
always exist as a small sub-population similar to normal developmental stem cell populations.
CSCs are inherently drug-resistant and are expected to survive therapies and re-populate a
tumor (363). On the other hand, recent research has promoted the hypothesis that some cancer
cells gain enhanced self-renewal properties in response to external stressors (anti-cancer
treatments) and this allows them to survive and re-populate a tumor (364). Furthermore, the
seqguence of events that lead a cell to become more CSC like, as well as the proteins involved in
the process may also be different in response to different stressors like hypoxia, resource
starvation, DNA-damage and cancer therapies (cytotoxic or targeted).

The arsenal of prostate cancer therapies has been relatively effective as seen from the
decline of deaths (Figure 1.1). Outside of surgeries, patients receive a mix of radiotherapy,
chemotherapies and hormone therapies over the course of their fight with the disease. The

importance of the tumor dormancy and CSC hypotheses is emphasized by the long period of
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dormancy observed in PCa after their initial hormone therapy and prior to gaining castration
resistance (365, 366). Moreover, as patients progress through CRPC they receive more potent
anti-androgen therapy, have months to years of response and once again relapse. Therefore, it
is very important to understand the variety of malleable processes that occur within the cancer
cells in response to hormone therapy. To this end, the research in this thesis explored cell
plasticity at different stages of anti-androgen treatment. First, we studied how the upregulation
of LYN kinase during ADT promotes the EMT processes and possibly feeds into the near 90%
prevalence of metastatic disease at castration resistance. The last two-thirds of the thesis
attempts to delineate the driver and target roles of transcription factor BRN2 behind

neuroendocrine differentiation in response to 2"d generation anti-androgens.

AR pathway and Epithelial to Mesenchymal Transition/Plasticity (EMT/P)

The phrasing for epithelial to mesenchymal transition has recently been giving way to
epithelial to mesenchymal plasticity due to the reversible nature of the process (367). While the
identity of the EMT/P process is bonded to metastasis, the transition of cells to a more
mesenchymal state in response to anti-cancer therapies has been reported in multiple cancer
types (368-370). Moreover, many studies also demonstrate that mesenchymal cells are
resistant to treatments like chemotherapy cementing the importance of this specific form of cell
plasticity as a mechanism of treatment resistance (371, 372). This resemblance to properties
described for CSCs is not accidental, as mesenchymal cells have long been hypothesized to
share CSC characteristics. For example, transcription factor Snail regulates expression of
Yamanaka factors Nanog and KLF4 (373, 374). Instead of chemotherapies, the major focus of
this thesis is to study the molecular response of PCa cells to universally used anti-AR
treatments in prostate cancer. Not surprisingly however, the relationship between AR signaling
and the basic characteristics of EMT/P is not entirely straightforward.

This particular area of research examining epithelial to mesenchymal plasticity in
response to positive and negative AR pathway stimulation is full of interesting and contradictory
research. In simplistic terms, EMT/P can be broken down to loss of expression of cell adhesion
molecule E-cadherin. Loss of AR signaling through androgen deprivation consistently results in
downregulation of E-cadherin (119). The culprits suppressing E-cadherin are transcription
factors Snail and Zebl whose expression is normally suppressed by AR activity. Furthermore,
ADT has been shown to cause a shift from CDH1 (E-cadherin) to CDH2 (N-cadherin) (375) and
CDH11 (376). Similarly, several studies have also shown that loss of AR expression promotes

STATS3 activity creating a mixed mesenchymal and CSC phenotypes (377, 378). Conversely,
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positive AR signaling has long been implicated in promoting metastasis. PCa metastatic tumor
sites, specifically in the bone are generally AR positive (379). In ERG-fusion positive disease,
ERG activity through AR activates SOX9 expression, which can enhance metastasis (380).
Furthermore, AR signaling can also enhance expression of transcription factor Slug resulting in
metastatic progression (124, 381). Slug expression and activity can enhance metastatic
dissemination through upregulation of cytoskeletal proteins like Vimentin as well as a member of
the matrix metalloprotease family (MMP) across multiple cancers (382-384). This family of
proteins are crucial for metastatic dissemination as they are required for extra-cellular matrix
(ECM) digestion, allowing cancer cells to maneuver through basement membrane (385).

