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Abstract

Traf2- and Nck-interacting kinase (TNIK) is a serine/threonine kinase upregulated and
amplified in pancreatic and gastric cancer respectively. TNIK has also been identified as a
potential therapeutic target of colorectal cancer. However, the role of TNIK in prostate cancer
(PCa) has not been investigated.

Interrogating public human PCa patient data, we found that TNIK expression is associated
with an aggressive form of PCa termed neuroendocrine prostate cancer (NEPC). Treatment-
induced NEPC can arise as a consequence of strong selective pressure from androgen receptor
(AR) pathway inhibition. Clinically, TNIK expression is positively correlated with
neuroendocrine (NE) markers and inversely correlated with androgen regulated genes. In
agreement, our in vitro studies reveal that TNIK expression is increased under AR pathway
inhibition. We found that TNIK is transcriptionally repressed by androgen via direct binding of
the AR at the TNIK locus.

Through gain of function studies, we demonstrated that TNIK is not required for NE
differentiation. Likewise, loss of function studies using sSiRNA or small molecule inhibitors
targeting TNIK did not have significant effect on the growth of Enzalutamide-resistant cells with
NE phenotype in vitro. Overall, our results indicate that TNIK may serve as a possible biomarker

for NEPC.



Lay Summary

Prostate cancer (PCa) cells are dependent on the androgen receptor (AR) for growth and
survival; therefore, treatments for PCa are focused on targeting AR. With the clinical integration
of highly potent AR-targeted drugs, more aggressive and treatment resistant forms of PCa have
emerged in patients. Accordingly, new strategies and effective therapies are needed for targeting
this disease. In this study, we found that a gene, TNIK, was highly expressed in a lethal type of
treatment-resistant PCa termed neuroendocrine prostate cancer (NEPC). Therefore, we
performed experiments to study the role of TNIK in NEPC. Results from this study indicate that

TNIK could be used as a biomarker for NEPC.
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Chapter 1: Introduction

1.1 Traf2- and Nck-interacting kinase (TNIK)
1.1.1 Overview

Traf2- and Nck-interacting kinase (TNIK) was first discovered as an interaction partner for
adaptor proteins Traf2 and Nck in a yeast two-hybrid screening in 1999 [1]. TNIK is a
serine/threonine kinase that belongs to the sterile 20 (Ste20) kinase family [1]. Members of the
Ste20 kinase family share homology to Ste20p, a kinase that is required in the mating pathway in
budding yeast Saccharomyces cerevisiae [2, 3]. The Ste20 kinase family is divided into two
groups based on the location of the kinase domain: p21-activated protein kinases (PAKS) and
germinal center kinases (GCKSs) [4].

The structure of PAKSs consists of a C-terminal kinase domain and an N-terminal GTPase
binding domain [4]. In general, PAKSs can be activated by the binding of small GTPases Racl
and Cdc42 [5]. PAKSs play a key role in regulating cellular events such as cell cycle progression,
cytoskeletal dynamics, cell proliferation, and apoptosis [6]. Upregulation or hyperactivation of
PAKSs has been observed in various types of cancer such as breast, ovarian, and pancreatic
cancers [7]. Aberrant activation of PAK signaling promoted cancer cell growth, inhibited
apoptosis, activated invasion and metastasis, which contribute to the hallmarks of cancer and
drug resistance [8-10]. Therefore, PAKSs are attractive therapeutic targets for cancer.

On the other hand, the structure of kinases in the GCK family consists of an N-terminal
kinase domain and a C-terminal regulatory domain [4]. Kinases in the GCK family are known to
regulate cellular processes such as ion transport, apoptosis, and cytoskeletal reorganization [11].
Recent studies have shown that some kinases in the GCK family are also involved in immune

regulation [12]. Since there is variation in the protein structure, kinases in the GCK family are



further divided into eight subfamilies. TNIK belongs to the GCK-1V subfamily, which includes
Mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4), Misshapen-like kinase 1
(MINK1), and NIK-related kinase (NRK) [3]. Among the GCK IV subfamily kinases, TNIK is
closely related to MAP4K4 and MINK1. TNIK has highest homology to MAP4K4 sharing 90%
of amino acid identity at the kinase domain and 88% at the GCKH domain [1].

Structurally, each of the GCK-1V subfamily kinases is comprised of an N-terminal kinase
domain, an intermediate domain, and a GCK homology (GCKH) regulatory domain [3]. The
GCKH domain is also found in GCK-I subfamily kinases, but the homology of GCKH domain
between GCK-1 and GCK-IV subfamily kinases is only 20% [4]. The specific function of GCKH
domain is not known, but it has been shown to play a role in protein-protein interaction. For
example, MINK1 and TNIK have been shown to bind to Ras GTPase Rap2 via their GCKH
domains and induce phosphorylation of postsynaptic scaffold protein TANC1 [13-15]. The
interaction of GCKH domain of MAP4K4 with MEKKZ1 protein is required for inducing c-Jun
N-terminal kinase (JNK) activation [16]. The GCKH domain is also found in human Vam6p

protein and is required for lysosome clustering and fusion [17].

1.1.2  Structure of TNIK

The TNIK gene is located on human chromosome 3 at the locus 3926.2-926.31 [3]. It
encodes a protein that consists of 1360 amino acids with a molecular weight of 155 kDa [14].
The structure of TNIK protein has an N-terminal kinase domain (amino acids 25-288), an
intermediate domain (amino acids 289-1041), and a C-terminal GCKH domain (amino acids
1042-1340) [14]. The intermediate domain of TNIK has three known alternative splicing sites at

amino acids 447-475, 537-591, and 795-802, which results in eight possible transcript variants



(Figure 1.1) [1]. Specific biological function of each TNIK protein isoforms has not been

reported.
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The structure of TNIK protein consists of an N-terminal kinase domain, an intermediate domain,
and a C-terminal GCKH domain. The intermediate domain of TNIK has three alternative
splicing sites generated eight different transcript variants (Adapted from Fu et al., 1999 [1]).
1.1.3 Function of TNIK

When TNIK protein was first discovered, it was shown that TNIK interacted with Traf2
and Nck via its intermediate domain [1]. However, the role of these protein-protein interactions
IS not known yet. A study suggests that the signaling of a member of the tumor necrosis factor

receptor (TNFR) family, CD27, is linked to activation of Wnt signaling through interaction of

Traf2 and TNIK in leukaemia stem cells [18]. Traf2, TNFR-associated factor 2, is a member of



Traf family, which mediates TNFR signaling [19]. Nck is an adaptor protein containing Src-
homology 2 and 3 domains and it plays a role in signal transduction from cell surface receptors
to the actin cytoskeleton [20]. However, the precise downstream effect of TNIK and Nck
interaction has not yet been reported. In the African clawed frog Xenopus laevis, Xenopus TNIK
(XTNIK) was shown to be essential in axis formation in embryonic development via Wnt
signaling [21]. Knockdown of XTNIK resulted in malformation in Xenopus embryos with loss of
head and axis structures. In humans, TNIK is highly expressed in the heart, brain, and skeletal
muscle [1]. TNIK has been reported to function in actin cytoskeleton and inhibiting cell
spreading [1, 14]. In particular, the kinase domain of TNIK is required for cytoskeleton
regulation, activation of Wnt signaling, and regulation of neurite growth [1, 22, 23]. The
intermediate domain of TNIK interacts with other proteins such as Traf2, Nck, -catenin, and
Nedd4-1 [1, 22, 23]. The GCKH domain of TNIK mediates activation of JNK and interacts with
Rap2 [1, 14].

Several proteomic studies found that TNIK is enriched at the postsynaptic density of
neurons [24-26], but the functional role of TNIK in the brain is not well established yet. A loss of
function mutation in TNIK resulted in truncated formation of TNIK protein is reported to be
associated with intellectual disability in human [27]. In an in vivo study conducted by Coba et
al., TNIK knockout mice exhibited hyperlocomotor behavior compared to wild type mice [28].
This finding suggests that TNIK regulates cognitive function in mice and potentially humans. In
the same study, the authors also demonstrated that activation of glutamate receptors could
modify TNIK phosphorylation at serine 735 (S735) in TNIK wildtype mice [28]. They showed
that activation of metabotropic glutamate receptor 1 could increase TNIK S735 phosphorylation.

This suggests that TNIK phosphorylation at the postsynaptic density may play a role in the



regulation of synaptic signal transduction. Moreover, phosphorylation of TNIK at serine 735
(S735) in mouse is homologous to serine 764 (S764) in human. The S764 residue was identified
as a phosphorylation site of TNIK by liquid chromatography—-tandem mass spectrometry and it
had been proposed to be an autophosphorylation site of TNIK [29, 30]. This S764
phosphorylated form of TNIK has also been shown to translocate into the nucleus that interacts
with the components of transcriptional complex in activated Wnt signaling [30].

TNIK has been reported to be amplified or upregulated in gastric and pancreatic cancer
[31, 32]. In particular, TNIK is a biomarker in pancreatic cancer associated with poor prognosis
[32]. Its functional role has been studied more intensively in colorectal cancer. In the majority of
colorectal cancers carrying mutation in at least one gene in the Wnt signaling pathway, about
80% of colorectal cancers carry a loss-of-function mutation in adenomatous polyposis coli
(APC) and 5% carry activating mutations in B-catenin [33]. Although the activating mutations in
[-catenin and the loss-of-function mutation of APC were often found to be mutually exclusive,
these genetic events both converge to yield constitutive activation of Wnt signaling [33, 34].
Notably, TNIK was identified to be required for activating Wnt signaling in colorectal cancer
[22, 30]. In particular, it has been reported that TNIK-mediated phosphorylation of T-cell factor-
4 (TCF4) at serine 154 in the nucleus leads to activated transcription of Wnt target genes through
the TCF4/B-catenin transcriptional complex. In support, the TCF4/B-catenin transcription could
be abrogated by inactive mutant of TNIK (K54R) with substitution at lysine 54 in the kinase
domain [22, 30]. Knockdown of TNIK also decreased transcription of Wnt target genes and

inhibited colorectal cancer cell proliferation in vitro and tumor growth in vivo [30].



1.1.4 TNIK as a therapeutic target for cancer

Since TNIK is a potential therapeutic target for human Whnt-activated colorectal cancer,
development of TNIK inhibitors are currently focused on targeting the Wnt signaling pathway
[35-37]. TNIK inhibitors are currently under preclinical development. Among these inhibitors,
NCB-0846 is a small-molecule TNIK inhibitor that has been reported to have anti-Wnt activity
and anti-cancer stem cell activity in colorectal cancer [38]. NCB-0846 was designed to bind to
TNIK in its inactive conformation.

Another small-molecule TNIK inhibitor, KY-05009, was also shown to inhibit epithelial-
mesenchymal transition (EMT) in human lung cancer cells that was mediated by transforming
growth factor beta 1 (TGF-B1) [39]. TGF-B1 is a cytokine that has been shown to induce EMT
and promoted cancer progression [40]. EMT is an important process in embryonic development
of tissues and organs, but cancer cells often hijack this process to acquire migratory and invasive

properties [41].
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Figure 1.2 Schematic summary on the functions of TNIK

A schematic summary on the functions of TNIK. TNIK has been reported to be involved in Wnt
signaling, cytoskeleton regulation, cognitive function, neurite growth, and EMT [14, 21-23, 28,
30, 38, 39].



1.2 Prostate cancer (PCa)
1.2.1 Overview

Based on Canadian Cancer Statistics, an estimate of 21,300 cases of prostate cancer (PCa)
would be diagnosed in Canadian men and it would expect to have 4,100 deaths from the disease
in the year of 2017 [42]. PCa is the most common cancer and the third leading cause of cancer-
related death in Canadian men [42]. An estimate of 1 in 7 Canadian men is expected to develop
PCa in their lifetime and 1 in 29 men will die from the disease [42]. Until now, multiple systemic
therapies could prolong the survival of patients with metastatic PCa, but the disease could still

develop treatment resistance and eventually lead to death.

