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Abstract

While androgen receptor pathway inhibition (ARPI) has significantly increased the survival of
metastatic prostate adenocarcinoma (AdPC), accumulating evidence suggests that AdPC can
change to a more aggressive subtype, called treatment-induced neuroendocrine prostate cancer (t-
NEPC). T-NEPC is androgen receptor (AR) indifferent, and shows a neuroendocrine-like
phenotype. Few targeted therapy is currently available for t-NEPC. It is imperative to identify

biomarkers for early detection of t-NEPC and molecular targets for drug development.

In this work, using whole transcriptome sequencing on t-NEPC from two independent patient
cohorts, we have identified a t-NEPC specific splice signature that is predominantly controlled by
the RNA splicing factor, serine/arginine repetitive matrix 4 (SRRM4). We have found that SRRM4
is highly expressed in t-NEPC and is strongly correlated with t-NEPC biomarker expression.
Significantly, we have, for the first time, shown that SRRM4 can transform LNCaP
adenocarcinoma cells into t-NEPC xenografts. We also confirmed that one of SRRM4 target genes
was the REL1 silencing transcription factor (REST), a key regulator of neurogenesis. Moreover,
The ARPI combined with a gain of SRRM4-induced adenocarcinoma cells to assume multicellular
spheroid morphology, and this was essential in establishing progressive NEPC xenografts. We
also identified a BHC80 splice variant, BHC80-2, that functions as a key facilitator of t-NEPC

development. Functionally reprogrammed by the SRRM4, BHC80-2 does not confer the NEPC



phenotype to cancer cells, but rather stimulates cell proliferation and invasion to accelerate tumor
progression. In contrast to the epigenetic role of BHC80 in histone demethylation, we defined a
novel non-epigenetic action of BHCB80-2, whereby cytosolic BHC80-2 proteins trigger the
MyD88-p38-TTP pathway to increase the RNA stability of a set of tumor-promoting cytokines.
Blocking BHCB80-2 signaling suppresses NEPC cell spheroid growth, identifying BHC80-2 as a

potential therapeutic target for t-NEPC.

Overall, my doctoral studies confirmed that SRRM4 is both a biomarker and a driver of t-NEPC
by regulating tumor cell growth and metastasis in addition to its previously reported roles in
neuroendocrine differentiation. Our studies not only enhance our understanding of the mechanisms
of NEPC development, but also provide insights for personalized medicine-based strategies for

prostate cancer patients.



Lay Summary

Prostate cancer affects one in every seven men in developed countries. The primary treatment for
advanced prostate cancer patients is hormonal therapy. However, recent findings indicate that this
treatment can facilitate tumor transformation into a more aggressive type of cancer, called
treatment-induced neuroendocrine prostate cancer (t-NEPC). In this research, we have identified
a gene named SRRM4, which is highly expressed in t-NEPC tumors. Significantly, our studies
have, for the first time, shown that SRRM4 is a powerful driver of NEPC, and patients who have
SRRM4 expression are more likely to progress into NEPC. | also identified a SRRM4-target gene
called BHC80. In t-NEPC patients, the BHCB80 gene generates an unusual variant called BHC80-
2 which can facilitate t-NEPC progression. Therefore, SRRM4 has the potential to become a NEPC
biomarker and a therapeutic target. This information may aid detection of t-NEPC and direct drug

development for t-NEPC.
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All the work presented in this dissertation was primarily completed by me under the supervision
of Dr. Xuesen Dong. Together with Dr. Dong, | developed the projects and designed the
experiments. All the in vitro experiments were performed by me except for the ChIP, RNA-seq
and pathologic assays. | performed most of the in vivo experiments with the help of Mary Bowden
and Hui Xue. RNA-seq analysis is performed by Dr. Nilgun Donmez, Dr. Cenk Sahinalp, and Dr.
Colin Collins. Pathologic assays are performed by Dr. Qingfu Zhang, Dr. Ladan Fazli, and Dr.
Jiaoti Huang. | contributed to all the other data collection and analysis. The content of this
dissertation contains four original research papers. Chapter 3 is based on a manuscript published
in Prostate [Yinan Li, Qingfu Zhang, Jessica Lovnicki, Ruigi Chen, Ladan Fazli, Yuzhuo Wang,
Martin Gleave, Jiaoti Huang, and Xuesen Dong (2018) SRRM4 Gene Expression Correlates with
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BHCB80 Gene Facilitates Neuroendocrine Prostate Cancer Progression” [Yinan Li, Ning Xie, Ruiqi
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Chapter 1: Introduction

1.1 Prostate cancer

1.1.1 Overview

Prostate cancer (PCa) is the most common malignancy, and is the top-rank leading cause of cancer-
related death in males worldwide. About 1.5 million patients were diagnosed with prostate cancer,
and more than 336,000 deaths were PCa-related globally in 2015, according to the Global Burden
of Disease Study" 2. Based on the Canadian Cancer Statistics of 2017, PCa affects one in every
seven Canadian males, and is the third leading cause of cancer-related death in men
(https://www.canada.ca/en/public-health/services/chronic-diseases/cancer/canadian-cancer-
statistics.html). The incidence of this disease will increase with gains in life expectancy, creating
a perpetual health and financial burden on our health system. It is of great importance used as a

biomarker to improve PCa diagnosis, treatment, and management.

Although surgery and localized radiotherapy can cure the majority of early stage PCa, around 30%
of patients will progress to an aggressive disease state®. The next generation of Androgen Receptor
Pathway Inhibition (ARPI) therapies for locally aggressive or metastatic PCa, on average leads to
remission lasting 2-3 years before the disease inevitably progresses to a treatment-resistant stage,
which is associated with poor prognosis, and poses considerable therapeutic challenges* °.

Emerging evidence suggests that at least one quarter of acquired drug resistance is driven by



lineage plasticity and phenotype alternation of PCa cells. In this scenario, PCa cells have
undergone cellular reprogramming to adapt to ARPI treatments, to lose prostate specific antigen
(PSA) expression, and to acquire a continuum of neuroendocrine (NE) phenotype. These highly
aggressive and lethal tumors, are termed treatment induced neuroendocrine prostate cancer (t-

NEPC).

This thesis aims to provide a contribution to the understanding of the mechanisms of t-NEPC

development, and to provide insights for personalized medicine-based strategies for PCa patients.

Treatment naive PCa ARPI CRPC-Adenocarcinoma

Low AR
activity

T-NEPC

Cell death

» Double negative

Figure 1.1 Prostate cancer progression under ARPI treatment

1.1.2 The prostate

Human prostate development is initiated during the first 10-12 weeks of gestation. During this



period, androgen activates the androgen receptor (AR) signaling of urogenital sinus mesenchyme
(UGM), and promotes epithelium (UGE) budding, epithelial morphogenesis, and differentiation®
7. After the maturation of the prostate stroma, the epithelial-mesenchymal interactions further
induce the UGE to differentiate into several distinct cell lineages, including luminal cell and basal
cell, while the UGM differentiates into prostatic smooth muscle cells and fibroblasts® °. The origin

of the benign NE cells is still controversial®.

Cells of different lineages usually have different morphology, and express distinct lineage
biomarkers. In the adult prostate, the luminal cells are columnar, and express cytokeratin 8 and 18.
These cells are also expressed and secrete PSA. The basal cells are localized along the basement
membrane of the ductal lumen, and express cytokeratin 5 and 14. In addition, NE cells are scattered

within the basal epithelial cells, are mostly non-proliferating, and express NE peptides.

. ‘ o————— Mesenchymal cell

e .
. ® % Basalcell

' ‘ }=~ Epithelial cell

2 | uminal cell —

y
@ .
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Figure 1.2 Prostate tissue structure

The adult prostate has three zones with different histological characters! 12, The peripheral zone,
which includes lateral and posterior parts of the prostate, accounts for 70% of the prostatic tissue.
Most PCa arise within this region®. The transition zone enfolds the urethra and is prone to
developing benign prostatic hyperplasia (BPH). Finally, the central zone is between the

peripheral and transition zones, and is comprised of 20-25% of the prostate.

2 { ) -
Bladder Base of

prostate

__Seminal @ Peripheral zone
> _vesicle

e Central zone
|_Prostate
gland

o Transitional zone

Apex of prostate

Anterior prostate \

Urethra
Figure 1.3 Basic prostate anatomy

Copied from https://www.harvardprostateknowledge.org/prostate-basics with permission

Functionally, the prostate gland can secrete prostate fluid, and helps to expel semen during
ejaculation®®. The prostate fluid contains various enzymes that increase the mobility of sperm; one
of the most notable enzymes is PSA, which is used as a biomarker to diagnose PCa'®. PSA
secretion, as well as the growth and differentiation of the prostate, have been shown to be regulated

by androgens and AR signaling'’-°.


https://www.harvardprostateknowledge.org/prostate-basics

1.1.3 Prostate carcinogenesis

Three major risk factors, including age, race, and family history, are associated with PCa risk?°.
Age is the most significant factor, as most PCa cases are diagnosed in patients over age 6521 22,
During the aging process, Stochastic mutations, gene fusion, oncogene amplification, or
rearrangement caused by DNA-replication errors, along with environmental factors, such as
chronic inflammation, could lead to oncogenic cellular processes such as hyper-proliferation, cell
de-differentiation or trans-differentiation, and disruption of biological barriers?>?’. Moreover, men
with a family history of PCa have around 6-12 times the risk of PCa, when compared to those who
do not have a family history of PCa?®. It is also reported that black men have a 60% higher PCa
risk, when compared to their counterparts globally?®. In addition, other factors such as germline

mutations, and a high fat diet also contribute to PCa risk3%-%,

1.1.4  Androgen receptor signaling and prostate cancer

The growth and survival of primary PCa depends on androgen and AR signaling. AR is a nuclear
transcription factor belonging to the steroid receptors superfamily®*. The AR exerts its cellular and
physiologic effects through binding to androgen using its ligand-binding domain (LBD), which
allows it to be imported into the nucleus, where it recruits co-regulators to androgen-responsive

elements, and subsequently results in either promotion or repression of the downstream target gene



transcription®®. Upon ligand binding, the AR can also activate Src through direct interaction®®, and
promotes non-genomic action of the AR on gene transcription. In addition, the AR and its co-
regulators can be phosphorylated, which leads to activation of the AR in androgen deprivation

conditions®’.

1.1.5 Diagnosis and treatment of primary prostate cancer

Early stage PCa is usually asymptomatic due to its small size and slow growth, in contrast to
invasive and metastatic PCa 38 3%, which is characterized by frequent and painful urination, weight
loss, fatigue, and pelvic or lower back pain. So far, digital rectal examination and serum PSA levels
are the most widely used methods to scan for, and detect early stage PCa®%42. PSA, also known as
human kallikrein peptidase 3(KLK3), is a member of the kallikrein gene family, and is regulated
by androgen and AR signaling®. It is believed that elevated PSA levels in serum are probably
caused by the disruption of the prostate cellular architecture, which diffuses PSA into blood
circulation®. However, PSA has shown serious limitations and inconsistency as a diagnostic and
prognostic marker for prostate cancer. In fact, PSA is not a cancer-specific, but an organ-specific
marker. It can also rise due to other conditions such as BPH and prostatitis. Additionally, the
correlation of PSA level with prostate cancer severity is rather weak, which undermines its use for

disease grading®.



According to the newest European Association of Urology (EAU) guideline, prostate biopsies,
guided by ultrasound or magnetic resonance imaging (MRI), are suggested once PCa is suspected®®
41, This systematic biopsy procedure would include a minimum of 12 core samples. Tissue samples
from biopsies should be further evaluated via histopathological assessment by pathologists.
Immunohistochemistry (IHC) staining of specific biomarkers such as Ki-67 may help with the

diagnosis and evaluation®,

The Gleason Grading system is the most widely used histopathological grading and classification
system of PCa. It includes 5 grades (1: well-circumscribed nodule of closely packed glands, 2:
nodule with more loosely arranged glands, 3: small glands with an infiltrative pattern between
benign glands, 4: large irregular cribriform glands, 5: solid nests of tumor with central
comedonecrosis) based on tissue histology, followed by combining the primary pattern (most
predominant) and secondary pattern (second most predominant) to produce Gleason scores ranging
from 2-10* %6, Currently, Gleason scores higher than 6 are considered PCa, and Gleason scores
>8 refer to a high-grade, aggressive disease with a poor prognosis* #’. In 2015, a new Gleason
group system was suggested. The Gleason groups range from 1-5 (group 1: Gleason 5 and 6, group
2: Gleason 3+4, group 3: Gleason 4+3, group 4: Gleason 4+4 and group 5: Gleason 9 and 10) with
5 being the most aggressive, with the worst prognosis*®“°. In addition to Gleason groups, the TNM

system indicates the carcinoma staging, location, invasion, and metastasis of the tumor®. Within



the system, T (1-4) refers to the tumor within and immediately adjacent to the prostate tissue, N
(0-1) describes lymph node metastasis stage, and M (0-1) refers to the presence of distant
metastasis. According to the newest guideline, nucleotide-based tests such as PCA3 level,
Genomic Prostate Score, and Cell Cycle Progression Score may also be taken into consideration

in PCa evaluation?? 5156,

According to the EAU guidelines, treatment options for low and intermediate risk PCa include
active surveillance (particularly in low risk Gleason 6 PCa), surgery, and radiation therapy®’ °8,
Patients who choose active surveillance are monitored with DRE and PSA testing twice or four

times a year, and repeated prostate biopsy every year®®.

Patients with high-risk PCa (Tumor stage >T2c, Gleason group >3, and/or PSA>20 ng/ml) and a
life expectancy of at least 10 years are recommended to receive therapies such as surgery and

radiation therapy with neoadjuvant hormone therapy (NHT)®?: 6%,

1.1.6 Recurrent advanced prostate cancer and androgen pathway inhibition therapy.
Although surgery and radiation therapies effectively cure most localized PCa, about 20-30% of
cases that have undergone these therapies will progress to advanced stages within 5 years®. PCa

recurrence is defined by re-rising PSA levels after radical prostatectomy (biochemical relapse) or



by metastasis of the disease that is detected by MRI and positron emission tomography (PET)
scanning®. First line treatment for locally advanced, recurrent, and metastatic PCa is ARP1%3%°,
ARPI targets AR-mediated functions by suppressing the production of androgens (such as
abiraterone acetate)®® ¢’ and/or androgen binding to the AR ligand-binding domain (such as
enzalutamide)®®°, to achieve medical or surgical castration. Despite being effective initially,
virtually almost all patients will develop biochemical and clinical treatment resistance in

approximately 2 to 3 years, leading to a lethal, castration resistant prostate cancer (CRPC) stage®®

68

1.2 Treatment-induced neuroendocrine prostate cancer

1.2.1 Castration resistant prostate cancer

CRPC is defined by consecutive rises in serum PSA levels and/or tumor metastasis following
surgical or medical castration. Upon diagnosis, CRPC patients have approximately 2-3 years of
median overall survival™* 2, Even though recently approved ARPI therapies such as enzalutamide
and abiraterone have shown improvements in the total survival of CRPC patients, the benefits are
temporary, since resistance to these drugs eventually occurs. Clinical studies have revealed that
the gain in median survival after docetaxel and enzalutamide is only 4.8 months, and after
abriaterone is merely 3.9 months® %, Several mechanisms have been proposed by which the

CRPC tumors evade ARPI: 1) AR-dependent CRPC with alterations in the AR, such as AR gain-



of-function mutation, amplification, alternative splicing, and activation of co-actors that restore
AR signaling"®, and 2) AR-dependent CRPC with bypass or crosstalk mechanisms through
glucocorticoid receptor (GR) overexpression, PI3K/AKT pathway alternation, and other
mechanisms® 81, These tumors cover the majority of CRPC, and retain their AdPC phenotypes.
However, it has been increasingly recognized that a subset of CRPC tumors can evade ARPI
therapy through another mechanism, through which the tumors lose the luminal-epithelial
phenotype, and show lineage plasticity, which makes the tumor bypass the dependency on the AR
signaling. These tumors are AR “indifferent”. In fact, accompanied with the applications of more
potent ARPI drugs, there is an increased incidence of tumor cells switching lineage from luminal-
epithelial to neuroendocrine, during which tumor cells’ lose their luminal characteristics, and
acquire NE features®. These tumors are usually highly aggressive and metastatic®°, No effective
therapies are currently available for this subtype of CRPC, besides platinum-based systemic
chemotherapy®®. Another rare subtype of AR indifferent tumors, which was recently reported is a
“double-negative” tumor. This kind of tumor shows no AR expression or characteristics of NE

lineage. So far, how PCa cells choose their lineages to either AdPC or NEPC remains unknown.
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Figure 1.4 Different subtypes of castration-resistant prostate cancer

How CRPC tumors evade ARPI: 1) AR status alterations such as AR gain-of-function mutation,
amplification, alternative splicing, and activation of co-actors that restore AR signaling. 2)
Bypass or crosstalk mechanisms through GR overexpression, PI3K/AKT pathway alternation,
and other mechanisms. These tumors retain their AAPC phenotypes. 3) Switching lineage from
luminal-epithelial to neuroendocrine. 4) Becoming a “double-negative” tumor. This kind of

tumor shows no AR expression or characters of NEPC.

1.2.2 Characteristics of t-NEPC

In a clinical setting, the definition of NEPC is based on the presence of small cell neuroendocrine
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carcinoma (SCNC) morphological features, which include a proliferation of small cells with
unique and strict morphological features, scant cytoplasm, finely granular ‘salt and pepper’
chromatin, absent or inconspicuous nucleoli, poorly defined borders, and a high mitotic count. The
small cell morphology accounts for about half of diagnosed t-NEPC®’-%%. Morphological variations
of NEPC also include usual prostate adenocarcinoma with NE differentiation, adenocarcinoma

with Paneth cell NE differentiation, carcinoid tumor, large cell neuroendocrine carcinoma, and

82, 87,90

mixed neuroendocrine carcinoma-acinar adenocarcinoma

Nadal, R. et al. Nat. Rev. Urol. 11, 213-219 (2014)
Figure 1.5 Different pathological characteristics of neuroendocrine prostate tumors
A) Adenocarcinoma of the prostate with focal neuroendocrine differentiation. B) Adenocarcinoma
of the prostate with Paneth-cell-like changes. C) Primary prostatic carcinoid tumor. D-E) Prostatic
small-cell carcinoma. F) Large-cell neuroendocrine carcinoma of the prostate.
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Diagnosing t-NEPC by morphological characters can be challenging because the transition from
AdPC to t-NEPC is not an acute process, and involves sequential molecular and morphological
alterations, resulting in multiple intermediate transitional phenotypes® . Early stages of t-NEPC
may consist of scattered tumor cells expressing NE markers, admixed with AdPC cells with minor
morphological changes. On the contrary, later stage t-NEPC often presents with SCNC
morphology and NE marker expression throughout the tissue. However, even these distinct
morphological characteristics of SCNC can still overlap with poorly differentiated Gleason pattern
5 AdPC that have a solid pattern without glandular structures with central necrosis®® ®2, In addition,
tumor cell morphology can be more complex when treated with ARPI, radiation, and chemical
therapies. Under these circumstances, detecting NE markers such as synaptophysin (SYP),
chromogranin A/B (CHGA/CHGB), CD56, and neuronal-specific enolase (NSE), using IHC
techniques are often used to facilitate the diagnosis. NEPC is positive for one or more NE markers
in almost 90% of cases®?. Usually there is low, or no, PSA /AR expression in NEPC. However,
during the NEPC trans-differentiation process, The AR and PSA can be positive®®. Through
analyzing 604 samples from four different RNA-seq prostate cancer data sets, researchers have
proposed a bioinformatics-based diagnosis system called integrative NEPC score by weighting
expression levels of genes associated with NEPC%. However, this method is highly dependent on

the pathological diagnosis of the samples used to train the model. So far, there is no universal NE

13



marker profile that can be used as a “gold standard” to diagnose t-NEPC. These findings highlight

the importance of identifying new reliable NE markers of t-NEPC.

1.2.3 T-NEPC is an emerging clinical challenge

Primary (de novo) NEPC is extremely rare and only accounts for ~0.5-2% of all PCa®. However,
our research focuses on treatment-induced NEPC (t-NEPC). T-NEPC is distinct from primary
NEPC, because patients with these tumors usually have a history of, or concomitant, typical
prostatic adenocarcinoma, and have received single or multiple rounds of ARPI, radiation therapy,
or chemotherapy®’. It is estimated that t-NEPC accounts for 13-17% of total CRPC® 8.93.96 T.

NEPC is an emerging clinical challenge for several reasons:

1) It is under-diagnosed, and it is therapy-induced. The diagnosis of t-NEPC requires the
evaluation of histological features and NE markers of tumor biopsies. However, patients with
metastatic PCa rarely undergo biopsies. In addition, PSA is a commonly used biomarker to monitor
the efficacy of ARPI to AdPC. No/low levels of PSA in t-NEPC also often render it under-

recognized until it is at a later stage of development.

2) T-NEPC is highly aggressive and metastatic. The tumors have a high Ki-67 index, and the

majority of patients have lymph node/distal metastasis at the time of diagnosis®’. Therefore, the
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median survival of t-NEPC patients is only ~ 7 months after the diagnosis is confirmed®.

3) T-NEPC is also under-studied. Because it is under-diagnosed, t-NEPC has not drawn much
attention to itself, until recent reports from Science, Cancer Cell, and Nature Medicine emerged
on t-NEPC® 99192 5 few years after enzalutamide and abiraterone were utilized as clinical
treatments!®®, How t-NEPC develops remains largely unknown, although several targeted
therapies for t-NEPC have been studied, as led by an aurora-A kinase (AURKA) inhibitor
MLN8237 (NCT01799278) in phase Il clinical trials. EZH2 inhibitors are also being evaluated in
pre-clinical models for t-NEPC; beyond systemic chemotherapy, no targeted therapy is available
in clinical application now. The lack of therapies reflects our limited knowledge of the molecular
underpinning of t-NEPC development. To overcome these barriers for t-NEPC management, early

detection of t-NEPC and identification of therapeutic targets are urgently needed.

1.3 Development of T-NEPC

1.3.1 T-NEPC is derived from AdPC

The finding of TMPRSS2:ERG gene fusion by fluorescent in situ hybridization confirmed that
NEPC is prostatic in origin®®. However, a consensus on how t-NEPC is generated has not yet been
reached. Multiple hypotheses have been proposed, including that t-NEPC originates from either:

1) PCa stem-like cells that retain traits of self-renewal, invasion, and resistance to apoptosis under
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hormone therapy®, or 2) AdPC cells undergo NE differentiation, followed by t-NEPC tumor
establishment® 104 105" or 3) benign prostatic neuroendocrine cells acquire tumor genetic
capacity®?’. Using whole-exome sequencing technology, research has revealed that despite distinct
pathologic and clinical differences, t-NEPC and AdPC cells in patients, as well as in PDXs, carry
similar gene mutation landscapes, including the distribution of non-silent point mutations,
polyploidy, and somatic copy-number genomic burden® 1%, These findings support the idea that

t-NEPC originates from AdPC, but is not likely from benign prostatic neuroendocrine cells.

There is less doubt on the opinion that AdPC can acquire the cancer stem cell (CSC) phenotype,
but its involvement in the emergence of t-NEPC is being debated. So far, there is no direct evidence
supporting the idea that t-NEPC arises from the expansion of resident CSCs. However, ARPI was
shown to induce the NE marker expression of PCa cell lines through an intermediary stem-like
state, highlighting that t-NEPC may be transdifferentiated from AdPC via a CSC intermediate

stage.

