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Abstract

The focus of this dissertation is Hepatocyte Growth Factor (HGF)/MET-mediated phosphorylation
of STMN1 on Serine 16 and the impact on cell cycle progression and cell proliferation. While the
treatment of low-grade prostate cancers (PCa) with androgen deprivation therapy (ADT) often
eliminates androgen receptor (AR)" bulk tumor cells, 20-30% of the men treated will eventually
develop castration resistant prostate cancer (CRPC). Of note is that AR normally represses the
transcription of the HGF receptor MET, and that prolonged therapy can downregulate AR
expression, resulting in a corresponding increase in MET expression, reported to be an indicator
of late stage PCa and poor overall survival. Progression to late stage PCa is also characterized by
an increased production and secretion of HGF from cells within the tumor microenvironment

(TME) to upregulate metastatic and proliferative cellular processes.

In this dissertation, Chapter 1 provides context regarding the role of the TME in cancer
development, progression, and therapeutic resistance; and a brief summary of the current
understanding of HGF/MET signaling in cancer and its role n STMN1 phosphorylation. Chapter
2 presents novel findings regarding HGF/MET-mediated phosphorylation of STMN1 S16 and how
this modulates cell cycle progression, proliferation and metastatic potential in both PCa cells and
normal mouse mammary gland cells. Chapter 3 investigates how calcium/calmodulin-dependent
protein kinase II (CAMKII) regulates PCa cell proliferation without triggering metastasis, and the
role that the other three regulatory serines n STMN1 play in regulating PCa cell proliferation.
Chapter 4 reports the role of constant degradation of AR by Mouse Double Minute 2 (MDM?2) to
maintain prostate cancer stem cell integrity. Chapter 5 provides an in-depth analysis of the

advantages and challenges faced in our attempt to use CRISPR/Cas9 technology to generate stable



mutant DU-145 cell lines expressing STMN1 substitution mutations. Finally, Chapter 6 discusses

the overall conclusions of the dissertation and provides future directions for further study.

For the first time, we demonstrate HGF/MET signaling phosphorylates STMNT1 on S16 to
promote cell cycle progression through the shortening of cell-doubling time, resulting n an
increase in cellular proliferation. We also demonstrate that differential phosphorylation of the other
three regulatory serines of STMN1 do not play a significant role in the regulation of cell cycle
progression and cell proliferation. The Kasper Laboratory previously published that
downregulation of total STMNI1 resulted in an inhibition of proliferation and an induction of
metastasis. Herein, we show, for the first time, that HGF/MET-mediated phosphorylation of
STMNI1 S16 does not induce metastasis. Finally, we provide evidence in support of a novel
therapeutic strategy of utilizing the potent c-MET inhibitor AMG337 in combination with ADT to

decrease or eliminate the development of late-stage PCa and metastasis.
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Chapter 1 -
INTRODUCTION



1.1. The Tumor Microenvironment in Cancer Development, Progression and Therape utic

Resistance

Charles B. Huggins discovered that hormone deprivation therapy caused regression of hormone-
sensitive cancers, including breast and prostate cancer (PCa) [1]. These observations sparked the
search for drugs that blocked the production of steroids and/or activity of steroid hormone
receptors [2-4]. In addition to hormones, factors produced by the surrounding tumor
microenvironment (TME) have gained considerable interest as they can also promote cancer
growth, progression, metastatic spread and therapeutic resistance [5]. The following sections
provide an overview of the role of androgens and androgen receptor (AR) in regulating normal
prostate and PCa growth, and the impact of TME-derived factors in contributing to cancer

progression, metastasis, and the development of therapeutic resistance.

1.1.a. The androgen receptor in stromal cells regulate normal prostate and prostate cancer

growth and progression

The microenvironment of the developing prostate is critical for organ development. The AR is first
expressed in the embryonic urogenital mesenchyme, and mesenchymal androgen-dependent
signals induce the formation of solid epithelial chords, followed by induction of epithelial cell AR
expression, canalization, and arborization to form the prostate [6]. Prostatic glands consist of AR"
luminal, AR!o"robasal, and ARV neuroendocrine epithelial cells underpinned by a loose stroma
consisting of fibroblasts, smooth muscle cells, blood vessels and immune cells [7]. Using a mouse
xenograft model, Cunha and colleagues recombined prostate mesenchymal and/or epithelial cells
from normal mice with prostate mesenchymal and/or epithelial cells from mice carrying the non-

functional, testicular feminization (tfm/y) mutation in AR and demonstrated that: (a) mesenchymal



AR expression was essential for proliferation and differentiation into epithelial cells, and normal
prostate formation, and (b) epithelial AR was required for expression of the secretory proteins

produced by differentiated epithelial cells [8].

The expression levels of stromal and epithelial AR remain critical in PCa development.
Prostate canceris considered a multifocal cancer in that more than one cancer lesion (or focus) can
be present in the same prostate, and that these foci can exhibit significant genomic differences. To
provide a clinical diagnosis that represented the overall cancer in the same prostate specimen, the
pathologist Dr. Donald Gleason determined that cancer foci fell into 5 distinct histopathological
patterns; and based on this histopathology, he developed the Gleason scoring system where pattern
1 represented benign histology and pattern number increased through to pattern 5 representing
undifferentiated adenocarcinoma [9]. Thus, the Gleason score typically ranges from 6-10 and is a
composite score of the two grades of cancer that make up the largest areas of a biopsied tissue

sample [9]. The lower the score, the less likelihood the cells will grow and spread [9].

Analysis of tissue sections obtained from prostatectomies determined that stromal AR
expression was downregulated, and that this loss was 67% in well-differentiated PCa (Gleason
score, 2 to 4), 91% in moderately differentiated PCa (Gleason score, 5 to 7), and 94% i poorly
differentiated PCa (Gleason score, 8 to 10) [10]. In co-culture studies, AR* stromal cells decreased
the growth and invasive ability of PC3 prostate cancer epithelial cells while AR- stromal cells
stimulated PC3 cell proliferation in vitro and mcreased PC3 tumor growth when xenografted into
nude mice [11]. The authors hypothesized that stromal AR inhibited the growth of PCa cells,
possibly through expression of androgen-regulated paracrine factors; and that the downregulation

of AR promoted androgen-independent PCa growth [12]. Thus, loss of AR expression in stromal



cells may underlie, in part, the development of resistance to androgen ablation therapy for PCa

[13].
1.1.b. Impact of the tumor microenvironment on prostate cancer progression

The TME is composed of extracellular matrix and different cell populations including fibroblasts,
endothelial cells, immune cells, and smooth muscle cells [14]. A number of these cell types secrete

factors that sustain normal and cancer cell survival and growth (Fig. 1).
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Fig. 1. Diagram summarizing the tumor microenvironment in PCa. Taken
from Bahmad et al, 2021. Front. Genet. [14].