1.2.2 The prostate

The prostate gland is only found in men and it surrounds the urethra and is located below
the bladder and in front of the rectum in the pelvic cavity [43]. As an exocrine gland of the male
reproductive system, the prostate produces prostatic fluid enriched in zinc ion, citrate, and
kallikreins [44]. The prostatic fluid makes up about 20 to 30% of the seminal fluid and it
contributes in bringing the necessary condition to aid in the biological processes for sperms to
fertilize eggs [44]. In embryonic development, the prostate develops during the third fetal month,
and results from epithelial invaginations of the posterior urogenital sinus [45]. The urogenital
sinus is an embryonic structure that develops into reproductive and urinary organs. During this
process, circulating fetal testosterone is required for stimulating androgen receptor (AR) in the
urogenital sinus mesenchyme, which induces prostatic budding, proliferation, and differentiation
to form the ductal structures [45]. The prostate gland in childhood is small with a weight around

two grams and grows to the size of a walnut with an average weight of 20 grams at puberty [45].
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The prostate gland consists of glandular epithelium embedded in a fibromuscular stroma
[44]. The fibromuscular stroma is mainly composed of smooth muscle cells, endothelial cells,
fibroblasts, nerve cells, and immune cells [46]. The glandular epithelium of the prostate consists
of three types of epithelial cells: secretory luminal cells, basal epithelial cells, and
neuroendocrine (NE) cells (Figure 1.3). Secretory luminal cells locate along the glandular lumen
and form the inner layer of the prostate epithelium [47]. Secretory luminal cells are columnar and
express AR, as well as cytokeratins 8 and 18 [48]. These cells are responsible of producing
enzymes, such as prostate specific antigen (PSA) and prostatic acid phosphatase (PAP), that are
secreted into the glandular lumina [48]. Being both androgen-independent and non-secretory,
basal epithelial cells separate secretory luminal cells from the basement membrane and form the
outer layer of the prostate epithelium [47]. Basal epithelial cells are cuboidal and express p63,
and cytokeratins 5 and 14 [48]. NE cells are a small population of epithelial cells irregularly
distributed within the two layers of basal epithelial and secretory luminal cells. NE cells are
terminally differentiated, non-proliferative, and androgen-independent [48]. They do not express
AR and PSA. Prostatic NE cells secrete neuropeptides such as bombesin, calcitonin, and

serotonin that are proposed to maintain homeostasis of surrounding epithelial cells [49].



Basement membrane
Stroma

Basal epithelial cell

Secretory luminal cell

Neuroendocrine cell

Figure 1.3 Microscopic structure of the prostate epithelium
Basal epithelial, secretory luminal, and neuroendocrine cells in the prostatic epithelium (Adapted
from Barron and Rowley, 2012 [46]).
1.2.3 Androgen and androgen receptor (AR) signaling

Androgens are male sex hormones that are essential in the development of male
phenotypes during embryogenesis [50]. In adulthood, androgens are responsible for maintenance
of male reproductive function and behavior [50]. Testosterone is the predominate androgen that
is produced by the testes in men. Small amount of androgens such as androstenedione and
dehydroepiandrosterone (DHEA) are produced by the adrenal glands. Free testosterone enters the
prostate cells and is converted to a more potent androgen, dihydrotestosterone (DHT), by the
enzyme 5-alpha-reductase [51]. DHT has 5-fold higher affinity for AR than testosterone [52].
DHT is the primary ligand for AR.

In men, androgen biosynthesis and spermogenesis are regulated by the hypothalamic-

pituitary-gonadal axis. Hypothalamus releases gonadotropin-releasing hormone (GnRH), which
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stimulates the secretion of follicle-stimulating hormone (FSH) and luteinizing hormone (LH)
from the anterior pituitary gland [53, 54] (Figure 1.4). LH and FSH travel through the
bloodstream to the testes. LH stimulates the Leydig cells in the testes for testosterone synthesis
and secretion. FSH acts on the Sertoli cells and stimulates sperm production [54]. Gonadal
peptide hormone, inhibin, is also produced by the Sertoli cells from stimulation of FSH. High
levels of testosterone in turn reduce the release of GnRH and LH from hypothalamus and
anterior pituitary gland in a negative feedback mechanism [53]. Inhibin also exerts a negative
feedback control on FSH secretion from the anterior pituitary gland.

Androgen receptor (AR), also known as NR3C4 (nuclear receptor subfamily 3, group C,
gene 4), is a member of the steroid hormone nuclear receptor family with the estrogen receptor,
glucocorticoid receptor, progesterone receptor, and mineralocorticoid receptor [55]. The AR
gene is located on the X chromosome at locus Xq11-Xq12 and it encodes a protein that consists
of 919 amino acids with a molecular weight of 110 kDa [56]. The structure of AR protein
consists of a ligand-independent N-terminal transactivation domain, a DNA-binding domain, a
hinge region, and a ligand binding domain [55]. AR is a ligand-regulated transcription factor,
which is activated by the binding of its ligand androgen.

Androgen receptor (AR) signaling is initiated when androgen binds to the ligand binding
domain of AR in the cytoplasm [57]. When not bound to androgen, AR is bound by a complex of
heat shock protein 90 (Hsp90) and other co-chaperones to maintain a conformation that enables
ligand binding. Binding of ligand to AR induces conformational change and dissociation of AR
from the heat shock protein complex. Ligand-bound AR translocates to the nucleus where it
dimerizes and binds to the androgen response element (ARE) of target genes, such as PSA,

TMPRSS2, FKBP5, and NKX3.1, initiating transcription. The ARE is comprised of two 6-base
11



pair (bp) half-site repeats 5’-TGTTCT-3’ separated by 3 nucleotides and is typically located in

the promoter or enhancer of target genes [56].

HYPOTHALAMUS

- + l GnRH

ANTERIOR PITUITARY GLAND

+ LH + FSH
TESTES
- Leydig cells Sertoli cells -
Testosterone Sperm Inhibin
production

+ Positive feedback
- Negative feedback

Figure 1.4 Hypothalamus-pituitary-gonadal axis

Secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the anterior
pituitary gland is stimulated by gonadotropin releasing hormone (GnRH) produced from the
hypothalamus. LH and FSH induce testosterone synthesis, sperm production, and inhibin
secretion in the testes. Testosterone and inhibin exert negative feedback control on hormones

release from the hypothalamus and anterior pituitary gland.
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1.2.4 Castration resistant prostate cancer (CRPC)

Current detection methods for PCa include abnormal digital rectum examination and
testing for elevated serum PSA level (greater than 4 ng/mL), followed by transrectal ultrasound
guided biopsy of the prostate gland [58]. Surgery, radiotherapy, and active surveillance are
treatment options for early stage of localized PCa [59]. Advanced PCa may spread to nearby
tissues and metastasize to the bones, lymph nodes, or other parts of the body. Since Huggins and
Hodge first demonstrated that PCa cells were dependent on the presence of androgens for growth
in 1944, androgen deprivation therapy (ADT) has been the first-line hormone therapy for locally
advanced or metastatic PCa [60]. ADT impedes the growth of PCa cells by reducing the level of
male hormone androgen in the body. To lower male androgen production, ADT can be
performed by surgical castration using bilateral orchiectomy or by chemical castration using
GnRH agonists or antagonists [61].

PCa initially would respond to ADT, but it would relapse after a median of 18 to 24
months and progress to a more aggressive stage of the disease termed castration resistant prostate
cancer (CRPC) [62]. PCa progress to CRPC from an androgen-dependent state to an androgen-
independent state. CRPC is still considered to be dependent on AR signaling. Therefore, second
generation anti-androgens such as abiraterone acetate and enzalutamide (ENZ) are used to target
AR signaling [63-66]. These agents function to blunt AR signaling through inhibition of
androgen synthesis or competitively binding to AR, respectively. Although these treatment
prolonged the survival of metastatic CRPC patients to some extent, patients eventually develop
resistance and progress to more aggressive form of the disease. Several molecular mechanisms
have been proposed to explain how CRPC develops resistance to first-line or second-line

therapies: overexpression or amplification of AR, constitutively activation of AR by splice
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variants (namely AR-V7), intratumoral androgen production, and bypass pathway mediated by
glucocorticoid receptor [61, 67]. Treatment resistance remains the biggest challenge in treating

PCa and there is no effective therapy at the late stage of this disease besides platinum-based

chemotherapy [68].
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Figure 1.5 Current state of hormonal therapy
For localized PCa, it can be treated by surgery or radiotherapy. ADT is the first-line hormonal
therapy for advanced or metastatic PCa. Second generation anti-androgens, abiraterone acetate
and enzalutamide, are used to target AR signaling in metastatic CRPC.
1.3 Neuroendocrine prostate cancer (NEPC)
1.3.1 Overview

Neuroendocrine prostate cancer (NEPC) is one of the most aggressive forms of PCa with a

median survival rate of 7 months from the time of diagnosis [69]. NEPC rarely arises de novo in

less than 2% of all primary PCa; however, treatment-induced NEPC is found in about 10 to 15%
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of metastatic CRPC [70-73]. Recent findings suggested that development of treatment-induced
NEPC is a consequence of the selective pressure from AR pathway inhibition on prostatic
adenocarcinoma (Adeno) [74-77]. Transformation from Adeno to NEPC is promoted by ADT
and is postulated to be one of the mechanism of treatment resistance and disease progression
[68]. With the introduction of highly potent AR-targeted agents into the clinic, the incidence rate
of treatment-induced NEPC is escalating [78, 79]. Currently, platinum-based chemotherapy is
the only treatment given to NEPC patients for palliative care [80]. There is no effective or
standard treatment for patients with NEPC. Aurora kinase A (AURKA) has been identified as a
potential therapeutic target for NEPC [81]. AURKA inhibitor MLN8237 is currently in phase 11

clinical trial (NCT01799278) for treating patients with metastatic CRPC and NEPC.

1.3.2 Clinical features and challenges

Physicians often use PSA as a biomarker for diagnosing and monitoring progression of
PCa [82]. Therefore, PCa patients relapse with CRPC from ADT can be detected with elevation
in serum PSA level [82]. NEPC is a subtype of AR-independent CPRC, which is unresponsive to
hormonal therapy and frequently metastasizes to visceral organs with poor prognosis [69].
Because NEPC does not express AR and PSA, the diagnosis of NEPC is difficult with low to
undetectable serum level of PSA. NEPC is primarily diagnosed by immunohistochemistry with
the expression of NE markers such as neural cell adhesion marker 1 (NCAM1), neuron-specific
enolase (NSE), synaptophysin (SYP), and chromogranin A (CHGA) [83, 84]. Unfortunately,
development of treatment-induced NEPC is often under-recognized due to lack of post-treatment
biopsy in CRPC patients with rapid progression and metastasis [68]. Serum NE biomarkers can

be used for diagnosis of NEPC, but they are not reliable. For example, serum NSE biomarker has
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high sensitivity but low specificity [85]. The serum level of CHGA in patients may be increased
by other factors or treatments such as impaired kidney function, inflammatory bowel disease,
and the use of proton pump inhibitors [86], which could lead to false positive results in the
diagnosis of NEPC. Noninvasive methods such as circulating tumor cells and cell-free DNA are
under development to provide genomic profile of patients for monitoring advanced PCa

progression and treatment [87, 88].

1.3.3 Molecular mechanism of NEPC development

The emergence of NEPC has been controversial. There are two prevalent theories for how
NEPC arise. It is first proposed that NE tumors in the prostate can arise de novo and NE-like PCa
cells share the same cell of origin with normal prostatic NE cells due to similarities in their
features [89, 90]. Unlike CRPC patients experiencing bone and lymph node metastasis with
rising serum PSA level, NEPC patients have metastasis to visceral organs with low or
undetectable serum PSA [91]. NE-like PCa cells and prostatic NE cells both express NE markers
but lack of AR and PSA. Secretion of neuropeptides from NE cells could also influence
androgen-independent growth of surrounding PCa cells in autocrine and paracrine manners [89].
These features give rise to the theory that NE-like PCa cells emerge from oncogenic mutation of
normal NE cells in the prostate.

However, recent studies favor to support another theory that tumor cells acquire resistance
by a phenotypic change into a different cell type that no longer dependent on the drug target via a
mechanism called lineage plasticity [90]. It is postulated that Adeno cells acquire NE phenotype
via lineage plasticity as a mechanism driving resistance to evade AR-targeted therapies.