These bivalent functions of AR create a difficult to reconcile a scenario where both over-
active and inactive AR promotes progression of PCa to metastatic disease. Das et al.
extensively reviewed this topic and the authors concluded that this differential activity is
contextually dependent on AR co-activators that alter its cistrome (386). It is tempting to
speculate that as cells gain resistance to ADT, this differential AR activity within the cancer cells
of a single tumor (intra-tumor heterogeneity) may enable the tumor as a whole to gain
advantage of both scenarios. Specifically, cells where resistance occurs independent of the AR,
EMT/P could occur in some cells through E-cad suppression. While in cells that gain resistance
by recovering their over-active AR signaling, metastasis may be supported through
disintegration of the ECM at the leading edge of a tumor. Thus, identifying key signaling nodes
that compromise canonical AR signaling as well as inhibit downstream metastasis promoters
may help scientists prepare better treatment combinations.

Interestingly, the two reported functions of LYN kinase in PCa place it as a unique target
for curbing EMT/metastasis. Previous research from our lab has shown that LYN tyrosine
kinase expression is increased during CRPC (133). More importantly, the expression of LYN is
upregulated soon after castration where it helps stabilize protein levels of the AR in order to help
maintain its activity. Chapter 3 also demonstrates that LYN expression can also increase EMT/P
transcription factors Slug and Snail as well as MMP activity (134). This dual-purpose activity
may explain why LYN kinase is up-regulated during acquisition of castration resistance at a
cellular level and why this increase is selected for and retained at metastatic sites in CRPC. It
may be reasonable to conclude at this point that in AR signaling positive cells, inhibiting LYN
would reduce AR expression, effectively reducing metastasis promoting AR signaling. While in
cells with low AR signaling, targeting LYN would destabilize Slug and Snail impeding the

metastatic capability of these cells as well.
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One limitation in chapter 2 is the lack of experimental validation for targeting LYN in
PCa, both as monotherapy and in combination with ADT. Over-expression of LYN in prostate
cells was sufficient to trigger metastasis in vivo; however, targeting LYN at the CRPC disease
state has not been tested. In recent years, the development of better CRPC models has
expanded the toolset for these kinds of studies. For example, testing the effects of LYN
inhibition on metastasis in the castration responsive Rapid-CAP model developed by Tortman
and colleagues would be of interest (387). This experiment could also be conducted by crossing
Rapid-CAP mice with a LYN” model; however, using LYN inhibitor Bafetinib would be more

clinically relevant.

AR pathway inhibition and NE-differentiation

The history of NE-differentiation research in prostate cancer is old but sparsely
populated. In 1989, Drs. Abrahamsson and Grimelius reported the presence of focal
neuroendocrine differentiation through staining of NEPC marker Chromogranin A in prostate
adenocarcinoma (388) and hypothesized the following about its origin: (1) cancerous
transformation of a prostate stem cell, (2) malignant transformation of a prostate
neuroendocrine cell, and (3) de-differentiation followed by a new gene expression program in a
PCa cell. The presentation of focal NE markers combined with the presence of neuroendocrine
cells in the normal prostate lead most of the field to believe that NEPC likely stemmed from a
transformation of a normal NE cells (389) . Some contradictory evidence was presented in
1994, when Bang et al demonstrated for the first time “direct evidence of plasticity in the lineage
commitment of adenocarcinoma of the prostate” through cyclic-AMP dependent mechanisms
(390). In 1999, Cox et al. demonstrated the reversible nature of this transformation with cAMP
exposure (391), followed by Deeble et al. demonstrating that IL-6 downstream of cyclic-AMP
data promoted this plasticity (392). Interestingly, as androgen deprivation therapy evolved from
Orchiectomy to LHRH agonists, researchers examined whether ADT may also induce a de-
differentiation program. In 1997, Buttyan and colleagues showed that culturing LNCaP cells in
media devoid of androgen suppressed AR signaling as expected, but also initiated NE-
differentiation defined by morphological changes and upregulation of NEPC marker independent
of cyclic-AMP (393). Soon after, clinical evidence of NE differentiation was observed in TURP
samples from patients that received neo-adjuvant hormone therapy compared to control (394).