1.3.2 The lineage plasticity of AdPC cells
Although global genomic features of AdPC and t-NEPC are similar, some specific genomic
alternations are enriched in t-NEPC. T-NEPC has a high frequency of tumor protein 53(TP53) and

retinoblastoma 1(Rb1) gene deletions/mutations (~70-90%) when compared with AdPC (~30-
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50%)%. Recent research results have demonstrated that the loss-of-function Rb1 and TP53 have
been shown to enhance prostate luminal epithelial cells possessing lineage plasticity under
ARPI00. 101, 105 - Tp53/Rp1-deficient cells possess the flexibility to adapt to transitional and
alternative lineages, from luminal to NE-like, basal, or mesenchymal lineage. Lineage plasticity
conferred by TP53/Rb1 deficiency is also supported by the TRAMP transgenic mouse model.
Upon the expression of the transforming region of SV40 large T antigen (SV40 Tag) in the
TRAMP mouse model, AdPC were developed and transformed into t-NEPC as both Rbl, and
TP53, and were inactivel® 97, These mice initially developed well-differentiated AdPC by ~18
weeks, and then progressed to t-NEPC tumors by ~24 weeks'%11° However, TP53 and Rb1 are
also well known as tumor suppressor genes, whose deficiency is also common in AdPC and other
non-neuroendocrine cancers in general. This phenomenon suggests that TP53/Rb1 deficiency
alone is not sufficient to induce NEPC development. Supporting this idea are the DU145 cells,
which are both AR-negative and have non-functional Rbl and TP53, yet do not show NE
morphology and NE marker expression. These results suggest that in addition to the canonical
effects of TP53/Rb1 deficiency that promote cell survival and proliferation, a novel impact of it is
to induce a multi-lineage plasticity state, which provides AdPC cells with a chance to
transdifferentiate, but does not specifically drive them toward t-NEPC. Additional driver genes are
still required to set the direction of NE differentiation of cancer cells toward t-NEPC

tumorigenesis.
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Epigenetic modifiers also play an important role in lineage plasticity. It has been reported that the
DNA methylation status between AdPC and t-NEPC tumors is significantly different. In addition,
the expression of a histone methyltransferase called EZH2 is upregulated in t-NEPC tumors®* %
111 Recent findings have shown that increased EZH2 activity represses AR signaling and promotes
an enhanced activation of the PI3K/AKT pathway to drive t-NPEC development!®2, Although

further studies are required, these results suggest a potential mechanism by which the

reprogramming of the epigenome can drive t-NEPC development.

The expression and function of transcription factors contributes greatly to the generation of t-
NEPC as the transcriptome of AdPC and t-NEPC, and are quite distinct. In Rb1 and TP53 deficient
LNCaP cells, upregulation of transcription factor SOX2 was observed'®?. SOX2 is a putative
development factor that is essential for self-renewal and pluripotency. Knocking down SOX2 can
halt the ARPI-induced lineage plasticity of Rb1 and TP53 deficient LNCaP cells'®. Moreover,
recent studies have reported that a POU-domain transcription factor, BRN2, can significantly
promote NE marker expression and t-NEPC development together with SOX2 in CRPC cell
lines!!2, Heterochromatin protein lo. (HP1lo) promotes NE transdifferentiation and reduces
expression of AR and REL1 silencing transcription factor (REST) through repressing trimethylated

histone H3 at Lys9 (H3K9me3) mark on their respective gene promoters!'3, To date, these findings
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hint at the significance of genetic and epigenetic modifications conferred through the lineage

plasticity of AdPC cells under ARPI treatment conditions.

1.3.3 Alternative splicing

Regardless of their largely similar genomic profiles, our primary research results have found that
the transcriptome and splicing signature of t-NEPC is distinct, when compared to that of castration-
resistant AdPC, indicating that RNA alternative splicing (AS) plays a crucial role in t-NEPC
tumorigenesis*'4. AS is a process that enables a single gene to code for multiple protein isoforms.
In this process, particular exons of a gene may be either included within, or excluded from, the
mature mRNA produced by that gene to generate different splicing variants'’®. Despite the
alternative splicing that occurs within the untranslated region, there are still about 70-88% of AS
events that change the protein amino acid sequence, structures, and biological functions'®118. AS
is a common phenomenon in eukaryotes, where it greatly increases the diversity of proteins that
are encoded by the genome. Notably, in humans, about 30-95% of multi-exonic genes are
alternatively spliced, which allows the human genome to direct the synthesis of many more
proteins than would be expected from its twenty thousand protein-coding genes®'® 12°, suggesting
that AS is one of the most significant components of the functional complexity of the human

genome.
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AS is regulated by a system that includes trans-acting proteins and cis-acting binding motives. The
trans-acting splicing factors can recognize and bind to the specific binding motives, and promote
or reduce the usage of particular splicing sites'?212°. There are numerous modes of alternative
splicing observed, of which the most common are exon skipping and inclusion. In these modes, a
particular exon may be included in mMRNAs under some conditions or in particular tissues, and
omitted from the mRNA in others'!®. The majority of these changes appear to be in-frame!!8, Only
19% of the protein isoforms were shortened due to frame shift''®, AS can have dramatic
consequences on protein structure, localization, and function?®. Whereas differentially regulated
AS events are significantly changed in functionally defined domains of tissue, including surface
accessible and short linear interaction motifs'?’12°, AS events located in these regions are predicted

to alter the protein functions and interactions*°.

Genome-wide analysis of AS is a challenging task. Next generation sequencing technologies have
been used to conduct whole transcriptome analyses, and provide insights into alternative splicing.
For example, results from the use of RNA-seq indicate that an estimated 95% of multi-exonic
genes undergo alternative splicing, with a number of pre-mRNA transcripts spliced in a tissue-
specific manner in humans!?. Expressed sequence tag alignment, combined with bioinformatics
approaches, have also been developed to integrate RNA-seq data to predict alternatively spliced

isoforms®3.: 132, RNA-seq can also be used in in vivo detection of the transient middle product of
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RNA splicing, the determination of branch site sequences, and the large-scale mapping of branch

points in human pre-mRNA transcripts'®,

Abnormal variations in splicing are also implicated in disease. A large proportion of human genetic
disorders result from splicing variants'3+13. Both splicing factors express changes and nucleotide
alterations in splice sites or cis-acting splicing regulatory motives of target genes, leading to
differences in gene splicing modes and splicing variant expressions'??. A study in 2005, involving
probabilistic analyses indicated that more than 60% of human disease-causing mutations affect
splicing-associated sites rather than directly affecting protein coding sequences'®. Another study
in 2011, indicated that one-third of all hereditary diseases are likely to have a splicing
component!®, Abnormally spliced mRNAs are also found in a high proportion of human cancer
cells!®, Combined RNA-Seq and proteomics analyses have revealed striking differential
expressions of splice isoforms from key proteins involved in cancer survival and proliferation
pathways'*°. Interestingly, PCa shows high amounts of aberrant exon skipping and inclusion®32,
indicating the possibility that PCa cells exploit alternative splicing processes to promote tumor

growth and treatment resistance.

Among all human organs, neural tissues have the most complex repertoires of splice variants?®

141 This complexity reflects a growing list of alternative splicing events shown to have important
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roles in neural differentiation. Neural-specific, or enriched splicing factors, such as Nova-1/2, Fox-
1/2, and PTBP2 (nPTB) are reported to contribute to critical processes such as neuronal migration,
synaptogenesis, and neurite outgrowth#? 143, These splicing factors exert their function through
regulating the splicing of downstream receptors and transcription factors'** 145, Whether the

similar mechanism also exists in NE differentiation of PCa, still needs to be demonstrated.

1.3.4 REST in NE differentiation

The repressor element 1 silencing transcription factor (REST) acts as a key transcription repressor
of genes involved in neurogenesis. REST was identified in 1995, as a protein that binds to repressor
element 1 (RE1, also known as neuron restrictive silencer element, NRSE) sequences46: 147,

The REST gene structure in the protein coding region is conserved across humans, mice, and rats.
The REST gene contain five exons and four introns. Exon 1 encodes untranslated regions. Exon 2
codes for the region from the N-terminal translation repressor recruitment region to the end of zinc
finger 4 motif. Exon 3 is a short exon, encoding the spacer between zinc fingers 4 and 5 and the
entire zinc finger 5 motif. The genomic fragment spanning exons 3 and 4 contains a neural specific
exon N. Exon N of the human REST gene is 62bp long and is separated by a relatively large intron
3 from exon 3 and by a 2.5kb intron 4 from exon 4. In the mouse REST gene, exon N is 28bp long,
flanked by introns 3 and 4 of 4.5 and 0.9kb in length, respectively. In both mouse REST and human

REST genes, exon 4 contains the region of REST gene encoding zinc fingers 6-9 and C-terminal
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transcription repressor recruitment region (Figure 1.6)*7.

REST binds to the 21bp RE1 site through eight CoH. zinc fingers!#’. Once associated with the
chromatin, REST-mediated gene repression is achieved by the recruitment of two separate
corepressor complexes, mSin3, and CoREST, in addition to other corepressors such as the histone
H3 lysine 9 (H3K9) methylase, G9a, and the NADH-sensitive corepressor, CtBP26481%3, The
mSin3 complex contains two class | histone deacetylases (HDACs), HDAC1 and HDAC?2, the
retinoblastoma-associated proteins RbAp48 (also known as RBBP4) and RbAp46 (also known as

RBBP7), which are thought to interact with histones™>*1%,

Blocking REST function in vivo results in the upregulation of REST-repressed genes in non-neural
tissues and neural stem and progenitor cells®, whereas REST overexpression represses the
expression of these genes in neuronal cells'®8. In addition, loss of REST was associated with NEPC
progression, in both clinical samples and animal models®™® 1%°, Knockdown of REST by siRNA
also induced neuronal signatures in PCa cells that included NE markers such as SYP, NSE, and N-
Cad, as well as EMT and stemness markers like Twistl and CD44161-163_ Therefore, we propose
the idea that as AdPC differentiates into t-NEPC, REST activity should be suppressed to allow for
the expression of neuronal-specific genes. This suppression of activity is thought to arise in part

from reduced REST transcript levels'*’ and proteolytic degradation®®*. However, the extent to
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which these events affect REST activity, and whether additional mechanisms exist to downregulate

REST in NE differentiation, is not known.

One important mechanism to compromise REST function is through AS. The neural specific exon
N is important in the splicing regulation of REST function. Skipping of this exon is required to
generate full-length REST protein in non-neural cells, whereas its inclusion between exon 3 and 4
leads to a frameshift that introduces a stop codon at the beginning of exon 415166 This splicing
process generates a translating truncated protein isoform, named “REST4” (Figure 1.7). REST4
lacks four zinc fingers and the C-terminal repressor domain, both of which are required for full
DNA-binding and repressive activity of REST. However, the extent to which AS regulation
contributes to the control of REST activity and the splicing factors responsible for producing the

REST4 isoform, were not completely determined.
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Figure 1.6 REST splicing isoforms

Alternative splicing of REST pre-mRNA. The red box indicates the neural-specific exon (Exon
N). Skipping exon N is required to generate the REST protein, whereas exon N inclusion between
exons 3 and 4 leads to a frameshift that introduces a stop codon at the beginning of exon 4. This

splicing process generates the translating truncated protein isoform RESTA4.

It has been reported that transdifferentiation of PCa from AdPC to t-NEPC is associated with the
loss of REST protein. REST has to be recognized as a master regulator in IL-6 induced NE
transdifferention, as its transcription is significantly repressed upon IL-6 stimulation®®’,

Meanwhile, REST protein degradation induced by ARPI as well as PI3K/Akt inhibitors, can
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facilitate a NE phenotype in AdPC cells!®. In conclusion, research to date supports the critical role
of REST in the emergence of the NE phenotype. However, silencing REST alone is not sufficient
to generate t-NEPC tumors, which indicates that other mechanisms may also take part in t-NEPC

development.

1.3.5 Roles of NE differentiation in t-NEPC

Including loss-of-function of REST, AdPC cells can also undergo NE differentiation, induced by
gain-of-function of N-Myc, BRN2, EZH2, HP1a, and SOX2 or loss-of-function of the AR, and
FoxA1101 102, 104, 112,169 - Additionally, AdPC cells can acquire transient NE phenotype, and NE-
like morphology by cAMP, IL-6, ARPI, hypoxia, and radiation treatments in vitro®” 170-174,
However, only few of these factors enable the establishment of t-NEPC xenografts in vivo. These
results emphasize the idea that AdPC cells can acquire NE differentiation through multiple
mechanisms. Conversely, gaining NE marker expression and NE-like morphology are not
sufficient for t-NEPC tumor development. As described above, t-NEPC is driven predominantly
by epigenetic modifications, rather than by genetic changes®® !, suggesting that NE
transdifferentiation is reversible once the driving factors are blocked or compromised!®?. In a
clinical setting, NE marker expression is not associated with overall survival of t-NEPC patients,
indicating that tumors with NE transdifferentiation are still different from highly aggressive t-

NEPC. Other biological changes are needed for AdPC tumors with NE transdifferentiation to
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progress into t-NEPC.

1.3.6 Roles of proliferation in t-NEPC

Development of NEPC tumors is not a quick process. It takes ~6 months in PDXs and ~5-6 years
in patient tumors?®. However, PCa cells with neuroendocrine transdifferentiation were reported
in 30-100% of adenocarcinomas!”™*", indicating that gain of NEPC phenotype is not sufficient
for cancer cells to become NEPC. Acquired growth advantage of NEPC over surrounding AdPC
is essential. While ARPI is necessary for NE differentiation, it alone is insufficient, since only
about 25% of tumors under ARPI treatment are transformed into t-NEPC%. In fact, NE
differentiation often occurs as an adaptive survival mechanism under selective pressure. In vitro
studies have found that NE differentiation of PCa cells was often accompanied by reduced cell
vitality under stimulation. (e.g. ARPI, IL-6, CAMP, hypoxia)’®18, These facts indicate that AdPC
progression to t-NEPC requires not only NE differentiation, but also proliferation. Most AR-
positive AdPC xenografts (e.g. LNCaP, LAPC4) are not destined to become t-NEPC by castration.
NE-like cells from focal NE differentiation regions are non-proliferative, which is in contrast to
those within overt NE differentiation regions that are highly proliferative in TP53/Pten knockout
mice treated with castration surgery'®. These authors propose that a “proliferative switch”
represents a molecular event in the emergence of t-NEPC. Furthermore, multiple factors including

AURKA, PEG10, MEAF6, and Cyclin D1, have been implicated during t-NEPC progression?8-
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184 AURKA is a mitotic kinase that plays important roles in early mitosis by regulating centrosome
function and spindle assembly, thereby promoting cell cycle and proliferation'®®. Upregulation of
AURKA was found in almost all NEPC patients. Interestingly, AURKA overexpression did
neither seem to be able to induce NE markers expression, nor have significant epigenetic impact
to confer the NE phenotype to AdPC at the transcriptomic level®®. Furthermore, the placental gene
PEG10 is a de-repressed gene during the adaptive response to ARPI, and is highly upregulated in
NEPC patient samples and xenografts. PEG10 functionally drives the GO/G1 cell cycle progression
in PCa cells in a TP53-dependent fashion while also promoting cell invasion through the
upregulation of Snail expression via TGF-f signaling. However, PEG10 was not observed to exert
an inductive effect on NE differentiation in AdPC cells!®, Instead of inducing NE differentiation
of AdPC cells, these genes are more like facilitators of cell proliferation, invasion, and metastasis
under ARPI. These findings suggest that AdPC cells may have to gain additional clonal expansion

and tumor formation abilities in order to generate t-NEPC.

In summary, current evidence supports the theory that t-NEPC is derived from AdPC. While
several genomic alternations confer ADPC AR-independent growth by inducing lineage plasticity
of AdPC, in addition to having lineage plasticity, AdPC tumors may require the driver genes to
eventually transform into NEPC and outgrow PCa cells for proliferation and expansion.

Alternation of these driver genes are a strong indication of the early events that lead AdPC to
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progress to t-NEPC, and therefore these genes may serve as t-NEPC biomarkers. Blocking the

functions of these driver genes would also provide avenues for new therapies for t-NEPC.

1.3.7 Therapeutic approach of t-NEPC

Most often, a cisplatin-based combination chemotherapy has been used to treat t-NEPC,
Although the optimal dose has not been established, a phase 11 study of carboplatin and docetaxel,
along with second-line etoposide and cisplatin, in patients with SCNC suggests a high response
rate of short duration to platinum-containing chemotherapies'®’. However, patients become rapidly
resistant to this approach. As the molecular mechanism for t-NEPC becomes gradually unveiled,

targeting therapy may be possible.

The AURKA inhibitor danusertib was once used to treat PCa, but failed in a phase Il clinical
trial®. However, it is not certain whether better response would have been achieved by focusing
on t-NEPC patients, as the majority of t-NEPC tumors have amplified AURKA. Recently, a new
clinical trial, evaluating the AURKA inhibitor alisertib, is on-going for patients with t-NEPC. In
this trial, AURKA and MYCN co-amplification are being explored and used to select patients with

high-risk PCa for early intervention of t-NEPC development®,
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MK-2206 is an oral AKT inhibitor. Within a phase I clinical trial containing a diverse population
of 72 patients including breast, melanoma, pancreas, prostate, colon, esophageal, and small cell
lung cancer, a partial response with a progression-free survival of 6 months was shown in a patient
with t-NEPC, and minor responses were demonstrated in two patients with NE pancreatic
cancers®®. However, more clinical data need to be collected for specific cancer types, and more

homogenous cohorts need to be utilized to determine the clinical effects of MK-2206 on t-NEPC.

Targeting pluripotent stem cell transcription factors could provide opportunities for blocking cell
lineage plasticity, thereby hindering NE transdifferentiation. Treatment with short hairpin RNA

knockdown of SOX2 has been demonstrated to prevent tumor growth in vivo®® 192,

So far, most supportive evidence for t-NEPC targets and corresponding drugs is derived from
preclinical studies, or in vivo models. At the clinical level, there is no direct evidence, and all data
are extrapolated from studies in CRPC. Thus, there is an urgent need for exploitation of emerging

targets through the design and implementation of studies on t-NEPC.

1.4 Thesis theme and rationale
CRPC is the incurable stage of PCa. ARPI brings additional survival to CRPC patients. However,

emerging evidence shows that the highly aggressive subtype t-NEPC becomes more prevalent
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when patients are extensively treated with ARPI. T-NEPC is highly metastatic, with a median
survival rate of less than a year. It expresses no/low levels of AR and AR-regulated biomarkers
such as PSA, therefore it is resistant to ARPI, and difficult to be detected. It is therefore urgent to
identify key factors or signals that drive t-NEPC formation, in order to better prevent, diagnose,

and treat t-NEPC.

Using our bioinformatics tool “COMPAS” to analyze the whole transcriptome analyses of two
patient cohorts, our preliminary work has identified a t-NEPC-specific RNA splice signature that
is predominantly controlled by the RNA splicing factor, SRRM4. SRRM4 upregulation has been
confirmed in t-NEPC patients and patient-derived xenografts (PDXs). In addition, several genes
regulated by SRRM4, such as REST and BHC80, have been reported to play important roles in
cell differentiation and tumor progression. However, analyses of SRRM4 in correlation with
NEPC morphology, along with tumor progression from treatment-naive to t-NEPC, remains

unknown.

The overall goal of this study is to evaluate the role of SRRM4 in t-NEPC diagnosis, and to

decipher the mechanism by which SRRM4 induces NE transdifferentiation, and facilitates t-

NEPC progression.
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Figure 1.7 Diagram illustrating the outline of the thesis

1.5 Hypotheses and specific aims

Based on our previous publications and our substantial preliminary results, we hypothesized that
increased SRRM4 expression in prostate tumors drives AdPC progression to t-NEPC. We have
designed three specific aims to test this hypothesis:

Aim 1. To measure SRRM4 expression and to test its potential to be a diagnostic marker of t-
NEPC

Aim 2. To confirm SRRM4 as a driver of t-NEPC by using PCa cell models

Aim 3. To decipher the mechanisms by which SRRM4 drives AdPC progression to t-NEPC
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Chapter 2: Materials and Methods

2.1 Sample collection and RNA sequencing

For the VPC cohort, prostate tissue was obtained from cancer patients undergoing radical
prostatectomy following a protocol approved by the Clinical Research Ethics Board of the
University of British Columbia. All patients signed a formal consent form approved by the ethics
board. RNA from 100um sections of snap-frozen tissue was isolated using the mirVVana Isolation
Kit (Ambion Cat#:AM1560). RNA sequencing was performed on Illumina HiSeq 2000 at the

BCCA Michael Smith Genome Sciences Centre according to standard protocols.

2.2 Bioinformatics analysis of RNA-Seq data

RNA-Seq reads were mapped with Star'®® using Ensembl gene annotations GRCh37.75 for the
VPC cohort samples. Beltran cohort samples were previously mapped with TopHat'®* using
Ensembl GRCh37.62. Gene expression and splicing analyses were performed using COMPAS.
Gene expression values were quantile normalized in each cohort using the preprocessCore

package in R.

2.3 COMPAS pipeline summary
COMPAS is a bioinformatics pipeline written in Perl and R. COMPAS takes SAM or BAM

formatted files as input. These files can be generated by any splice-read mapper. COMPAS
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processes pairs of samples together and detects alternatively spliced genes between the two
samples using relative exon/junction counts. Each confident splicing event is reported along with
the splicing index (i.e. PSI*®) and the relevant exon/junction coordinates. For each sample,
COMPAS also reports the gene expression values as estimated from the mapped reads. A
manuscript describing the full COMPAS algorithm, including a comparison to similar methods, is
in preparation. COMPAS source is freely available for research use. The source code of COMPAS

is available from https://github.com/nlgndnmz/COMPAS.

2.4 Tissue microarrays (TMAS)

Prostate tumor samples were retrieved from Vancouver Prostate Centre tissue bank and used to
build several TMAs that had been previously reported®® %7, A CRPC TMA contains 64 tissue
cores from 32 patients who had received hormonal therapies and been diagnosed with CRPC. The
recurred tumors were removed by transurethral resection prostatectomy to relieve obstructive
symptoms. Treatment-naive TMAS contains 144 tissue cores from 72 patients who had undergone
radical prostatectomy. A NHT TMA contains 174 tissue cores from 87 patients who received 0-
12 month NHT treatment. This study also includes a patient derived xenograft (PDX) TMA
containing 8 tissue cores from 4 NEPC and 18 cores from 9 AdPC PDXs that were pathologically

evaluated previously*®,
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2.5 RNA insitu hybridization (RISH) and immunohistochemistry (IHC) analyses

A SRRM4 specific RISH probe targeting the 496-835bp of SRRM4 mRNA (NM_194286.3), a
BHC80-1 specific RISH probe targeting the 2048-2084bp of BHC80-1 mRNA
(NM_001101802.1), a BHC80-2 specific RISH probe targeting the 1904-1946bp of BHC80-2
MRNA(NM_016621.3) and a negative control probe (targeting the dapB gene from bacteria) were
designed by Advanced Cell Diagnostic (Hayward, USA). RISH assays were performed by using
the BaseScope™ assay kit following manufacture’s protocol. IHC was performed by using a
Ventana Discovery XT autostainer (Ventana) as we reported!® 197, All stained slides were scanned
by a Leica SCN400 scanner and digital images were evaluated independently by three pathologists

L.F., Q.Z., and J. H.

RISH signal presenting as red dots was evaluated under 40X magnification. SRRM4 RISH signal
was scored as zero if no RISH signal; one if RISH signal was positive in <20% all cells within a
core; and two if RISH signal is positive in >20% of the cells throughout the whole tissue core.
RISH-positive cells with a score of one usually have <=2 RISH dots/cell; RISH-positive cells with
a score of two usually have multiple dots that can merge into dot clusters. IHC scores of CHGA,
SYP, CD56, AR, and PSA were calculated by IHC signal intensity (no, low, medium, and high as
0-3) multiplied by the percentage of positive cells (0-100%). IHC scores >=0.3 are considered as

positive. Ki-67 index was scored by Aperio ImageScope software based on the intensity and the
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percentage of IHC signals according to the manufactory’s instruction (Leica Biosystems).

The histology of tumors is classified as ADPC, SCNC and AdPC with abundant NE cells (AdNE).
AdPC contains tumor cells forming glandular structures. Compared to benign prostate glands,
AdPC glands are smaller, more compact and homogeneous. The tumor cells are large, with
vesicular nuclei and prominent nucleoli. AdPC have rare NE cells. SCNC contain only NE tumor
cell populations that grow as solid sheets, cords or individual cells without glandular formation.
The tumor cells demonstrate NE features including hyperchromatic nuclei, finely granular and
homogenous chromatin pattern, and no nucleoli. Cells have scant cytoplasm and high
nucleus/cytoplasm ratio. SCNC often contain areas of necrosis and crush artifact. Mitotic and
apoptotic figures are frequent. ADNE are more similar histologically to AJPC than to SCNC, but
cannot be classified as typical AAPC or SCNC. These tumors contain mixed cell populations with

a large proportion (>10%) of NE cells.