For example, in prostate xenografts composed of cancer-associated fibroblasts (CAFs) and human
benign prostatic epithelial cells (BPH-1) together, the CAFs “transformed” BPH-1 cells to become
tumorigenic and form tumors in vivo even when CAFs were not included in the xenografts [15].
Two cytokines secreted by CAFs, Transforming Growth Factor B (TGF-1) [16] and stromal cell-
derived factor 1 (SDF-1), also known as C-X-C motif chemokine 12 (CXCL12), were found to
promote tumorigenesis in PCa cells. Moreover, CAF-secreted SDF-1 induced the expression and
localization of CXCR4 to the cell membrane in BPH-1 cells and this was dependent on TGF-§1,
demonstrating that the crosstalk between TME cells and cancer cells were essential in driving
cancer progression [17]. CAFs have also been implicated in immune evasion and poor responses
to cancer immunotherapy by producing vascular endothelial growth factor (VEGF) and CXC-
chemokine ligand 2 (CXCL2) which promote angiogenesis and recruit immunosuppressive cells

into the TME to promote immune evasion [18-21].

The crosstalk between stromal and PCa cells is bidirectional; therefore, PCa cells can also
modulate fibroblast activity. Analysis of prostate cells and fibroblasts from benign prostatic
hyperplasia or aggressive carcinoma revealed that PCa cells produced interleukin-6 (IL-6) which
activated adjacent fibroblasts to secrete matrix metalloproteinases (MMPs) [21]. In turn, the
fibroblast-derived MMPs increased tumor formation and metastasis by promoting epithelial
mesenchymal transition (EMT) and enhancing cancer stemness characteristics in PCa cells [21].
Taken together, PCa cells interact with the different elements of the prostate TME, including
reactive stromal cells and the factors they secrete, to promote the development, progression, and

metastatic potential of prostate cancer [22].



1.2. The HGF/MET signaling axis in prostate cancer and other solid tumors

Hepatocyte Growth Factor (HGF, also known as scatter factor)is a common growth factor secreted
into the TME by stromal cells, and has been studied in many cancers, including PCA [23]. Binding
of HGF to the HGF receptor, MET, results in the phosphorylation of the MET kinase domamn and
activation of numerous downstream signaling pathways, including JNK, ERK, and AKT/PI3K
[24] known to regulate cancer cell survival, proliferation, motility, and invasion [24,25]. Ofnote,
very few studies on the role of HGF in the primary prostate TME have been identified to date
[26,27]. Prostate CAFs release several growth factors includng HGF mnto the TME to stimulate
PCacell growth [28-31]; and increased HGF expression correlates with increased MET expression
in PCa cells [32]. Furthermore, MET expression levels increase with tumor progression, and very
high levels are detected in castration resistant prostate cancer (CRPC)[32]. This raises the question

as to whether MET expression is linked to AR activity.

PCa growth and progression is initially androgen-sensitive and androgen-deprivation
therapy (ADT) causes tumor regression [33]. Once ADT fails, AR activation is inhibited by second
line therapies which either nhibit androgen/AR activation (e.g. enzalutamide) or the production
of androgens by PCa cells (e.g. abiraterone) [33-35]. When all first-line treatments fail and PCa
reoccurs, disease is often characterized as androgen-independent and classified as castration
resistant prostate cancer (CRPC) [32,33]. Interestingly, the expression of MET receptor is
mversely related to the levels of AR. Verras et. al. reported that AR reduced the activity of Spl
binding to the c-Met promoter, thereby repressing c-MET transcription (Fig.2)[36]. Since stromal
AR mhibits the growth of PCa cells and downregulation of AR promotes androgen independent
PCa growth [37], we postulate that the downregulation of AR derepresses MET expression in

CRPC to drive cancer growth and metastasis.
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Fig. 2. Diagram summarizing transcriptional repression of MET receptor as well as the
impact of ADT on MET expression per data from Verras et al [36].

1.3. HGF/MET as a target for PCa therapy

Increased levels of MET expression correlate with cancer progression and a poor prognosis [23].
Therefore, MET is of considerable interest as a pharmaceutical target as evidenced by the large
number of drugs currently approved for clinical use or in clinical trial [25,38,39]. Strategies for
targeting MET to inhibit cancer progression include: (1) inhibition of binding between HGF and
MET by using antibodies or small molecules that bind to the HGF/MET binding pocket, (2)
nhibition of MET tyrosine kinase phosphorylation and activation, and (3) the specific inhibition
of downstream signaling proteins of signaling pathways shown to be upregulated in those cancers

[25].

There are many types of MET inhibitors used clinically, to treat cancer where MET is
overexpressed or mutated. Crizotinib is a dual-purpose c-MET and anaplastic lymphoma kinase
mhibitor approved for treatment of non-small cell lung cancer (NSCLC) [25,40]. It inhibits ¢c-MET

activation through direct binding to the intracellular domain [41]. Onartuzamab is an example of



a humanized monoclonal antibody being evaluated for use against NSCLC that can bind the extra
cellular domain of MET to inhibit binding and activation by HGF [41,42]. PHA-665752 is another
small molecule inhibitor with a high affinity to bind c-MET and inhibit activation and downstream
signaling and is being evaluated for use against neuroblastoma cells [43,44]. Finally, trivantinib is
a selective small molecule inhibitor of c-MET and prevents its activation by HGF for treatment of
hepatocellular carcinomas [45]. These are just a few examples of the variety of inhibitors that
target the HGF/MET signaling pathway in various cancers to highlight the level of importance of

this pathway as a therapeutic target.