Due to the historical rarity of full NEPC, research into the disease was scarce up until
2011 when Dr. Beltran used next-gen sequencing to molecularly characterize 7 terminal NEPC

tumors (135). The drastically increased incidence of NEPC with the advent of powerful anti-
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androgens like enzalutamide and abiraterone has led many researchers to interrogate the
plastic potential of adenocarcinoma cells subject to treatments. Revisiting the seminal papers
described in the previous paragraph, researchers questioned whether this differentiation
process was terminal as alluded to by Bang et al. or reversible, as we have come to observe
with EMT/P and even CSCs (395). In support of the plasticity hypothesis, recent research
demonstrated that ADT initiates NE-differentiation in AR-driven PCa cell lines and this process
is reversed upon re-introduction of androgens (396). Importantly, the increase of NE markers
like NSE and SYP was accompanied by an increase of established CSC markers like CD44,
CD29 and CD133, also reversed with re-exposure to androgens. Strengthening this hypothesis
further, Zou et al. conducted exquisite lineage tracing experiments in vivo and discovered that
the NEPC can originate from luminal PCa adenocarcinoma cells (144). Furthermore,
phylogenetic modeling of mutations in patients also show evidence of an adenocarcinoma cell
of origin as the TMPRSS-ERG fusion is present in a similar ratio in NEPC patients (2).

Interestingly, a broader look at the research studying PCa cells undergoing anti-
androgen treatment shows consistent cellular response across different stages of anti-androgen
treatments. For example, the upregulation of NEPC markers like PEG10, CHGA and SYP has
been observed after ADT (149) as well as after 2"? generation anti-androgens like enzalutamide
and abiraterone (397). These findings are consistent with in vitro data showing concordance in
gene expression patterns across multiple publications exposing AR-driven PCa cell lines to
androgen depravation conditions (CSS) or exposing them to AR inhibitor enzalutamide (145,
307, 398). Research conducted over the past few years has identified notable drivers of
transcriptional programs leading to NEPC. Adapting the research done with SCLC on drivers
such as N-Myc (151), SOX2 (153), EZH2 (154) and BRN2 (295), several researchers are
studying their relevance to molecular mechanisms of NEPC in prostate cancer. In summary, the
landscape of NEPC research can be segregated into the following groups: oncogenic over-
expression models, tumor-suppressor knockout models and anti-androgen treatment models
(Table 6-1).

Table 6-1: Models of NEPC

Over-expression Knockout Anti-androgen
nMYC + myrAKT TRAMP Castration PDX model
LNCaP nMYC p537 Rbl”" pTEN-/- LNCaP serial transplant (Enz)
PTEN-/- p53-/- combined with abiraterone treatment

SRRM4 overexpression + knockout of p53 and Rb1
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While the over-expression models demonstrate the capability of these proteins to drive
NE-differentiation, the primary factor in the rise of NEPC diagnosis has been the powerful anti-
androgen treatments. Therefore, the majority of this thesis utilized the model developed from
serial transplantation of LNCaP cells under pressure of enzalutamide, attempting to mimic the
“natural progression” to NEPC. The increased expression of master neuronal transcription factor
BRN2 observed in this model was in concordance with the castration PDX model and terminal
NEPC patients. BRN2 expression was shown to be required and sufficient to induce NE-
differentiation as well as promote resistance to enzalutamide. The results in Chapter 2 also
demonstrate that in this model, BRN2 maintained uni-directional control over SOX2 expression
and could drive NE-differentiation in the absence of SOX2. It is likely that SOX2 is more
involved in maintenance of the CSC phenotype observed during AR pathway inhibition. Most
importantly, targeting BRN2 reduced proliferation of 42DEN“R cells and NEPC NCI-H660 cells in
vitro as well as 42FENZR cells in vivo. Prompting the use of in silico modeling for rational drug
discovery of small molecule BRN2 inhibitors (Chapter 4).