2.6 Cell lines and cell culture

The LNCaP, PC3, 22Rv1, DU145, NCI-H660 and VCaP cell lines were purchased from ATCC
(Manassas, VA, USA). LNCaP95 cells were a generous gift from Dr. Alan Meeker of Johns
Hopkins University. C4-2, LNAI and 293T cell lines were generously provided by Drs. Rennie

and Buttyan from the VPC. VCaP, PC3, DU145 and 293T cells were cultured in DMEM with 10%

36



FBS, whereas LNCaP, C4-2 and 22Rv1 cells were cultured in RPMI11640 medium with 10% FBS.
LNAI and LN95 cells were maintained in phenol-free RPMI11640 medium with 10% charcoal-
stripped serum (CSS) (Hyclone, Logan, UT, USA). The CSS medium does not contain androgen
and is used to provide the androgen-deprivation condition. NCI-H660 was cultured in HITES
medium (RPMI1640 medium plus 0.005mg/ml Insulin, 0.01mg/ml Transferrin, 30nM Sodium
selenite, 10nM Hydrocortisone, 10nM beta-estradiol and 2mM L-glutamine) with 10% FBS.
LnNE PO cells are LNCaP cells with SRRM4 overexpression and TP53 knockdown. LnNE PO to
P5 cells were maintained in phenol-free RPMI1640 medium with 10% charcoal-stripped serum

(CSS) (Hyclone, Logan, UT, USA).

2.7 Transfection and RNA silencing

Transient transfection of plasmid DNA was performed with the Lipofectamine 3000 (Invitrogen)
according to the manufacturer's protocol. Transfection of siRNA oligos was performed with the
siLentFect Lipid Reagent (Bio-Rad, Mississauga, ON, Canada) according to the provided

protocols.

2.8 Antibodies and Western blot
Total cell proteins were extracted by lysis buffer containing 50 mM Tris pH8.0, 150 mM NaCl,

1% NP40, 0.5% sodium deoxycholate and 0.1% SDS with proteinase and phosphatase inhibitor
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(Roche). Nuclear protein extraction kit (Sigma) was used to isolate cytoplasm and nuclear proteins

according to the manufacturer's instruction. The protein lysis was separated on SDS-PAGE gel

and immunoblotted with antibodies as indicated. Antibodies information are listed in the

supplementary materials. Density of protein bands were measured using Image J software analysis

(NIH, Bethesda, MD, USA). The values of each sample were expressed as a ratio of protein to the

housekeeping protein.

Table 2.1 Antibody information

Name Description Cat No. Company
Actin A2066 Sigma
Flag-tag M5 F4042 Sigma
REST/REST4 EPR2346Y Ab75785 Abcam

RB C-2 SC-74562 Santa Cruz
TP53 (C-19)-R sc-1311-R Santa Cruz
SRRM4 SAB2107518 Sigma
CHGB C-19 sc-1489 Santa Cruz
SYP D-4 sc-17750 Santa Cruz
NSE MAB324 Millipore
SCG3 C-19 sc-1492 Santa Cruz
AR N20 sc-816 Santa Cruz
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E-cadherin H-108 sc-7870 Santa Cruz
BHC80 F9 sc-376844 Santa Cruz
pp38 9211 Cell signaling
p38 9212 Cell signaling
TTP sc-8458 Santa Cruz
MyD88 HFL-296 sc-11356 Santa Cruz
CCL20 MAB360 R&D

CCL2 MABG676-SP R&D
CXCL10 AF-266-SP R&D

TNFa MABG610-SP R&D

2.9 Reverse-transcription and real-time gPCR

Total cell RNA was extracted by TRIZOL reagent (Invitrogen, Burlington, ON, Canada) and tissue
RNA was isolated by mirVana miRNA isolation kit (Invitrogen, Burlington, ON, Canada). All
MRNA were treated with deoxyribonuclease to eliminate DNA resident. Reverse transcription was
performed with random hexamers and superscript II (Invitrogen) according to the manufacture’s

instruction.

Regulated PCR was performed using a Taq DNA polymerase Kit following the manufacture’s
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instruction. Cycling process was 2 minutes at 94°C-followed by 30 cycles of 15 seconds denaturing
at 94°C ,1 minute annealing at 60°C ,30 seconds extending at 68°C and then by 2 minutes at 68°C.
The PCR products were run in 2% Agarose gel containing 0.001% Gel Star. All PCR assays were

carried out using two independent cDNA syntheses.

Real-time gPCR was performed on the ABI PRISM 7900 HT system (Applied Biosystems) using
the FastStart Universal SYBR Green Master mix (Roche) following standard protocol as we
reported. All real-time qPCR assays were carried out in triplicates from three independent cDNA

syntheses. Primer information is listed in the materials.

The relative quantification method has been described before using 18s rRNA as the internal
control genes®®®. For absolute quantification, PCR production of target genes were purified and
quantified by NanoDrop (Thermo Scientific, Wilmington, DE, USA), and their copy numbers were
calculated by copy number (molecules/ul)=concentration(g/ul)/(bp size of double-stranded
product x 660) x 6.022 x 102, A 10-fold dilution series of each product containing the purified
of segments were used as the template for real-time PCR to generate a standard curve of log10
copy numbers of these cDNA template at different dilutions versus the corresponding cycle
threshold value (CT). The absolute quantity of target gene in query samples were calculated by the

standard curve according to their real-time qPCR CT value. Primers information were listed in the
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supplementary materials.

Table 2.2 Realtime gPCR primer information

GENE Sequence

PTPRF(C) F AAGCAGCATGGCCAGATCCG
PTPRF(C) R AGGCCGCTGATAGTGGTTTCATAG
PTPRF(N) F AAGCAGCATGGCCAGATCCG
PTPRF(N) R GCCGCTGATAGTGGTTTCCTGG
MEF2D(C) F GGGGTTAATGCATCACTTGACTG
MEF2D(C) R TGGCTGAGTAAACTCGGCGT
MEF2D(N) F GGGGTTAATGCATCACTTGAACA
MEF2D(N) R TGGCTGAGTAAACTCGGCGT
SPTANL(C) F CCACCAACATCCAGCTTTCC
SPTAN1(C)R GCTCCACGTTCAATGAGGGA

SPTANL(N) F
SPTANL(N) R
GITL(C)F
GIT1(C)R
GITL(N) F

GITL(N) R

ATCCCACCAACATCCAGAGCAAG

GCTCCACGTTCAATGAGGGA

TTCTACCTCTGTGGACGCAAG

AATTCGGATAAGTCAAGGCTGTC

CCACAGATGGCTGACAGATC

TACACGTCCATGGCGAGTT
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SH3GLB1(C) F
SH3GLB1(C) R
SH3GLB1(N) F
SH3GLB1(N) R
MEAF6(C) F
MEAF6(C) R
MEAF6(N) F
MEAF6(N) R
NSMF(N) F:
NSMF(N) R:
NSMF(C) F:
NSMF(C) R:
MON2(N) F:
MON2(N) R:
MON2(C) F:
MON2(C) R:
PTK2(N) F:
PTK2(N) R:

PTK2(C) F:

GCAGAAACTAGAAATTCATCTG

TCTGGTAATCTCTGCTTGAC

AGAGACTGGATTTGGATGCTGCAA

GTTATCTCCTTCAAGGCGAGCTGA

GAATAAAAACCGGCACAGGATTG

AAGGGAAGCAGGGCTCTACA

AATAAAAACCGGCACAGCCC

AAGGGAAGCAGGGCTCTACA

GTAGCCCCTGAACACCGAGAT

TCTGACGACATCCCTATTCGTA

CGTAGCCCCTGAACACCGCTT

TACAGCGTTGACCGTGTGTCT

ATCCAACTATTTGCACCGGC

GCTTTGTGACACGCTGTTTTT

AAATGCAAAATATAATCAGGCG

GCTTTGTGACACGCTGTTTTT

TACATCTCCAAATTGGCCTTCT

GCCCTCAAAAAGCTATGGAATA

ATGTACATCTCCAAATTGGCCT
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PTK2(C) R:

SC3GLB2(N) F:

3GLB2(N) R:

SC3GLB2(C) F:

SC3GLB2(C) R:

ABIL(N) F:
ABI1(N) R:
ABI1(C) F:
ABI1(C) R:
APBBL(N) F:
ABBBL(N) R:
APBBL(C) F:
ABBBL1(C) R:
ATL2(N) F:
ATL2(N) R:
ATL2(C) F:

ATL2(C) R:

CAMTA2(N) F:

CAMTA2(N) R:

GATACTTACACCATGCCCTCAAC

GAGGGCACCACAGGCATAGT

CAGCTCCCAGGGTGCCATAT

GAGGGCACCACAGGCATAGT

AGAAGCAGCTGGGCAGATTT

ATGCTTGGCTTTTAGCCACTT

TCACAAAATAATAGCACCTGCG

GGCTGGTTATTTCCATGCTTGA

TCACAAAATAATAGCACCTGCG

TACGTAGGCAAAGTCCCTCTCT

CAGCTGGAGGATGAGACACTAA

GCTACGTAGGCAAAGTCCCTTC

CAGCTGGAGGATGAGACACTAA

GATGACAGTCTCTGTCGCTGTG

CTGAAACACTATGGGAACAGAG

TTCCTCCATCAAATTATCACCC

TCTTGTGTAACCTTGTCATGGG

GCTGAAATCGCTTCTGTTCATA

GTACAAGCAGCTGACCTGGATT
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CAMTA2(C) F;
CAMTA2(C) R:
ERGIC3(N) F:
ERGIC3(N) R:
ERGIC3(C) F:
ERGIC3(C) R:
REST F:
REST R:
REST4 F:
REST4 R:
SRRM4 F:
SRRM4 R:
SYP F:

SYPR:
CHGB F:
CHGB R:
SCGN F:
SCGN R:

KCNH6 F:

GCTGAAATCGCTTCTGTTCATA

GTTACCGGAAGTACAAGCAGTT

CAGATACTATTGAGCAGTGCCG

AAGCTCTGCAAGTCATGGATCT

GAAGATGCAGGAGCAGAAGAAT

AGCTCTGCAAGTCATGGACGT

TGCGTACTCATTCAGGTGAGA

TCTTGCATGGCGGGTTACTT

GCGTACTCATTCAGTGGGGTAT

GATTAGAGGCCACATAACTGCAC

CACAAGCGACGCAGGTCAT

CGGTGGCGGTGAGACTTTC

GGCCCTTTGTTATTCTCTCGGTA

GGCCATTTCTGAGGCTAAACT

CGAGGGGAAGATAGCAGTGAA

CAGCATGTGTTTCCGATCTGG

GGCCATTTCTGAGGCTAAACT

GGGCTCCTGTTTTACTAACATCA

GTCGCTCCCCAAAACACTTAC
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KCNH6 R:

SYT4F:

SYT4R:

ASCL1 F:

ASCL1R:

SCG3 F:

SCG3 R:

NSE F:

NSE R:

RB1 F:

RB1R:

TP53 F:

TP53 R:

NKX3.1F

NKX3.1R

KRT8 F

KRT8 R

E-Cadherin F

E-Cadherin R

CGAAGAGTTCGCAGAAGCC

ATGGGATACCCTACACCCAAAT

TCCCGAGAGAGGAATTAGAACTT

CCCAAGCAAGTCAAGCGACA

AAGCCGCTGAAGTTGAGCC

GTCTTCATCAACTAGACGGGACT

ACAATCTTGTCAAACACGGCTC

CCGGGAACTCAGACCTCATC

CTCTGCACCTAGTCGCATGG

TTGGATCACAGCGATACAAACTT

AGCGCACGCCAATAAAGACAT

CAGCACATGACGGAGGTTGT

TCATCCAAATACTCCACACGC

CCCACACTCAGGTGATCGAG

GAGCTGCTTTCGCTTAGTCTT

TCCTCAGGCAGCTATATGAAGAG

GGTTGGCAATATCCTCGTACTGT

ATTTTTCCCTCGACACCCGAT

TCCCAGGCGTAGACCAAGA
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18s rRNA F:

18s rRNA R:

BHC80-1 F:

BHC80-1 R:

CCL2 F:

CCL2R:

CCL20 F:

CCL20 R:

TNF F:

TNF R:

CXCL10F:

CXCL10R:

TLR2 F:

TLR2 R:

CCL2 RNA-ChIP F:

CCL2 RNA-ChIP R:

CXCL10 RNA-ChIP F:

CXCL10 RNA-ChIP R:

TNF RNA-ChIP F:

TTGACGGAAGGGCACCACCAG

GCACCACCACCCACGGAATCG

AGTCTTTGAGCCAGAGCGTAAG

CACTGCATTGTATTTTGGAGGA

CAGCCAGATGCAATCAATGCC

TGGAATCCTGAACCCACTTCT

GTGTGCGCAAATCCAAAAC

TTCCATTCCAGAAAAGCCAC

GAGGCCAAGCCCTGGTATG

CGGGCCGATTGATCTCAGC

GTGGCATTCAAGGAGTACCTC

TGATGGCCTTCGATTCTGGATT

ATCCTCCAATCAGGCTTCTCT

GGACAGGTCAAGGCTTTTTACA

TGAATTTTGTTTGTTGATGTGAA

GCAATTTCCCCAAGTCTCTGTA

TTCCAAACACATACAGGAAGGT

TTTGAAAACCATTCAGCACATT

GGAGCCAGCTCCCTCTATTTAT
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TNF RNA-ChIP R: AGCCAAGGCAGCTCCTACAT

RNA-ChIP-BHC80(P1) F: ATGCTAGCCAATGAGGAACACT
RNA-ChIP-BHC80(P1) R: GAAGGGAACAAAAGGGAAAAAC
RNA-ChIP-Control(P2) F: TGCACCACCAACTGCTTAGC
RNA-ChIP-Control(P2) R: GGCATGGACTGTGGTCATGAG

C: Constitutive variant N: Neuro-specific variant

2.10  Construction of REST and BHCB80 minigenes

The human genomic BAC clone was provided by The Centre for Applied Genomics (Hospital for
Sick Children, University of Toronto). It was used as a template to amplify exon 3, exon N, exon
4 and their flanking intron regions of the REST gene (NM_005612.4) and exon 13- 15 plus their
flanking intron regions of the BHC80 gene (NM_001101802.1) by Platinum Taq DNA Polymerase
High Fidelity (Invitrogen). The REST minigene was then used as a template to construct mutant
REST minigenes using a Q5 site-directed mutagenesis kit (NEB). The integrity of the final

construct was confirmed by DNA sequence.

2.11  RNA-immunoprecipitation (RNA-IP) assays
Chromatin of LNCaP and 293T cell transfected with Flag-SRRM4 plasmid were cross-linked with
formaldehyde(10ml PBS+270ul 1% formaldehyde) for 20 minutes at 37°C and sonicated in 300l
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buffer 1 (1% SDS, 10 mM EDTA, and 50 mM Tris, pH 8.0, plus protease inhibitor cocktail). After
centrifugation, the supernatants was add to 2.7ml buffer II, 30pl of the mixture was saved as input.
For immunoprecipitation, 2pg of Flag antibody or control IgG antibody were added to the purified
chromatin sample and incubated overnight at 4 °C. Immunocomplexes were precipitated by adding
50ul of protein A/G agarose beads for 2 hours at 4 °C with agitation. Beads were washed
sequentially for 5 minutes each in 1ml of buffers I1I-VI, as described previously.
Immunocomplexes were eluted by adding 1600pl of elution buffer (1% SDS and 0.1M NaHCO3)
and 50ul RNase inhibitor to beads. 500ul of eluted immunocomplexes were added in 10ul SM
NaCl and subsequently heated for 2 hours at 64 °C to reverse formaldehyde-induced cross-links.
RNA segments were isolated and collected by 1.5ml lysis buffer with 15ul 2-mercaptoenthanol
using Purelink RNA Mini Kit (Ambion) according to the manufacture’s instruction and
subsequence to reverse transcription and analyzed by real-time qPCR as described above. Data

were calculated as a percentage of input.

2.12  RNA-Protein interaction assay

LNCaP (SRRM4) cell and 293T cell transfected with Flag-SRRM4 plasmid were lysis in NETN
buffer (0.5% NP40, 1ImM EDTA, 50mM Tris, and 150 mM NaCl with proteinase inhibitor).
0.4nmol biotin-labeled RNA oligonucleotides (Invitrogen) were banded onto 100ul of streptavidin

beads (Pierce, Rockford, IL, USA) in a final volume of 500ul of binding buffer DG(20 mM
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HEPES-KOH, pH 7.9, 80mM potassium glutamate, 0.1mM EDTA, 1mM DTT and 20% glycerol)
at 4°C for 2 hours. The Flag-SRRM4 protein were purified by incubating cell lysate with the beads
containing biotin-labeled RNA oligonucleotides at 4°C for 2 hours. Then the beads were washed
with binding buffer DG and suspended in SDS loading buffer. Eluted proteins were analyzed by

western blot and detected by anti-Flag antibody.

2.13  Lentiviral approaches to constructing cell lines

Lentiviral vector (pFUGWBW) was used as the backbone to construct expression vectors encoding
mock and Flag-SRRM4 using the Invitrogen gateway system. Vectors were used to package
lentivirus and infect LNCaP cells. After blasticidin selection, LNCaP (SRRM4-) and LNCaP
(SRRM4+) cell lines were established. Using these two lines as the parental lines, the second round
of lentivirus infection was performed with lentivirus encoding control sShRNA, shRNA against
RB1 or TP53 (Addgene). Following puromycin and blasticidin double selection, six LNCaP stable
lines were generated: LNCaP (SRRM4-/shCtl), LNCaP (SRRM4+/shCtl), LNCaP (SRRM4-

/shRB1), LNCaP (SRRM4+/shRB1), LNCaP (SRRM4-/shTP53) and LNCaP (SRRM4+/shTP53).

For BHCB8O0 stable lines, pPFUGWBW was used as the backbone to construct expression vectors
encoding mock, Flag-BHC80-1, Flag-BHC80-2 and using the Invitrogen gateway system. Flag-

BHCB80-1 expression vector was used as template to construct mutant BHC80-1. Vectors were
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used to package lentivirus and infect LNCaP, PC3 and TRAMP-C1 cells. All cell lines were
cultured under blasticidin selection.All these cell lines were validated by real-time PCR and

immunoblotting assays.

2.14  Multicellular spheroid formation and immunofluorescence analysis

LNCaP (SRRM4-/shCtl), LNCaP (SRRM4+/shCtl), LNCaP (SRRM4-/shRB1), LNCaP
(SRRM4+/shRB1), LNCaP (SRRM4-/shTP53) and LNCaP (SRRM4+/shTP53) cells were
cultured in phenol-free RPMI11640 medium containing 10% CSS for 4 weeks. Six random 5X
fields were chosen, and cell imaging was captured and analyzed by Zeiss fluorescent microscope
(Carl Zeiss, Thornwood, NY). The spheroid numbers were counted according to the diameter. Cell

spheroids described above were fixed in 4% paraformaldehyde.

2.15  BrdU incorporation and colony formation assays

Cell proliferation was measured with a bromodeoxyuridine (BrdU) assay kit (Millipore, Cat#:
2750). In the colony formation assays, 2 x 10* cells were seeded in 0.7% soft agar in a 6-well plate.
Cells were allowed to grow for 10 days to form colonies. Colonies were stained with crystal violet,

photographed by a digital camera, and colony numbers (diameter >0.1mm) were counted.
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2.16  Renal capsule xenografts

LNCaP (SRRM4-/shCtl), LNCaP (SRRM4+/shCtl), LNCaP (SRRM4+/shRB1) and LNCaP
(SRRM4+/shTP53) was implanted into both renal capsules of three Nude mice to generate 6
tumors (2x10® cells/per line). All mice underwent castration surgery the next day after
implantation. The animal protocol was approved by the Institutional Animal Care and Use
Committee at the University of British Columbia. Serum samples were collected one day after
castration, as well as every two weeks when tumors became palpable until week six. Serum SYP
concentrations in each mouse serum were measured by ELISA kit (USCNK, Cat#: SEA425Hu).
Xenograft tissues were fixed and stained with hematoxylin and eosin as well as SYP, Flag-

SRRM4, AR and PSA antibodies.

2.17 Luciferase reporter assays

Cells were transfected with PSA-luciferase reporter plasmid with the renilla reporter as a control
for transfection efficiency. Luciferase activities were determined using the luciferin reagent
(Promega, Madison, WI) according to the manufacturer’s protocol. Transfection efficiency was

normalized by renilla luciferase activity.

2.18 Immunofluorescence assays

Cells were fixed in 4% paraformaldehyde, permeabilized in 0.25% Triton X-100 and blocked with
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1% BSA for 1 hour at room temperature. Cells were then incubated with the primary antibody,
washed with PBS with 0.1% Triton X-100, and incubated with FITC-conjugated secondary
antibody (1:1000 in PBST containing 1% BSA). Cell imaging was captured by Zeiss fluorescent

microscope (Carl Zeiss, Thornwood, NY).

2.19  Cell proliferation, migration, invasion, and colony formation assays

Cell proliferation assay were performed using the MTS (Promega) regent according to the
manufacture's protocol. Briefly, 20ul of combined MTS/ phenazine methosulfate (PMS) solution
was added into each well of a 96 well assay plate containing ~1x10° cells/well in a final volume
of 100ul culture medium, and the plate was incubated at 37 °C for 2 hours. Subsequently, the
absorbance at 490nm was recorded on a microplate reader. Cell proliferation rates were calculate
as relative fold change of OD490. For migration assays, a monolayer wound were created when
cells reached 100% confluence. Cell migration were subsequently captured at time point Oh and
24h after wound scratch. Migration ability of cells were calculated as the migration distance from
Oh to 24h. Cell invasion assays were carried out by using BD BioCoat Matrigel Invasion chambers
(BD Biosciences, USA) according to manufacturer’s protocol. Invasion rate were calculated as the
percentage of cell invade through the Matrigel. In the colony formation assays, about 2 x 104 cells
were seeded in 0.7% soft agar in a 6-well plate. Cells were allowed to grow for 10 days to form

colonies. Colonies were stained with crystal violet, photographed by a digital camera, and colony
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numbers (diameter >0.1mm) were counted.

To collect conditioned mediums, LNCaP and PC3 cells overexpressing control, BHC80-1 or
BHCB80-2 were cultured until 90% confluent and then replenished with RPMI medium for LNCaP
cells and DMEM medium for PC3 cells. After 48 hours, the conditioned mediums (CM) were
collected and the same amount of CM were used for cell invasion and proliferation assays in the

presence of control, CCL2, TNFa , CXCL10 and CCL20 neutralize antibody.

2.20  Human prostate cancer subcutaneous xenografts

To construct LNCaP xenografts, each LNCaP cell line (2x10° cells/per line) was implanted
subcutaneously in bilateral flanks of 6-8 week old male nude mice. Tumor volume (V=
length*width*high*0.5236) was measured weekly. Serum PSA levels were determined by ELISA.
Mice were castrated, when tumor volume reached 200mm3 TRAMP-C1 xenografts were
constructed by implanting TRAMP-C1 (2x10° cells/per line) cells subcutaneously in bilateral
flanks of C57/bl6 mice. Tumor volume were measured weekly. All animal procedures were under

the guidelines of the Canadian Council on Animal Care.

2.21  RNA run-on assay and stability assay

Nuclear run-on assays were performed as we described'®. Briefly, totally 1x107 cells per cell line
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were lysed and centrifuged to collect the nuclei. In vitro transcription was performed in a buffer
containing 10mM of TriseHCI (pH 8.0), 5SmM of MgCl2, 0.3mM of KCI, 2.5mM of NTP and
biotin-16-UTP mix from Roche (Laval, QC) for 45 min at 30°C. Biotinylated nascent RNA
transcripts were precipitated by streptavidin beads. Purified RNA was used as templates for real-
time PCR analyses. For mRNA stability assay, each cell lines were cultured for 24 hours before
treated with 1uM of Actinomycin D (Act D). Total RNA was collected after 0-6 hours of treatment.
The percentage of remaining mRNA was calculated as fold change normalized to 18S rRNA.

Results were plotted as mean + S.D. from three independent repeats.

2.22  Co-immunoprecipitation

Cell lysates were extracted by NETN buffer containing 0.5% NP40, 1mM of EDTA, 50mM of
Tris, and 150mM of NaCl plus proteinase and phosphatase inhibitor (Roche). Pre-cleared lysates
were incubated with Flag or MyD88 antibody and the associated proteins were immunoblotted by
antibodies as indicated. Experiments were repeated at least three times and one set of the

representative blots was shown.