In PCa, the recent interest in MET as a pharmaceutical target is due to the high levels of
MET and HGF expression in bone metastases and its association with the development of CRPC
[32]. Therefore, c-Met inhibitors such as cabozatinib and AMG 102 are currently in clinical trial

for advanced CRPC [32].

1.4. HGF/MET regulation of Stathmin phosphorylation

The phosphoprotein Stathmin (STMN1) is differentially phosphorylated on 4 regulatory serine
residues by a number of signaling pathways to regulate spindle formation during cell cycle
progression and microtubule formation in EMT [46-59]. The p34<<2 kinase primarily
phosphorylates STMNI1 on serine 38 (S38) to promote entry of Jurkat T cells and HeLa cells into
mitosis [60]. Phosphorylation of STMNI occurred to a lesser extent on S25 and S16 in Jurkat T
cells [61]. Since HGF/MET promotes PCa cell proliferation, we postulated that HGF/MET would
phosphorylate  STMNI1. In lung endothelial cells, MET phosphorylation activated Racl/Pak,

resulting in the phosphorylation of STMNI1 S16 [62], and S16 phosphorylation correlated with



increased cell proliferation and remodeling of microtubules (MTs) and actin filaments. In human
keratinocytes, STMN1 S16 was phosphorylated by HGF to promote cell proliferation and cell
migration [63]. In hepatocellular carcinoma (HCC), STMNI1 expression correlated with increased
proliferation, migration and drug resistance [64]. When HCCs were co-cultured with hepatic
stellate cells (HSCs), STMN1 and HGF protein levels in HCC increased [64]. The upregulation of
STMN1in HCCs induced the acquisition of CAF-like characteristics in HSCs (i.e. increased HGF
expression) that were critical for the development and progression of PCa [64]. Of interest was
that the addition of the MET inhibitor Crizotinib significantly inhibited the crosstalk between

HCCs and HSCs and decreased the rate of tumor growth in vivo [64].

In summary, these studies describe the role of the AR i the regulation of PCa proliferation
and how the TME modulates PCa progression. While studies on the importance of HGF/MET
signaling in solid tumor cancers, and as a component of the TME, have been published, there is
still a great deal we do not know about the intricacies of the HGF/MET signaling pathway and

how it regulates cancer progression and the development of EMT.

1.5. Hypothesis

Currently, a literature search on studies investigating the role of HGF/MET in phosphorylating
STMNI1 and how HGF/MET-mediated phosphorylation of STMNI1 regulates the cell cycle and
cancer progression revealed that these types of studies had not been carried out. This knowledge

gap was the impetus behind the work in this thesis.

Thus, my hypothesis was that MET signaling phos phorylates Stathmin S16 to promote
cell cycle progression and that blocking S16 phosphorylation decreases tumor cell growth

without activating me tastatic pote ntial, the reby atte nuating cancer progression.



The following chapters report on the experimental strategies used in investigating this
hypothesis and the findings which support that MET signaling selectively phosphorylates STMN1
S16 to promote cell cycle progression. Importantly, STMN1 S16 phosphorylation does not activate
metastatic potential, suggesting that a treatment preventing STMN1 S16 phosphorylation might
nhibit, or prevent, the emergence of therapeutic resistance in PCa. This work was done using
human DU-145 prostate cancer cells and in normal murine mammary gland (NMuMG) cells, a
known cell model used to investigate EMT [65], thus demonstrating that the mechanisms by which
HGF/MET signaling regulate cell cycle progression through STMNI1 S16 phosphorylation are
common to epithelial cells. In conclusion, MET is an attractive therapeutic target that could be

used in combination with other therapies in the treatment of epithelial cell-derived cancers.
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2.1. ABSTRACT

A common treatment in prostate cancer (PCa)is Androgen Deprivation Therapy (ADT). Targeting
and downregulation of the Androgen Receptor (AR) by ADT typically results in the development
of castration resistant prostate cancer (CRPC) which can be partially characterized by the
derepression of the MET receptor, and the subsequent increase in Hepatocyte Growth Factor
(HGF)/MET signaling. While HGF/MET-mediated signaling activates a variety of cellular
responses in a multitude of cancers,a key pathway involves the regulation of cell cycle progression
and cell proliferation. Stathminl (STMN1), a phosphoprotein in the HGF/MET signaling pathway,
can be phosphorylated on four major serine regulatory sites (i.e., S16, S25, S38, and S63). While
activation of HGF/MET can lead to differential phosphorylation of STMNI1, we demonstrate, for
the first time, that HGF/MET-mediated phosphorylation of STMN1 S16 in PCa cells leads to a
shortening of cell cycle progression and increase in rate of cell proliferation, without inducing
metastatic potential. Further, inhibition of HGF/MET-mediated signaling by the specific kinase
mhibitor, AMG337, results in a decrease in the rate of cell cycle progression and cell proliferation
and an increase in cell death. The data described in this study outlines a therapeutic strategy that
utilizes current ADT methods in combination with the potent c-MET mhibitor, AMG337, to target

both early and late stage PCa.
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2.2. Introduction

2.2.a. Role ofthe Tumor Microenvironment in Modulating Cancer Progression

Androgen targeted therapy is the gold standard in the treatment of advanced PCa; however,
advanced PCa will become non-responsive to androgen deprivation therapy (ADT). Second line
therapies such as enzalutamide and abiraterone are used to treat PCa while it remains hormone
sensitive, and chemotherapy becomes the treatment of choice once PCa progresses to castration-
resistant prostate cancer (CRPC) [1,2]. The mechanisms driving therapeutic resistance remain
unclear. The tumor microenvironment (TME) is an essential component of PCa and provides
factors that promote cancer growth, progression, metastatic spread, and therapeutic resistance [3].
Cancer associated fibroblasts (CAFs) within the tumor stroma produce enzymes and other factors
to remodel the extracellular matrix, vascular endothelial growth factor A (VEGFA) to promote
angiogenesis, and chemokines and cytokines which mterfere with T cell function and allow PCa
cells to evade immune surveillance [4]. A growth factor secreted by CAFs is hepatocyte growth
factor (HGF). HGF binds to the HGF receptor, MET, to promote tumor cell proliferation and
cancer progression [5-9]. Of note, AR represses the expression of MET in a ligand-dependent
manner by targeting and binding to the Spl region of the MET promoter to mhibit transcription
by Spl1 [10]. Furthermore, downregulation of AR in response to ADT results in a derepression of
MET expression in PCa cells, which increases HGF/MET signaling and drives PCa cell
proliferation and metastasis [10].