Historically, use of GEM mouse models, which serve as a gold standard for illustrating
specific biological processes and while reasonably comprehensive, Chapter 4, requires several
key experiments to cement the role of BRN2 in NEPC. A few possible experimental avenues
exist, for example similar to the experiments done by Lee et al. with N-Myc (142), BRN2 over-
expressing prostatectomy tissue may be implanted into immune-compromised mice and NE
markers evaluated by IHC. Moreover, generation of engineered mice with prostate specific K/O
of BRN2 may be fruitful as they could be crossed with TRAMP mice to see if the rate of NEPC is
reduced upon castration. Alternatively, the BRN2i developed in chapter 5 may also be utilized
for the same experiment. These experiments are beyond the scope of this thesis, but they are

intriguing research strategies for the future.

Targeting BRN2 in NEPC

In order to design the first-ever small molecule inhibitor for BRN2, we employed in silico
homology modeling based on the DBD crystal structures of other POU domain proteins. Other
than the POUS and POUY domains in the DNA binding region, BRN2 lacks defined protein
domains (399) leading us to adopt the unorthodox approach of targeting the DBD. Positive hits
from the modeling were subject to a series of exclusion criteria prior to designation as a “hit”.
The selection pipeline and the in silico modeling were validated as the hits produced
recapitulated many of the effects of BRN2 inhibition characterized in chapter 4. Specifically,
BRN2i treatment reduced proliferation in BRN2" 42DENZR cells and NCIH660 cells and had no
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effect on BRN2'"% 16DCRPC cells. The compounds downregulated NEPC markers, BRN2 target
genes and most importantly, synergized with AR pathway inhibition to reduce NE-differentiation
and cell proliferation. The consistency in the gene expression patterns between the two different
chemical scaffolds display their specificity to BRN2. The on target nature of the molecules was
further consolidated as other downstream effects like cell cycle arrest pattern and recovery of
p21 was consistent across multiple siRNA as well as CRISPR/Cas9 knockouts.

If/When, a clinically usable molecule is designed; the stage of PCa where it is used will
be an important topic to consider. While use at terminal NEPC is a reasonable first step, the
option of early usage in combination with AR pathway inhibition will be an important
consideration. As mentioned previously, NE-differentiation occurs after both ADT as well as
after enzalutamide and abiraterone. The evaluation of these combination treatment regimens
was mentioned in section 5.3 as an important part of the pre-clinical development of these
molecules. Beyond PCa, BRN2 expression/activity has been implicated in several other disease
like SCLC (294, 295), GBM (289) and Melanoma (291). These compounds will also serve as
important tools to test relevance of BRN2 as a therapeutic option in these patients.

Typically, most targeted therapies used in the clinic are met by a predictable reaction,
mutations in the target protein (400). Theoretically, targeting the DBD of transcription factors
provides the advantage that the pool of possible mutations would decrease, as mutations in the
DBD may compromise the activity of the protein itself. Importantly however, this strategy is not
exempt from mutations that render the molecules inactive and continued research will be
required to predict/identify these mutations and prepare appropriate responses. As a head start,
the lead optimization mentioned in section 5.3 will be conducted on several different chemical
scaffolds simultaneously in order to have 2" and 3 generation compounds ready for
evaluation. The identification of these tool compounds also opens up several other strategies to
target BRN2, for example, the compounds can be used as a hook for membrane anchoring as
previously used for STAT3 (401). They may also be utilized to force interactions between BRN2
and E3 Ubiquitin ligases creating a “degrader” molecule with PROTAC technology (402).

The data presented in chapter 5 are promising but preliminary, and in addition to the
future directions discussed in section 5.3 there are several key limitations that need to be
addressed. Chief among them is the possibility of binding of BRN2i to other members of the
POU3F family of proteins. BRN2 (POU3F2) shares 59%, 66% and 65% sequence homology to
POU3F1, POU3F3 and POU3F4 respectively. Fortunately, the 42DEN?R cells do not express any
detectable levels of POU3F1, POU3F3 and POU3F4 at mRNA and protein levels, providing

supporting evidence about the specificity of the effects observed in 42DEN?R cells. However, this
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does not eliminate possibility of binding to those family members and will require experimental
confirmation. Furthermore, DARTS and BLI binding experiments are insightful but provide
limited details about the binding of the inhibitors. As such, co-crystallization of BRN2i with the
DBD of BRN2 will provide a more conclusive answer to the binding properties of these
inhibitors.