2.23  Proximity Ligation Assay (PLA)
PLA assays were performed using the Duolink in situ red starter kit mouse/rabbit (Sigma, Oakuville,

Canada). LNCaP(BHC80-1), LNCaP(BHC80-2) and LNCaP(BHC80-1m) cells were fixed with
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4% paraformaldehyde and permeabilized by 0.2% Triton-X100. Fixed cells were incubated with
primary antibodies overnight at 4°C. Secondary probe, ligation and amplification reactions were
performed following manufacturer’s instructions. Fluorescence images were captured by Zeiss

fluorescent microscope (Carl Zeiss, North York, Canada).

2.24 3D spheroid culture and high throughput screening system

The 3D spheroid culture of LNCaP and NCI-H660 cells were preformed using GravityPLUS™
Hanging Drop System (INSPERO, ISP-06-001). On the GravityPLUS™ spheroid culture plate, a
40ul cell suspension containing 2000 cells was dispensed into the access hole at each cell culture
site of plates to form a hanging drop. The growth medium was replenished every other day. The
amounts of replenished medium were calculated by the evaporation map provide by the
manufactory. After spheroid formation, these micro-tissue spheroids were transferred into the
GravityTRAP™ culture plates. Spheroids were treated with control or increasing doses of MyD88
inhibitor or the CCL2 neutralize antibody. Images of spheroids were captured by Zeiss fluorescent
microscope (Carl Zeiss, Thornwood, NY) and the sizes of spheroids were measured using Imagine-
J software. Cell viability assay were performed using the MTS (Promega) regent according to the

manufacture's protocol.
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2.25  Statistical analysis

Statistical analysis was performed using the SPSS 17.0 software. Results generated from in vitro
experiments are expressed as mean + SDs and results from in vivo murine studies are presented as
mean = SEMs. Student’s t test and one-way ANOVA followed by Tukey’s test were applied to
compare data among groups. SRRM4 and BHC80 RISH scores in correlation with NE markers,
Ki-67, AR, and PSA IHC scores were analyzed by Pearson’s Chi-square analysis. Patient overall
survival was measured from the date of the CRPC diagnosis to the date of death or latest follow-
up. Survival curves were generated by using the Kaplan-Meier method and compared using the

log-rank test.
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Chapter 3: SRRM4 Gene Expression Correlates with Neuroendocrine Prostate Cancer
3.1 Introduction

While the usage of novel ARPI drugs like abiraterone and enzalutamide has significantly improved
the total survival of patients with CRPC, emerging evidences indicates that AdPC can escape from
ARPI therapies and progress into t-NEPC83 8 %8.99 'which is responsible for almost one fourth of
prostate cancer-related deaths®. Progression into t-NEPC is obscure, as it cannot be reflected by
rising levels of serum PSA. Once the t-NEPC diagnosis is confirmed, patient median survival is
less than 7 months®. It is therefore important to identify new biomarkers for early detection of t-

NEPC, and therapeutic targets for drug development.

T-NEPC is traditionally diagnosed based on tumor histologic features. This is a challenging task,
even for pathologists, because the transition of AdPC to NEPC is not an acute process, and involves
sequential morphological and molecular alterations, resulting in multiple intermediate transitional
phenotypes®” & 9 In addition, tumor cell morphology and tissue pattern can be more complex
when treated with ARPI, radiation, and chemical therapies. Under these circumstances, NE
markers are often used to facilitate the diagnosis. T-NEPC may express one or multiple NE
markers, including SYP, CD56, and CHGA?®2. However, there is no universal NE marker profile
that can be used as a gold standard to diagnose t-NEPC, as expression of current NE markers is

inconsistent. In addition, NE marker expression is not associated with the outcome and therapy
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response of t-NEPC®8. These findings highlight the importance of identifying new reliable NE

markers of t-NEPC.

RNA-seq can elucidate molecular mechanisms of t-NEPC development®®. Although recent work
has focused on identifying the genomic and transcriptomic profiles of NEPC, analyses of AS have
lagged. Access to RNA-seq data from independent (VVancouver Prostate Centre [VPC] and Beltran)
cohorts allowed us to decipher NEPC-specific AS signatures. The VPC cohort contained three
patient samples, and nine PDXs!%, These PDX models had remarkable fidelity with respect to
genome, transcriptome, and responses to ARPI in relation to the patient tumors. The Beltran 2011
cohort contained clinical samples from 27 AdPC, and 5 NEPC patients. Together, these cohorts
generated an RNA-seq data set for analyzing NEPC-specific AS signatures. In our primary
research, we have performed whole transcriptome analyses of RNA-seq data from two independent
patient cohorts® 10 . We also developed a computational tool named COMPAS to decipher the
splicing pattern of t-NEPC. Using this bioinformatics tool, we have identified a t-NEPC specific
splice signature that is predominantly regulated by the RNA splicing factor SRRM4. In addition,
Both SRRM4 mRNA and protein expression is significantly increased in t-NEPC patient tumors
and PDXs®°. These findings suggest that SRRM4 may be used as a potential biomarker of t-NEPC.
Unfortunately, current commercially available antibodies against SRRM4 are not suitable for

immunohistochemistry, thereby hindering the validation of this hypothesis.
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Here, we developed RNA in situ hybridization assays to measure SRRM4 expression on prostate
cancer TMA. Our results indicated that SRRM4 expression has high sensitivity and specificity to
detect NEPC among CRPC. SRRM4 can be co-expressed with the AR and PSA in non-classical
AdPC tumors. These tumors are morphologically different from classical AdPC tumors, and
usually show NE features, implying that SRRM4 may be a predictive marker for early stage t-
NEPC before the NEPC phenotype becomes fully developed. We also reported that subpopulations
of cancer cells in ~16% treatment-naive AdPC expressed low levels of SRRM4, and that SRRM4
expression increases in these AdPC treated with long-term NHT. These findings suggest that t-
NEPC may arise from clonal expansion of SRRM4-positive AdPC cells under the selection

pressure of AR pathway inhibition.

3.2 Results

3.2.1 COMPAS identifies a neuroendocrine prostate cancer—specific alternative splicing
signature induced by SRRM4

In the VPC cohort, t-NEPC samples exhibited distinct alternative splicing profiles. Among 1,036
alternative splicing events from 916 genes predicted by COMPAS, 106 events showed statistically
significant differences between NEPC and AdPC samples (Benjamini-Hochberg corrected, FDR
<0.01). In the Beltran cohort, among the 1023 alternative splicing events from the 889 genes

predicted, 58 alternative splicing events showed statistically significant differences (Benjamini-
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Hochberg corrected, FDR <0.01)(Figure 3.1A-B). This cohort was sequenced to significantly
lower read depth than the VPC cohort; therefore, our power to detect alternative splicing was
reduced for low abundance transcripts. Two tumors from this cohort were also diagnosed as

“prostate cancer with neuroendocrine differentiation,” indicating mixed phenotypes.
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Figure 3.1 COMPAS identifies a NEPC—specific signature in prostate tumor biopsies

(A-B) RNA-seq data of Beltran and VPC cohorts were analyzed by the COMPAS software and
AS indexes of these two cohorts were calculated. Heat maps shows Spearman correlation values
using the AS index of samples from the (A) Beltran and (B) VPC cohort based on the entire set of
splicing predictions. The splicing signatures of NEPC groups in both cohorts are significantly
different from that of the AdPC groups. Samples with similar splicing signatures are classified

together.

The VPC and Beltran cohorts shared 24 NEPC-specific AS events (Figure 3.2). Gene ontology
(GO) analysis of these genes revealed biological processes including cell surface receptor—linked

signal transduction, vesicle-mediated and intracellular transport, and secretion and establishment
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of cellular localization. Cellular component GO terms were enriched in the leading edge, cell
projection, and cytoskeleton, suggesting these genes may regulate cell morphology (FDR <0.05).
None of these 24 genes exhibited a significant change in overall expression between NEPC and
AdPC samples (Figure 3.2), emphasizing the complementary role of alternative splicing in
transcription regulation during NEPC transdifferentiation.
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Figure 3.2 Different spliced genes between AdPC and t-NEPC
RNA-seq data of Beltran (left two groups) and VPC (right two groups) cohorts were analyzed by
the COMPAS software and total gene expression were calculated. A heat map shows the

normalized gene expression estimated by RNA-Seq data on the common NEPC splicing signature
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genes in the Beltran and the VPC cohorts. Normalization is performed separately within each
cohort. None of these genes show a significant difference in overall expression between NEPC

and AdPC samples.

Although the functions of these NEPC splice variants are mostly unknown, most of these genes
were reported to be regulated by the splicing factor SRRM4 in N2A neuroblastoma and 293T
embryonic kidney cell lines (Figure 3.3A)?%° . Comparing their results with our VPC and Beltran
NEPC signatures separately, we obtained even higher rates of overlap (36 and 21 in the VPC and
Beltran cohorts, respectively). Moreover, several genes from our alternative splicing signature
were also reported in Bronx Waltzer mice carrying mutant SRRM42%, In addition, SRRM4 is one
of the most significantly upregulated genes in NEPC in both the VPC and Beltran cohorts (Figure

3.3B). These findings suggest an important role for SRRM4 in t-NEPC.
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Figure 3.3 SRRM4 is associated with the common NEPC-specific splicing signature
62



(A-B) RNA-seq data of VPC and Beltran cohorts were analyzed by the COMPAS software. Both
overall gene expression level and gene AS events in each cohort were calculated. (A) NEPC-
specific AS signatures are generated based on 106 differential AS events from 104 genes between
NEPC and AdPC samples from the VPC cohort and 59 differential alternative splicing events from
59 genes between NEPC and AdPC samples from the Beltran cohort (Benjamini-Hochberg
corrected, FDR < 0.01) (B) Comparison of overall gene expression of SRRM4 between NEPC and
AdPC samples using RNA-Seq data from the VPC and Beltran cohorts. The widths of the boxplots

are scaled by the relative fraction of the samples in the respective group (i.e. NEPC or AdPC).

Although RNA-seq results demonstrated upregulation of SRRM4 mRNA level in t-NEPC. It is
still important to identify the relationship between SRRM4 and pathological characters of PCa.
Unfortunately, current commercially available antibodies against SRRM4 are not suitable for
immunohistochemistry, thereby hindering the validation of this hypothesis. So we introduce RNA

in situ hybridization technology to detect SRRM4 mRNA in PCa tissues.

To test the specificity of the SRRM4 probe for RISH, we applied several control experiments
(Figure 3.4). RISH assays were performed: 1) on SRRM4-negative tissues from LNCaP, PC3,
DU145 xenografts, and AJPC PDXs; 2) on SRRM4-positive tissue slides from xenografts of

LNCaP, PC3, and DU145 cells infected with lentivirus encoding SRRM4 protein, and tissues from
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NCI-H660 xenografts, NEPC PDXs, and human brain tissues; and 3) using a negative control
RNA probe that does not cross-react to any human RNA. These results confirmed that the RISH
signal is specific to SRRM4, and reflects SRRM4 protein expression as well as its splicing activity.

The RISH signal is quantitative, as described in the Methods section.
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Figure 3.4 Validation of SRRM4 probes for RNA ISH assays

(A) LNCaP, PC3 and DU145 cells infected with lentivirus encoding SRRM4 protein or control
(CTL) were used to generate xenografts. A SRRM4 specific RISH probe targeting the 496-835bp
of SRRM4 mRNA (NM_194286.3) and a negative control probe (targeting the dapB gene from

bacteria) were designed by Advanced Cell Diagnostic. RISH assays were performed by using the
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BaseScopeTM assay kit following manufacture’s protocol. Xenografts with SRRM4
overexpression show positive signal (red dots) detected by SRRM4 RISH probe. Xenografts
without SRRM4 overexpression or detected by negative control RISH probe show negative signal.
(B) Total protein lysis from above xenografts were immunoblotted with the SRRM4 antibody to
validate the overexpression of SRRM4 protein. (C) SRRM4 RISH assays were also performed on
NEPC and AdPC PDXs tissue slides. Total protein lysis was extracted from 4 NEPC and 4 AdPC
PDXs and immunoblotted with the SRRM4 antibody to validate the upregulation of SRRM4
protein in NEPC PDXs. (D) Tissue slides from NCI-H660 (NEPC cell line) xenografts and brain
tissue were used to perform RISH assays using control and SRRM4 probes. NCI-H660 (NEPC

cell line) xenografts and brain tissue show positive signal detected by SRRM4 RISH probe.

3.2.2 SRRMA4 expression in castrate-resistant tumors correlates with t-NEPC

In CRPC tumors, SRRM4 was detected in 27% (17/64) of tissue cores. It is highly expressed in all
SCNC that are CHGA, SYP, and CD56 triple positive, and AR and PSA double negative (Figure
3.5 and 3.6A). SRRMA4 is also positive in all AANE cores, of which four are also AR-positive.
Interestingly, SRRM4 is positive in five AdPC cores that are AR-positive, of which four express
at least one NE marker. SRRM4 is co-expressed with AR and PSA in some AANE and AdPC with
NE marker expression, suggesting that these tumors may be an intermediate transition stage of t-

NEPC.
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Figure 3.5 SRRM4 expression in castrate-resistant prostate tumors

A CRPC TMA contains 64 tissue cores from 32 patients who had received hormonal therapies and
been diagnosed with CRPC. The recurrent tumors were removed by transurethral resection
prostatectomy to relieve obstructive symptoms. SRRM4 RISH assays performed on this TMA.
SRRM4 RISH signal was scored as zero if no RISH signal; one if RISH signal was positive in
<20% all cells within a core; and two if RISH signal is positive in >20% of the cells throughout
the whole tissue core. The histology of tumors is classified as AAPC, SCNC, and AdPC with
abundant NE cells (AdNE). AdPC contains tumor cells forming glandular structures and has rare

NE cells. SCNC contain only NE tumor cell populations that grow as solid sheets, cords or
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individual cells without glandular formation. AANE are more similar histologically to AdPC than
to SCNC, but cannot be classified as typical ADPC or SCNC. These tumors contain mixed cell
populations with a large proportion (>10%) of NE cells. Representative RISH and IHC images

are presented.

Statistical analyses demonstrate that SRRM4 expression is highly enriched in SCNC and AdNE
(Figure 3.6A-C). SRRM4 RISH signal is highly and positively correlated with not only the number
of NE markers (Pearson correlation r=0.836; p<0.0001), but also the IHC scores of SYP, CD56
and CHGA (Pearson correlation r=0.883, 0.675 and 0.881 respectively; p<0.0001) (Figure 3.6D-
E). SRRM4 expression negatively and weakly correlates with AR (r=-0.544, p<0.0001) and PSA
(r=-0.310, p=0.013) IHC scores. If NEPC is defined as SCNC and AdNE, the sensitivity of
SRRM4 to detect t-NEPC is 1.00 (95%CI: 0.75-1.00) and the specificity is 0.9 (95%CI: 0.76-0.96)
(Figure 3.6F), indicating that all NEPC are SRRM4-positive, and 10% SRRM4-positive tumors
are not NEPC. However, it is unknown whether these 10% SRRM4-positive tumors will later
develop into t-NEPC. High Ki67 index in SCNC is consistent with their highly proliferative
features (Figure 3.6C). However, ADNE have much lower Ki67 index, suggesting that these tumors
may have undergone NE differentiation but not gained high proliferation capacity. Median overall
survival for patients with SRRM4-positive tumors is 12.3 months, and is 23 months for patients

with SRRM4-negative tumors (log-ranked test, p=0.029) (Figure 3.6G). These findings were
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consistent to 7 and 10 month overall survival (OS) of t-NEPC (4) and de novo NEPC patients (20),
and ~19 month OS of CRPC (21). These results indicate that SRRM4 is a potential biomarker to
detect t-NEPC in CRPC, and patients with SRRM4-positive tumors have poor OS rates similar to
NEPC patients. Because SRRM4 had been demonstrated to be able to drive t-NEPC xenograft
formation, and gain of SRRM4 expression is observed in SCNC, AANE and AdPC with NE marker
expression, we propose that SRRM4 upregulation may be an early event during t-NEPC

development.
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Figure 3.6 SRRM4 expression correlates with t-NEPC
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(A) RISH and IHC scores, as well as tumor histology of the CRPC TMA were evaluated. Each
column represents one of the 64 tissue cores from 32 patients. IHC scores of CHGA, SYP, CD56,
AR, and PSA were calculated by IHC signal intensity (no, low, medium, and high as 0-3)
multiplied by the percentage of positive cells (0-100%). IHC scores >=0.3 are considered as
positive. (B) Castrate-resistant tumor cores were grouped according their histology into SCNC,
AdNE and AdPC. Distribution of SRRM4 RISH scores in each tumor group are plotted. (C)
Scatterplots show SRRM4 RISH scores and Ki-67 indexes of each tumor cores in association with
tumor morphology. (D) Scatterplots show SRRM4 RISH scores in association with the numbers
of positive NE markers. SRRM4 correlation with NE marker numbers were calculated by Pearson's
Chi-square test. (E) SRRM4 expression in correlation with CHGA, SYP, CD56, AR and PSA IHC
scores was calculated by Pearson's Chi-square test. (F) The sensitivity and specificity of SRRM4
with CHGA, SYP and CD56 to detect t-NEPC were calculated as described 2°2. T-NEPC is defined
as tumors with SCNC and AdNE histology. All data are presented as Mean + standard error (SEM).
Values without a common letter are significantly different, p < 0.05. (G) Kaplan-Meier curves plot

overall survival of CRPC patients by SRRM4 status (log-rank p=0.0294).

3.2.3 SRRM4 expression correlates with t-NEPC in patient-derived xenograft models
Similar SRRM4 RISH staining was observed in PDX TMA. SRRM4 is strongly expressed in all

8 NEPC cores, poorly expressed in 3 AdPC cores that are both SYP- and AR-positive, and absent
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in all 15 SYP-negative and AR-positive AdPC cores (Figure 3.7). The correlation of SRRM4 with
NE markers and AR/PSA status in PDXs are significantly stronger than that observed in clinical
samples, possibly reflecting more heterogeneity with multiple intermediate stages of AdPC
transition to t-NEPC in patients that are not recapitulated in PDXs. These results further support

the notion that SRRM4 could be a diagnostic biomarker of t-NEPC in CRPC.
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Figure 3.7 SRRM4 expression in PDXs
(A) SRRM4 RISH assays and IHC assays using CHGA, SYP, CD56, and AR antibodies were
performed on a PDX TMA. This TMA containing 8 tissue cores from 4 NEPC and 18 cores from

9 AdPC PDXs. Histology evaluation of AdPC and NEPC PDXs were previously described®,
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Each column represents one of the 26 tissue cores from 13 PDXs. IHC scores >=0.3 are considered
as positive. Representative RISH and IHC images are presented. (B-C) Scatterplots show SRRM4
RISH scores in association with NEPC (B), and NE marker and AR expression status (C). (D) The
correlation of SRRM4 expression with CHGA, SYP, CD56, and AR expression was calculated by
Pearson's Chi-square test. All data are presented as Mean £SEM. Values without a common letter

are significantly different, p < 0.05.

3.2.4 Low SRRM4 expression is detected in a minority treatment-naive AdPC

SRRM4 was detected in subpopulations of ~16% (23/144) of treatment-naive AdPC tissue cores
(Figure 3.8A). However, all positive cores have low levels of SRRM4 with RISH scores of 1.
SRRM4 expression is similar among tumors with different Gleason scores (Figure 3.8B).
However, SYP and CHGA were detected in many AdPC tissue cores that were positively
correlated with SRRM4 levels (Pearson correlation r=0.570 and 0.409; p<0.0001) (Figure 3.8C).
These results indicate that SRRM4 can be expressed at low levels in a portion of cells within

treatment-naive AdPC.
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Figure 3.8 SRRM4 expression in treatment-naive and NHT-treated AdPC tumors

(A) SRRM4 expression was measured by RISH assays on the treatment-naive ADPC TMA. The
treatment-naive TMAS contain 144 tissue cores of different Gleason groups from 72 patients who
had undergone radical prostatectomy. SRRM4 positivity is plotted using a pie chart. (B-C) The
association of SRRM4 expression with tumor Gleason groups was calculated by one-way ANOVA
followed by Tukey’s test (B), and with the expression of CHGA, SYP, AR and PSA was calculated
by Pearson's Chi-square test (C). (D) SRRM4 expression were measured by RISH assays on the
NHT TMA. This NHT TMA contains 174 tissue cores from 87 patients who received 0-12 month
NHT treatment. Distribution of SRRM4 RISH scores is plotted by a pie chart and a column chart.
(E) The association of SRRM4 expression with duration of NHT were calculated by one-way

ANOVA followed by Tukey’s test. All data are presented as Mean+SEM. Values without a
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common letter are significantly different, p < 0.05.

3.25 NHT upregulates SRRM4 expression in AAPC

In the NHT TMA, SRRM4 is positive in 16% (8/50) treatment-naive tumor cores, 15% (9/60)
cores of tumors treated with =<7 month NHT, but 30% (19/64) of cores of tumors treated with >7
month NHT (Figure 3.8D). SRRM4 RISH scores increase from 0.160+0.076 in treatment naive
and 0.150+0.046 in =<7 month NHT, to 0.375+0.047 in >7 month NHT tumor cores (Figure 3.8E).
There are four cores in the >7 month NHT treatment group that have gained overt SRRM4
expression with RISH scores of two. These results indicate that SRRM4 expression can be induced

in AdPC by long-term androgen deprivation therapy.

3.3 Discussion

To develop resistance to anti-AR therapies, metastatic ADPC can either re-activate its AR signaling
and progress into AR-driven castrate-resistant AdPC, or alternatively, bypass AR dependency and
progress into anaplastic tumors or t-NEPC for survival. While AdPC progression to t-NEPC
reflects the phenotypic plasticity of tumor cells, the process is stochastic and contextual, making
the detection or prediction of t-NEPC challenging. Through analyzing the transcriptome and
splicing signatures of t-NEPC tumors, we find that splicing factor SRRM4 contributes to the t-

NEPC-specific splicing signature. RISH results indicate that SRRM4 has high sensitivity and
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specificity to detect t-NEPC in CRPC, emphasizing that SRRM4 may be a diagnostic biomarker
of t-NPEC. Expression level of SRRM4 is significantly correlative with NE marker expression in
SCNC and AdANC tumor cells, suggesting that SRRM4 may associate with NE differentiation.
CRPC patients with SRRM4-positive tumors have shorter patient OS, implying that SRRM4 might
be a poor prognostic biomarker. Furthermore, enhanced SRRM4 expression co-exists with AR and
PSA in AANE and AdPC with NE markers, supporting the idea that gain of SRRM4 expression
may be both an early molecular event that predicts AdPC progression to t-NEPC, and contributes

to tumor cell lineage plasticity.

Low SRRM4 expression in scattered AdPC cells can be detected in some treatment-naive tumors.
However, these tumors retain their AdPC phenotypes, likely due to the presence of AR signaling.
The NHT TMA analysis indicates that androgen deprivation therapy induces SRRM4 expression,
while overt SRRM4 expression is detected in SCNC with high Ki67 index and AANE. These
results suggest that SRRM4-positive cells become enriched during t-NEPC development. Under
castration conditions, SRRM4 supports the transformation of AdPC cells into t-NEPC xenografts,
in part by suppressing functions of REST and FoxA1''* 16°. SRRM4 target genes also include
MEAF6, which functions to accelerate cell proliferation when spliced by SRRM48! and the
SH3GLB1 gene that was reported to confer cells’ anti-apoptotic properties 2°% 204, While androgen

deprivation induces apoptosis of castrate-sensitive AdPC cells, the proportion of SRRM4-positive
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cells increases during prolonged NHT (Figure 3.8). These findings suggest that gain of SRRM4
function may confer growth advantage to AdPC cells after castration, and support AdPC cell
transformation to t-NEPC. Tumors will retain an AdPC phenotype if cancer cells re-activate AR
signaling by either enhancing androgen synthesis’® 2% or via ligand-independent modes of AR

activity®©®.

Because SRRM4 antibodies suitable for IHC are currently unavailable, the RISH technique is
unique in its ability to measure SRRM4 expression and histology simultaneously in tumor
specimens. RISH allows for detection of SRRM4 in low cell populations within a tumor that are
otherwise undetectable by RNA-sequencing and microarray assays, because these global gene
profiling techniques use RNA samples extracted from tumor homogenates. Consistent with
previous RNA-seg/microarray analysis reporting SRRM4 upregulation in t-NEPC® 114159 oyr
RISH assays detect high SRRM4 levels in SCNC and AdNE. RISH also detect low SRRM4
expression in some treatment-naive AdPC cells, and SRRM4 upregulation in AdPC treated with
long-term NHT. These findings suggest that t-NEPC development may be initiated from sub-
clonal populations of SRRM4-positive AdPC cells with typical adenocarcinoma morphology and
classical ligand-dependent AR signaling. The functions of SRRM4 in these cells may be
sequestered under hormone-naive conditions. However, AR pathway inhibition selects SRRM4-

positive cells with survival privilege over other androgen-dependent AdPC cells. Subsequently,
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SRRM4 promotes both NE differentiation of AdPC and cell proliferation!** 16% 181 ‘which drives

t-NEPC development.