2.2.b. Role of HGF/MET signaling in regulating STMN1 phosphorylation and tumor growth
The phosphoprotein STMN1 regulates spindle and microtubule formation through the differential
phosphorylation of four regulatory serine (S) residues in the N-terminal region, S16, S25, S38, and

S63 [11]. While little is known regarding the mechanism(s) by which HGF/MET signaling
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regulates STMN1 phosphorylation, cell proliferation, and PCa progression, the role of
HGF/MET/STMNI1 signaling has been investigated in other cancers, such as hepatocellular
carcinoma (HCC) [12]. In HCC/hepatic stellate cell (HSC) co-culture experiments, HSCs secreted
HGF which in turn, increased STMN1 expression in HCC cells, while the increased STMN1
expression in HCCs promoted the development of a CAF-like phenotype in HSCs [12]. In addition,
the MET inhibitor crizotinib inhibited the crosstalk between HCCs and HSCs [12]. While these
experiments investigated the role of STMN1 expression, they did not address the mechanisms by

which STMNT phosphorylation regulated these processes.

2.2.c. Therapeutics that could target HGF/MET and the phosphorylation of STMNI1
Currently, >1,000 clinical trials are being conducted, where the target of the trial is HGF/MET

signaling [13]. The three primary approaches being used to block HGF/MET signaling include:
mhibition of binding between HGF and MET via antibodies or small molecules that bind to the
HGF:MET binding pocket (Onartuzamab), inhibition of tyrosine kinase phosphorylation/
activation of the intracellular fraction of c-MET (AMG337), and the specific mhibition of
downstream signaling proteins (e.g., Pakl) to target relevant signaling pathways shown to be
upregulated in those cancers, namely solid tumors where MET is overexpressed (e.g. non-small
cell lung cancer, PCa, hepatocellular carcinoma, etc.) (IPA-3) [14-19]. Importantly, inhibition of

c-MET has shown the most positive outcomes in clinical trials [17].

In PCa (as well as in breast, renal, and lung cancers), the recent nterest in MET as a
pharmaceutical target is due to the high levels of MET and HGF expression in bone metastases
and its association with the development of CRPC [20]. Therefore, c-Met hibitors such as
cabozatinib are currently in clinical trial for advanced CRPC [21]. A further benefit to using a

MET mhibitor in combination with ADT would be that both AR(+) cancer cells, and the AR(-)
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population in both local and distal disease would be eliminated. The DU-145 cell line is used for
these experiments, due to its CRPC-mimicking characteristics, being an insensitivity to androgens

and expressing a mutant, inactive p53 protein.
2.2.d. Hypothesis

While studies on the role of HGF/MET signaling in cancer development, and especially in PCa
progression are available, minimal to no studies elucidate the role of HGF/MET-mediated
phosphorylation of STMNI, and its role in cancer progression. However, previous data has
demonstrated that knockdown of total STMNI1 induces metastasis and is therefore not a viable
treatment option. Thus, my hypothesis is that MET signaling phosphorylates Stathmin S16 to
promote cell cycle progression and blocking S16 phosphorylation decreases tumor cell

growth without activating metastatic potential, thereby atte nuating cancer progression.

Here I provide the first report that MET signaling selectively phosphorylates STMN1 S16
to promote cell cycle progression. Importantly, STMN1 S16 phosphorylation does not activate
metastatic potential, ashas been previously reported with knocking down total STMN, suggesting
that a treatment preventing STMN1 S16 phosphorylation might inhibit, or prevent, the emergence
of PCa therapeutic resistance. Thus, MET is an attractive therapeutic target that could be used in

combination with ADT in the treatment of PCa.
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2.3. MATERIALS AND METHODS

2.3.a. Materials
KN93 phosphate (5215/1) and KN92 (4130/1) were purchased from Tocris bioscience. Oleic Acid

(S4707) was purchased from SelleckChem. Hepatocyte Growth Factor (HGF) (100-39H) was
purchased from Peprotech. AMG-337 (HY-18696) was purchased from MedChem Express.
Antibodies used in western blot assays are listed in Supple mentary Table 1. Lipofectamine 2000
(11668019) was purchased from Thermo Fisher Scientific. 48-well micro chemotaxis chamber and

membranes (AP48) were purchased from Neuroprobe.
2.3.b. Methods

2.3.b.i. Analysis of HGF, MET, and STMN1 expression in tumors from men with me tas tatic

castration resistant prostate cancer (mCPRC).

The expression microarray dataset analyzed in our study was carried out using data deposited in
the Gene Expression Omnibus database, accession number GSE77930 to investigate the
correlation between HGF, MET, and STMNI1 expression in advanced PCa. The description of
patient enrollment, tissue acquisition and processing, and approval by the Institutional Review
Board (IRB) of the University of Washington and of the Fred Hutchinson Cancer Research Center
are described in detail in Kumar, et al. [22]. Briefly, 176 primary or metastatic tumors were
resected from 63 men with metastatic CRPC (mCPRC) at the time of rapid autopsy. Since tumor
quantity was limited in a small subset of tumors, transcript expression by microarray hybridization
was analyzed n 171 tumors from 63 men. The majority (n = 156) were adenocarcinomas, 20
tumors from two men were small-cell neuroendocrine histology, and all patients received

androgen-deprivation therapy. Following disease progression, most patients also received at least
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one additional AR pathway-targeted agent (most commonly bicalutamide and flutamide), and at

least one systemic chemotherapy (most commonly docetaxel) [22].