Clinically, the TMPRSS2-ERG gene fusion was thought to be specific to Adeno, but this fusion
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was also detected in 50% of NEPC patients [92, 93]. This indicates that Adeno and NEPC
tumors share common genomic alteration, which further suggests that NEPC is clonally derived
from Adeno.

Lin et al. have established a unique patient-derived xenograft (PDX) model of complete
transdifferentiation into lethal NEPC from Adeno under prolong exposure to androgen
withdrawal following castration [75]. They have reported that the placental gene PEG10 is
negatively regulated by AR and drives the proliferation and invasion of NEPC [94]. A neural
transcription factor, BRN2, and an RNA splicing factor, SRRM4, have also been reported to drive
NE transdifferentiation of Adeno under the pressure of AR pathway inhibition [76, 77]. These
findings further support that Adeno transform into NEPC to evade AR pathway inhibition.

To study the molecular mechanisms driving transdifferentation of treatment-induced
NEPC, multiple approaches were used including in vitro studies, genetically engineered mouse
(GEM) models, and patients data comparing alterations between CRPC and NEPC. Mutations in
tumor suppressor genes such as retinoblastoma (RB1), TP53, and PTEN had been associated with
PCa development [95]. Loss of RB1 by deletion had been found to be a characteristic of NEPC
tumors [96]. Moreover, loss of the retinoblastoma tumor suppressor gene RB1 (in 70% NEPC
versus 32% Adeno) and mutation or deletion of tumor suppressor gene TP53 (in 66.7% NEPC
versus 31.4% Adeno) had been observed to be more frequent in NEPC compared to Adeno
patients [74].

In in vivo models, it was first observed that tumors developed NE phenotype in the prostate
epithelium in transgenic adenocarcinoma mouse prostate (TRAMP) models when tumor
suppressors RB1 and TP53 were inhibited by the expression of simian virus 40 (SV40) large T

antigen [97]. In an in vivo study conducted by Ku et al., loss of RB1 induced lineage plasticity
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and metastasis in PCa cells initiated by PTEN mutation and caused resistance to antiandrogen
therapy in combination with loss of TP53 [98]. Gene expression profiling of tumors from these
mice indicated increased expression of epigenetic regulator EZH2 and reprogramming
transcription factor SOX2. The authors showed that EZH2 inhibition could also restore
sensitivity to ENZ treatment of the PCa cells isolated from these mice.

To determine if loss of RB1 and TP53 were required for ENZ resistance, Mu et al. knocked
down TP53 and RB1 with sh-RNA in PCa cells [99]. They observed that loss of TP53 function
alone was not sufficient to confer ENZ resistance in PCa cells and xenografts. Conversely,
combined knockdown of TP53 and RB1 in PCa cells had nearly complete ENZ resistance in both
of their in vitro and in vivo models. In their study, cells lacking RB1 and TP53 had decreased
expression of AR-dependent luminal epithelial cell markers and increased expression of AR-
independent basal epithelial and NE cell markers. In agreement with the findings from Ku et al.,
the authors also showed that ENZ resistance was resulted from lineage plasticity through
upregulation of SOX2 by loss of TP53 and RB1. This phenomenon could be reversed when they
knocked down SOX2. Taken together, these results suggested that SOX2 promoted ENZ
resistance in PCa cells through lineage plasticity in the loss of RB1 and TP53.

In an in vivo study conducted by Zou et al. using GEM model with PTEN and TP53
knockout, tumors failed to respond to antiandrogen abiraterone and had progression from Adeno
to treatment-induced NEPC by transdifferentiation that was suggested to be mediated by neural
differentiation factor SOX11 [100]. Their lineage tracing in vivo study also indicated that NEPC
cells were arise from luminal adenocarcinoma cells. In agreement with the findings from Mu et

al., these results suggested that PCa cells lose luminal epithelial lineage and acquire NE lineage
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to become less dependent on AR signaling as an adaptive mechanism for resistance to AR-
targeted therapies.

Moreover, a master repressor of neuronal differentiation, REST, was found to be
downregulated in 50% of NEPC tumors and silencing REST with siRNA in Adeno LNCaP cells
resulted in increased expression of NE markers in vitro [101]. Clinically, overexpression or gene
amplification of AURKA and MYCN were also found in 40% of NEPC and only 5% of Adeno
tumors [81]. MYCN is an oncogene in human neuroblastoma that is a highly aggressive NE
tumor. Overexpression of MYCN had been shown to be an oncogenic driver of NEPC [102, 103].
Overexpression of MYCN resulted in increased EZH2 expression and chromatin remodelling.
Likewise, EZH2 expression was observed to be two times higher in NEPC than Adeno patients
and EZH2-repressed target genes were downregulated in NEPC patients [74]. Overall, these
findings suggested that NEPC development was also associated with downregulation of REST,
overexpression or amplification of AURKA and MYCN, as well as epigenetic changes by EZH2.

In addition, microenvironment changes could induce NE differentiation in PCa cells.
LNCaP cells are androgen sensitive human Adeno cells derived from lymph node metastasis
from a male PCa patient [104]. Previous in vitro studies have shown that NE differentiation of
LNCaP cells can be induced through exposure to treatments or stimuli such as androgen
depletion, interleukin-6, CAMP, hypoxia, and ionizing radiation [105-108]. Moreover, Nouri et
al. had also shown that PCa cells cultured in a neural crest stem transition medium undergo
lineage plasticity to acquire a neural crest stem-like phenotype and become resistance to AR
pathway inhibition [109]. These cells with neural crest stem-like phenotype could re-differentiate
into neuronal-like, oligodendrocyte-like, osteoblast-like, and glia-like lineages with further

stimuli. These findings further suggest that lineage plasticity enable PCa cells to adapt changes
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in the microenvironment. Further understanding of the molecular underpinnings of NEPC could

provide insights for new therapeutic strategies.

A
Normal ?
""""" -==---------* | NEPC
NE cells Oncogenic mutation?
B Microenvironment changes
(eg. ADT, hypoxia, IL-6, cAMP, etc.)
_ —— - ~ -
- ~
-
/ ~
P AR pathway inhibition
7~ ~N
- N
1 A
Adeno transdifferentiation > NEPC
Luminal lineage RB1TP53 loss | > SOX2, EZH2 NE lineage
AR+ PSA+ PTEN TP53 loss | I SOX11 AR- PSA-
»
PO N BRN2, SRRM4, //
>~ PEGI0 _~
~ < P
T MYCN ~ - __*// ™ AURKA
- J REST

Figure 1.6 Proposed models for NEPC development

(A) NE tumors in the prostate share the same origin as normal prostatic NE cells. (B) Adeno
cells undergo lineage transformation into NEPC cells.
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1.4 Rationale
1.4.1 Prostate cancer patient cohort analysis

With more highly aggressive and lethal forms of PCa resulting from acquired resistance to
current therapies, understanding the molecular mechanism of treatment resistance and disease
progression of PCa is needed for identifying alternative targets for effective treatments. TNIK
has been studied in several types of cancers and has been identified as a potential therapeutic
target for colorectal cancer, but the role of TNIK in PCa has not yet been described. To
investigate the clinical relevance of TNIK in PCa, we interrogated public human PCa patient
data to correlate TNIK expression with different features of PCa. We assessed TNIK expression
in RNA sequencing (RNA-seq) data from 37 Adeno, 34 CRPC, and 15 NEPC patient samples in
Beltran H et al., 2016 cohort [74] and from 30 Adeno and 6 NEPC samples in Beltran H et al.,
2011 cohort [81]. In both independent cohorts, TNIK mRNA expression was significantly

increased in NEPC patients compared to Adeno patients (Figure 1.7).
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Figure 1.7 Expression of TNIK in human PCa patient
TNIK mRNA expression was assessed in (A) human Adeno, CRPC, and NEPC patients from

Beltran H et al 2016 cohort and (B) human Adeno and NEPC patients from Beltran H et al 2011
cohort based on RNA-seq.
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1.4.2 Hypothesis
TNIK expression was highly correlated with human NEPC, thus suggesting a possible link
between TNIK and NEPC. Based on this finding, we hypothesized that TNIK is a potential

marker, driver, or therapeutic target in NEPC.
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Chapter 2: Materials and Methods

2.1 Public data mining
The University of California Santa Cruz (UCSC) developed and hosted a web-based

software called the UCSC Xena Genome Browser (http://xena.ucsc.edu) [110]. It allows

researchers to interpret, visualize, and analyze public and shared functional genomics data sets.
Analyzing genomics data from 550 patient samples in The Cancer Genome Atlas (TCGA)
prostate cancer dataset, the UCSC Xena software was used to visualize the clinical correlation of
MRNA expression of TNIK with NE markers and androgen regulated genes. The NE markers
were NCAM1, ENO2, CHGB, and MYCN. The androgen regulated genes were KLK3, TMPRSS2,
FKBPS5, and NKX3.1. Expression of NE markers and androgen regulated genes in each sample

was stratified by the expression of TNIK in the gene expression heat maps.

2.2 Cell culture and reagents

PC3, DU145, NCI-H660, and HEK?293T cells were purchased from American Type
Culture Collection (ATCC; Manassas, VA, USA). LNCaP cells were kindly provided by Dr.
Leland W.K. Chung (1992, MDACC, Houston, TX, USA) and authenticated by whole-genome
and whole-transcriptome sequencing on Illumina Genome Analyzer 1Ix platform in 2013. CRPC
(16D) and ENZ-resistant (49C, 49F, 42D, and 42F) cell lines were derived through serial
xenograft passages of LNCaP as previously described [76]. PC3 and DU145 cells were cultured
in DMEM media (Hyclone) with 10% fetal bovine serum (FBS; Life Technologies). HEK293T
cells were maintained in DMEM media with 5% FBS. LNCaP cells were cultured in RPMI-1640
media (Hyclone) with 10% FBS. Similarly, ENZ-resistant (ENZR) cell lines were maintained in

RPMI-1640 media with 10% FBS and supplemented with 10 uM ENZ (Haoyuan Chemexpress
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Co.). NCI-H660 cells were cultured in HITES media (RPMI-1640 medium containing 0.005

mg/mL insulin, 0.01 mg/mL transferrin, 30 nM sodium selenite, 10 nM Hydrocortisone, 10 nM

beta-estradiol, and 2 mM L-glutamine) with 5% FBS. The information on species, tissue origin,

and characteristic of each cell line being used is listed in Table 2.1. For experiments with

androgen deprivation, cells were cultured in RPMI-1640 phenol red-free media (Invitrogen) with

10% charcoal stripped serum (CSS; Hyclone). Synthetic androgen R1881 were purchased from

Perkin Elmer. TNIK small-molecule inhibitor KY-05009 was purchased from Sigma-Aldrich.

Table 2.1 Cell line information

Information on species, tissue origin, and characteristic of each cell line being used.

Name Species and tissue origin Characteristics
LNCaP Human prostate from lymph Adeno (AR+, PSA)
node metastasis
16DCRPC LNCaP-derived xenograft CRPC (AR+, PSA+)
AQCENZR LNCaP-derived xenograft ENZR with Adeno phenotype
ENZR e ENZR with Adeno phenotype
49F LNCaP-derived xenograft (AR, PSAY)
ENZR L ENZR with NE-like phenotype
42D LNCaP-derived xenograft (AR+, PSA-)
ENZR L ENZR with NE-like phenotype
42F LNCaP-derived xenograft (AR, PSA-)
DU145 Human prostate from brain Lack of AR (AR-)
metastasis
PC3 Human prostate from bone Lack of AR (AR-)
metastasis
NCI-H660 | Human prostate NEPC
HEK293T | Human kidney Embryonic

2.3 Plasmid constructs

The pRK5-HA-TNIK plasmid was kindly provided by Dr. Arnd Kieser and it contained the

sequence of human wild-type TNIK cDNA tagged with HA epitope at the N-terminus (HA-
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TNIK) [111]. The HA-TNIK sequence was cloned from pRK5-HA-TNIK into a lentiviral
expression vector pLVX-IRES-Puro (Clontech) by PCR to generate pLVX-HA-TNIK-IRES-
Puro (see Section 2.13 for more details on the construction of the HA-TNIK lentiviral plasmid).
The HA-TNIK lentiviral plasmid was used along with lentiviral packaging vector pCMYV delta
R8.2 and lentiviral envelope vector pPCMV-VSV-G (Addgene plasmid #12263 and #8454) for

lentivirus production.