The mechanisms that control SRRM4 gene expression in prostate cancer remain unknown. In
neural cells, REST overexpression suppresses, while REST depletion induces, SRRM4
expression?®. However, we failed to observe similar regulatory actions of REST in prostate cancer
cells, and SRRM4 genomic alteration is not associated with t-NEPC!4, However, we cannot
exclude other genomic alterations that may indirectly induce SRRM4 expression. Recent studies
reported that loss-of-function of TP53 and RB1 genes, and N-Myc gene amplification are
associated with t-NEPC®® 101, Whether such genomic alterations induce SRRM4 expression

warrants further investigation.

In conclusion, SRRM4 expression is highly correlated with t-NEPC, and poor t-NEPC patient

survival. It may be used as a diagnostic and/or prognostic biomarker of t-NEPC.

3.3.1 Hazard risk of SRRM4 expression in t-NEPC development
About 25% of CPRC tumors under ARPI treatment will finally transform into t-NEPC. This value
is much smaller than the 30-100% prostate tumors that contain NE marker-positive cells. These

results emphasize that NE marker expression is not sufficient to predict t-NEPC development. It

76



raises an urgent need to predict whether a tumor will to develop into t-NEPC before stronger ARPI
therapies are administrated, since ARPI treatments on tumors with the potential of developing into
t-NEPC can facilitate this progression. However, the study of t-NEPC hazard risk factors is very
challenging because acquiring specimens of metastatic t-NEPC, at the end of follow-up, to detect
the endpoint, is beyond our current ability. In our study, we tried to use “PSA-negative recurrence”
as a compensatory endpoint. We compared the rate of PSA-negative metastasis of SRRM4-
positive tumor specimens versus SRRM4-negative tumors which are under ARPI treatment after
radical prostatectomy. Although the PSA-negative metastatic rate of SRRM4-positive tumors is
higher, the difference is not significant because of the small size of SRRM4-positive tumor group
(data not shown). In addition, neither NE marker expression, nor Gleason score is associated with
PSA-negative recurrence in our patient cohort (data not shown). Further study with larger patient
sample size and using histological analysis to identify patient endpoint is needed to study the

hazard risk of SRRM4 expression in t-NEPC development.

High frequency blood surveillance is another way to predict t-NEPC. Two retrospective analyses
have reported that serum CHGA level is a potential prognostic marker in prostate cancer patients
treated with abiraterone and enzalutamide. High serum CHGA level (more than three times the
upper normal value) is a hazard risk factor for shorter progression-free survival in patients treated

with abiraterone, and for overall survival in patients treated with enzalutamide?®”: 2°8 | However,
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the effects of serum NE markers on detecting t-NEPC have not been validated. Now detection of
circulating nucleotides shows high sensitivity and specificity in tumor diagnosis. Using novel
“liquid biopsy” technology to detect SRRM4 mRNA in circulating tumor cells and exosomes, may

contribute to the detection of early stage t-NEPC.

3.3.2 The role that SRRM4 plays in t-NEPC development

RNA-seq data show both SRRM4 mRNA and NE marker expression are increased in t-NEPC
PDXs and patient tumors, which is consistent with our RISH and IHC staining results. These
results emphasize that SRRM4 may contribute to t-NEPC development. Other research has
demonstrated that SRRM4 is important in neuronal progenitor cell differentiation and neural
system development. Knockdown of SRRM4 in developing zebrafish is shown to impair neurite
outgrowth and branching of trigeminal ganglia?®®. Meanwhile, in utero knockdown of SRRM4 in

mice prevented differentiation of neuronal progenitors in the cortex?%

. More importantly,
SRRM4 negatively regulates the REST transcriptional repressor via activation of a neural-
specific splicing switch during neurogenesis, and loss of SRRM4 promotes REST-mediated

206 This mechanism is also found in small cell lung cancer?'. In the

repression of neurogenesis
next chapter, we will perform comprehensive studies to analyze whether SRRM4 has the

biological capacity to induce NE transdifferentiation through splicing of REST in prostate

adenocarcinoma cells.
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Chapter 4. SRRM4 Drives Neuroendocrine Transdifferentiation of Prostate
Adenocarcinoma under Androgen Receptor Pathway Inhibition

4.1 Introduction

Next-generation ARPI therapies that suppress AR signaling in CRPC have improved patient
outcomes?!!. However, emerging evidence suggests that lethal t-NEPC becomes more prevalent
in patients treated with first- or second-line AR pathway inhibitors® 8. NEPC cells lose their
granular structure, and present small cell neuroendocrine-like morphology®®. They express typical
neuroendocrine markers such as CHGA/CHGB, SYP, and NSE, but no or low levels of AR and
AR-regulated genes® 104 183 Because AR signaling is required for epithelial cell differentiation
during prostate development, ARPI likely triggers developmental reprogramming of AdPC to t-
NEPC through a transdifferentiation mechanism*. Although ARPI improves overall survival for
men with metastatic CRPC, it may result in treatment-induced progression to NEPC as a resistance

mechanism.

Although the expression of several genes is correlated with t-NEPC10% 102,169,184 'jass of them were
confirmed as driving t-NEPC transdifferentiation. We reported loss of REST in t-NEPC?!2, REST
is highly expressed in embryonic stem cells and non-neuronal cells. It acts as a negative master
regulator of neurogenesis by suppressing genes required for neural cell differentiation®3. One

mechanism for cells to compromise REST function during neural differentiation is through
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alternative splicing of REST into REST42%. The exon N becomes inserted between exons 3 and
4, resulting in translation of a truncated and functionally reprogrammed REST4 protein. These
findings indicate that although transcriptomic studies can identify genes such as REST, which are
associated with t-NEPC progression, analyzing NEPC-specific AS signatures to identify RNA
splice factors may lead to currently unrecognized mechanisms of t-NEPC progression, and novel
therapeutic approaches. Loss-of-function of RB1 and TP53 genes, as well as gain-of-function of
AURKA were also reported in t-NEPC% 82 These genes are known as cell cycle regulators.
Whether they can confer cancer cells with an NEPC phenotype has not been established. In Chapter
3, we found that splicing factor SRRM4 is highly expressed in t-NEPC tumor tissues, and
correlates with NE marker expression. SRRM4 has been reported to regulate REST splicing in
neural cell differentiation and development. In this study we demonstrated that, in the context of

ARPI, SRRM4 can drive transdifferentiation to t-NEPC.

4.2 Results

4.2.1 SRRMA4 is an upstream regulator of REST gene functions in prostate cancer cells
We analyzed the SRRM, REST, and REST4 mRNA expression in samples of VPC cohort and
showed that in t-NEPC tumor samples, elevated SRRM4 expression was negatively associated
with the expression ratio of REST: REST4. (Figure 4.1A). These results were consistent with those

from NCI-H660 (NEPC line) and VVCaP cells that express elevated levels of SRRM4 and REST4
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proteins and low levels of REST protein (Figure 4.1B). Consistently these cells expressed

enhanced REST4 messenger RNA (mMRNA) levels, but extremely low levels of REST (Figure

4.1C).
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Figure 4.1 SRRM4, REST, and REST4 expression in PCa tumors and cell lines

(A) Total RNA of xenografts from the VPC cohort were isolated. SRRM4, REST and REST4
MRNA levels were measured by real-time gPCR. (B-C) Total RNA and protein lysates of different
prostate cancer cell lines, including AdPC cell lines (LNCaP, LNCaP95, LNAI, C4-2, 22Rv1,
DU145, PC3), AdPC cell lines with gene amplification (VCaP), and NEPC cell lines (H660) were
also collected. (B) Immunoblotting assays were used to measure protein levels of SRRM4, REST
and REST4. (C) Real-time PCR assays were used to measure REST and REST4 mRNA levels.

Results (n=3) were presented as Mean + standard deviation (SD). **p < 0.01.
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To determine whether SRRM4 regulated REST expression, we overexpressed SRRM4 in LNCaP
cells (Figure 4.2A). There was a 30% decrease in REST, but a 130-fold increase in REST4 mRNA
levels. SRRM4 depletion in VVCaP cells resulted in a 10-fold increase in REST and a 90% decrease
in REST4 mRNA levels (Figure 4.2B). Consistent REST and REST4 protein expression regulated
by SRRM4 was also confirmed (Figure 4.2C). To determine whether REST regulated SRRM4
expression, two small interfering RNAs (siRNAs) were used to deplete REST. The exon 2 sSiRNA
depleted REST and REST4 expression. Exon 4 siRNA depleted REST but induced a 50-fold
increase of REST4. Regardless, minor changes of SRRM4 mRNA and no change of SRRM4
protein levels were observed (Figure 4.2D-E). Overexpression of REST4, but not REST, caused a
twofold increase in SRRM4 mRNA levels and no change in SRRM4 protein levels (Figure 4.2F-
G). Gain-of-function of SRRM4 and loss-of-function of REST resulted in a similar induction of t-
NEPC biomarkers (Figure 4.2H); however, SRRM4 exerted stronger effects. REST4 did not
significantly alter the expression of t-NEPC biomarkers. These results suggest that a key
mechanism through which SRRM4 induces the NEPC phenotype is reprogramming of REST

function by AS and that SRRM4 is an upstream negative regulator of REST function.
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Figure 4.2 SRRM4 is an upstream regulator of REST
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Gene SRRM4 siREST REST4
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SCG3 1041 1486 14.2
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(A-C) LNCaP cells were transfected with control or SRRM4 expression plasmid. \VCaP cells were
transfected with control or SRRM4 siRNA for 48 hours. Total RNA and protein lysates were
collected and used to measure REST and REST4 mRNA levels by real-time gPCR (A-B) and
SRRM4, REST, and REST4 protein levels were determined by immunoblotting assays (C). (D-E)
LNCaP and VCaP cells were transfected with control or REST siRNAs against exon 2 or exon 4.
Total RNA and protein lysates were collected and used to measure SRRM4 mRNA levels by real-
time gPCR (D) and SRRM4, REST, and REST4 protein levels were determined by
immunoblotting assays (E). (F-G) LNCaP and VCaP cells were transfected with control, REST,

or REST4 expression vectors. REST, REST4, and SRRM4 mRNA levels (F) and protein levels



(G) were detected by real-time gPCR and immnoblotting assays respectively. (H) LNCaP cells
were transfected with control or SRRM4 expression vector (left panel), control or REST siRNA
(middle panel), or control or REST4 expression vector (right panel). Total RNA was collected and
used to measure mMRNA levels of neuroendocrine prostate cancer biomarkers using real-time
gPCR. All gPCR results (n=3) were presented as the mean + SD **. Values without a common

letter are significantly different.

4.2.2  Molecular mechanisms through which SRRM4 regulates AS of REST

RNA chromatin immunoprecipitation showed that SRRM4 recognized the region near the 3’ splice
site of REST intron 3 (designated as the P1 region) (Figure 4.3A-B). In contrast, SRRM4
enrichment to the control intron region (designated as P2) was extremely low (<0.01% in Figure
4.3B). It has been reported that the UGC motif is predicted to be a consensus SRRM4 recognition
site near RNA splicing sites?®. RNA pulldown assays confirmed that purified SRRM4 protein
from LNCaP or 293T cells interacted directly with a UGC motif in REST intron 3 (Figure 4.3C).
A REST minigene was constructed in which the exon N and its flanking approximately 300-base
pair nucleotides were inserted in between exon 3 and 4 of the REST gene (Figure 4.3D). This
minigene is similar to the endogenous REST gene with respect to its response to SRRM4
overexpression (Figure 4.3E). Site-directed mutagenesis of all sites (M1-M4) around the UGC

motif in the P1 region (Figure 4.3F) indicated SRRM4-mediated exon N inclusion relied on the G
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within the UGC motif (Figure 4.3G). These results demonstrated that SRRM4 binds the UGC

motif and induces exon N inclusion for REST4 splicing.
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Figure 4.3 SRRM4 regulates alternative splicing of REST in prostate cancer cells

(A) A schematic diagram shows the regions (P1, P2) that were amplified in RNA-ChIP assays. (B)
LNCaP cells were transfected with Flag-SRRM4 plasmids. RNA-ChIP assays were performed
using Flag antibody or control IgG. Eluted RNA fragments were used as templates for real-time

gPCR. Primers indicated in (A) were used to amplify the target regions. Signals were calculated
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as percentage of input. (C) LNCaP cells were transfected with Flag-SRRM4 plasmids. Biotin
labeled oligoes containing wild type (WT) or mutant (M) UGC motif in P1 region were used to
pull down SRRM4 protein. Only in proteins pulled down by using the UGC (WT) oligo can
SRRM4 be detected by immunoblotting. (D) A schematic diagram shows the REST minigene
structure and the AS variants derived from the minigene. (E) LNCaP cells were transfected with
control or REST minigene reporter in the presence of —/+SRRM4. Total RNA was extracted to
measure REST and REST4 mRNA levels by real-time PCR. Expressions level of both endogenous
and exogenous REST4 mRNA were significantly increased by SRRM4. (F) Site-directed
mutagenesis was performed around the UGC motif in the REST minigene. (G) LNCaP cells were
transfected with control, REST minigene, or REST minigene with M1-M4 mutations in the
presence of —/+SRRM4. Total RNA was collected and used to measure REST and REST4 mRNA
levels by real-time PCR. Only M2 mutant abolished SRRM4-induced REST4 mRNA expression.
All results were derived from two independent experiments that were performed in triplicate. Data

are presented as Mean £SD. **p < 0.01 compared with controls.

4.2.3 AR pathway inhibition enhances SRRM4 to induce the neuroendocrine prostate
cancer phenotype in prostate cancer cells
To study interactions between SRRM4 and ARPI, LNCaP and VCaP cells were cultured in

androgen depletion medium and treated with dihydrotestosterone (DHT) or the ARPI drug
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enzalutamide (ENZ). AR inhibition did not alter REST, REST4, or SRRM4 mRNA levels (Figure
4.4A) but reduced REST protein expression (Figure 4.4B). These results indicated that ARPI
reduced REST post-transcriptionally, as reported?'2. Overexpression of SRRM4 by lentivirus
induced the NEPC phenotype, and it became stronger with enzalutamide (Figure 4.4C). These
results together indicate that SRRM4 and ARPI target AS and protein expression of the REST

gene, respectively, and that contributes additively to NEPC transdifferentiation.
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Figure 4.4 Androgen receptor pathway inhibition enhances SRRM4 actions to induce the

NEPC phenotype
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(A-C) LNCaP and VCaP cells (A and B) or LNCaP (CRL) and LNCaP (SRRM4) cells (C) were
cultured in medium containing 10% charcoal-stripped serum(CSS) for 48 h before being treated
with vehicle, dihydrotestosterone (DHT) , or ARPI drug enzalutamide (ENZ). The CSS medium
does not contain androgen and is used to provide the androgen-deprivation condition. (A) Total
RNA were collected. SRRM4, REST, and REST4 mRNA levels were detected by real-time gPCR.
(B) Total protein were collect. SRRM4, REST, REST4, and actin protein levels were detected by
immunoblotting. (C) Total RNA were collected. NEPC biomarker expression in mRNA was
measured by real-time PCR. Both SRRM4 expression and ARPI induce NE biomarkers
expression. All results were presented as Mean + SD. (n = 3; values without a common letter are

significantly different, p < 0.05).

424 RB1 and TP53 loss-of-function enhance SRRM4-induced neuroendocrine prostate
cancer transdifferentiation

We depleted RB1 or TP53 by shRNA in LNCaP cells and then introduced exogenous SRRM4 by
lentivirus. When cells were cultured in fetal bovine serum medium, eight NEPC biomarkers were
upregulated by SRRM4, the effects of which were enhanced by RB1 or TP53 depletion (Figure
4.5A). SRRM4 in combination with loss-of-function of RB1 or TP53 showed a dramatically
stronger propensity to upregulate NEPC biomarkers under ARPI. CHGB, NSE, SYP, and

secretogranin Il protein levels were enhanced by SRRM4 and further increased by ARPI and/or
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RB1 or TP53 knockdown (Figure 4.5B). Nevertheless, RB1 or TP53 knockdown alone or in
combination with ARPI did not significantly affect NEPC biomarker expression if SRRM4 was
absent (Figure 4.5C), suggesting that these two genes are facilitators of the NEPC phenotype. In
summary, SRRM4 becomes a more potent driver of NEPC transdifferentiation under ARPI. Loss-

of-function of RB1 and TP53 may facilitate this process.
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Figure 4.5 Roles of TP53 and RB1 depletion in SRRM4-induced NEPC phenotype

(A) LNCaP(shCtl), LNCaP(shRB1) and LNCaP(shTP53) cells were cultured in RPMI1640
medium containing 10% FBS. Total RNA and protein lysates were collected and used to detect
TP53 and RB1 mRNA levels by real-time PCR and protein levels by immunoblotting. (B-C)
LNCaP(SRRM4—/shCtl), LNCaP(SRRM4+/shCtl), LNCaP(SRRM4—/shRB1),

LNCaP(SRRM4+/shRB1), LNCaP(SRRM4—/shTP53), and LNCaP(SRRM4+/shTP53) cells were
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cultured in RPMI 1640 medium containing either 10% fetal bovine serum or 10% CSS for 4 week.
Total RNA and protein lysates were collected and used to measure NEPC biomarker expression
by real-time PCR (B) and by immunoblotting (C). Both TP53/RB1 depletion and SRRM4
expression induce NE biomarkers expression. All results were presented as MeanSD. Values

without a common letter are significantly different, p < 0.05.

425 SRRM4 alters the morphology of epithelial prostate cancer cells and establishes
neuroendocrine prostate cancer xenografts

Under AR inhibition, LNCaP cells changed their epithelial spear morphology to compact cell
bodies with extended fine branches, but still grew as an adherent monolayer (Figure 4.6A). Gain
of SRRM4 led to formation of 3D multicellular spheroids with strong SYP expression. The sizes
and numbers of these spheroids were statistically greater in TP53-depleted cells (Figure 4.6A).
DHT reversed these morphologic changes and upregulation of NEPC biomarkers (Figure 4.6B),

indicating that the NEPC phenotype was not yet stably established at approximately 4 wk.
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Figure 4.6 SRRM4 alters the morphology of epithelial prostate cancer cells

(A) LNCaP cells with —/+SRRM4, —/+shRB1 or shTP53 were cultured in medium containing 10%
CSS for 4 week. Spheroids were fixed, immunostained with SYP antibody, and examined by
fluorescence microscope. (B) LNCaP(SRRM4+/shCtl), LNCaP(SRRM4+/shRB1), and
LNCaP(SRRM4+/shTP53) cells were cultured in: 1) phenol-free RPMI11640 medium containing
10% CSS for 4 weeks followed by phenol-free RPMI11640 medium with 10% CSS plus vehicle
for another 2 weeks, and 2) phenol-free RPMI11640 medium with 10% CSS for 4 weeks followed
by phenol-free RPMI1640 medium with 10% CSS plus 10nM DHT for another 2 weeks.

Multicellular spheroid formations were examined by microscopy.

Because TP53 and RB1 are cell cycle regulators, we cultured LNCaP cells in both 2D and
collagen-embedded 3D culture conditions to show that TP53, but not RB1, enhanced BrdU
incorporation regardless of SRRM4 overexpression (Figure 4.7A). Our colony formation assays
further demonstrated that RB1 and TP53 can enhance anchorage-independent cell growth in the
absence of SRRM4 (Figure 4.7B). SRRM4 can also stimulate colony formation, supporting its role

for NEPC progression. This SRRM4 function was strengthened by depletion of TP53 but not RB1.
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Figure 4.7 TP53 and RB1 loss enhance SRRM4 promoted cell growth and colony formation
(A) LNCaP cells with —/+SRRM4, —/+shRB1 or shTP53 were cultured in medium containing 10%
CSSin six-well plates (2D) or in collagen-embedded 3D conditions. BrdU incorporation rates were
calculated as described in the materials and methods. Gain of SRRM4 increased BrdU
incorporation in LNCaP(shTP53) cells under both 2D and 3D conditions. (B) Colony formation
assays were performed on LNCaP cells with -/+SRRM4, as indicated. Colonies were stained with
crystal violet, and colony numbers were counted. Gain of SRRM4 increased colony formation of
LNCaP(shTP53) cells. All results are presented as Mean £SD (n = 3; values without a common
letter are significantly different, p <0.05). These data were analyzed by one-way analysis of

variance followed by Tukey's multiple comparison tests.

Current evidence suggests that AR inhibition, cAMP, or 1l-6 can induce neuroendocrine
transdifferentiation of LNCaP cells under 2D culture conditions; however, this is limited to
upregulation of NEPC biomarkers!67 171. 214216 'Ng study has shown that LNCaP xenografts can

be transformed into t-NEPC tumors after ARPI. When exogenous SRRM4 was introduced into
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LNCaP cells in the presence of RB1 or TP53 knockdown in castrated nude mice, SRRM4
established NEPC xenografts with strong SYP expression detected by both enzyme-linked
immunosorbent assay on serum samples and by immunohistochemistry (Figure 4.8). In SRRM4-
established NEPC tumors, TP53 depletion consistently showed enhanced NEPC
transdifferentiation. Interestingly, these NEPC xenografts heterogeneously expressed the AR and
PSA (Figure 4.8C). Indeed, many cells in SRRM4+/SYP+ tumors are AR- and PSA-negative,
whereas all cells in SRRM4—/SYP — xenografts are AR and PSA-positive. These results support
the idea that SRRM4 drives transdifferentiation of AdPC to NEPC, accompanied by AR signaling

being stochastically diminished.
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Figure 4.8 SRRM4 drives transdifferentiation of LNCaP xenografts to neuroendocrine
prostate cancer tumors.

(A-C) Exogenous SRRM4 was introduced into LNCaP cells in the presence of RB1 or TP53
knockdown by lentivirus infection. These cells were used to generate xenografts in castrated nude

mice. (A) Schematic diagram shows the time points of serum and tissue collection from mice
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bearing these LNCaP xenografts. (B) Serum SYP concentrations from mice bearing
LNCaP(SRRM4—/shCtl), =~ LNCaP(SRRM4+/shCtl), =~ LNCaP(SRRM4+/shRB1),  and
LNCaP(SRRM4+/shTP53) xenografts (six grafts in three mice) were measured by enzyme-linked
immunosorbent assays and were repeated in triplicate. Mice bearing SRRM4-positive xenografts
show high serum SYP levels (C) IHC of these xenografts were performed with indicated
antibodies. Hematoxylin and eosin staining was also carried out. SRRM4-positive cells show

strong SYP IHC staining. Scale bars = 100 pm.

4.3 Discussion

It is anticipated that NEPC will become more prevalent with widespread adoption of potent ARPI
for CRPC. Consequently, better understanding of the molecular mechanisms by which NEPC
develops is necessary to design therapeutic strategies for NEPC. Our finding that SRRM4 drives
AdPC transdifferentiation to NEPC through AS of multiple genes including REST is novel.
Importantly, ARPI in the context of TP53 depletion exponentially escalates SRRM4-driven NEPC
transdifferentiation. Our findings suggest that ARPI, genomic abnormality (eg, TP53 and RB1
genes), and reprogrammed transcription/AS programs (e.g., by SRRM4 and REST) can combine

to drive NEPC progression.

Consensus on the epidemiology of NEPC has not been reached®. Multiple hypotheses have been
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proposed including that NEPC originates from: (1) adenocarcinoma cells through
transdifferentiation, (2) clonal selection of pluripotent stem-like prostate epithelial cells, or (3)
benign neuroendocrine cells. Accumulating evidence favors the first hypothesis. Genetic
characterization of NEPC tumors® 27 and PDXs showed a high degree of similarity to their
adenocarcinoma counterparts. Androgen depletion, CAMP, or cytokines can also stimulate
adenocarcinoma cells to express NEPC biomarkers!®” 71 214 Although elevated SRRM4
expression was reported to be correlated with NEPC progression'®®, we demonstrated for the first
time that SRRM4 is a causal factor that not only can induce adenocarcinoma cells to express NEPC
biomarkers but also can alter cellular morphology and, even more importantly, transform AdPC
into NEPC xenografts in vivo. SRRM4 is a regulator of neural-specific exon networks required
for embryonic stem cells to transdifferentiate into neural cells?®. Many SRRM4-targeted genes
(e.g., REST and BHC80) in neural cells were also identified in NEPC, suggesting that SRRM4 is
functionally active in NEPC%* 10|t js noteworthy that several SRRM4 target genes are epigenetic
histone modifiers, transcription factors, and RNA splicing factors. These findings indicate that
SRRM4 can be a regulator to reprogram AdPC transcriptomes into NEPC transcriptomes through
AS alone. They highlight the importance of AS in determining tumor progression, something often

overlooked in global transcriptome analyses.