2.3.b.ii. Cell culture
The DU-145 (HTB-81) cell line was obtained from ATCC and the NMuMG (CRL-1636) cell line

was a gift provided by Harold L. Moses, MD, Vanderbilt-Ingram Cancer Center, Nashville, TN.
DU-145 cells were cultured in complete medium containing Minimum Essential Medium/Eagle
with Earl’s Basic Salt Solution (MEM/EBSS, Gibco), 10% fetal bovine serum (FBS)
(SH30071.03, Cytiva), and 1% Penicillin/Streptomycin (15-140-148, Fisher Scientific {Gibco}).
NMuMG cells were cultured in complete medium containing Dulbecco's Modified Eagle Medium
(12-100-061, Gibco) containing 10% FBS and 1% penicillin/streptomycin. Transient transfection
assays in DU-145 and NMuMG cells were done using the same protocol. When cells reached
~70% confluence, complete medium was replaced with serum-free medium and cells were
transfected with either control pECFP and pLKO.1 plasmids or plasmids containing S7TMNI
substitution mutations [S16A, S16E, S25A, S25E, S38A, S38E, S63A, S63E, S(16,38)E, S16A
(25,38,63)E, S16E (25,38,63)A, S(16,25,38,63)A, and S(16,25,38,63)E] or shSTMNI1
(representing total STMN1 knockdown) using the standard Lipofectamine 2000 protocol
(Invitrogen). Following an incubation period of 10 hrs at 37°C, the transfection medium was
removed and replaced with either complete or serum free medium as indicated for the assays being

performed.

2.3.b.iii. Proliferation assay

Cells were trypsinized, plated at a concentration of 2 x 10* cells/mL/well in 24-well plates, and
allowed to adhere overnight. Complete medium was replaced with either serum free medium or

medium containing 1% FBS as indicated, and cells were incubated overnight. The following day,
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the medium (either serum free or containing 1% FBS) was replaced with fresh medium containing
growth factors without/with small molecule activators or inhibitors as indicated for each
experiment. Cells were incubated for 72 hrs, trypsinized, and both viable and dead cells were

counted using the Trypan Blue Exclusion method for cell viability.

2.3.b.iv. Doubling time assay

Transfected cells were transfected prior to synchronization per 2.3.c. All cells were synchronized
using the double thymidine protocol to G1 phase. After synchronization, cells were plated in 24-
well plates at 7.5 x 10* cells/well and allowed to adhere to the wells overnight. The following day,
serum-free treatment medium without/with small molecules were placed in the wells. Each day for
6 days, both viable and dead cells were counted using the Trypan Blue Exclusion method for cell

viability.

2.3.b.v. Migration and invasion assay

The Neuroprobe migration and invasion assays were performed as described previously [11]. For
the top chamber, cells were cultured in serum-free medium for 9 h, trypsinized and diluted to a
final concentration of 1.6 x 105 cel/mL. Fifty uL of cell suspension in serum-free medium
without/with activators or mhibiters as indicated were plated per well and the apparatus was
wrapped in parafilm to reduce medium evaporation and placed at 37°C and 5% CO, overnight
(~18 hrs). After incubation, the polycarbonate filter was removed, cells were removed from the
upper side of the membrane and the remaining migrated cells were fixed in cold 100% methanol
for 15 minutes. The membrane was air-dried, then migrated cells were stained in 0.5% crystal
violet + the other things in the CV staining (you can put the ingredients in here) for 15 minutes,

and the stained membrane was mounted on a microscope slide [23]. Wells were photographed
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(Leica DMil) and analyzed using Leica software (LAS V4.12). Invasion assays were conducted
using the same protocol as the migration assay with the modification that the polycarbonate
membrane was coated with a thin layer of reduced growth factor Matrigel (Corning). Matrigel was
diluted to a concentration of 0.5 pg/uL in sterile filtered (0.2 uM) coating buffer [0.01M Tris (pH
8.0), 0.7% NaCl] with a n=4 wells for each treatment per assay, and each assay was repeated at

least 3 times [24].

2.3.b.vi. Analysis of DU-145 Conditioned Medium

To determine whether DU-145 cells were producing and secreting HGF without co-culture with a
different cell type, DU-145 cells were plated in 100 mm dishes (at ~60-70 confluence) and allowed
to adhere in complete medium overnight. Following adhesion, complete medium was removed,
and cells were rinsed with room temperature 1X PBS. Finally, 4 mL serum-free medium was
placed on each 100 mm dish and was collected at specified time points. Following medium
collection, conditioned medium was centrifuged and protein was concentrated for western blot

analysis. A serial dilution of recombinant HGF protein was used as a positive control.

2.3.vii. Western blot analysis

Cells were harvested using RIPA buffer (Invitrogen Inc., catalog no.: R0278) with 1% protease
mhibitor cocktail (Thermo Fisher Scientific, cOmplete Protease Inhibitor Cocktail tablets/Roche,
catalog no.: NC0939492) and phosphatase mhibitor cocktail (Thermo Fisher Scientific, EMD
Millipore Calbiochem Phosphatase Inhibitor Cocktail Set I, catalog no.: 53-913-110VL). Lysates
were centrifuged at 15,000 x g for 15 minutes to remove cell debris. Protein was quantified using
BCA protein assay (Abcam ab102536). Forty or 50 pg of protein supernatant were run on 10%

SDS-PAGE gels, transferred to poly-vinylidene difluoride (PVDF) membrane, and blocked for 1
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hr at room temperature in 3% non-fat dry mik in TBS-T. Membranes were then probed with
primary antibody overnight at 4°C. Following 3 washes with horseradish peroxidase (HRP)
conjugated secondary antibody was added ata 1:10,000 dilution for both rat and mouse antibodies
for x time, before the blots were developed using the Enhanced Chemiluminescence (ECL) kit
(Pierce/ThermoFisher Scientific, catalog no.: 32132). Antibodies used in this study are listed in

Supplementary Table S1.

2.3.b.viii. Total RNA extraction, purification, and cDNA synthesis

Total RNA extraction and purification was conducted using the Qiagen RNeasy Kit (Cat. No. /ID:
217084) according to manufacturer’s instructions. To generate cDNA synthesis, the Thermo Fisher

RevertAid First Strand cDNA Synthesis Kit (K1621) was used per the manufacturer's instructions.

2.3.b.ix. Flow Cytome try

Cells were trypsinized and centrifuged as described above, and then washed with cold PBS before
repeated centrifugation. Cells were then fixed with a 1:2 ratio of cold PBS:cold Ethanol for a
minimum of 2 hrs at 4°C or a maximum of 2 weeks. Cells were then centrifuged as described
above and resuspended in 1mL cold PBS, before adding 1pL. RNase A and incubating at 37-C for
30 minutes before adding 100uL. Propidium Iodide (PI) to stain the cells. Cells were kept in the
dark on ice following staining before being analyzed by the Luminex Guava® Flow Cytometer.
Sample readouts from the Guava® Flow Cytometer were analyzed using FlowJo v.10 software to

create cell cycle distribution histograms for analysis.