2.4 siRNA and plasmid transfections

42DENZR cells were transfected with 20 nM of Silencer Select siRNA for TNIK (siTNIK)
or control (siCtr; Ambion) using Lipofectamine RNAIMAX transfection reagent (Life
Technologies) according to manufacturer’s procedure. For transient overexpression of TNIK,
16DCRPC cells were transfected with pLVX-IRES-Puro encoding HA-TNIK or the empty vector
using TransIT-2020 transfection reagent (Mirus Bio) according to manufacturer’s procedure. For
stable overexpression of TNIK, pLVX-IRES-Puro encoding HA-TNIK or its empty vector was
co-transfected with pCMYV delta R8.2 and pCMV-VSV-G into HEK293T cells using Calcium
Phosphate transfection method (Promega) according to manufacturer’s procedure for lentivirus
production. 16DCRPC cells were infected with lentivirus expressing HA-TNIK or empty vector

and maintained under puromycin (Life Technologies) selection.

2.5 Cell proliferation and viability assay
For cell proliferation assay, cells transfected with siCtr or sSiTNIK were seeded at 4000
cells per well in triplicates on 96-well plate. One plate was prepared for each time point.

Similarly, for cell viability assay, cells were seeded at 4000 cells per well in triplicates on 96-
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well plate and treated with KY-05009 on the following day at indicated doses for 72 hours. At
the indicated time points, cells were fixed in 1% glutaraldehyde and stained with 0.5% crystal
violet. Cells were washed with water and air dried. Bound crystal violet was eluted using
Sorensen’s solution (30 mM sodium citrate, 50% ethanol, and 0.02 M HCI). The absorbance was

measured at 560 nm using a microplate reader (BioTek).

2.6 Western blotting

Total protein was extracted from cultured cells using RIPA lysis buffer (Pierce) containing
protease and phosphatase inhibitors (Roche). Approximately 30 pg of each protein samples was
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membrane (Millipore). The following primary antibodies were used
for western blotting: TNIK (BD Biosciences), p-TNIK (S764) (Santa Cruz), PSA (Cell Signaling
Technology), HA (Santa Cruz) and Vinculin (Millipore). Blots were incubated at 4 °C overnight
with designated primary antibodies at 1:1000 dilution, unless noted otherwise. Proteins were

visualized using the Odyssey system (LI-COR Biosciences).

2.7 Quantitative real-time PCR (gPCR) and reverse transcription PCR (RT-PCR)

Total RNA was isolated from cultured cells using TRIzol® reagent (Life Technologies)
according to the manufacturer’s protocol. Reverse transcription PCR (RT-PCR) was performed
to make cDNA from the RNA samples using MMLYV reverse transcriptase and random hexamers
(Life Technologies) as previously reported [76]. Each cDNA sample was amplified using

FastStart Universal SYBR Green master (Rox) mix (Roche) on ABI ViiA7 Real-time PCR
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System (Applied Biosystems). Target gene expression was normalized to GAPDH levels in three

replicates per sample. The gPCR primer sequences are listed in Appendix A.1.

2.8 Chromatin immunoprecipitation (ChIP) assay

16D RPC and 42DENZR cells were seeded at 3 x 10° cells on each of 15-cm plate and
cultured in RPMI-1640 phenol red-free media with 10% CSS for 48 hours. Cells were then
stimulated with 1 nM R1881 for 24 hours. ChIP assay was performed using EZ ChIP™ kit
according to the manufacturer’s protocol (Millipore). Briefly, cells were cross-linked with 1%
formaldehyde (Sigma-Aldrich) and quenched with 0.125 M Glycine. Cells were then lysed and
sonicated to shear DNA in SDS lysis buffer (Millipore). Lysates were immunoprecipitated with
either 5 pug of AR antibody (PG-21, Millipore) or normal rabbit IgG antibody at 4 °C overnight.
DNA was purified using the spin column provided in the EZ ChIP™ kit. The extracted DNA
fragments were subjected to qPCR. TNIK primers were designed within the predicted AR
binding site between the regions approximately 231997 bp and 232096 bp downstream of TNIK
transcription initiation site using Primer3. The sequences of TNIK primers for ChlP assay are

listed in Appendix A.2.

2.9 ChlIP-sequencing (ChlIP-seq)

16DCRPC cells were seeded at 3 x 10° cells on a 15-cm plate and cultured in RPMI-1640
phenol red-free media with 10% CSS for 72 hours. Cells were stimulated with 10 nM DHT for 4
hours prior to fixation. ChlIP assay was performed with AR antibody and purified DNA was sent
for ChlIP-sequencing (ChlP-seq). ChIP-seq data were generated by Illumina Hi-seq platform.

Reads were aligned and mapped to the Human Reference Genome (assembly hgl19, Genome
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Reference Consortium GRCh37, February 2009) using Bowtie 2. Peaks were called using MACS

(Model-based Analysis of ChlIP-seq) and visualized using Integrative Genomics Viewer.

2.10 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was performed using Q5 Hot Start High-Fidelity DNA
polymerase (New England Biolabs) for plasmid cloning of HA-TNIK or detection of TNIK
transcript variants. Depending on the application, PCR programs using Tetrad 2 thermal cycler

(Bio-Rad) are listed in Appendices B.1 and B.2.

2.11 Agarose gel electrophoresis
Plasmid DNA, PCR products, and restriction digested DNA samples were separated on
agraose gel. DNA fragments were visualized on the gel stained with Sybr Safe DNA gel stain

(Invitrogen). Gels were scanned using GelDoc EZ system (Bio-Rad) for further analysis.

2.12 Cloning methods
2.12.1 Plasmid DNA purification

Purification of plasmid DNA was performed using Plasmid Miniprep purification kit or
Plasmid Maxiprep purification kit (Invitrogen) according to the manufacturer’s protocol. Plasmid
DNA was eluted from the spin column using TE buffer. Plasmid DNA concentration and purity

were measured using NanoDrop 2000 spectrophotometer (Thermo Scientific).
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2.12.2 Restriction enzyme digestion of DNA and subsequent purification

Restriction enzymes Xhol and Xbal (New England Biolabs) were used to digest plasmid
DNA and PCR products according to the manufacturer’s protocol. Each of the restriction
digestion was performed at 37 °C for 2 hours. The restriction digested DNA samples were
separated by agarose gel electrophoresis. DNA fragments were visualized and cut with a clean
scalpel from the agraose gel stained with Sybr Safe DNA gel stain (Invitrogen) on a UV
transilluminator. Extraction of the DNA fragments from the gel slice was performed using
QIAquick gel extraction kit (Qiagen) according to the manufacturer’s protocol. DNA fragments

were eluted from spin column using Buffer EB.

2.12.3 Ligation of DNA fragment
Ligation of DNA fragments was performed using T4 DNA ligase (New England Biolabs)
according to the manufacturer’s protocol. The ligation reaction was setup at 3:1 insert to vector

molar ratio. The ligation mix was incubated at 16 “C overnight.

2.12.4 Plasmid transformation

Transformation of plasmid DNA into DH5a™ Competent cells (Invitrogen) was
performed according to the manufacturer’s protocol. Briefly, 100 ng of plasmid DNA or 5 puL of
ligation mix was added to the cells and incubated on ice for 30 minutes. The cells were then heat
shocked for 40 seconds in a 42 °C water bath and incubated on ice for another 2 minutes. 250 pL
of S.0.C. medium (Invitrogen) was added to the cells and incubated at 37 °C for 1 hour at 225
rpm. Each transformation was spread on an agar plate with 100 pg/mL ampicillin. The plates

were incubated upside down at 37 °C overnight.
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2.13 Construction of HA-TNIK lentiviral plasmid

To investigate the biological function of TNIK in PCa, we needed a plasmid for
overexpressing TNIK for generating stable cell lines in our gain-of-function studies. Dr. Arnd
Kieser kindly provided us with the pRK5-HA-TNIK plasmid, which contained the human TNIK
full length cDNA with an N-terminal HA epitope tag (HA-TNIK) [111]. We subcloned the HA-
TNIK sequence into the Xhol/Xbal sites of pLVX-IRES-Puro vector (Clontech) by PCR to
generate the TNIK lentiviral vector (pLVX-HA-TNIK-IRES-Puro). We used pLVX-IRES-Puro
vector because it encoded the puromycin resistant marker, which would allow us to select and
maintain stably transfected cells using puromycin.

In order to clone the HA-TNIK sequence from pRK5-HA-TNIK into pLVX-IRES-Puro,
we designed PCR primers to add recognition sequences of Xhol to 5” end and Xbal to 3’ end of
the HA-TNIK insert (Appendix A.3). PCR was performed according to PCR program in
Appendix B.1. The HA-TNIK PCR product and pLVX-IRES-Puro vector were restriction
digested by Xhol and Xbal overnight, which were separated by agarose gel electrophoresis
(Appendix C.1). Double digested HA-TNIK insert (4.1kb) and pLVX-IRES-Puro vector (8.1kb)
were extracted from agarose gel and ligated together. Ligation mix was transformed into
DH5a™ Competent cells. After transformation, 12 colonies were randomly selected for
Miniprep plasmid DNA isolation. Uncut plasmid DNA of pLVX-IRES-Puro empty vector and
12 clones of pLVX-HA-TNIK-IRES-Puro vector were ran on an agarose gel for checking the
qualities of the plasmids (Appendix C.2). Most of the clones of pLVX-HA-TNIK-IRES-Puro
vector were in good qualities with at least two clear bands except clone 8 in lane 9. The clones of
pLVX-HA-TNIK-IRES-Puro had bigger size compared to pLVX-IRES-Puro on the agarose gel,

which indicated that they might contain the HA-TNIK insert. Based on the quality on agarose gel
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and absorbance reading from a NanoDrop (data not shown), we picked clone 3 in lane 4 to be the
construct of pLVX-HA-TNIK-IRES-Puro for our studies.

To verify the pLVX-HA-TNIK-IRES-Puro vector we constructed, we performed PCR to
confirm the orientation of HA-TNIK insert. We used PCR cloning primers to amplify HA-TNIK
in pRK5-HA-TNIK and pLVX-HA-TNIK-IRES-Puro. The size of PCR products from both
vectors gave bands on agarose gel that matched the predicted size of HA-TNIK insert at 4.1kb
(Appendix C.3). This indicated that pLVX-HA-TNIK-IRES-Puro vector contained HA-TNIK

insert in the correct orientation.

2.14 Detection of TNIK transcript variants

In this study, we developed a method for detecting each transcript variant of TNIK in three
steps: 1) RT-PCR to make cDNA from RNA samples, 2) PCR using the cDNA samples, and 3)
agarose gel electrophoresis of the PCR samples [112]. TNIK had 3 alternative splicing sites,
which produced 8 transcript variants [1]. Table 2.2 listed the accession numbers and sizes of
each TNIK transcript variant from NCBI database we used for designing PCR primers from
cDNA samples.

Figure 2.1 showed our strategy for designing the PCR primers to detect each TNIK
transcript variant. All PCR primer sequences for TNIK transcript variants are listed in Appendix
A.4. We designed two forward and two reverse PCR primer sequences that were specific to a
cassette exon or a splice junction at the first and third splice sites of TNIK mRNA using Primer-
Blast. For the first splicing site, we designed a forward primer A specific to the exon sequence
that could be spliced. We designed a reverse primer B at the exon that could be spliced out at the

third splicing site. Using primer A and B in a PCR reaction, it would produce DNA fragments
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with sizes of 1092bp and 927bp that represented transcript variants 1 and 5. Similarly, we
designed a forward primer C at the junction of the sequence where the exon was spliced out at
the first splicing site and a reversed primer D at the junction of the sequence where the exon was
spliced out at the third splicing site. Using primer C and D in a PCR reaction, it would produce
DNA fragments with sizes of 980bp and 815bp that represented transcript variants 4 and 8. If we
setup PCR reaction by using primer A and D, it would have DNA fragments at 1061bp and
896bp that would represent transcript variants 2 and 6. If we setup PCR reaction by using primer
C and B, it would have DNA fragments at 1011bp and 846bp that would represent transcript
variants 3 and 7. The size of each PCR product is listed in Table 2.3. Since the PCR product of
each transcript variant had different sizes, the DNA fragments could be separated by agarose gel

electrophoresis.