Although SRRM4 regulates REST splicing, knockdown of REST does not affect SRRM4
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expression, indicating that SRRM4 is an upstream regulator of REST in prostate cancer cells. As
a global regulator, SRRM4 has much broader functions. Although REST knockdown stimulates
NEPC biomarker expression, it does not alter LNCaP cell morphology and is not sufficient to
establish NEPC xenografts, indicating that loss-of-function of REST is adequate to confer NEPC
phenotype but not sufficient to induce NEPC transdifferentiation. Our results demonstrate that

SRRMA4 is a powerful driver of NEPC transdifferentiation.

The prerequisite condition for SRRM4 to establish NEPC tumors is ARPI, since SRRM4 cannot
cause morphologic changes in LNCaP cells and cannot induce NEPC xenografts when androgens
are present. Our study also showed that enhanced SRRM4 expression and ARPI can block REST
function through AS and protein degradation, respectively?'? (Figure 4.4). These findings explain

interdependent and additive effects of SRRM4 and ARPI for NEPC progression.

Our results indicated that SRRM4 induction of the NEPC phenotype is enhanced by RB1 or TP53
depletion (Figure 4.5). When combined with ARPI, SRRM4 functions are further enhanced by
TP53 loss (Figures 4.5, 4.6, and 4.7). Based on these results and others, we propose a model of
AdPC transdifferentiation to NEPC involving two types of gene regulators in two steps. The first
type of genes including AR, SRRM4, and REST function as cell-differentiation regulators. They

control epigenetics, transcription, and AS to confer an NEPC phenotype. ARPI releases AR-
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induced epithelium differentiation, thus providing an opportunity for cells to reset differentiation
to NEPC. SRRM4 reprograms REST function through AS and globally regulates neural-specific
epigenetic histone modifiers, transcription factors/cofactors, and RNA splicing factors that are
necessary for the NEPC phenotype. Nevertheless, this phenotypic transition cannot be detected
until the transdifferentiated NEPC cells lock in their phenotypes. The second type of genes
includes TP53, RB1, and AURKA cell cycle regulators. Genetic alterations of these genes
facilitate NEPC transdifferentiation by bypassing cell cycle checkpoints. Cells bearing these
genetic alterations also gain selective growth advantage under ARPI. This step is significant
because it enriches NEPC cell numbers and biomarkers above a critical threshold allowing
pathologic detection; however, loss-of-function of RB1 or TP53 likely does not play a direct role
in NEPC transdifferentiation because these genes also exist in many AdPC tumors. Consistent
with this, we showed that TP53 or RB1 depletion did not change NEPC biomarker expression
(Figure 4.5). Consequently, genomic heterogeneity may predispose some prostate cancer cells to
stably establish an NEPC phenotype once they transdifferentiate. This partially explains variations

in NEPC marker expression in different prostate tumors?:8,

43.1 Mechanism of SRRM4 overexpression
The mechanisms of induction of SRRM4 remain unknown. No NEPC-specific mutations were

found in the SRRM4 promoter, thus induction of SRRM4 gene expression may involve epigenetic
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mechanisms involving histone post-translational modifications, DNA methylations and regulation

effects of microRNA.

When located in a gene promoter, DNA methylation typically acts to repress gene transcription. It
has been reported that DNA methylation profiles are distinct between castration-resistant AdPC
and t-NEPC, associated with differentially methylated promoters and downstream transcriptional
changes® 2%°, We have checked the methylation states of -100~2000bp upstream of SRRM4
transcription initiation site using CpG bisulfite conversion method and demonstrated DNA
methylation states of this region is significantly higher in LNCaP cell than in NCI-H660 cell(data
not shown). This result suggests that DNA methylation may participate in regulation of SRRM4
expression. Unfortunately, DNA methylation states of this region in AdPC and t-NEPC PDXs did
not show significant difference (data not shown). However, we cannot exclude the possibility that

DNA methylation in other regions of SRRM4 gene can affect SRRM4 gene transcription.

Histone modification also contribute to gene transcription. The histone methyltransferase EZH2 is
upregulated in NEPC and EZH2-supressed target genes downregulated. A recently research has
elucidated a mechanistic link between N-myc and EZH2 in which they cooperate to drive histone
methylation, suppress AR signaling, and drive a NEPC phenotype!®?. However combined

overexpression of EZH2 and N-myc did not alter SRRM4 expression in LNCaP cells (data not

99



shown).

MicroRNAs function via base-pairing with complementary sequences within mRNA molecules
and results in silencing of target MRNA molecules®®® 221, Through analyzing SRRM4 mRNA
sequence using bioinformatics tools, we have found several microRNAs which are predicted to be
able to target SRRM4 mRNA. One of these candidates is miR-138-5p which has been considered
as a tumor suppressor in bladder and colorectal cancers??? 223, Analyzing the regulation effect of

miR-138-5p on SRRM4 mRNA is beyond the scope of this thesis.

In summary, multiple temporal steps that include epigenetic modifications, including those
involving SRRM4, may be required before the NEPC phenotype is stably established; however,
such a hypothesis cannot fully explain why not all tumors or all cancer cells within a tumor
eventually develop into NEPC. We hypothesize that some uncharacterized mutations in AdPC
genomes may be prerequisite for and cooperate with SRRM4-regulated and other epigenetic

changes for NEPC. These questions warrant further investigation.

4.3.2 SRRMA4-drived t-NEPC xenografts
Several in vitro and in vivo alternations can confer AdPC cells the NE phenotype; however, few

of them can finally drive AdPC cells to establish t-NEPC tumors. Our study have for the first
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time showed that alternative splicing can transform LNCaP xenografts into t-NEPC tumors.
Histological analysis shows NE markers are co-expressed with AR and PSA regardless the
weaker staining than AdPC xenograft. In addition, androgen treatment can reverse both NE
markers expression and morphological changes of LNCaP(SRRM4) cell. These results suggest
the transdifferentiation of LNCaP(SRRM4) cell is not stable. Development of NEPC tumors is
not rapid. The LTL331 PDX progressed to NEPC approximately 6 month after castration. It also
took 6 years for the original tumor that gave rise to the LTL331 xenograft to recur in the patient
as NEPC, emphasizing continuous ARPI treatment is a precondition for fully development of t-
NEPC tumors. Since one month of castration is not sufficient to diminish AR and PSA
expression, in next chapter, we will study the effect of long-term ARPI on SRRM4-drived NEPC

cell lines.
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Chapter 5: Establishment of a Neuroendocrine Prostate Cancer Model Driven
by SRRM4

5.1 Introduction

Although new generation ARPI therapies are effective in prolonging the survival of patients with
metastatic CRPC 21224 emerging evidence indicates that t-NEPC is becoming more prevalent due
to the selection pressure of ARP] 894104114 T_NEPC has been reported in up to ~25% of patients
who had received either first- or second-line anti-AR therapies &, and this rate of occurrence is
predicted to rise with the widespread use of ARPI. Besides systemic chemotherapy regimens, no
targeted therapy has yet been approved for t-NEPC patients. This is in part due to the limited NEPC

cell and tumor models available for studying the molecular underpinnings of t-NEPC progression.

Whole transcriptome sequencing technology applied on prostate tumor samples had identified
many genes whose expression were highly correlated with t-NEPC progression® %: 180 These
findings require experimental validation on whether these genes can drive NEPC progression; and
furthermore, whether a driver gene could be used as potential therapeutic target for the disease.
These molecular mechanistic studies require cell or xenograft models that have transcriptome,
morphology, and cellular physiology similar to those of NEPC tumors in patients. Such NEPC
models should also be easily manipulated so that gain- and loss-of-function approaches can be

applied to dissect signal cascades regulated by the genes of interest. The latter requirement is
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challenging for patient derived xenografts, patient organoids, and genetically engineered mouse
models. Among in vitro NEPC cell models, the NCI-H660 line is relatively well characterized??*
227 1t is AR-negative, expresses high levels of neuroendocrine markers, and grows as suspending
cell clusters, and has a morphology distinct from adherent luminal epithelial cells, such as LNCaP
or PC3 cells. When grafted into immune compromised mice, the NCI-H660 line can form NEPC
xenografts that progress rapidly®. However, its slow growth rate in vitro and low efficacy to be
transfected by plasmids or siRNA limit its applications. Several LNCaP-derived cell models were
reported to acquire neuroendocrine phenotypes when treated with androgen depletion, IL-6 or
cCAMPL% 71 However, it has not been established whether these phenotypical alterations are
sustainable during prolonged treatments, and whether xenografts derived from these cells can be

established, and whether or not they will show similar gene signatures to NEPC globally.

Our previous studies using whole transcriptome analyses of RNA-seq data from two independent
patient cohorts®® %0 have identified an NEPC-specific splice signature!'* that is predominantly
regulated by the RNA splicing factor, SRRM4. We report that through generating neuronal-
specific splice variants of target genes, SRRM4 can induce neuroendocrine phenotypes and
neuronal-like cellular morphology in AdPC cells, and transform AdPC cells into NEPC xenografts.
These findings suggest that exogenous expression of SRRM4 in adenocarcinoma cells such as

LNCaP cells may enable the establishment of t-NEPC cell and xenograft models.
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5.2 Results
5.2.1 RNA splicing and transcription profiles of LnNE PO cells
Although exogenous SRRM4 can transform LNCaP cells into NEPC xenografts under androgen

depletion conditions**

, several questions remain to be answered: 1) whether LNCaP cells
overexpressing SRRM4 have global RNA splicing features and transcriptomes similar to those of
NEPC in patients; 2) whether the neuroendocrine phenotype is sustainable during prolonged
castration treatment, and the transformed LNCaP cells can be developed into an NEPC cell and
xenograft model with stabilized NEPC molecular profile and morphology; and 3) whether the AR
expression and or AR signaling will be silenced, mimicking NEPC. To address these questions,
we applied RNA sequencing to profile the whole genomic transcription in LNCaP cells
overexpressing SRRM4 or SRRM4 plus TP53 knockdown!'4. These two cell lines showed very
similar phenotypes to each other with 15.2% (908/5925) - 18.1% (1110/6127) genes differentially
expressed at the mRNA level (Benjamini-Hochberg corrected FDR<0.01). The differentially
expressed genes were not relevant to NEPC as demonstrated by Gene Set Enrichment Analysis
(GSEA) using the Beltran 2016 data set (NES=1.10, FDR=0.39)%. Since cells with TP53 depletion

showed h faster tumor establishment rate, we therefore named the LNCaP cells with SRRM4

overexpression plus TP53 knockdown as LnNE PO in the following experiments.

The LnNE PO cells exhibited splicing profiles distinct from LNCaP cells, but similar to NEPC
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tumor samples from the VPC cohort containing 6 AdPC, 5 NEPC and 1 AdPC with neuroendocrine
differentiation samples!*. There were 882 different splicing events from 606 genes between NEPC
and AdPC samples (Benjamini-Hochberg corrected, FDR<0.01) within the VPC cohort. Based on
these differentially expressed splicing isoforms, Spearman correlation and hierarchical clustering
showed that LnNE PO cells (n=3 repeats) were similar to NEPC tumors, while LNCaP cells (n=3
repeats) were clustered into the AdPC tumor group (Figure 5.1A). These results support our
previous findings that the NEPC-specific RNA splicing signature is predominantly controlled by

SRRM4.

There were 905 genes differentially expressed at the mRNA level (Benjamini-Hochberg corrected,
FDR<0.01) between NEPC and AdPC samples from the VPC cohort'** and 364 genes
differentially expressed (Benjamini-Hochberg corrected, FDR<0.01) in the Beltran cohort
containing 34 AdPC and 15 NEPC samples®. Based on these gene expressions, Spearman
correlation and hierarchical clustering showed that both LnNE PO and LnCaP cells were classified
in the AdPC group. However, the transcriptome of LnNE PO was more similar to the NEPC profile
than those of other AdPC samples including the AdPC with neuroendocrine differentiation
samples in both cohorts (Figure 5.1B-C). In contrast, the transcriptome of LNCaP cells was more
distal to the NEPC profile. Since SRRM4 is an RNA splicing factor and the LnNE PO splicing

features are NEPC-like, these results together indicate that SRRM4 mediates RNA splicing
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programs that drive the transformation of LNCaP transcriptome towards the NEPC transcriptome.
Further GSEA assays showed that the top ranked genes upregulated in NEPC tumors from both
VPC (NES=2.02, FDR<0.0001) and Beltran 2016 (NES=2.22, FDR<0.0001) cohorts were also
significantly correlated with the expression profiles of the LnNE PO cells (Figure 5.1D-E).
Together these findings indicate that LnNE PO cells possess an NEPC specific RNA splicing

signature and confirms that SRRM4 drives LnNE transformation to NEPC.
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Figure 5.1 Comparison of RNA splicing and transcriptome of LNNE PO cells with NEPC
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(A-C) Total RNA of triplicated LNCaP and LnNE PO samples were isolated and used for RNA-
seq to measure AS events and transcription levels of each gene. RNA-seq data of LNCaP and

LnNE PO cells were analyzed combined with those of samples from VPC and Beltran 2016 cohorts.
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(A) RNA-seq data from LNCaP and LnNE PO cells were compared with NEPC-specific RNA AS
events from the VPC cohort. Spearman correlation and hierarchical clustering using the pheatmap
package in R showed the correlations of LnNE PO splicing signature with that of NEPC patient
samples splicing signature of LnNE PO cells correlated with NEPC. (B-C) RNA-seq data from
LNCaP and LnNE PO cells were compared with NEPC specific transcripts from the VPC cohort
(B) and Beltran 2016 cohort (C). Spearman correlation and hierarchical clustering showed that the
LnNE PO transcriptome was closer to those of the NEPC compared to those of parental LNCaP
cells. (D-E) GSEA results showed the correlation of the LnNE PO expression profiles with the top

up regulated genes from (D) VPC cohort and (E) Beltran 2016 cohort.

5.2.2 NEPC progression of LnNE xenografts

To determine whether long-term androgen depletion can further promote NEPC progression of
LnNE PO xenografts, we inoculated LnNE PO cells into castrated nude mice. Once the tumor
volume reached 1000 mm3, xenografts were harvested. About 200mma3 tumor trunks were minced
and re-inoculated into castrated mice to generate the next passage xenografts (Figure 5.2A). These
experiments were repeated 5 cycles to obtain P1-P5 passages of LnNE tumors. The rest of the
tissue samples from each passage were used for immunohistochemistry and primary culture to

monitor cell morphology and neuroendocrine marker expression changes.
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In the castrated mice where LNCaP xenografts do not form, the tumor take of LnNE P1 was 13
weeks but progressively reduced to 3.5 weeks at the P5 passage (Figure 5.2B). Tumor doubling
times were also reduced from 3.3 weeks at P1 to 2.3 weeks at P5 (Figure 5.2C-D). In addition,
serum SYP concentrations increased in correlation with the LnNE tumor volumes (Figure 5.2E).
Immunohistochemistry showed that SYP was negative in the LNCaP xenografts from none-
castrated mice, but became positive in LnNE P1 with increased intensity in LnNE P4 and P5
tumors (Figure 5.2F). The AR remained positive in all tumors. However, AR-negative cell
population increased in LnNE P4 and P5 tumors. PSA expression was reduced starting in LnNE
P1 tumors, but was totally abolished in LnNE P3-P5 tumors. These results indicate that LnNE

xenografts are progressively transformed into NEPC under long-term androgen depletion.
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Figure 5.2 Establishment of LnNE neuroendocrine prostate cancer xenografts

(A) A schematic diagram showing the experimental procedure of P1 to P5 LnNE xenografts and
primary cultured LnNE cells. LnNE xenografts were established as described in Material and
Method. (B-D) Tumor take (B), tumor doubling time (average duration of tumor volumes that
increase from 200 to 400 and from 400 to 800 mm?), and tumor growth curve (D) were measured.
(E) Serum SYP concentration were measured 6 weeks after the tumor volumes reached 200mm?.
(F) Immunohistochemistry detected SYP, AR and PSA on LNCaP, and LnNE P1-P5 xenografts.

Scale bars = 100pm.

5.2.3 Morphology and neuroendocrine phenotypes of LnNE cells

LNCaP cells cultured in androgen depleted medium present with epithelial spear morphology with
compact cell bodies and extended fine branches while growing as adherent monolayers (Figure
5.3A). In contrast, LnNE P1-P5 cells formed 3D multicellular spheroids even under the 2D
culturing conditions. These cells strongly expressed multiple neuroendocrine makers at both
MRNA and proteins levels, similar to those of the well characterized NEPC cell line, NCI-H660
(Figure 5.3B-C). It is worth mentioning that there were dramatic inductions of CHGB, SCG3 and
NSE expressions between P2 and P3 cells, implying that from the P3 passage on, LnNE
cell/xenografts models have developed full and sustainable neuroendocrine phenotypes.

Additionally, PSA expression disappeared at the P2 stage, while AR expression was reduced and
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kept in low levels in the LnNE P3-P5 passages, indicating that AR transcriptional activity was
abolished and the AR expression could be sustained at low levels during NEPC progression. These
findings resemble many clinical NEPC tumors that show both AR and neuroendocrine maker

positivity.

DHT treatment to P1 and P2 cells resulted in destruction of multicellular spheroid formation
(Figure 5.3D). Cells became adherent to the surface of culturing dish and grew as monolayers
similar to LNCaP cells. However, the morphology of LnNE P3, P4, and P5 cells remained in
spheroids even in the presence of DHT. Our previous studies reported that the neuroendocrine
phenotype of LnNE PO cells could be reversed when treated with androgens. In this study, we
report that cells from early LnNE passages were still responsive to DHT, resulting in the
upregulation of AR, PSA and E-Cad protein levels, but downregulation of CHGB, SCG3, and NSE
expressions (Figure 5.3E). Once reached to the P5 stage, however, LnNE cells became indifferent
to DHT treatment with regard to morphology and biomarker expressions. In summary, we
observed NEPC progression of the LnNE model from PO to P5 under the prolonged castration
condition, with the AR signaling diminishing at the P2 stage, neuroendocrine phenotypes fully
developed at the P3 stage, and morphology and AdPC/neuroendocrine marker expressions being

stabilized at the AR-indifferent P5 stage.
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Figure 5.3 LnNE cell morphology and neuroendocrine phenotypes

(A-C) LNCaP and LnNE cell series P1 to P5 were cultured in the RPMI11640 medium containing
10% CSS and NCI-H660 cells were cultured in the HITES medium, as described in the Materials
and Methods section, for 2 weeks. (A) Cell morphology changes were examined by the Zeiss
fluorescent microscope. (B-C) Total RNA and protein lysates were collected and used to measure
the expressions of neuroendocrine and AdPC biomarkers by real-time gPCR (B) and
immunoblotting (C). (D-F) LnNE cell series were cultured in the medium containing 10% CSS

for 2 weeks followed by vehicle or 10nM DHT treatment for another week. (D) Images of spheroid
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morphology were captured by the Zeiss fluorescent microscope. (E) Whole cell RNA and protein
were collected and used to measure expressions of neuroendocrine and AdPC biomarkers by real-
time gPCR (E) and immunoblotting (F). AR, PSA and NE biomarkers change became insensitive

to DHT treatment from LnNE P1 to P5.

5.2.4  Cell proliferation rate and transfection efficacy of LnNE cells

Using BrDU incorporation assays, LNNE cells cultured in androgen depletion medium have a
proliferation rate 2-3-fold higher than NCHI-H660 cells (Figure 5.4A). Importantly, the
proliferation rate of LnNE cells increased with passage numbers, indicating that the LnNE cells
have adapted androgen depletion conditions and gradually gained proliferative abilities in addition
to stabilized NEPC biomarker expressions. These observations suggest the concurrence of
transdifferentiation and accelerated proliferation during LnNE PO to P5 progression. Moreover,
when transfected with the GFP expression vector by lipofectamine 3000, the transfection efficacy
was ~50-70% in LnNE P5 cells, but <2% in HCI-N660 cells (Figure 5.4B). We also transfected
plasmid DNA encoding REST in LnNE P5 cells, resulting in ~3,500-fold induction of REST
MRNA levels and ~4-164-fold reduction of mMRNA levels of neuroendocrine markers (Figure
5.4C). In addition, LnNE P5 cells can be transfected with the siRNA oligo, resulting in 56%
depletion of SRRM4 mRNA and 1.8-9.5-fold reduction of mRNA levels of neuroendocrine

markers (Figure 5.4D). These results indicate that LnNE cells have a relatively high proliferation
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rate in vitro and can be transfected with plasmid DNA and siRNA to manipulate gene expression.
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Figure 5.4 LnNE cell proliferation and transfection efficacy

(A) BrdU incorporation assays were performed on LnNE P1 to P5 cells and NCI-H660 cells. BrdU
incorporation rates were calculated as described in the materials and methods. (B) LnNE P5 and
NCI-H660 cells were transfected with GFP expression vectors. Fluorescence images were
captured by the Zeiss fluorescent microscopes 24 hours after transfection to measure transfection
efficiency. (C-D) LnNE P5 cells were transfected with (C) REST expression vector or (D) control

or sSiRNA against SRRM4. Total RNA were collected and used to measure NEPC biomarkers
113



expression by real-time gPCR.

5.2.,5 Invitro LnNE spheroids for drug screening

NCI-H660 cells proliferate extremely slowly in in vitro culture conditions, but grow rapidly as
tumors in mice, implying that NEPC cells favor 3D culture conditions. This is consistent with our
observation that the LnNE cells formed spheroids even under the 2D culturing conditions (Figure
5.3). We applied the GravityPLUS Hanging Drop system (InSphero, Brunswick, USA) in a 96-
well format to allow LnNE cell growth in 3D conditions (Figure 5.5A). LnNE P5 cells form a
single spheroid per well in ~5 days, and the spheroids retained their morphology on flat-bottom
96-well plates for up to 7 days, during which the spheroid proliferation rate can be measured by
the spheroid size as well as by BrDU incorporation assays (Figure 5.5B). Additionally, the
spheroids can also be collected and paraffin embedded to perform immunohistochemistry (Figure
5.5C). We showed that LnNE P5 spheroids expressed high levels of SYP and AR but no PSA,
consistent with the expression profiles of LnNE xenografts, as shown in figure 5.2. These results
indicate that multiple LnNE spheroids can be established in 96 well plates simultaneously to allow
high throughput screening assays to identify potential small molecules that may inhibit NEPC cell

proliferation or modulate NEPC cell morphology.
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Figure 5.5 3D culture of LnNNE cells

(A) LnNE P5 cells were cultured to form 3-D multicellular spheroids as described in the Materials
and Methods section. (B) Time-lapse images of spheroids were shown. Relative spheroid sizes and
BrDU incorporation rates were measured at indicated time points. (C) Spheroids were collected

and paraffin embedded. Immunohistochemistry was performed using indicated antibodies.

5.3 Discussion
In this study we demonstrate that the LnNE can form multicellular spheroids under 2D or 3D

culture conditions in vitro, as well as xenografts in vivo. LNNE has global transcription and RNA
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splicing signatures similar to those of NEPC tumors. LnNE tumors are castrate-resistant, and
aggressively growing in nude mice. Although the AR protein expression remains, its transcription
activity is deactivated, and the neuroendocrine phenotype of LnNE cells cannot be reversed by
androgen re-administration. We report that LnNE cells are relatively highly proliferative, easy to

be transfected, and are suitable for performing high throughput screening assays.