2.3.b.x. Quantification and statistical analysis

Statistical analysis and quantification of significant differences between experiments with multiple

treatments were analyzed using one-way ANOVA applying Dunnett’s post-hoc correction for
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multiple comparisons in GraphPad Prism version 9.4.0 for Mac (GraphPad Software, San Diego,

California USA).
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2.4. RESULTS

2.4.a. Increased MET expression correlates with an increase in STMNI1 expression in

mCRPC.

Increased HGF expression correlates with increased MET expression in PCa cells [10].
Furthermore, increased MET expression levels correlate with cancer progression and a poor
prognosis [14,15], with very high MET levels being detected in CRPC [10]. To determine whether
STMNI1 expression correlated with HGF and MET expression in mCRPC, expression microarray
datasets generated from PCa tissues (171 tumors from 63 men) acquired by rapid autopsy from the
prostate and from a number of metastatic sites including liver, adrenal, lung, lymph node, bone,
peritoneal and bladder sites were analyzed (Gene Expression Omnibus database, accession number
GSE77930) [22]. In these samples, all patients initially received androgen-deprivation therapy,
and following disease progression, most patients then received at least one additional AR pathway-
targeted agent (most commonly bicalutamide and flutamide), and at least one systemic

chemotherapy (most commonly docetaxel) [22].

Correlation analysis determined that MET and STMNI1 expression positively correlated
significantly (p= 0.0001), and that they were similarly expressed in mCRPC (Fig. 1A, 1B). The
greatest difference in HGF expression levels were observed following chemotherapy, where HGF
was more highly expressed in patients receiving chemotherapy after ADT and second line therapy
(e.g.,bicalutamide or flutamide) as compared to those receiving ADT and second line therapy only
(Fig. 1C). The increase in HGF production after chemotherapy could be due to the development

of CRPC post ADT and/or treatment with bicalutamide or flutamide.
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Furthermore, STMNI1, HGF, and MET expression remained similar in PCa samples
removed from various metastatic sites, indicating that their expression levels were independent of
tumor heterogeneity among men [22]. One exception occurred in PCa metastasis to the liver, where
STMNI1 and HGF expression was upregulated, while MET expression remained unchanged (Fig.
1D-1F), possibly suggesting that the HGF-MET-STMNI1 signaling axis could be hyperactivated

in secondary tumors in the liver.
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Fig. 1. MET and STMNI expression positively correlate with and are predictive of advanced PCa.
A. Correlation analysis of MET and STMN1 expression in metastatic prostate cancer tumor samples
[Gene Expression Omnibus database, expression microarray, accession number GSE77930]. B. Heatmap
of z-scores demonstrates a high degree of similarity of MET and STMN1 expression across the tumors
across distal regions (liver, adrenals, lung, lymph node (LN), bone, peritoneal cavity, and bladder). C.
HGF expression when stratifying samples in this dataset based on whether the patient received
chemotherapy or not prior to sample acquisition. HGF expression increased significantly following
Chemotherapy. D. STMNI1, E. MET, and F. HGF expression in PCa samples taken from primary or
metastatic sites.
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Taken together, the upregulation of HGF i response to chemotherapy could lead to
increased MET activation and subsequent increased STMN1 phosphorylation that would further

tumor growth and metastatic spread.

2.4.b. HGF/MET signaling regulates cell prolife ration

HGF/MET signaling is associated with increased cell proliferation and upregulation of STMN1
expression, affecting a variety of cellular processesin different cancers [6-8]. To confirm that HGF
promoted DU-145 cell proliferation, the protocol outlined in 2.3.c. was used to treat wild type (wt)
DU-145 cells with increasing concentrations of HGF in serum-free MEM/EBSS (Gibco) medium.
Cells were harvested and viable and non-viable (dead) cells were counted after 72 hrs using the
Trypan Blue exclusion test for viability. Treatment of DU-145 cells with increasing doses of HGF
resulted in a significant increase in cell proliferation at 25 ng/mL (Fig. 2A), and the number of
dead cells did not change with increasing concentrations of HGF, implying that HGF, at the
concentrations used, was not cytotoxic (Fig. 2B, Supple mental Figure 1A); however, a change
in cell morphology was observed. Cells cultured in 25 ng/mL. HGF retained their cobblestone-like
epithelial appearance (Supplemental Figure 1B), but cells treated with 40 ng/mL HGF
transitioned into a spindle-like mesenchymal morphology, suggesting that the highest
concentration of HGF could induce EMT. Further experiments would need to be performed to

determine whether this change in morphology is due to EMT [11]. Based on these observations,

25 ng/mL HGF was selected for the remainder of the study.
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Fig. 2. HGF/MET signaling regulates DU-145 proliferation. Viable (A) and non-viable
(B) cells in response to increasing concentrations of HGF (25ng/mL) for 72 hrs. C. Viable
cells treated with increasing concentrations of the MET inhibitor AMG337 (100ng/mL) for
72 hrs. D. Western blot images of Control (Lanes 1-7) and cells treated with AMG337
(100ng/mL) alone (Lanes 8-14) over 180 min probed for pMET, total MET, pSTMN15!6,
STMNI1, and GAPDH. E-H. Corresponding densitometry. * p<0.01, ** p<0.001 N=3

Supplementary Figure 1. Morphological Changes in DU-145 cells after
HGF treatment. A. DU-145 cells treated with 25 ng/mL HGF for 72 h. B.
DU-145 cells treated with 40 ng/mL HGF for 72 h. Phase contrast images
taken at magnification of 10x.

As demonstrated in Supplementary Figure 2A, treatment with AMG337 alone
significantly inhibited DU-145 cell proliferation at 100 ng/mL and 500 ng/mL in cells treated with
25 ng/mL HGF and with AMG337 alone (Fig. 2C). Therefore, the concentrations of 25 ng/mL
HGF and 100 ng/mL. AMG337 were used, unless otherwise indicated. Cells treated with AMG337
alone (100ng/mL and 500ng/mL) exhibited a significant increase in non-viable cells, indicating
toxicity at higher doses. Control cells cultured in serum-free media with no addition of HGF

demonstrated phosphorylation of MET beginning at 5 min, lasting until 180 min (Fig. 2D).
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Supplementary Fig. 2. Investigating potential HGF expression by DU-145 cells. A. Viable DU-145
cell counts after 72 hrs with increasing dose of AMG337 (N=3). B. Western blot of conditioned media
from DU-145 cells probed for HGF with increasing dose of recombinant HGF protein (rHGF) used as
positive control (N=1).