Table 2.2 TNIK transcript variants from NCBI database

Accession number and size of each TNIK transcript variant from NCBI database.

TNIK | Transcript variant mRNA bp
1| NM_015028.3 9906
2 | NM_001161560.2 9882
3 | NM_001161561.2 9819
4 | NM_001161562.2 9795
5| NM_001161563.2 9741
6 | NM_001161564.2 9717
7 | NM_001161565.2 9654
8 | NM_001161566.2 9630
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Figure 2.1 Schematic illustration of PCR primer design for TNIK transcript variants

At each alternative splicing site, (m) represents an exon and (/\) represents a splice junction.
Forward primers A and C and reverse primers B and D were designed using the sequences at the
exons and splice junctions.

Table 2.3 PCR primer combination for detecting TNIK transcript variants

The predicted PCR product size for detecting each transcript variant (v) of TNIK.

PCR reaction 1 2 3 4
Primer pair Primer A+B Primer A+ D Primer C + B Primer C+D
Transcript variant | v1: 1092 bp v2: 1061 bp v3: 1011 bp v4: 980 bp

and product size | v5: 927 bp v6: 896 bp v7: 846 bp v8: 815 bp
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2.15 Immunofluorescence

16DMock and 16D™'K cells were seeded at 40,000 cells per well in 12-well plates with
coverslips. 48 hours later, cells were fixed with 4% paraformaldehyde, permeabilized with 0.2%
Triton X-100 in PBS, and blocked with 3% bovine serum albumin. Primary antibodies for total
TNIK (BD Biosciences) and HA (Santa Cruz) were used at 1/100 dilution. Green-fluorescent
Alexa Flour 488 secondary antibody (Invitrogen) was used at 1/500 dilution. Cells were mounted
using Vectashield mounting media with DAPI (Vector Labs). Pictures were taken by 40X

objective lens using 780 LSM confocal microscope (Zeiss).

2.16 Statistical analysis

Pearson correlations (95% confidence interval) were performed using Prism 6 software
(GraphPad). P values were also calculated to evaluate statistical significance using Student’s t-
test by Prism 6 software. Significance is indicated as follows: *, P < 0.05; **, P < 0.01; *** P <

0.001.
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Chapter 3: Results

3.1 TNIK expression in prostate cancer
3.1.1 Correlation of TNIK expression with neuroendocrine markers

As illustrated in Figure 1.6, TNIK expression was elevated in human NEPC compared to
Adeno in both Beltran H et al. 2016 and 2011 cohorts. To further validate the link between TNIK
and NEPC, we assessed TNIK mRNA expression in a unique NE transdifferentiation patient-
derived xenograft (PDX) model from Akamatsu S et al., 2015 cohort [94]. Analysis of RNA-seq
data collected from this PDX model, TNIK expression increased by 26-folds after 8 and 12
weeks of castration and it was further upregulated in terminally transdifferentiated NEPC by 50-
folds compared to Adeno before castration (Figure 3.1). In agreement, TNIK mRNA expression
was positively correlated with NE markers (NCAM1, ENO2, CHGB, MYCN) in the TCGA PCa
cohort (Figure 3.2). Together, these data suggest an association between TNIK expression and

NE phenotype in PCa.
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Figure 3.1 Expression of TNIK in human NE transdifferentiation PDX model

TNIK mRNA expression was assessed in patient-derived prostatic adenocarcinoma xenografts
(Adeno), castration (Cx) after 8 and 12 weeks (wk), and terminally transdifferentiated NEPC
tumor (NEPC) from Akamatsu S et al 2015 cohort based on RNA-seq.
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Figure 3.2 TNIK expression positively correlates with NE markers

Heat map of TCGA data showing gene expression of neuroendocrine markers (NCAM1, ENO2
CHGB, MYCN) in 550 human PCa patient samples stratified by their TNIK mRNA expression
(http://xena.ucsc.edu).
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3.1.2 Correlation of TNIK expression with androgen regulated genes

Treatment-induced NEPC had been suspected in rapidly progressing CRPC patients with

low levels of serum PSA [79]. Our data analysis of CRPC patient samples from the Grasso CS et

al 2012 cohort revealed that TNIK mRNA expression had a significant inverse correlation with

serum PSA level (Pearson’s correlation coefficient r = -0.563, P<0.0008) (Figure 3.3).

Furthermore, our RNA-seq analysis of the TCGA PCa cohort showed that the mRNA expression

of TNIK was inversely correlated with androgen regulated genes (KLK3, TMPRSS2, FKBPS5,

NKX3.1) (Figure 3.4). These results suggested that TNIK expression increased as AR activity

decreased.

TNIK mRNA
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Figure 3.3 TNIK mRNA expression inversely correlated with serum PSA level in CRPC

Correlation of TNIK mRNA expression and serum PSA level were analyzed from CRPC patient
samples in Grasso CS et al 2012 cohort.
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Figure 3.4 TNIK expression inversely correlates with androgen regulated genes

Heat map of TCGA data showing gene expression of androgen regulated genes (KLK3,
TMPRSS2, FKBP5, NKX3.1) in 550 human PCa samples stratified by their TNIK mRNA
expression (http://xena.ucsc.edu).
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3.1.3 Expression of TNIK in prostate cancer cell lines

To explore the relationship of TNIK expression with respect to PCa progression, we
performed qPCR to evaluate TNIK mRNA expression in different PCa cell lines that recapitulate
the disease progression from Adeno to CRPC, ENZR with Adeno and NE-like phenotypes, lack
of AR (AR -), and NEPC. 16DCRPC 49CENZR 49FENZR 42DENZR “and 42FENZR were cell lines
previously developed from our lab from LNCaP-CRPC and ENZR LNCaP-CRPC xenograft
tumors to model ENZR disease [76]. The ENZR cell lines retained AR expression in vitro.
49CENZR and 49FEN“R wwere ENZR cell lines with Adeno phenotype derived from PSA+ tumors.
42DENZR and 42FENZR were ENZR cell lines with NE-like phenotype derived from PSA- tumors.
Moreover, we used DU145 and PC3 as AR- cell lines and NCI-H660 as NEPC cell line.

We observed that TNIK mRNA level was upregulated in cell lines 42DENZR 42FENZR
DU145, PC3, and NCI-H660 compared to LNCaP (Figure 3.5A). AR was inactive in 42DENZR
and 42FEN“R and absent in DU145, PC3, and NCI-H660. Compared to LNCaP, cell lines lacking
AR activity had either lower or undetectable levels of PSA mRNA (Figure 3.5B). On the other
hand, cell lines 16DRPC, 49CENZR ‘and 49FENZR with active AR had detectable levels of PSA
MRNA and there were no significant difference in their TNIK mRNA expression compared to

LNCaP.
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Figure 3.5 mRNA expression of TNIK in PCa cell lines

Relative mRNA expression of (A) TNIK and (B) PSA normalized to GAPDH were assessed in
human PCa cell lines 16DCRPC, 49CENZR 49FENZR 4o DENZR 42FENZR 'DU145, PC3, and NCI-
H660 compared to LNCaP by qPCR.
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At protein level, we evaluated the expression pattern of TNIK in the same panel of PCa
cell lines. We assessed endogenous protein expression of total TNIK, phosphorylated TNIK (p-
TNIK (S764)), and PSA in the cell lines by western blot. Since S764 has been proposed to be an
autophosphorylation site of TNIK, we used p-TNIK (S764) antibody to assess the level of
activated TNIK protein in the cell lines. p-TNIK (S764) level followed the same trend as TNIK
mMRNA expression in the cell lines. p-TNIK (5764) level was upregulated in cell lines 42DENZR,
42FENZR 'DU145, PC3, and NCI-H660, which had undetectable levels of PSA protein (Figure
3.6). However, there was no significant difference in the expression of total TNIK protein in the
cell lines. Taken together, these results indicated that transcription and activity of TNIK were

increased in absence of classical AR signaling.
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Figure 3.6 Protein expression of TNIK in PCa cell lines
Protein expression of p-TNIK (S764), total TNIK (T-TNIK), and PSA were assessed in human

PCa cell lines 16DCRPC, 49CENZR 4gFENZR 4o DENZR 42FENZR ‘D145, PC3, and NCI-H660
compared to LNCaP by western blot. Vinculin was used as a loading control.
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3.2 ldentification of TNIK as an androgen regulated gene
3.2.1 Effect of AR pathway inhibition on TNIK mRNA expression

Since TNIK mRNA expression was upregulated when AR was inactive or absent in PCa
cell lines and had an inverse correlation with androgen regulated genes in PCa patients, we
investigated if AR pathway inhibition would induce TNIK expression. To mimic AR pathway
inhibition in vitro, we took two different approaches using castrated condition or an AR
inhibitor. To mimic castrated condition, LNCaP and 16D“R" cells were cultured in media
containing normal serum (10% FBS) or in androgen-depleted media (10% CSS) for 7 days. We
found that TNIK mRNA levels were increased in both LNCaP and 16D“R"C cells by about 4-fold
in the absence of androgen (Figure 3.7). In a second set of experiments with an AR inhibitor
(ENZ), LNCaP and 16D“RFC cells were treated with 10 pM ENZ in media containing 10% FBS
for 2, 4, and 7 days. Similarly, we observed that TNIK mRNA expression was elevated after
ENZ treatment in a time-dependent manner (Figure 3.8). The 7-day ENZ treatment yielded a 5-
fold increase in TNIK mRNA expression in the LNCaP and 16D“R"C cells. These results

indicated that TNIK expression was induced when AR signaling was suppressed.
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Figure 3.7 Effect of androgen depletion on TNIK expression

Relative mRNA expression of TNIK and PSA normalized to GAPDH were assessed in (A)
LNCaP and (B) 16D°RPC cells that were cultured in androgen-depleted media (10% CSS)
compared to media containing normal serum (10% FBS) for 7 days compared to no treatment (0
day) by qPCR.
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Figure 3.8 Effect of ENZ treatment on TNIK expression
Relative mRNA expression of TNIK and PSA normalized to GAPDH were assessed in (A)

LNCaP and (B) 16DRPC cells that were treated with 10 pM ENZ in media containing 10% FBS
for 2, 4, and 7 days compared to no treatment (0 day) by qPCR.
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3.2.2 Androgen regulated TNIK mRNA expression

Since AR pathway inhibition induced TNIK mRNA expression, we further investigated the
relationship of AR activity on TNIK expression by testing the effect of stimulating AR activity
with addition of androgen. First, we pre-cultured LNCaP and 16D°RFC cells in 10% CSS media
for 7 days to induce TNIK expression. LNCaP and 16D°RFC cells were then stimulated with
synthetic androgen R1881 at 0.1, 1, and 5 nM with or without 10 uM ENZ. We observed that
R1881 stimulation reduced TNIK expression in both LNCaP and 16DR" cells in a dose-
dependent manner, which corresponded to AR activity (Figures 3.9A and 3.10A). The level of
reduction in TNIK expression by R1881 was lowered in presence of ENZ. TNIK expression was
lowest when PSA expression was highest in the samples of LNCaP and 16D°RFC cells stimulated
with 5 nM R1881 (Figures 3.9B and 3.10B). These results suggested that TNIK mRNA

expression was negatively regulated by AR activity in PCa.
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Figure 3.9 Androgen decreased TNIK mRNA expression in LNCaP

Relative mRNA expression of (A) TNIK and (B) PSA mRNA normalized to GAPDH were
assessed by gPCR in LNCaP cells pre-cultured in 10% CSS for 7 days followed by addition of
synthetic androgen R1881 at a dose-dependent manner in presence or absence of 10 uM ENZ.
The mRNA expression of TNIK and PSA in each sample was compared to control untreated
cells cultured in CSS.
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Figure 3.10 Androgen decreased TNIK mRNA expression in 16DCRPC

Relative mRNA expression of (A) TNIK and (B) PSA mRNA normalized to GAPDH were
assessed by qPCR in 16D“RFC cells pre-cultured in 10% CSS for 7 days followed by addition of
synthetic androgen R1881 at a dose-dependent manner in presence or absence of 10 uM ENZ.
The mRNA expression of TNIK and PSA in each sample was compared to control untreated
cells cultured in CSS.
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3.2.3 AR binding site on TNIK gene

To evaluate whether AR-mediated regulation on TNIK was direct, we examined AR ChIP-
seq data from 16D RFC cells stimulated with DHT for potential AR binding sites surrounding the
TNIK locus. AR ChlP-seq data analysis identified a putative AR binding site on the TNIK gene
(Figure 3.11A). The AR binding site was located within 300 bp upstream of exon 3 of the TNIK
gene, which was also an enhancer region of TNIK. Interestingly, the AR binding site contained a
sequence located between +232045 and +232061 bp of TNIK gene (5’-
TGTTITCTGTGTGTGTCT-3) similar to the sequence of an AR consensus binding site (5’-
TGTTCTNNNTGTTCT-3’) [113] (Figure 3.11B). Comparing to the AR consensus binding
sequence, each of the AR half-binding site on TNIK contained a base insertion as underlined.