The LnNE model is generated by introducing exogenous SRRM4 in adenocarcinoma cells. We
have previously shown that SRRM4 can confer neuroendocrine phenotypes to AdPC cells through
compromising the function of genes such as REST and FOXA1 14228, Other SRRM4 target genes,
such as PTPRF and PTK2, have known functionality in regulating cell proliferation or apoptosis
114 “suggesting that these genes may enable cancer cells to gain growth and survival advantages
under chemo- or hormonal therapies. It should also be noted that several SRRM4 target genes are
histone acetyltransferases or de-methyltransferases (e.g. MEAF6 and BHC80), which may
promote NEPC progression through epigenetic mechanisms 22°. Therefore, generation of the LnNE
model suggests that NEPC can evolve directly from AdPC under the control of SRRM4. Through
regulating RNA splicing and epigenetic mechanisms, SRRM4 induces two cellular processes,
including neuroendocrine differentiation and accelerated proliferation, which collaboratively
contribute to NEPC establishment. In addition, the phenotypical transitions of LnNE PO to P5

support the idea that NEPC progression is a gradual and chronic process. Neuroendocrine
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differentiation of cancer cells is initially transient and reversible, but becomes permanent, possibly
by NEPC-specific factors that promote cell proliferation. It is likely that multiple cycles of

differentiation and proliferation are required for establishing NEPC.

SRRM4 strongly induces multiple neuroendocrine markers, among which SYP, CD56, and
chromogranins are commonly used for NEPC diagnosis by pathologists. However, a challenge in
early NEPC detection is intra-tumoral heterogeneity, as NEPC tumors do not show universal
neuroendocrine marker profiles. Our results suggest that SRRM4 may be a more reliable
diagnostic marker for NEPC than those previously reported because the immunohistochemistry of
the tissue microarray showed that SRRM4 has a higher negatively predictive value in ruling out
NEPC tumors, and SRRM4 positivity has higher sensitivity than CD56, SYP, and CHGA

individually to NEPC (Chapter 3).

The LnNE model also accepts TP53 depletion, raising the question of whether loss-of-function of
TP53 contributes to NEPC progression through either its canonical pathways that regulate cell

cycling and apoptosis 2%

, or through promoting cell lineage plasticity, mediated by Sox2 or Sox11
100,101,231 "Inactivation of TP53 was more frequent in NEPC (67%) when compared to AdPC (31.4-

53.3%)% 232 233 |t is worth mentioning that the upregulation of basal and NE markers in the

presence of anti-androgens only occurred when both TP53 and Rbl were depleted. This is
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consistent with our previous results that showed no significant increase of neuroendocrine markers
with TP53 inactivation alone'4. Our GSEA analyses did not show further enhancement of NEPC
gene signatures when TP53 depletion was added to SRRM4 overexpression. In fact, our LnNE
model has the RB1 gene intact, and very low Sox2 and Sox11 mRNA levels. Since TP53 depletion
enhances cell proliferation and colony formation of LNCaP cells overexpressing SRRM44 we
propose that the loss-of-function of TP53 in the context of SRRM4 overexpression contributes to

NEPC progression through enhancing cell proliferation.

The LnNE model preserves AR protein levels, but becomes PSA-negative, supporting the notion
that reduced AR function is concurrent with NEPC progression. It has been shown that AR protein
expression can be detected by immunohistochemistry in NEPC, but the mRNA levels of AR target
genes are significantly reduced®. In three independent reports, 27% (6/22), 38% (23/61) and 47%
(7/15) of small cell neuroendocrine prostate tumors are AR protein positive, as detected by
immunohistochemistry?* 2% These tumors can also express AR target genes, including PSA and
NKX3.1. It is therefore reasonable to speculate that other types of NEPC adenocarcinoma with
neuroendocrine differentiation may have even higher rates of AR positivity. These findings
collectively suggest that the remaining AR expression, along with reduced/abrogated AR
functions, may be a common pathological characteristic in tumors with ongoing NEPC

progression, or in subsets of NEPC tumors. We also observed that our LnNE model gradually
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reduced AR signaling as well as AR-positive cell numbers during PO to P5 xenograft passaging. It
is therefore important to continue to monitor AR expression and function, as this model is grafted

onto castrated mice for higher passages.

In summary, we present an NEPC cell/xenograft model that has similar molecular and pathological
features to those of NEPC tumors from patient samples. This model could be a useful research tool

to study this disease.

5.3.1 Mechanism of NEPC progression

LnNE cells show higher proliferative rates than LNCaP and NHT-660 cell lines, which is
consistent with the fact that t-NEPC is highly aggressive and proliferative. The proliferative
phenotype is possibly driven by several mechanisms. One possible reason is loss function of
TP53/RB1, which leads to an increase of cell cycle and decrease of apoptosis through their
canonical pathways. Increased neural peptides, which are synthesized and released by LnNE
cells, may also promote PCa cell proliferation. It has been reported that the NE marker ASCL1
236.

can promote cell cycle and neuronal differentiation when expressed in neural progenitor cells

The effect of secreted neural peptide on PCa cells still needs to be determined.
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A recently research has found that SRRM4-induced exon inclusion can change protein structure
and thereby protein-protein interaction in neurogenesis®’. Interestingly, as mentioned in Chapter
4, several genes regulated by SRRM4 are associated with biological processes, including histone
modifying, intracellular signaling transduction, protein phosphorylation, and transcription
regulation. AS of these genes may affect cell proliferation and apoptosis either through their
canonical pathways, or may lead to novel functions caused by structure reprograming. In the next
Chapter, we will study the detailed mechanisms through which AS of SRRM4-targeted genes

regulate NEPC progression.
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Chapter 6: RNA Splicing of the BHC80 Gene Facilitates Neuroendocrine Prostate Cancer
Progression

6.1 Introduction

Although NEPC is rare as a primary subtype of PCa, it is becoming more prevalent as androgen
receptor “quiescent” CRPC, emerging under the selective pressures of more potent ARPI® 84,
However, even after potent ARPI treatment, about 25% of patients harbour NEPC foci at death®,
implying that certain CRPC tumors are capable of attaining a proliferative NEPC state. Once t-
NEPC is diagnosed, patient survival is less than one year?®8, A major obstacle in controlling t-

NEPC is the lack of understanding of the molecular underpinnings of t-NEPC.

T-NEPC is most likely derived from AdPC through complicated NE differentiation, proliferation,
and tumorigenesis processes. Whole-exome sequencing has revealed that t-NEPC and AdPC have
similar genomic landscapes®, even though they differ significantly in gene expression and cell
morphology®® % 104 Case studies showed that cell populations of AdPC, AdPC with
neuroendocrine differentiation, and t-NEPC co-existed in the same tumors®®. Intermediate
morphological and phenotypical transitions in cancer cells between the boundaries of AdPC and
NEPC cell populations indicated dynamic neuroendocrine differentiation processes?®°. AdPC
transformation into t-NEPC is replicable in PDXs, when only castration surgery was performed on

the host micel®, Loss-of-function of TP53, Rb1, and/or PTEN was shown to confer AdPC cells
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lineage plasticity under ARPI treatments'® 102105 These cancer cells utilize Sox2, EZH2, and
Sox11 to epigenetically re-program the AdPC transcriptome and adapt into neuroendocrine
lineage. We show that AdPC cells can be transformed into t-NEPC xenografts when a neural RNA
splicing factor SRRM4 is introduced exogenously?*. Collectively, these results support that t-

NEPC originates from AdPC.

AdPC progression to t-NEPC requires not only NE differentiation, but also proliferation. AdPC
cells can undergo NE differentiation induced by loss-of-function of the AR, REST, and FoxA11%
169,240 or by treatments of cAMP, IL-6, androgen depletion, or hypoxia in vitro®”: 179174 However,
not all of these protein factors and treatments enable t-NEPC formation. While AR blockade is
necessary for t-NEPC establishment, it is insufficient because only ~25% of hormone therapy-
treated tumors transform into t-NEPC®. Most AR-positive AdPC xenografts (e.g., LNCaP,
LAPC4) do not progress to t-NEPC as a result of castration. Cory Abate-Shen et al. reported that
in TP53/PTEN knockout mice treated with castration surgery, NE-like cells from focal NE
differentiation regions are non-proliferative, in striking contrast to NE-like cells within overt NE
differentiation regions that are highly proliferative!®® suggesting a “proliferative switch”
represented by a key molecular event of t-NEPC emergence. Several genes such as AURKA,
PEG10, MEAF6, and Cyclin D1 have also been implicated in t-NEPC development!8l-184,

However, instead of inducing NE differentiation of AdPC cells, these genes regulate cell
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proliferation, invasion, and tumor growth. These results support the idea that AdPC cells with NE
differentiation have to be switched into a highly proliferative stage in order to develop into t-

NEPC.

AdPC and t-NEPC share similar genomic features but differ dramatically in transcriptomes,
suggesting that RNA splicing and epigenetic mechanisms are responsible for t-NEPC
development. Through analyzing RNA-seq data from two independent NEPC cohorts®® 1%, we
report a t-NEPC specific RNA splicing signature from 24 genes?*°. BHCS80 is the only gene that
regulates histone methylation and gene transcription?*!, BHC80 was originally found as a
component of histone modification complexes where it antagonized the actions of LSD1,
CoREST, and HDAC:S in de-methylating H3K4 to de-repress gene transcription. It is expressed
mainly as two isoforms, BHC80-1, and BHC80-2, whereby an alternative exon 14a replaces exon
14 in BHC80-2 (GRCh38/hg38)?*2. This splicing event disrupts one of the two predicted nuclear
localization signals (NLSs), potentially leading to increased cytoplasmic localization. In this study,
we report that BHC80-2 is highly expressed in t-NEPC and exerts non-epigenetic activities in
stimulating the MyD88-p38-TTP axis to enhance multiple tumor-promoting cytokines during t-

NEPC progression.
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6.2 Results

6.2.1 RNA splicing of BHC80-2 is upregulated in t-NEPC

RNA-seq data from both the VPC12 and Beltran cohorts indicated that BHC80-2 is dramatically
upregulated in t-NEPC, while BHC80-1 remains at similar levels between AdPC and t-NEPC

(Figure 6.1A-B).
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Figure 6.1 Expression of BHC80-2 splice variant is upregulated in NEPC

(A-B) RNA-seq data of PDXs and patients in the VPC and Beltran cohorts were analyzed. (A)
Increased inclusion of the alternatively spliced exonl4a in both NEPC patient tissues and NEPC
PDXs was identified by RNA-seq. (B) Comparison of overall gene reads, reads of BHC80-1 and
BHC80-2 splice variants between NEPC and AdPC tumors from both VPC and Beltran cohorts.

Values without a common letter are significantly different, p < 0.05
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To confirm these RNA-seq data, we have also constructed a tissue microarray with CRPC tumor
biopsies from an independent patient cohort and have applied RNA in situ hybridization (RISH)
assays to study BHCB80 splicing variants’ expression in t-NEPC tissues. The specificity of the

BHCB80-1 and -2 probes had been validated in multiple control tissue slides (Figure 6.2).
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Figure 6.2 Validation of BHC80-1 and BHC80-2 probes

(A) A schematic diagram shows alternative RNA splicing of the BHC80 gene and the locations of
BHC80-1(NM_001101802.1) and BHC80-2(NM_016621.3) RISH probes. (B) BHC80-1 and
BHC80-2 RISH assays and IHC assays using anti-BHC80 antibody were performed on three
different patient tissue. (C) RISH assays using control and BHC80-2 probes were performed on

LNCaP(CTL), LNCaP(BHCB80-2) xenografts and brain tissue. (D) Representative images of RISH
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assays of BHC80-2 with different RISH scores.

RISH results confirm that BHC80-2 is strongly expressed in two groups of t-NEPC (SCNC and
AdNE), but weakly expressed in AdPC (Figure 6.3A-B). In contrast, BHC80-1 levels showed no
difference among all three tumor groups. Furthermore, the BHC80-2, but not the BHC80-1 RISH
signal, was highly correlated with not only the number of NE markers (Pearson correlation
r=0.819; p<0.0001), but also the IHC scores of CHGA, SYP, and CD56 (Pearson correlation
r=0.822, 0.828, and 0.699 respectively; p<0.0001) (Figure 6.3C-D). It was positively associated
with Ki67 index, but negatively correlated with AAPC markers such as AR and PSA. Together,
both RNA-seq and RISH results from three independent patient cohorts concluded that RNA
splicing of BHC80-2 is upregulated in t-NEPC, while BHC80-1 expression remains the same in

AdPC and t-NEPC.
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Figure 6.3 Expression of BHC80-2 splice variant is correlated with t-NEPC progression

(A) BHC80-1 and BHC80-2 RISH assays and IHC assays using CHGA, SYP, CD56, AR, PSA,
and Ki-67 antibodies were performed on castrate-resistant prostate cancer TMA. RISH scores of
BHCB80-1 and BHCB80-2, as well as tumor histology, were evaluated as described in the Materials
and Methods section. Each column represents one of the 64 tissue cores from 32 patients. (B)
CRPC tissue cores were grouped into SCNC, AdNE, and AdPC, according to their histology.
Distribution of BHC80-1 and BHC80-2 RISH scores, as well as the Ki-67 index in each tumor
group are plotted. (C) Scatterplots show BHC80-2 RISH scores in association with the numbers

of positive NE markers. BHC80-2 correlation with NE marker numbers were calculated by
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Pearson's Chi-square test. (D) BHCB80-2 expression in correlation with CHGA, SYP, CD56, AR,

and PSA IHC scores and Ki-67 indexes was calculated using Pearson's Chi-square test.

6.2.2 SRRM4 regulates RNA splicing of BHC80-2

Because the RNA splicing factor SRRM4 had been demonstrated to be a driver of t-NEPC, we
hypothesize that SRRM4 regulates BHC80-2 RNA splicing. Using RISH assays on the CRPC
TMA, we first showed that BHC80-2 and SRRM4 are both highly expressed in SCNC and AdNC,
but weakly in AdPC. Their levels are highly correlated (Pearson correlation r=0.856; p<0.0001)
(Figure 6.4A). We have transduced LNCaP adenocarcinoma cells with SRRM4 to generate the
LnNNE tumor models that show aggressive growth with classic NEPC transcriptomes and
phenotypes mimicking patient t-NEPC27. BHC80-2 is negative in parental LNCaP xenografts, but
dramatically upregulated in the LnNE tumors (Figure 6.4B). The mRNA levels of BHC80-1 is
abundantly expressed in all ADPC and NEPC cell lines, however, BHC80-2 is only expressed in
SRRM4-positive VCaP and H660 cell lines (Figure 6.4C). These results from patient tumors,

xenograft and cell models confirmed SRRM4 expression correlated with BHC80-2 RNA splicing.
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Figure 6.4 SRRM4 expression is correlated with alternative splicing of the BHC80 in PCa
cells
(A) BHC80-2 and SRRM4 RISH assays were performed on castrate-resistant prostate cancer
TMA. Each column represents one of the 64 tissue cores from 32 patients. BHC80-2 RISH scores,
in correlation with SRRM4 RISH scores, were calculated by Pearson's Chi-square test. (B) Total
protein of LNCaP and LnNE cell lines were collected and used to measure BHC80-1 and BHC80-
2 protein expression by immunoblotting. (C) Multiple PCa cell lines were used to measure

BHC80-1, BHC80-2 and SRRM4 expression in both protein and mRNA levels by immunoblotting

and real-time PCR assays.

To confirm that SRRM4 directly regulates BHC80-2 splicing, we constructed a BHC80 minigene
reporter in which exons 14 and 14a and their flanking ~300bp nucleotides were inserted between

exons 13 and 15 (Figure 6.5A), and transfected this minigene into LNCaP and 293T cells. SRRM4
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upregulated BHC80-2, but downregulated BHC80-1 mRNA derived from the minigene reporter
(Figure 6.5B). Interestingly, U2AF65 stimulates, while PTB inhibits, BHC80-2 splicing,
indicating that other splicing factors also participate in BHC80 RNA splicing. However, SRRM4
is a neural-specific splicing factor that also regulates PTB RNA splicing and functions, leading us
to focus on SRRM4-mediated BHC80-2 RNA splicing. RNA chromatin immunoprecipitation
(RNA-ChIP) showed that SRRM4 was recruited to the region next to the 3’ splice site of BHC80
intron 14 (designated as region P1), but not the control region (designated P2) (Figure 6.5C-D).
The UGC motif was predicted to be a consensus SRRM4 recognition site and our RNA-pulldown
assays confirmed that purified SRRM4 protein from LNCaP cells interacted directly with the wild
type, but not the mutant UGC motif from intron 14 of the BHC80 gene (Figure 6.5E). Furthermore,
site-directed mutagenesis (UGC to UAC) of the UGC motif within the BHC80 minigene showed
that failure of SRRM4-mediated exon 14a inclusion (Figure 6.5F). These results together confirm

that SRRM4 directly regulates BHC80-2 RNA splicing in PCa cells.
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Figure 6.5 SRRM4 regulates alternative splicing of the BHC80 in PCa cells

(A) A schematic diagram shows the BHC80 minigene reporter and the splice variants derived from
the minigene. (B) The BHCB80-minigene reporter was co-transfected with plasmids encoding
indicated splicing factors into LNCaP cells. Total RNA was extracted to measure BHC80-1 and
BHC80-2 mRNA levels by real-time gPCR. (C) A schematic diagram of the P1 and P2 regions
used in RNA-ChIP assays. (D) LNCaP cells were transfected with the Flag-SRRM4 plasmid.
RNA-ChIP assays were performed using control or Flag antibody. Eluted RNA fragments were
used as templates for real-time qPCR. Signals were calculated as percentage of input. (E) Flag-
SRRM4 was purified from LNCaP cells to perform RNA pulldown assays. Oligo associated
proteins were detected by immunoblotting. (F) LNCaP cells were transfected with control,
BHC80-minigene or BHC80-minigene with M1-M4 mutations in the presence of -/+SRRM4.

Total RNA was collected and used to measure BHC80-1 and BHC80-2 mRNA levels by real-time
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gPCR. All results were derived from three independent experiments that were performed in

triplicate. Data were presented as the mean £ S.D. **, p < 0.01 compared with controls.

6.2.3 BHCB80-2 promotes PCa cell growth and tumor progression

Because BHCB80-2 is barely expressed in AdPC and strongly expressed during t-NEPC
progression, we introduced Flag-tagged BHC80-2 and BHC80-1 into LNCaP, PC3, and TRAMP-
C1 AdPC cell models by lentivirus to study BHC80-2 functions. RNAi of BHC80-2 was not
performed because depletion of BHC80-2 does not follow t-NEPC progression and the exon 14a,
unique to BHC80-2, is only 24bp in length. Neither BHC80 isoforms altered AR signaling, nor

induced NE markers and neuronal morphologies (Figure 6.6).
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Figure 6.6 BHCB80-2 does not confer LNCaP cell NEPC phenotype
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(A) LNCaP cells were transfected with control, BHC80-1 or BHC80-2 expression vectors together
with PSA-luciferase and renilla reporters. Cells were then treated with vehicle or 10nM of DHT
for 24h. Luciferase activities were measured. (B-C) Total RNA was also collected for real-time
PCR assays to measure the expression of PSA and Nkx3.1 in (B) and different NE markers in (C).
(D) Morphology of LNCaP(CTL), LNCaP(BHC80-1) and LNCaP(BHC80-2) cells were captured

by microscopy.

However, BHC80-2, but not BHC80-1, stimulated cell proliferation, migration, invasion, and
colony formation independent of androgens (Figure 6.7A-D). BHC80-2-transduced LNCaP
xenografts progressed more rapidly to CRPC stage, as demonstrated by tumor volumes and serum
PSA levels (Figure 6.7E). BHC80-2 also stimulates TRAMP-C1 xenograft growth (Figure 6.7F).
These results indicate that gain-of-function of BHC80-2 in PCa cells stimulates cell growth and

xenograft progression independent of androgens.
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Figure 6.7 BHC80-2 increases PCa proliferation, invasion, and xenograft growth

(A-D) LNCaP, PC3 and TRAMP-C1 cell lines were stably introduced control, BHC80-1 and
BHCB80-2 by lentivirus. (A) Cell proliferation rate was measured by MTS assay and presented as
relative fold change to day 0. (B) Cell invasion ability of PC3 and TRAMP cell lines was measured
by using the Matrigel Invasion Chambers. (C) Wound healing assays measured PC3 and TRAMP-

C1 cell migration rate within 16 hours and LNCaP cell migration rate within 24 hours. (D) Colony
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formation assays were performed on cell lines as indicated. Colonies were stained with crystal
violet and colony numbers were counted. All results are presented as the mean £ S.D. (n = 3; **,
p < 0.01). (E) LNCaP(CTL), LNCaP(BHC80-1) and LNCaP(BHC80-2) cells were used to
established xenografts as described in the Materials and Methods section. Tumor volume and
serum PSA concentrations were measured at different time points. (F) TRAMP-C1(CTL),
TRAMP-C1(BHC80-1) and TRAMP-C1(BHC80-2) xenografts were established and tumor

volumes were measured.

6.24 BHCB80-2 targets the MyD88 signaling in PCa cells

To decipher the BHC80-2 signal pathways, we first profiled BHC80-2 transcriptome using
Ampliseq transcriptome sequencing analyses described previously*°. While 3119 genes were
differentially expressed in LNCaP(BHCB80-2) cells compared to LNCaP(CTL) cells, 349 genes
were differently expressed between LNCaP(BHC80-1) and LNCaP(BHC80-2) cells (p<0.05, fold
change cutoff >2) (Figure 6.8A). A total of 177 genes were specifically regulated by BHC80-2.
Gene ontology (GO) analysis (http://david.abcc.ncifcrf.gov/) revealed that the key cellular
processes were mainly related to immune response, anti-apoptosis and cell migration. Seven GO
annotation function groups were enriched and the expression of representative genes within these

groups were plotted. (Figure 6.8B-D)
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Figure 6.8 Genes and cellular function regulated by BHC80-2

(A) Total RNA of LNCaP(CTL), LNCaP(BHC80-1) and LNCaP(BHC80-2) cells were isolated
and used for Ampliseq transcriptome sequencing analyses to get total transcriptomes data. A Venn
diagram of results shows the comparison of transcriptomes among these cells (fold change>2 and
adjusted p< 0.05). Totally 177 genes were regulated by BHC80-2 specifically (B) Top-ranked gene
functions by BHC80-2 specifically were analyzed by DAVID software. Go terms were listed in
the table. (C) IPA downstream analysis identified that genes associated with immune response,
anti-apoptosis and cell motion are regulated by BHC80-2. (D) A heatmap shows the expression of

top-ranked BHC80-2 regulated genes.

The BHC80-2 transcriptome was also analyzed by the Ingenuity Pathway Analysis (IPA) software

for upstream regulators and identified TNFa , MyD88, NF-kB, IL-1a, IL-1b, and TLR4 (Z score>2
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and p<0.001) and for downstream effectors; and identified CCL2, CCL20, CXCL10, TLR2, et al.
(Figure 6.9A-B).These bioinformatics predictions were validated by real-time PCR assays
showing that BHCB80-2, but not BHC80-1, induced CCL20, CXCL10, CCL2, and TNFa
expressions (Figure 6.9C). Conditioned media from LNCaP(BHC80-2) cells significantly
enhanced PCa cell proliferation and invasion (Figure 6.9D). These effects can be attenuated by
CCL2, TNFa, and CXCL10 neutralizing antibodies or a MyD88 inhibitor (MyD88i) (Figure 6.9E).
Further investigation showed that MyD88i, but not a TLR4 inhibitor, reduced BHC80-2 activities
in upregulating CCL2, CXCL10, and TNFa (Figure 6.9F-G). Collectively, these results reveal a
new function of BHCB80-2 that specifically activates the MyD88 signaling to enhance CCL2,

TNFa , and CXCL10 secretion, thereby stimulating PCa cell growth and invasion.
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Figure 6.9 BHCB80-2 regulates target cytokines expression through MyD88

(A) Total gene expressions data of LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells
were used for upstream regulator analysis by using IPA software. A Venn diagram shows the
common upstream regulators among these cells (Z-score>2 and adjusted p< 0.001). (B) Interaction
among five specific signals detected by IPA as the main upstream regulator of BHC80-2
transcriptome. (C) Genes specifically associated with BHC80-2 were validated by real-time qPCR.
(D) LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells were treated with control, or
MyD88 inhibitor (MyD88i), or (E) control, or 30ug/ml TLR2/4 inhibitor OXPAPC (TLR2/4i) for
24 hours. CCL2, CXCL10, and TNFo. mRNA levels were measured by real-time gPCR. (F)
Conditioned medium collected from LNCaP and PC3 cells expressing CTL, BHC80-1, and
BHCB80-2 were used to treat parental LNCaP and PC3 cells. LNCaP cell proliferation and PC3
invasion rates were measured. (G) LNCaP(BHC80-2) and PC3(BHC80-2) cells were treated with
control, CCL2, CXCL10, TNFa, and CCL20 neutralizing antibodies. LNCaP cell proliferation
and PC3 cell invasion rates were measured. All results were derived from three independent
experiments that were performed in triplicate. Data were presented as the mean £ S.D. **, p <0.01

compared with controls.