To determine if DU-145 cells make HGF that could act in an autocrine function to activate
its own MET receptor, DU-145 cells were cultured in serum-free medium for up to 96 hrs.
Conditioned medium was collected, proteins were concentrated, and run on a 12% SDS-PAGE
Gel and probed with anti-HGF (Supplemental Figure 2B). HGF was not detected in the
conditioned medium. Increasing concentrations of recombinant human HGF served as positive
control. While the western blot demonstrated no detectable levels of HGF in the conditioned media
samples, the limit of detection in the positive control dose response demonstrated that
concentrations of HGF below 0.05ng/mL were also not detected. Therefore, to confirm a lack of
HGEF production and secretion in DU-145 cells, RT-qPCR will be conducted to measure levels of

HGF mRNA transcribed.

To understand the effect of HGF/MET signaling on STMN1 phosphorylation, cells were
treated with 25 ng/mL HGF for 0 to 180 minutes (Fig. 3A). Phosphorylation of STMN1 S16 was
detected at base line (0 minutes) with phosphorylation increasing at 10 minutes with a peak
phosphorylation 90 minutes after HGF treatment (Fig 3A). At 180 mins, pSTMNI1 S16 decreases

to near basal levels (Fig. 3A/B).
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Fig. 3. HGF treatment induces phosphorylation of MET and STMN1 S16, which is
inhibited by MET inhibitor AMG337. A. Cells treated with 25ng/mL HGF over increasing
time (0-180min) before protein was isolated at each time point listed and analyzed by westem
blot (Lanes 8-14). Antibodies towards pSTMN 1816, total STMN 1, and GAPDH used to probe
membranes with densitometry in B. C. Western blot images of cells treated with HGF
(25ng/mL) alone (Lanes 1-7) and HGF (25ng/mL) + AMG337 (100ng/mL) for 0-180 min
before protein was isolated and analyzed by western blot (Lanes 8-14). Antibodies towards
pMET, total MET, STMNI1 pS16, STMNI1, and GAPDH (from top to bottom order) used for
probing membranes along with densitometry D-G. N = 3.

To determine the role of MET and STMNI1 phosphorylation in HGF/MET-mediated
regulation of DU-145 cell proliferation and cell cycle progression, cells were treated with HGF
alone or with HGF + AMG337 for up to 180 minutes. Following treatment, proteins were isolated
and western blots were probed for pMET, total MET, pSTMN1516, total STMN1, and GAPDH.
Fig. 3C supports 3A demonstrating strong induction of pSTMN1816 at 30 minutes, peaking at 90
minutes. Fig. 3C also demonstrates the efficiency of AMG337 to completely inhibit

phosphorylation of the HGF/MET signaling pathway at all time points.

After establishing HGF/MET regulation of DU-145 proliferation, doubling time assays
were conducted to quantitively assess how/if HGF/MET regulation would impact the rate of cell
doubling. As seen in Fig. 4, treatment with 25 ng/mL. HGF + 100 ng/mL. AMG337 significantly
(p<0.0001) lengthened the doubling time from 25.2 hrs for control to 32.4 hrs for HGF + AMG337.
Further supporting 25 ng/mL. HGF increases cell proliferation, HGF alone shortened cell doubling
time to 22.7 hrs. These data support Supplemental Figure 2A, which demonstrates increased
DU145 cell proliferation with HGF and the inhibition of cell proliferation with 25 ng/mL. HGF +

100ng/mL. AMG337.
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2.4.c. HGF-mediated MET signaling phosphorylates Stathmin S16 and shortens cell cycle

progression.

While the data in Figures 2,4, and Supple mental Figure 2 demonstrate that HGF/MET signaling
regulates DU-145 cell proliferation, the mechanism of regulation is not known. To investigate the
role of HGF/MET signaling in cell cycle progression, cells were synchronized via double
thymidine block to the G1/S phase. After the block was released by treatment of cells with either

vehicle, HGF, or HGF + AMG337 in serum free MEM/EBSS, cells were collected over 12 hrs,
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before being fixed with cold give % here Ethanol/PBS, stained with PI, and analyzed by flow

cytometry to determine DNA content and the percentage of cell cycle phase distribution.
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Fig. 5. HGF/MET-mediated activity shortens cell cycle length and inhibition of
HGF/MET-mediated signaling lengthens the S Phase and cell cycle length. A.
Timeline establishing double thymidine block. B. DU-145 cells were synchronized
using double thymidine block before release from block with vehicle control, HGF
(25ng/mL) alone, or HGF (25ng/mL) + AMG337 (100ng/mL) and
collected/fixed/stained at time points listed before Flow cytometry (FlowJo software)
was performed and percentage of cell populations in S, G2/M and G1 were determined,
N=3.
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The effects of HGF treatment on cell cycle progression are displayed in Fig. 5. Afterrelease
from the double thymidine block, cells treated with vehicle alone exited S and entered G2/M at 4
hrs and peaked at 6 hrs with a steady decrease and entry into G1 at 12 hrs. In contrast, HGF-treated
cells began to exit S enter G2/M at 1 h and peaked at 4-6 hrs with, a clear exit into G1 at 8 hrs;
thus, demonstrating that HGF treatment shortened the S phase and length of the cell cycle by 4 hrs
compared to the vehicle-treated group. Furthermore, in cells treated with HGF + AMG337, S phase
was lengthened to 6 hrs with slow entry in G2/M that peaked at 8 hr. In addition, HGF/AMG337
treated cells did not clearly exit G2/M and the percentage of cells remaining in Gl remained
consistent throughout the cell cycle, indicating that mhibition of HGF/MET activity lengthened

the length of the cell cycle by approximately 4 hrs.