Therefore, we designed primers between +231997 and +232096 bp of TNIK gene to
perform ChIP assay with AR antibody for confirming if AR bound to this region of TNIK gene.
16D°RPC and 42DEN?R cells were cultured in androgen depleted media for 48 hours followed by
addition of R1881 1 nM for 24 hours. We observed increased binding of AR to TNIK
+231997/+232096 region in presence of R1881 in both 16DRPC and 42DEN“R by AR ChIP assay
(Figure 3.12). These results indicated that AR directly bound to TNIK gene and suppressed

transcript expression of TNIK.
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Homo sapiens chromosome 3, GRCh37.p13 Primary Assembly
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Figure 3.11 AR ChlIP-seq of 16D°RPC in presence of androgen
(A) An AR binding site on TNIK gene was identified in 16DRPC cells stimulated by androgen
(DHT) from AR ChlIP-seq data. (B) Potential AR binding sequence of TNIK gene (highlighted in

blue). Primers were designed between +231997 and +232096 bp of TNIK gene for AR ChIP
assay (highlighted and underlined in red).
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Figure 3.12 AR ChIP assay of 16DcRP¢ and 42D&\?R in presence of androgen

AR ChlIP assay in (A) 16D°RPC and (B) 42DEN2R cells cultured in presence or absence of R1881
between +231997 and +232096 bp region of TNIK gene.
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3.24 Effect of AR activity on TNIK phosphorylation

Previously, we observed that TNIK was activated in PCa cells when classic AR signaling
was absent (Figure 3.6). Therefore, we tested if AR pathway inhibition would affect TNIK
activity. First, we evaluated the effect of androgen depletion on TNIK phosphorylation. LNCaP
and 16D°RPC cells were cultured in media containing either 10% FBS or 10% CSS for 7 days.
We observed increase in the levels of p-TNIK (S764) in 10% CSS compared to 10% FBS as the
levels of PSA decreased in LNCaP and 16D°RFC cells (Figure 3.13). The levels of total TNIK
protein remain relatively similar between 10% FBS and 10% CSS in both cell lines. Next, we
evaluated the effect of ENZ treatment on TNIK phosphorylation. LNCaP and 16D“RFC cells were
treated with 10 pM ENZ in media containing 10% FBS for 2, 4, and 7 days. We observed
upregulation of p-TNIK (S764) in LNCaP and 16D°RPC cells in a time-dependent manner
(Figure 3.14). The levels of total TNIK also remain relatively similar after ENZ treatment in
both cell lines. These results suggest that TNIK is activated in absence of classic AR signaling.
Therefore, we investigated if TNIK phosphorylation was modulated by AR activity. LNCaP cells
were pre-cultured in media with 10% CSS for 7 days and followed by addition of R1881 at 0.1,
1, and 5 nM with or without 10 uM ENZ. Upon R1881 stimulation, we observed that the levels
of p-TNIK (S764) in each sample was reduced in a dose-dependent manner in LNCaP as PSA
level increased (Figure 3.15). Similarly, in the presence of ENZ, the level of p-TNIK (S764)
reduced as the doses of R1881 increased. Expression of total TNIK protein remained fairly
similar in all condition. Taken together, these results suggested that TNIK phosphorylation was

negatively regulated by AR activity.
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Figure 3.13 Effect of androgen depletion on TNIK phosphorylation

p-TNIK (S764), T-TNIK, and PSA protein expression were assessed in (A) LNCaP and (B)
16DCRPC cells that were cultured in media containing 10% FBS or 10% CSS for 7 days by
western blot. Vinculin was used as loading control.
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Figure 3.14 TNIK and p-TNIK (S764) protein expression after AR pathway inhibition
p-TNIK (S764), T-TNIK, and PSA protein expression were assessed in (A) LNCaP and 16D®RC

cells that were treated with 10 uM ENZ in media containing 10% FBS for 2, 4, and 7 days by
western blot. Vinculin was used as loading control.
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Figure 3.15 Androgen decreased the level of p-TNIK (S764) induced by androgen depletion
p-TNIK (S764), total TNIK, and PSA protein levels were assessed by western blot in LNCaP
cells pre-cultured in 10% CSS for 7 days followed by addition of synthetic androgen R1881 at a

dose-dependent manner in presence or absence of 10 uM ENZ. Vinculin was used as loading
control.

3.25 Investigate if TNIK is a driver for NEPC

Since we found that TNIK expression was elevated in human NEPC patients and also after
AR pathway inhibition, we sought to determine if TNIK is a driver of NEPC or NE
transdifferentiation under AR pathway inhibition. First, we constructed a pLVX-HA-TNIK-
IRES-Puro vector for overexpressing TNIK in cell lines. We transiently transfected 16D°RFC
cells with pLVX-HA-TNIK-IRES-Puro vector (HA-TNIK plasmid) at 1, 1.5, and 2 pg. Protein
and RNA were extracted from the cells after 48 hours of transfection. We observed expression of
TNIK mRNA, total TNIK, p-TNIK (S764), and HA proteins increased in a dose-dependent
manner with the amount of HA-TNIK plasmid transfected (Figure 3.16). This suggested that
pLVX-HA-TNIK-IRES-Puro could be used for generating stable TNIK overexpressing cell

lines.
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Figure 3.16 Transient overexpression of TNIK in 16D¢R"¢ cells

16DCRPC cells were transiently transfected with pLVX-HA-TNIK-IRES-Puro (HA-TNIK
plasmid) at indicated amount. 48 hours post-transfection, (A) total TNIK, p-TNIK, HA, and
Vinculin expression were assessed by western blot. (B) Relative mRNA expression of TNIK
normalized to GAPDH was assessed by gPCR. TNIK mRNA expression in each sample was
compared to control untransfected cells.
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16DCRPC cells were stably transfected with empty vector to generate 16DM° cells and with
HA-TNIK plasmid to generate 16D ™ cells. Using immunofluorescence, total TNIK and HA
proteins were detected in the cytoplasm in 16D ™ cells (Figures 3.17A and B). Based on the
immunofluorescence result, 16D™ cells had mixed population of cells with different levels of
TNIK protein, so we performed clonal selection in 16D™ cells and isolated 3 clones. We
quantified the amount of TNIK protein and mRNA from these clones with western blot and
gPCR and observed that 16D™ !Xl had the highest TNIK protein and mRNA expression

compared to 16DM (Figures 3.18A and B).
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Figure 3.17 TNIK localized in the cytoplasm.

Immunofluorescence was performed in 16DM% and 16D™'X cells using (A) total TNIK antibody (green) and DAPI (nuclei, blue) or
(B) HA antibody (green) and DAPI (nuclei, blue).
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Figure 3.18 TNIK expression in 16DMok and 16D 'K stable cell lines
TNIK protein and mRNA expression in 16D TNIK stably overexpressing cells (unselected and

clones 1, 2, 3) compared to empty vector transfected control 16D cells (Mock) were assessed by
(A) western blot and (B) qPCR.
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To determine if TNIK was a driver of NEPC, we assessed the mRNA expression of the
terminal NE markers NSE, SYP, and CHGA in 16D TNIK(unselected) g 1 gD TNIK(clonel) ce|g
comparing to 16DM cells by gPCR. However, there were no significant increase in the
expression of NE markers in 16D TN!Kunselected) g 16D TNIK(Clonel) compared to 16DM° (Figure
3.19). These data indicated that overexpression of TNIK alone was not sufficient to induce NE

differentiation.
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Figure 3.19 Effect of overexpressing TNIK on NE differentiation

Relative mRNA expression of NE markers in 16D TNIK overexpressing cells (unselect and
clone 1) compared to 16D Mock were assessed by gPCR.
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Next, we tested if overexpression of TNIK could drive the emergence of NE phenotype
under AR pathway inhibition. 16D°R" parental, 16DM and 16D ™ KClonel) gels were treated
with ENZ 10 uM for 3 and 14 days. The mRNA expression of TNIK, PSA and NE markers
(NSE, SYP, and CHGA) were assessed by gPCR. After 3 days of ENZ treatment while mRNA
levels of NE markers had not been increased by ENZ in 16DCRPC parental and 16DM°% cells yet,
there were no significant changes in the expression of NE markers in 16D™!K(lonel) gejg
compared to 16DCRPC parental cells with no treatment control (ENZ 0 day) (Figures 3.20A and
3.21). After 14 days of ENZ treatment, the levels of increase in expression of NE markers in
16DRPC parental, 16DM° cells, 16D ™NK(cloned) cejfs were relatively similar compared to
16DRPC parental cells with control (ENZ 0 day). The levels of PSA mRNA were reduced in
16DCRPC parental, 16DMOk | and 16D ™ 'K(clonel) ce|s after ENZ treatment for 3 and 14 days
compared to 16DCRPC parental cells with control (ENZ 0 day) (Figure 3.20B). These results
indicated that overexpression of TNIK did not facilitate the emergence of NE phenotype under
AR pathway inhibition.

Since ENZ treatment had increased TNIK expression and activity, we evaluated if
overexpression of TNIK conferred resistance of PCa cells to ENZ. 16DM°k and 16D TN!K(clonel)
cells were treated with ENZ in a dose-dependent manner at indicated doses for 72 hours. After
ENZ treatment, cell viability was assessed by crystal violet. We observed no significant change
in cell viability of 16D™N!K(loneD) calls compared to 16DMo cells after ENZ treatment (Figure
3.22). This result indicated that overexpression of TNIK did not affect sensitivity of cells to ENZ

treatment.
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Figure 3.20 Effect of ENZ on TNIK and PSA expression with TNIK overexpression

16DCRPC parental, 16DMok and 16DTNKEIeD) ¢ells were treated with 10 uM ENZ for 3 and 14
days (d). ENZ 0 day represented no treatment control. Relative mRNA expression of TNIK and
PSA compared to 16DRPC parental (ENZ 0 day) were assessed by gPCR.
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Figure 3.21 Effect of ENZ on NE differentiation with TNIK overexpression
16DCRPC parental, 16DM° and 16D™'KCloneD) cels were treated with 10 uM ENZ for 3 and 14

days (d). Relative mMRNA expression of NE markers (A) NSE, (B) SYP, and (C) CHGA
compared to 16DRPC parental (ENZ 0 day) were assessed by qPCR.
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Figure 3.22 Effect of ENZ on cell viability with TNIK overexpression
16DMock and 16D ™NK(ConeD) cel|s were treated with ENZ at indicated doses for 72 hours. After
treatment, cells were fixed and cell viability was assessed by crystal violet.
3.2.6 Investigate if TNIK is a therapeutic target for NEPC

In this study, we also investigated if TNIK is a therapeutic target for NEPC. We tested if
TNIK is required for cell growth and maintaining NE phenotype in PCa. To assess the effect of
TNIK knockdown on cell growth and expression of NE markers, 42DENZR cells were transfected
with 20 nM of control siRNA (siCtr) or TNIK siRNA (siTNIK). Cell proliferation was assessed
by crystal violet assay from 1 to 5 days after transfection. mMRNA expression of TNIK and NE
markers were assessed by gPCR. We observed that silencing TNIK with siRNA in 42DEN“R had
no significant effects on cell proliferation and expression of NE markers compared to control
SiRNA (Figure 3.23).