In addition to the biophysical assays, another possible point of contention is the
possibility of on-target toxicity. In an adult human, the expression of BRN2 is restricted to cells
types present in the brain. Statistically, almost 99% of small molecules do no readily cross the
blood brain barrier (403) and the brain should remain un-exposed to BRN2i. BRN2 however
plays a crucial but redundant role in Schwann cell maturation (404). The duration and intensity
of any possible side effects stemming from BRNZ2 inhibition in Schwann cells will need to be
characterized flawlessly through in vivo toxicity experiments, both in acute and chronic

timeframes.

Prostate Cancer Cell Plasticity: EMT + CSC + NE

As supporting evidence for cell plasticity post AR pathway inhibition mounts, a bird’s eye
view of the field reveals many intersecting lines of evidence between EMT, CSC and NE
phenotypes across years of research. For example, IL-6 signalling inducing NEPC, initially
investigated by Cox and colleagues has not only been reproduced, the major pathway effector
STATS3 directly contributes towards enzalutamide resistance (405) and NE-differentiation (406).
Evidence supporting importance of STAT3 in EMT and CSC processes across the entirety of
cancer research is also considerable (407, 408). Another signaling node becoming increasingly
apparent is the transcription factor Snail. Traditionally considered to be a driver of EMT due to
its E-cadherin suppressing capabilities, its role in CSC phenotype was discovered by several
different research groups. In 2010, Mckeithen et al. showed that over-expression of Snail in
LNCaP cells triggered neurite formation and upregulation of NEPC markers CHGA and NSE
(409). Snail is also AR suppressed gene (410) that is upregulated during NEPC
transdifferentiation and co-operates with and another key NEPC protein PEG10 to promote the
aggressiveness of NEPC (122).

In addition to NE phenotype, BRN2 itself has many studies examining its’ role in
metastasis (EMT/P) (291, 411) as well as maintenance of CSCs across several cancers (289,
412). The upregulation of CSC phenotype/genes within NEPC models is also common. In 2016,
an excellent study uncovered that NEPC tumors are enriched for signatures resembling
CD49F*/TROP2* prostate cancer stem cells (413). N-Myc overexpression derived LASCPC-01
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cells retain remarkable tumor initiating capacity and most importantly, have the ability to give
rise to both Adenocarcinoma and NEPC tumors (142), providing near impeccable evidence for
NEPC cells with CSC characteristics as they give rise to multiple lineages. Within the LNCaP
enzalutamide resistance model used throughout this thesis, the 42DEN?R and 42FENZR cells also
display enhanced tumor initiating ability and are enriched for CSC phenotype (414, 415).
Moreover, xenografts of DU145 cells sorted for CSC marker CD44 cells gave rise to tumors that
are E-cadherin negative, Vimentin positive (EMT) and CHGA positive (NEPC), showcasing the
intertwined relationship between these plasticity pathways (416, 417). Correlative clinical
evidence of these overlapping cell states was measured by immunohistochemistry as
prostatectomy samples show positive association between terminal NEPC marker CHGA with
well established CSC proteins CD44 and OCT4 (418).

Once again, it would be tempting to speculate that upon inhibition of an identity defining
protein like the Androgen Receptor, it may be possible that PCa cells exist in a gradient-like
state with Adenocarcinoma at one end and a meta-stable cell type sharing EMT, CSC and NE
properties at the other. Following this, trigger events in specific combinations and/or sequence
may dictate whether resistant tumors become Adenocarcinoma, IAC, DNPC or NEPC tumors

observed in patients (Figure 6.1).

Possible Trigger Events
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Figure 6.1 — Proposed model of PCa disease transformations:
The schematic above attempts to identify key components in a proposed roadmap of prostate cancer

cell response to AR inhibition leading up disease stages presented in patients.
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As 2" generation anti-androgens are moved earlier in the treatment landscape (given
with LHRH agonist/antagonist), PCa patients may present with these disease states at an
earlier time. As treatments are developed for each of these sub-types of PCa, an important
future research direction will be unraveling the relationship between the IAC, DNPC and NEPC
disease states. Understanding these processes further will aid in designing rational combination
treatment strategies that may ultimately abolish the paths leading IAC/DNPC/NEPC and greatly
improve PCa patient survival.
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