6.2.5 A novel non-epigenetic action of BHC80-2 triggers the MyD88-p38-TTP pathway

We observed that BHC80-2 regulated gene expression through two mechanisms: i) BHC80-2
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increased the RNA stability of CXCL10, TNFa, and CCL2, but not CCL20, as TLR2 genes
demonstrated (Figure 6.10A); and i1) BHC80-2 increased the transcription initiation rates of genes
such as CCL20 and TLR2, as demonstrated by our nuclear run-on assays (Figure 6.10B). MyD88
was demonstrated to stabilize CXCL10 and TNFa mRNAs in immune cells through the MyD88-
p38-TTP pathway (Figure 6.10C). Specifically, MyD88 serves as an activator of p38, which, in
turn, reduces the affinity of TTP to its binding motifs of substrate RNAs, and stabilizes cytokine
MRNAs?4 24 We showed that BHC80-2, but not BHC80-1, stimulated p38 phosphorylation,
which could be inhibited by MyD88 inhibitor (Figure 6.10D). Consistently, the p38 inhibitor
SB203580 (p38i) suppressed CXCL10, TNFa, and CCL2, but not CCL20 and TLR2 mRNA
expression induced by BHC80-2 (Figure 6.10E). RNA-ChIP showed that BHC80-2 reduced TTP

affinity to CXCL10, TNFa and CCL2 mRNAs without changing expression of TTP (Figure
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Figure 6.10 BHCB80-2 regulates the RNA stability of target cytokines through the MyD88-
p38-TTP pathway

(A)LNCaP(CTL), LNCaP(BHC80-1) and LNCaP(BHC80-2) cells were treated with RNA
synthesis inhibitor actinomycin D (ActD) for 0-6 hours. CCL2, CXCL10, TNFa, CCL20, and
TLR2 mRNA levels were measured by real-time qgPCR. (B) LNCaP(CTL), LNCaP(BHC80-1),
and LNCaP(BHCB80-2) cells were used to perform RNA run-on assays. Nascent CCL20, TLR2,
CXCL10, TNFa, and CCL2 mRNAs were purified and measured by real-time gPCR. (C) A
schematic diagram shows how MyD88 regulates the RNA stability through the MyD88-p38-TTP
pathway. (D) LNCaP(CTL), LNCaP(BHC80-1) and LNCaP(BHC80-2) cells were incubated with
control or Myd88i for 24 hours. Phospho-p38 and total p38 protein levels were detected by
immunoblotting. (E) LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells were
incubated with vehicle or 10uM of p38-specific inhibitor SB203580 (p38i) for 24hours. CXCL10,
TNFa, CCL2, CCL20, and TLR2 mRNA levels were measured by real-time qPCR. (F) RNA-
ChIP assays were performed using the TTP antibody. Eluted RNA fragments were used as
templates for real-time qPCR. Signals were calculated as percentage of input. All results were
derived from three independent experiments that were performed in triplicate. Data were presented

as the mean £ S.D. **, p < 0.01 compared with controls.

To determine whether the cytosolic actions of BHC80-2 are due to the destruction of the predicted
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nuclear localization signaling (NLS) peptide by RNA splicing (Figure 6.11A), we applied
immunofluorescence microscopy to show that BHC80-1 is only expressed in the nucleus, while
BHC80-2 and BHC80-1, with mutations within the NLS (BHC80-1m carrying glycine 429 to
asparagine and arginine 430 to alanine), are localized in both the cytoplasm and the nucleus. These
results were confirmed by immunoblotting assays using cytoplasm and nuclear fractions of LNCap
cells transfected with BHC80-1, BHC80-1m, and BHC80-2 (Figure 6.11B). In addition, both co-
immunoprecipitation and proximate ligation assays (PLA) confirmed that BHC80-2 and BHC80-
1m interact with MyD88 (Figure 6.11C-D). Together, these results revealed a novel non-epigenetic
action of BHC80-2 — that BHC80-2 is localized in cytoplasm and activates MyD88 to enhance the

RNA stability of multiple tumor-promoting cytokines via the MyD88-p38-TTP axis.
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Figure 6.11 BHCB80-2 directly interacted with Myd88

141



(A) A schematic diagram of protein sequence differences among BHC80-1, BHC80-2, and
BHCB80-1m. Immunofluorescence assays with BHC80 and MyD88 antibodies on indicated cells
were examined via fluorescence microscope. (B) LNCaP (BHC80-1), LNCaP (BHC80-2), and
LNCaP (BHC80-1m) cells were used to separate cytoplasmic and nuclear protein fractions.
BHC80-1, BHC80-2, and BHC80-1m proteins was detected by immunoblotting. Histone 3 (H3)
and tubulin were used as markers to confirm the efficacy of protein fractionation. (C)
LNCaP(CTL), LNCaP(BHC80-1), LNCaP(BHC80-2), and LNCaP(BHC80-1m) cells were used
to perform immunoprecipitation assays with Flag tag antibody. The associated proteins were
detected by MyD88 and Flag antibodies. (D) PLA assays using Flag-BHC80 and MyD88
antibodies were performed on LNCaP(BHC80-1), LNCaP(BHC80-2), and LNCaP(BHC80-1m)
cells as described in the Materials and Methods section. Red dots represent BHC80 and MyD88

interactions. NLS: nuclear localization signaling. Nu: nuclear. Cyto: cytoplasmic

6.2.6  Blocking BHCB80-2 signaling inhibits NEPC cell spheroid growth

To further confirm the importance of BHC80-2 signaling for t-NEPC development, we applied
inhibitors of BHC80-2 downstream effectors to our established NEPC 3D cell-spheroid models.
NEPC cells differ significantly from AdPC cells in that they form 3D structures in suspension and
cluster into multi-cellular spheroids, as exemplified by primary cultured NEPC cells and NEPC

cell lines (e.g. NCI-H660). Spheroids derived from LNCaP(BHC80-2) cells grew significantly
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faster than LNCaP(CTL) and LNCaP(BHC80-1) spheroids, as determined by spheroid sizes and
MTS assays (Figure 6.12A). LNCaP(BHCB80-2) spheroid growth was suppressed by MyD88i or
CCL2 antibodies in both time- and dose-dependent manners (Figure 6.12B). The suppressive
effects of MyD88i and CCL2 antibodies were reproducible in the LnNE and NCI-H660 spheroids
(Figure 6.12C). These results confirmed that blocking BHC80-2 signaling inhibits NEPC cell
spheroid growth, and implies that suppressing the BHC80-2 signaling may possibly prevent tumor

progression to t-NEPC growth.
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Figure 6.12 Blocking BHC80-2 signaling via MyD88 and CCL.20 suppresses PCa spheroid

growth
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(A) LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells were cultured to form 3-D
multi-cellular spheroids as described in the Materials and Methods section. Time-lapse images
were presented. Relative spheroid size changes and proliferation rates were measured during 0-4
days. (B-C) LNCaP(BHCB80-2) cells (B), LnNE cells and NCI-H660 cells (C) were cultured and
allowed to generate 3-D micro-spheroids followed by treatments of increasing doses of MyD88
inhibitor or CCL2 neutralizing antibody for 0-4 days. Relative spheroid size changes and

proliferation rates were measured during 0-4 days.

6.3 Discussion

We report here a novel non-epigenetic action of the BHC80 gene that demonstrates AdPC
progression to t-NEPC. Functionally re-directed by the neural splicing factor SRRM4, the RNA
splice variant of BHC80-2 is highly expressed during t-NEPC development. It can be localized in
the cytoplasm of cancer cells, and trigger the MyD88-p38-TTP signal pathway, resulting in the
stimulation of tumor-promoting cytokines, and acceleration of cell proliferation and xenograft
growth, androgen independently. These findings highlight the idea that the RNA splicing
mechanism regulates immune responses of cancer cells to counteract anti-cancer therapies and

progress to t-NEPC.

The development of t-NEPC involves both differentiation and proliferation, two distinguishable
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and coordinated cellular processes controlled by multiple genes. While NE differentiation initiates
tumor progression toward t-NEPC, it is the proliferation that allows for t-NEPC establishment. It
has been shown that between 30-100% of prostate tumors bearing NE-positive cells, depending on
patient cohorts and detection methods!’™ 24, along with NE differentiation of PCa, has not been
confirmed to be correlated with poor patient outcomes!’® 24% 246 Detection of AdPC cells with NE
markers is also insufficient for a pathologist to diagnose as t-NEPC, unless the Ki67 proliferation
index and morphological alterations are also observed. The significance of proliferation during t-
NEPC is even greater if proliferation driver genes specific for t-NEPC are identified and used as
therapeutic targets. Our studies demonstrated that RNA splicing of BHC80-2 is a t-NEPC-specific
event, which is endorsed by BHC80-2 expression in correlation with not only tumor cell
morphology, Ki67 index, and NE marker status. BHC80-2 stimulates androgen-independent cell
proliferation and tumor growth, highlighting that BHC80-2 is a t-NEPC proliferation driver gene,

and may have the potential to be a therapeutic target.

BHC80 was originally found as a component of histone modification complexes where it
antagonized the actions of LSD1, CoREST, and HDACSs in de-methylating H3K4, resulting in de-
repression of gene transcription®*: 247. 248 However, there has been no evidence confirming
whether BHC80-1 and BHC80-2 function differently. Our studies report, for the first time, a non-

epigenetic action unique to cytosolic BHC80-2 via the MyD88-p38-TTP pathway. SRRM4-
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mediated inclusion of exon 14a destroys one of the NLSs, creating an opportunity for BHC80-2 to
be localized in cytosol and to trigger MyD88 signaling. However, we cannot exclude the
possibility that BHC80-2 in the nucleus functions differently than BHC80-1 in the nucleus, and
also contributes to t-NEPC development. Although we did observe that BHC80-2 regulation of
CCL20 and TLR2 occurs at the transcription levels, CCL20 neutralizing antibody did not
antagonize BHC80-2-induced cell proliferation and invasion (Figure 6.4G), and the TLR inhibitor
did not alter CCL2, CXCL10, and TNFa expressions (Figure 6.4E). Therefore, we did not pursue
this research direction. Nevertheless, BHC80-2-induced CL20 and TLR2 may still contribute to t-

NEPC progression by altering the tumor microenvironment through leucocyte recruitment.

That BHC80-2 promotes t-NEPC development also supports the idea that inflammation
contributes to carcinogenesis and tumor progression?*® 2, The adapter protein MyD88 mediates
various tumor-promoting signals triggered by microbial or endogenous ligands of cell surface
receptors such as TLRs and IL-1Rs through downstream effectors such as NFkB, AKT, JNK, and
p382%L. Our new findings demonstrate that BHC80-2 bypasses cell surface receptors to activate
MyD88 and stimulate cytokine expression. MyD88 may induce its target gene expression by either
enhancing the RNA stability of short-lived mRNAs containing AU-rich elements in their 3’
UTR?% 2% or by upregulating gene transcription initiation?2. It is now clear that BHC80-2
enhances the RNA stability of CCL2, CXCL10, and TNFa through the MyD88-p38-TTP pathway
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(Figure 6.10 and 6.11), and these cytokines are key mediators for BHC80-2 to promote tumor

progression to t-NEPC.

In summary, we report novel non-epigenetic functions of BHC80-2 that promote therapy-resistant
prostate cancer progression to t-NEPC by enhancing androgen-independent cell proliferation and
tumor growth. Our studies provide new insights into the molecular mechanisms whereby AdPC
cells utilize alternative RNA splicing to trigger immune responses of cancer cells for t-NEPC

development.
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Chapter 7: Closing Remarks

7.1 Conclusion

Although ARPI improved overall prostate cancer survival, t-NEPC becomes more prevalent when
ARPI is comprehensively used. The median survival of NEPC patients is less than one year. What
is even worse is that NEPC is difficult to diagnose because it secretes low/no PSA, a biomarker
used by clinicians to monitor the efficacy of ARPI therapy. Currently, there is few effective
diagnosis or curative treatment for NEPC, due to the lack of understanding of this cancer. It is
therefore urgent to investigate how ARPI drives the emergence of NEPC in order to aid new
discoveries that can allow for earlier diagnosis and/or effective management of this lethal disease.
Based on our publications and our substantial preliminary results, we hypothesized that increased
SRRM4 expression in prostate tumors drives AdPC progression to t-NEPC. We have designed
three specific aims to test this hypothesis: 1) SRRM4 expression is correlated with t-NEPC
progression and can be used as a diagnostic marker of t-NEPC, 2) SRRM4 is a driver of t-NEPC,

and 3) SRRM4 facilitates progression of t-NEPC.

In Chapter 3, whole-transcriptome sequencing data were extracted from prostate tumors from two
independent cohorts: the VPC and Beltran cohort(s). A novel bioinformatics tool, COMPAS, was
invented to analyze alternative RNA splicing on RNA-sequencing data. COMPAS identified most

of the splice events that were predicted to be regulated by the RNA splicing factor SRRM4.We
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applied RNA in situ hybridization and IHC assays to measure the expressions of SRRM4, NEPC
markers (SYP, CD56, and CHGA), and AdPC markers (AR, PSA) in a series of TMA constructed
from CRPC, treatment-naive tumors, and tumors treated with NHT for 0-12 months. In this
chapter, we report that SRRM4 in CRPC tumors is highly expressed in NEPC, and strongly
correlated with SYP, CD56, and CHGA expressions. Patients with SRRM4-positive tumors had a
median overall survival rate of 12.3 months, as compared to 23 months for patients with SRRM4-
negative tumors. Based on these findings, we concluded that SRRM4 expression in castrate-
resistant tumors is highly correlated with NEPC and poor patient survival. It may serve as a

diagnosis and prognosis biomarker of NEPC.

In Chapter 4, in vitro and in vivo evidence confirmed that one important SRRM4 target gene was
REST, a key regulator of neurogenesis and differentiation. Moreover, SRRM4 strongly stimulated
AdPC cells to express NEPC biomarkers, and this effect was exacerbated by ARPI. ARPI
combined with a gain of SRRM4-induced adenocarcinoma cells to assume multicellular spheroid
morphology and was essential in establishing progressive NEPC xenografts. These actions of
SRRM4 were further enhanced by loss-of-function of TP53. These results indicated that SRRM4

drives t-NEPC progression.

In Chapter 5, we generated an NEPC model, LnNE, which was derived from AdPC cells by
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overexpressing SRRM4, and knocking down TP53. LnNE had a global similarity in transcription
and RNA splicing to that of tumors from NEPC patients. LnNE xenografts are castrate-resistant,
highly aggressive, express multiple neuroendocrine markers, preserve AR expression, and are
PSA-negative. Its neuroendocrine phenotype cannot be reversed by androgen treatment. LnNE
cells grow as multi-cellular spheroids under 2-dimensional culture conditions similar to the NEPC
cell line NCI-H660, but have a higher proliferation rate and are easier to be transfected. LnNE
cells can also adapt to 3-dimensional culture conditions in a 96-plate format, allowing for high
throughput screening assays. In summary, the LnNE model is useful to study the mechanisms of

NEPC progression and to discover potential therapies for NEPC.

In Chapter 6, by analyzing whole transcriptome data of LNCaP and LnNE cells, we identified a
BHCB80 splice variant, BHC80-2, that functions as a key facilitator of t-NEPC development.
Functionally reprogrammed by the neural RNA splicing factor SRRM4, BHC80-2 does not confer
the NEPC phenotype to cancer cells, but rather stimulates cell proliferation and invasion to
accelerate tumor progression. In contrast to the epigenetic role of BHC80 in histone demethylation,
we defined a novel non-epigenetic action of BHC80-2 whereby cytosolic BHC80-2 protein
triggers the MyD88-p38-TTP pathway to increase the RNA stability of a set of tumor-promoting
cytokines. Blocking BHC80-2 signaling suppresses NEPC cell spheroid growth, identifying

BHC80-2 as a potential therapeutic target for t-NEPC.
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In conclusion, my study demonstrated that SRRM4 expression is correlated with NE
differentiation, and patients with SRRM4 expression have a relatively low overall survival rate.
SRRM4 drives NE differentiation of AdPC, and facilities t-NEPC progression under ARPI
treatment by regulating the alternative splicing of REST and the BHC80 gene. These findings
suggest that SRRM4 has the potential to become a diagnostic biomarker, and a therapeutic target

of t-NEPC.

7.2 Research significance

T-NEPC is a highly aggressive, lethal subtype of prostate cancer. In order to treat t-NEPC as
effectively as possible, it is imperative that more reliable biomarkers and new therapeutic targets
are developed, to improve the management of the disease. Our research began with identifying a
t-NEPC-specific splicing factor, SRRM4, and establishing its clinical correlation with t-NEPC
progression. This was followed by demonstrating its functional importance in driving NE
transdifferentiation of AdPC under ARPI conditions, and eventually deciphering the mechanism

through which SRRM4 can facilitate t-NEPC progression.

To investigate SRRM4 expression and function in t-NEPC, we have applied multiple in vivo and
in vitro approaches. We have developed a novel bioinformatics tool called COMPAS to analyze

the whole transcriptome data of two independent t-NEPC cohorts: the VPC and Beltran cohort(s).
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We also included 382 PCa tissue cores cohorts in our study, which strengthened the findings on
SRRM4 and BHC80-2. Beyond basic IHC staining, RISH assays were used to detect SRRM4 and
BHCB80-2 directly on TMAs, and were instrumental in validating and enhancing the clinical

relevance of our findings.

Our established pipeline was used to study the mechanisms by which SRRM4 regulates REST and
BHCB80 gene splicing. We have constructed REST and BHC80 minigenes, which can mimic the
process of endogenous gene splicing. Using wild and site-direct-mutant minigenes, combined with
RNA-IP and RNA-pulldown assays, we demonstrated that SRRM4 can directly bind to the UGC

motif of pre-RNA and induce the inclusion of neuro-specific exons.

We have established LNCaP-derived NEPC xenografts. Based on this achievement, we have
generated a NEPC cell model, the LnNE cell line. This cell line shows similar transcription and
splicing signatures as t-NEPC tumors. Through analyzing the whole transcriptome sequencing data
of the LnNE cell model, we have found that BHC80 is a crucial downstream target gene of SRRM4.

This cell model was also applied in testing the treatment efficacy of MyD88 and CCL2 inhibitors.

This study has, for the first time, identified SRRM4 as a novel driver gene of t-NEPC, and

demonstrated that SRRM4 drives NE transdifferentiation, and facilitates t-NEPC progression, by
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regulating the alternate splicing of REST and BHCB80 genes separately. We demonstrated that
SRRM4 is upregulated in t-NEPC tumors and its expression is correlated with NE marker
expression and t-NEPC progression. SRRM4 drives the NE transdifferentiation of AdPC, and
establishes NEPC xenografts by compromising the repressing function of REST through
alternative splicing. Meanwhile, SRRM4 can also induce the expression of the BHC80-2 splicing
variant, which triggers the MyD88-p38-TTP pathway to increase the RNA stability of a set of

tumor-promoting cytokines.

In short, our studies indicated that SRRM4 is a t-NEPC biomarker, a powerful driver, and a
potential therapeutic target, of t-NEPC. These studies will not only enhance our understanding of
the mechanisms underlying t-NEPC development, but also provide insights for personalized
medicine-based strategies for PCa patients. It rationalizes the design of SRRM4 inhibitors for

patients with t-NEPC.

7.3 Limitations and Future Directions

Using the bioinformatics tool COMPAS, we identified that t-NEPC has a NEPC specific splicing
signature and 24 genes that commonly spliced by SRRM4. However we could not exclude the
possibility that other SRRM4 target genes that may be missed because of the limitation of the

algorithm and the sample sequencing quality. In fact, because the sequencing quality, BHC80 is
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omitted. So the amount of SRRM4 target genes may not limited to 24. More SRRM4 target gene

could be found if using more advanced bioinformatics tools.

To investigate the relationship between SRRM4 and t-NEPC patient prognosis, we included 32
CRPC patients in our study, and compared the median overall survival between NEPC and AdPC
(Chapter 3). The small number of t-NEPC patients limited the significance of our conclusion. More
PCa specimens, especially t-NEPC tissues from the tumor bank, would further strengthen the
findings from Chapter 3 on SRRM4. In addition, we did not study whether SRRM4 expression is
a risk factor for AdPC to finally progress into t-NEPC, because acquiring tumor biopsy samples at

different time points in the same patient is beyond our capability.

The mechanisms of induction of SRRM4 remain unknown. No NEPC-specific mutations were
found in the SRRM4 promoter, therefore induction of the SRRM4 gene expression may involve
epigenetic mechanisms. It has been reported that REST4 can increase SRRM4 expression in neural
cells. However, we did not observe this phenomenon in our studies (Chapter 4). Meanwhile,
overexpression of other NEPC-associated transcription factors and epigenetic modifiers, such as
EZH2 and SOX2, also did not alter the SRRM4 expression level in LNCaP cells. We hypothesize
that some uncharacterized mutations may be a prerequisite for, and cooperate with, other

epigenetic changes that contribute to SRRM4 expression.
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NEPC usually has low/no expression of the AR and PSA. The LnNE model preserves AR protein
levels, but becomes PSA-negative, indicating a middle stage of NE transdifferentiation (Chapter
5). We may not exclude the possibility that long-term ARPI treatment will finally abolish AR
protein expression. However, it is also possible that genomic contexts may also affect loss of AdPC
characteristics and t-NEPC formation. Because of the heterogeneity of PCa, we need to test the
effects of SRRM4 on multiple PCa cell models in addition to LNCaP, as well as the conditional

PTEN null mouse model to confirm that SRRM4 is a driver gene.

BHCB80-1 is universally expressed in different cell lineages, and is a well-known histone modifier,
controlling fundamental cellular functions. While gain-of-function of BHC80-2 was thoroughly
investigated, depletion of BHC80-1 was not yet achieved. We applied the CRISPR-Cas9 system
to generate the endogenous BHC80-1 knockout PCa cell lines, and then constructed PCa cell lines
that expressed only BHC80-1 and BHC80-2. However knockout of BHC80-1 is lethal to PCa cell
lines. Going forward, we may apply shRNA targeting 3’UTR region of BHC80 pre-mRNA to
knock down endogenous BHCB80-1 and BHC80-2 mRNA in LNCaP(BHC80-1) and
LNCaP(BHC80-2) cell lines. Cell studies on these cell lines will certainly broaden our

understanding of the functions of BHC80-2.
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BHC80-1 and BHC80-2 share the same functional PHD domain, which suggests that BHC80-2
may also exert genomic actions to regulate cell growth and tumor progression. The coding region
of exon 14a in BHC80-2 may alter protein interactions within the BRAF/HDAC complex when
compared with exon 14 in BHC80-1 (Chapter 6). As well, other mechanism or splicing factors
may also enhance BHCB80-2 splicing. However, this project demonstrated how SRRM4

reprograms BHCB80-2 to facilitate NEPC tumor progression.

An important future plan involves developing drugs that are SRRM4 inhibitors. In our research
that is beyond the scope of this study, by performing RNA-pulldown assays using fragments of
SRRM4 protein, we have characterized a ~50aa and a ~30aa region of SRRM4 that is responsible
for its RNA binding and splicing activity. However, the RNA-binding region is highly enriched
with serine and arginine, which makes this fragment highly charged and hard to be crystalized
using traditional methods. The design of inhibitors to block these SRRM4 activities is provided
through collaborations with Dr. Artem Cherkasov (Director of Pharmacology/Drug Design Core,

VPC).

Besides the prostate, tumors of other organs may also show neuroendocrine phenotypes, such as
small cell lung cancer and small cell pancreatic cancer. Loss of REST, and overexpression of

SRRM4, have been reported in small cell lung cancer cell lines?'% 253254 \Whether SRRM4 drives
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or participates in the formation and progression of these cancers still need further investigation. In
addition, REST has been reported as an oncogene in neural tumors. Several studies have found
that high REST expression is associated with shorter overall survival and disease-free survival in
glioma?® 2, Since neural tumors show a de-differentiation phenotype, SRRM4 is expected to be
downregulated in glioma. Further investigation of SRRM4 function may provide insights for

therapeutic strategies for not only t-NEPC, but also other neural-relative tumors.
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