Using another approach, we tested if inhibiting TNIK activity would affect cell viability.
42DENR cells were treated with TNIK small molecule inhibitor KY-05009 in a dose-dependent

manner for 72 hours. Due to the insolubility of KYY-05009 in the media, the cells could only be
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treated with this inhibitor at a dose up to 5 uM. After 72 hours of treatment, 5 pM of KY-05009
reduced 42DENZR cell viability by nearly 30% (Figure 3.24A). We assessed TNIK activity in
42DENZR cells after KY-05009 treatment at a dose of 0.5, 2.5, and 5 uM for 72 hours by western
blot. p-TNIK (S764) level was greatly reduced in 42DEN“R cells at 2.5 and 5 pM of KY-05009
treatment (Figure 3.24B). To determine if the reduction in cell viability of 42DEN“R py K-
05009 treatment was specific to cell lines with upregulation of p-TNIK (S764), we treated
LNCaP, 16D°RFC, 42DEN“R ‘and 42FEN“R cells with 5 pM of K'Y-05009 for 72 hours. However,
the reduction in cell viability by KY-05009 treatment in cell lines with low level of p-TNIK
(S764) (LNCaP and 16D“RC) was similar to cell lines with high level of p-TNIK (S764)

(42DEN?R and 42FENZR) (Figure 3.25).
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Figure 3.23 Effect of silencing TNIK with siRNA on cell growth in vitro

42DENZR cells were transfected with 20 nM control or TNIK siRNA. (A) Cell proliferation was
assessed by crystal violet assay from 1 to 5 days after transfection. (B) Relative mRNA
expression of TNIK and NE markers normalized to GAPDH in 42DENZR transfected with siTNIK
compared to siCtr were assessed by qPCR.
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Figure 3.24 Effect of TNIK inhibitor on cell viability in dose-dependent manner in vitro

42DENZR cells were treated with TNIK small molecule inhibitor KY-05009 at indicated doses for
72 hours. (A) Cell viability was assessed by crystal violet assay. (B) p-TNIK (S764), total TNIK,

and Vinculin protein expression were assessed by western blot.
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Figure 3.25 Effect of TNIK inhibitor on cell viability in different cell lines in vitro
LNCaP, 16D°RPC, 42DENZR ‘and 42FENZR cells were treated with 5 uM of K'Y-05009 for 72
hours. Cell viability of cells after treatment was compared to their untreated control and was
assessed by crystal violet assay.
3.3 Detection of TNIK transcript variants in PCa

Previously, we observed that TNIK expression was elevated in NEPC patients and TNIK
had been reported to have 8 splice variants. A gene could produce multiple isoforms through
alternative splicing and the expression of each isoform could change in different stages of cancer
progression [114]. Therefore, we investigated if a specific TNIK splice variant was expressed or
upregulated in NEPC that could be served as a novel biomarker for NEPC. To determine which
TNIK transcript variants were expressed in PCa, we designed primers and setup four PCR
reactions on cDNA samples from LNCaP and NCI-H660 according to Table 2.3 and ran the

PCR products on agarose gel. Based on the sizes of the DNA fragments, we observed that TNIK

70



transcript variants 1, 2, 3, 4, 7, and 8 were detected in both LNCaP and NCI-H660 (Figure 3.26).

TNIK transcript variants 5 and 6 were not detectable in LNCaP and NCI-H660.
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Figure 3.26 Transcript variants of TNIK in LNCaP and NCI-H660 cells
PCR was performed from cDNA of LNCaP and NCI-H660 using TNIK primers specific to each

transcript variants. PCR products were separated by agarose gel electrophoresis. PCR samples of
LNCaP were loaded in lanes 1-4 and NCI-H660 were loaded in lanes 5-8.
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Chapter 4: Discussion

In this study, we found that TNIK expression was highly upregulated in human NEPC
patients and human NE transdifferentiation PDX model (Figures 1.6 and 3.1). We also observed
that expression of TNIK was negatively correlated with androgen regulated genes and positively
correlated with NE markers in patient data from prostate cancer TCGA cohort (Figures 3.2 and
3.4). NEPC is often associated with low or non-rising PSA in aggressive metastatic CRPC [68].
Interestingly, we found that the expression of TNIK was significantly inverse correlated with
serum PSA level in CRPC patient samples (Figure 3.3). Taken together, these results showed
that TNIK expression was strongly associated with features of aggressive form of PCa, which
included NEPC.

First, we assessed TNIK expression in PCa cell lines with different features. We found that
expression of TNIK mRNA was increased in PCa cell lines when classic AR signaling was
absent (Figure 3.5). Under androgen depletion and ENZ treatment, we observed increase of
TNIK mRNA expression in both LNCaP and 16DR" cells (Figures 3.7 and 3.8). These
conditions had been previously established and shown to increase expression of NE markers [76,
105]. Addition of R1881 could reduce TNIK mRNA expression after androgen depletion or ENZ
treatment in LNCaP and 16DR"C cells (Figures 3.9 and 3.10). These results suggested that
suppression of classic AR signaling led to increase of TNIK expression, which was accompanied
with induction of NE differentiation.

Next, we investigated the molecular mechanism of AR regulation on TNIK expression.
Our AR ChIP-seq data analysis revealed that AR could bind to a region of TNIK gene in
16D°RPC in presence of androgen and that could be a potential AR binding site on TNIK gene

(Figure 3.11). Comparing with publicly available AR ChIP-seq data sets GSM2122804 and
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GSM2122804, the potential AR binding site also presented in LNCaP cells cultured in media
with normal serum (FBS) (Appendix C.4A). Interestingly, in AR ChIP-seq data sets
GSM1691153 and GSM1691147, the peak at this AR binding site on TNIK gene was higher
upon R1881 stimulation in LNCaP cells, which indicated increased binding of AR on TNIK gene
when AR was activated (Appendix C.4B). Therefore, we further confirmed by AR ChlIP assay
that stimulation with R1881 increased AR occupancy to this region of TNIK gene in 16DRPC
and 42DENZR cells (Figure 3.12). These results suggested that TNIK was a direct target of
transcription repression by AR in PCa.

In the predicted AR binding site in TNIK gene, we identified a sequence that contained
two single nucleotide insertions (5’-TGTTTCTGTGTGTGTCT-3’) compared to the known
consensus DNA-binding site of AR (5’-TGTTCTNNNTGTTCT-3"). The known consensus
DNA-binding site of AR was ARE in genes for activating transcription upon binding of AR.
Conversely, our results showed that AR activity negatively regulated TNIK mRNA expression.
Moreover, these single nucleotide insertions were located in each of the two 6-bp half-sites of
AR. These findings suggested that the mutation in the ARE could potentially modified the
function of AR into a repressor of TNIK.

Since AR activity negatively regulated TNIK expression transcriptionally, we also assessed
if TNIK activity could be modulated by AR activity. We observed that level of p-TNIK (S764)
was increased in PCa cell lines with absence of classic AR signaling (Figure 3.6). Interestingly,
p-TNIK (S764) level was increased under AR pathway inhibition in LNCaP and 16D°RFC cells
(Figures 3.13 and 3.14). This phenomenon could be reversed by androgen supplementation via

R1881, which decreased p-TNIK (S764) level (Figure 3.15). Taken together, these results
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suggested that TNIK could be activated through inhibition of AR pathway and might have a role
in PCa progression in an AR-independent manner.

To study the role of TNIK in PCa, we investigated if TNIK could be a driver or a
therapeutic target for NEPC. In our gain-of-function studies on TNIK, overexpressing TNIK in
16DCRPC cells did not induce NE differentiation (Figure 3.19). Overexpression of TNIK also did
not induce NE differentiation under ENZ treatment or affect sensitivity to ENZ in 16D°RFC cells
(Figures 3.20-3.22). In our loss-of function studies on TNIK, we silenced TNIK with siRNA in
42DENZR cells, but we observed no significant effects on cell proliferation in vitro and the
expression of NE markers (Figure 3.23). We also treated LNCaP, 16DRC, 42DEN“R 'and
42FENZR cells with TNIK small-molecule inhibitor KY-05009 and we observed no significant
effect on cell viability in vitro (Figures 3.24-3.25). These results indicated that TNIK may not be
a driver or therapeutic target for NEPC; however, more experiments are needed to further
confirm with these findings.

Since previous studies showed that TNIK was required in Wnt signaling in colorectal
cancer [22, 30], we further examined if TNIK played a role in Wnt signaling in PCa. We used
luciferase assay to assess the effect of TNIK expression on TCF transcriptional activity.
However, overexpression of TNIK in 16D ™K cells did not enhance TCF transcriptional activity
compared to 16DM cells (Appendix C.5). Silencing TNIK with SiRNA (siTNIK) in 42DENZR
cells also did not reduced TCF transcriptional activity compared to control siRNA (siCtr). These
results suggested that TNIK did not play a role in activating Wnt signaling in PCa. Comparing to
80% of colorectal cancer that carried APC gene mutation in aberrantly activation of Wnt

signaling, only 3-10% of PCa were reported to carry mutation in APC [33, 115]. These data
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suggested that TNIK might not be as important for activation of Wnt signaling in PCa as it was
in APC-mutated tumors.

Moreover, phosphorylated TNIK (p-TNIK S764) had been previously shown to be
translocated into the nucleus and co-localized with TCF4 in Wnt-activated colorectal cancer cells
[30]. In our study, overexpression of TNIK increased the level of p-TNIK (S764) in 16D®RFC
cells (Figures 3.16). Using TNIK stably overexpressing (16D™'X) cells, immunofluorescence
showed no nuclear translocation of TNIK (Figures 3.17). TNIK was localized in the cytoplasm
of 16D™¥ cells. These results suggested that TNIK could possibly interact with proteins in the
cytoplasm and involve in other signaling pathways in PCa. Previous study showed that TNIK co-
localized with RAP2 in the cytoplasm and acted as a downstream effector of RAP2 in regulating
actin cytoskeleton in mouse embryo fibroblast cells [14]. TNIK forms a complex with Nedd4-1
and Rap2, which is essential for regulating neurite development in mouse neurons [23]. This
protein complex is also required in glioma cells in regulation of migration and invasion [116]. In
addition, previous studies had reported that TNIK inhibitors reduced EMT in human non-small
cell lung cancer and cancer stem cell (CSC) phenotypes in colorectal cancer [38, 39]. Although
long term ADT is associated with NE differentiation, ADT can also induce EMT and CSC
phenotypes in PCa [117]. There may be a relationship between NEPC and CSC because both
cells do not express AR and PSA [118]. Altogether, for future experiments of this study, it would
be interesting to investigate if TNIK plays a role in migration, invasion, EMT, or CSC
phenotypes, which may possibly be linked to Nedd4-1 and Rap2 in PCa.

Alternative splicing from one gene could generate multiple protein isoforms with different
biological properties such as intracellular localization, protein-protein interaction, and functions

[119, 120]. For example, alternative splicing of the Bcl-x gene produced two isoforms that had
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opposite functions with a long anti-apoptotic isoform and a short pro-apoptotic isoform [121].
Previous study had reported that alternative splicing produced eight TNIK protein isoforms [1].
Currently, the biological function of each protein isoform of TNIK had not been reported. Since
TNIK expression was highly increased in NEPC compared to Adeno, it could be a biomarker for
NEPC. We sought to investigate if the expression of TNIK splice variants or protein isoforms
varied between Adeno and NEPC. Currently, no method has been reported for detecting the
TNIK transcript variants or protein isoforms yet. There was also limitation in studying TNIK
protein isoforms; for example, there are no antibodies available for detecting each of TNIK
protein isoforms specifically.

In this study, we developed a simple method for detecting each transcript variant of TNIK
using PCR amplification on cDNA samples. Unfortunately, PCR was a qualitative method, it
could only be used to detect the presence or absence of a specific DNA product [122]. We
evaluated the presence of each TNIK splice variant in LNCaP and NCI-H660 cells based on the
PCR products separated on agarose gel by size. We found that LNCaP and NCI-H660 cells
expressed TNIK transcript variants 1, 2, 3, 4, 7, and 8 (Figure 3.26). This result could help
explain why TNIK mRNA levels were not correlated with total TNIK protein expression in some
of our experiments.

At mRNA level, we observed that TNIK was about 60-fold higher in NCI-H660 than
LNCaP cells (Figure 3.5). The proposed autophosphorylation of TNIK at S764 residue were
highly upregulated in NCI-H660 compared to LNCaP, but the total TNIK protein expression was
similar between the cell lines (Figure 3.6). Under androgen deprivation and ENZ treatment, we
also observed no significant changes in total TNIK protein expression when TNIK mRNA and p-

TNIK (S764) were upregulated (Figures 3.7, 3.8, 3.13 and 3.14). However, when we transiently
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overexpressed TNIK in 16DRFC cells with different amount of TNIK wild type plasmid
encoding transcript variant 1, the cells had increased levels of TNIK mRNA, total TNIK, p-
TNIK (S764), and HA proteins in a dose-dependent manner (Figure 3.16). According to the
structure of each TNIK isoform, the total TNIK antibody used in this study recognized TNIK
protein at amino acids 522 to 644, which located at one of the alternative splicing sites (Figure
1.1). Therefore, this indicated that the total TNIK antibody used in this study could be detecting
isoforms 1 to 4 with similar total TNIK protein expression. Thus, the TNIK isoforms upregulated
in cell lines or conditions with inactive AR signaling could be 5, 6, 7, or 8. Moreover, LNCaP
and NCI-H660 cells did not express TNIK transcript variants 5 and 6 from the PCR result.
Therefore, our results together suggested that TNIK transcript variants 7 and 8 might be

predominantly upregulated in the absence of AR signaling and NEPC.
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Chapter 5: Conclusion

5.1 Summary of findings

In summary, our study revealed that TNIK was associated with aggressive form of PCa. In
clinical data, we found that TNIK was most highly expressed in patients with NEPC compared to
Adeno. We also found that TNIK expression was positively correlated with NE markers and
negatively correlated with androgen regulated genes in PCa patient data. Our results showed that
inhibition of AR signaling induced TNIK expression and activity, which were negatively
regulated by AR activity in PCa. Although our results showed that TNIK might not be a driver or
therapeutic target for NEPC, we identified TNIK as a novel AR-repressed gene in PCa. We
further discovered that an ARE on TNIK gene could possibly switch the function of AR from a
transcriptional activator to a repressor upon DNA binding. Based on our findings, TNIK could be

a biomarker for NEPC.

5.2 Limitations and future directions

In this study, we identified a potential ARE on TNIK gene. For future work to study the
functional role of this potential ARE on TNIK gene, we could design a 20-bp DNA aptamer that
could prevent AR from binding to this region of TNIK as previously described [76]. The DNA
aptamer is a single-stranded oligonucleotides that could block other molecules from binding to
its complementary sequence [123]. We could transfect the aptamer into 42DEN?R cells and assess
if the aptamer could prevent AR from inhibiting transcription of TNIK in presence of R1881.

To further address the role of TNIK in NE differentiation in future experiments, we could
evaluate the effect of silencing or inhibiting TNIK on cell growth and NE phenotype in more cell

lines such as NEPC NCI-H660 cells, as well as the effects following AR pathway inhibition in
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Adeno cell lines such as LNCaP and 16D“R"C. Furthermore, there were limitations in the
experiments using TNIK inhibitor KY-05009 because of its insolubility in the media. We could
not perform our experiments with doses higher than 5 uM. Since the experiments in this study
were only performed with one TNIK siRNA and TNIK inhibitor, we could also test with other
TNIK siRNAs and TNIK inhibitors such as NCB-0846 to further support our findings.

TNIK has been reported to be involved in EMT and CSC. Thus, we could determine if
overexpressing, silencing, or inhibiting TNIK have any effects on cell migration, invasion, and
the expression of EMT and CSC markers in PCa. To study these effects, we could perform
experiments such as wound healing assay, invasion assay, and spheroid assay. Moreover, S764
phosphorylation of TNIK was upregulated under androgen deprivation and ENZ treatment. We
could also generate constitutively active and inactive kinase mutants of TNIK to explore the
roles of TNIK in PCa along with wild type overexpression of TNIK. Based on our results, TNIK
transcripts 7 and 8 could be the predominant forms being upregulated in NEPC. We could
overexpress TNIK transcript variants 7 and 8 to determine if they induce NE differentiation,
migration, invasion or stemness in PCa.

In addition, there were limitations for us to study the expression of TNIK transcript
variants or isoforms in this study. We did not have a total TNIK antibody that could detect all
TNIK isoforms, which might have affected our results in evaluating total TNIK protein levels by
western blotting. There was also no antibodies commercially available that could detect each
TNIK isoforms specifically. If another total TNIK antibody is available that could recognize
amino acid residues shared by all TNIK isoforms, we could use it to evaluate the total TNIK
protein expression in our experiments. Moreover, we were not able to assess the expression of

each TNIK splice variant in LNCaP and NCI-H660 cells quantitatively using PCR. It was also
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difficult to design primers for qPCR for quantitative analysis because each of TNIK splice
variants did not have a unique sequence to distinguish between them. In the future, if other
quantitative method such as RNA-seq available for assessing the expression of each TNIK splice
variant in different samples, it could identify the splice variant that could serve as a biomarker

for NEPC or other diseases.
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Appendices

Appendix A Primer sequences

The forward (F) and reverse (R) primer sequences used for gPCR, ChlP assay, PCR cloning, and
PCR for detecting transcript variants.

A.l  gPCR primer sequences

Gene Name Primer sequence (5’ 2 3°)
TNIK F: CTTGTGGTCTTTGGGTATCAC

R: CCACTTCTTAGACTTCAGCC
PSA F: CACAGCCTGTTTCATCCTGA

R: AGGTCCATGACCTTCACAGC
NCAM1 F: GATGCGACCATCCACCTCAA

R: TCTCCGGAGGCTTCACAGGTA
NSE F: GAACTATCCTGTGGTCTCC

R: CGACATTGGCTGTGAACTTG
Syp F: TCAGTTCCGGGTGGTCAAG

R: AAGACCCATTGCAGCACCTT
CHGA F: TCCAAGGCGCCAAGGA

R: CATCTTCAAAACCGCTGTGTTTC
GAPDH F: CGACCTGACCTGCCGTCTAGAA

R: GGTGTCGCTGGTGAAGTCGAGAG

A.2  ChIP primer sequences

Gene

Primer sequence (5’ 2 3°)

TNIK +231997/+232096

F: ACAAAGTGACTGGGGACGTTT
R: TGCTGTACTATGTCAATGGGGG

A.3  PCR cloning primer sequences

The restriction sites Xhol and Xbal sites were underlined in the primer sequences.

Insert

Primer sequence (5’ 2 3°)

HA-TNIK

F: TGCTTACTCGAGATGGAATATCCTTATGAC
R: TCAGTCTAGATCATTACCAGTTCATCATGG
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A.4  PCR primer sequences for detecting each TNIK transcript variant:

TNIK transcript variant

Primer sequence (5’ 2 3°)

Primer A

F: ACAGGAATACATCAGGCGACA

Primer B R: AATGCCGTCAGATCCTCATCTAT
Primer C F: GCATGAACAGGAATATAAGCGCAA
Primer D R: TCAGATCAGCTGGTCGACTG

Appendix B PCR programs

B.1  PCR for cloning HA-TNIK insert from plasmid

PCR for cloning HA-TNIK insert:

Step Temperature Time
Initial Denaturation 98°C 30 sec
98°C 10 sec
30 cycles 52°C 30 sec
72°C 2 min
Final Extension 72°C 2 min
Hold 4°C forever

B.2 PCR for detecting TNIK transcript variants

PCR for TNIK transcript variants from cDNA samples:

Step Temperature Time
Initial Denaturation 98°C 30 sec
98°C 10 sec
30 cycles 66°C 30 sec
72°C 33 sec
Final Extension 72°C 2 min
Hold 4°C forever
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Appendix C Supplementary Figures

C.1  DNA samples after Xhol and Xbal restriction digestion

i Vector (8.1kb
10000 - > (8.1kb)

5000 -
§§§§: o Insert (4.1kb)
2500 »

Samples 1: HA-TNIK PCR insert (4.1kb) and 2: pLVX-IRES-Puro vector (8.1kb) were digested
by restriction enzymes Xhol and Xbal overnight, which were separated by agarose gel
electrophoresis.

C.2  Plasmid DNA of pLVX-HA-TNIK-IRES-Puro clones

1234567 8910111213

.. ' -w--l'

Plasmid DNA in lane 1: pLVX-IRES-Puro and 2-13: pLVX-HA-TNIK-IRES-Puro clones #1-12
were separated by agarose gel electrophoresis.
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C.3  PCR for checking orientation of HA-TNIK insert

bp 1 2
18000 - =
6000 -
38881=u|—o HA-TNIK (4.1kb)
3500 .
3000 -
2500 - —
2000 -

PCR product of HA-TNIK insert from lane 1: pRK5-HA-TNIK and lane 2: pLVX-HA-TNIK-
IRES-Puro were separated by agarose gel electrophoresis.
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C.4 AR binding site on TNIK gene from publicly available AR ChlIP-seq data sets

A TNIK

LNCBP il e
FBS

Rep 1 [1-2.22] ‘
Rep 2 [1-3.37] ‘

T AR binding site

B TNIK
ncap  WHHH-HAAHHH-- : ] a
Css [1-25]

PO O T TR W CT AXRT SO S RRRRTTY T4 PYRY Y FTIOTVT ¥ TOPPAA Vg WU J oo W Y
R1881 [1%°]

B ke allb oL sl b L nokallsdba o, I.Juu_lll.lm..llu. .-I..uu.., Ll ...L_...J.l..u.hm..muu..u AL bl

T AR binding site

AR binding site on TNIK gene was examined in publicly available AR ChIP-seq data sets in (A)
NCBI GEO data sets GSM2122804 and GSM2122804 that are biological replicates of LNCaP
cells cultured in media with normal serum (FBS) and (B) NCBI GEO data sets GSM1691153
and GSM1691147 that are LNCaP cells cultured in androgen depleted media (CSS) with or
without R1881 stimulation.
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C.5  Effect of overexpressing or silencing TNIK on TCF transcriptional activity

A 35 - 16DCRPC

>
E 3 ® Mock
8254  mINK
o
© 27
9
S 15 -
S 1
+—
©
2 0.5

0 _

Ctr Licl
B 45 - 42DENR

z 4
235 4 WsiCtr
Q
© 3 |  msiTNIK
o
© 25
9
T 2 -
3
o 15 -
>
s 17
T
& 0.5 -

0 .

Ctr Licl

Relative transcriptional activity of TCF in (A) 16D™'K compared to 16DM°% and (B) 42DEN?R
transfected with siTNIK compared to siCtr. Cells were stimulated with 50 mM LiCl for 24 hours.
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Appendix D Supplementary Materials and Methods
D.1  Luciferase Assay

For measuring TCF transcriptional activity, 2 x 10° cells were seeded in each well in
triplicate on a 6-well plate. For each 6-well plate, cells were transiently transfected with 9ug of
TCF reporter (pGL3-OT, Addgene) and 1pg of Renilla luciferase reporter (Promega) using
TransIT-2020 transfection reagent (Mirus Bio) according to manufacturer’s procedure.
Luciferase activities were measured using the Dual-Luciferase Reporter Assay System
(Promega) using TECAN M200Pro plate reader (Tecan). The Firefly luciferase signal in each

sample was normalized with Renilla luciferase signal.
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