To determine where in the cell cycle Serine 16 was phosphorylated, DU-145 cells were
synchronized at G1/S by double thymidine protocol and treated with vehicle, HGF, or HGF +
AMG337 for 12 hrs (Fig. 5). Cells with vehicle control treatment alone showed low levels of
pSTMN1516 (Fig. 6A). Importantly, HGF treatment induced S16 phosphorylation at 1 hr which
paralleled the 1 hr timing when the cells entered G2/M (Fig. 5), implying that pPSTMN 1816 could

be necessary for entry into G2/M.
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Fig. 6. MET modulates Stathmin phosphorylation during cell cycle progression. A. Control, DU-
145 cells synchronized using double thymidine block to G1/S before release with vehicle for 0-12 hrs.
Protein samples were collected and analyzed by western blot before being probed with antibodies against
pSTMNI1816, STMNI1, and GAPDH. B/C densitometric analysis of A; D. Same protocol as (A) with
release from block with HGF (25ng/mL) and densitometric analysis E/F; G. Same protocol as (A) with
release from block with AMG337, 100ng/mL, and densitometric analysis H/I. N=3.

In addition, pSTMN 1516 increased greatly until most of STMN1 was phosphorylated when
cells were entering G1 at 8 and 10 hrs (Fig 6D). The loss of total STMN1 between 8 to 12 hrs
could indicate that the total STMN1 antibody does not recognize phosphorylated STMNI1. The
concurrent appearance of a shifted upper band at 8, 10, and 12 hrs indicates that other STMN1
serine residues are likely phosphorylated to mediate this band shift (Fig. 6D); however, the
requirement of additional serine phosphorylation for transition into interphase remains to be

determined. Interestingly, total STMNI1 protein levels were below detectable levels when DU-145
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cells were treated with HGF + AMG337 (Fig. 6G), but STMN1 was present at 10 and 12 hrs when
cells began to enter G1. Moreover, STMN1 S16 phosphorylation was not detected at any time
points, including once total STMN1 was present.

2.4.d. HGF/MET signaling regulates cyclin expression during cell cycle progression

The following western blot analyses were performed to determine the levels of cell cycle regulators

i parallel with STMN1 S16 phosphorylation (Fig.7A)
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Cyclin D1 wasinduced at 6 hrs when most cells were in G2/M and increased as cells began
to transition into Gl at 8-10 hrs compared to vehicle-treated cells (Fig. 7B). HGF treatment

induced Cyclin D1 levels 4 hrs earlier (at 2 hrs) compared to vehicle-treated cells, and HGF +
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AMG337 inhibited Cyclin D1 expression 4 hrs later (at 10 hrs) compared to vehicle-treated cells,
thus corresponding to the shortened cell cycle observed with Fig. 5. where DU-145 cells

progressed more rapidly through G2/M to Gl1.

Cyclin E1 levels were highest from 4 to 8 hrs in cells treated in control cells (Fig 7C). In
contrast, HGF treatment began to cause an incase in Cyclin El expression at 1 hr, and expression
continued to increase as cells re-entered G1 at 8-10 hrs, followed by a modest decrease as cells re-

entered S phase at 12 hrs, confirming a shortened cell cycle as observed with Fig. 5. Treatment

with HGF + AMG337 only modestly decreased Cyclin E1 levels over time.

Cyclin A2levels were observed immediately following release from the double thymidine
block, and levels increased modestly at 10-12 hrs. Following HGF treatment (Fig. 7D/G), Cyclin
A2 expression increased with the highest levels at 6-10 hrs, while Cyclin A2 levels remamned

constant with HGF + AMG337 treatment (Fig. 7H).

In cells treated with vehicle, Cyclin B1 levels increased in G2/M and decreased as cells
began to enter G1 (6-12 hrs). In contrast, HGF treatment upregulated Cyclin B1 when the cells
were released from the double thymidine block (0 hrs), and levels remained relatively constant
until they dropped at 8 hrs, spiked at 10 hrs, and then dropped back down to basal levels at 12 hrs.
Treatment with HGF + AMG337 resulted in a similar pattern of Cyclin Bl levels, with the
exception that levels did not spike at 10 hrs, and expression was absent at 12 hrs. Of note, the loss
of Cyclin B1 expression was observed at 8 hrs in both HGF and HGF + AMG337 treatment groups.

The cause of this loss of Cyclin B1 is currently unclear.

The treatment composite graphs in Fig. 7F-H, demonstrate changes in the family of cyclin

protein expression as aresult of treatment. The overall levels of cyclin protein expression in control
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cells were equal across 12-hour treatment period (Fig. 7F); however, in both HGF alone and HGF
+ AMG337, levels of Cyclin E1 are increased as compared to the control. In summary, HGF/MET
signaling modulates pSTMN 1516 and the expression of Cyclins D1, E1, A2, and B, resulting in the

shortening of the cell cycle and increased cell proliferation.

2.4.e. HGF/MET mediates a decrease in p21 levels in G2/M

A key regulator of cell cycle progression is p2l. Cycl/CDK binding is required for the
progression through each phase of the cell cycle, and p21 inhibits this process by disrupting
cyclin/CDK binding [25]. This commonly occurs when an error in DNA replication causes an
activation of p21 that halts the cell cycle, allowing the replication error to be repaired before
mhibition is removed and the cell progresses to the next phase of the cell cycle [25].
HGF+AMG337 dual treatment increased levels of p21 expression compared to control cells and
cells treated with HGF alone. This rise in p21 in HGF+AMG337 treated cells could contribute to
the lengthening of the cell cycle when HGF/MET signaling is inhibited by delaying progression

from one phase of the cell cycle to the next.
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In summary, these data demonstrate the effect of HGF/MET signaling induction and inhibition,
where HGF induces a shortening of the cell cycle, thereby shortening the cell doubling time and
increasing overall cell proliferation; while inhibition of HGF/MET signaling lengthens the cell

cycle, thereby lengthening the cell doubling time and inhibiting overall cell proliferation.

2.4.f. STMNI1 S16 phosphorylation selectively regulates cell cycle progression

To study the direct effectof STMNI1 differential phosphorylation, transient transfections were used
to induce mutant STMN1 protein containing substitution mutations at each of the four regulatory
serine residues, either alone or in combination. Schematic of mutant plasmids generated (Fig. 9A).
Glutamic Acid (E) was substituted in place of Serine (S) to mimic constitutive phosphorylation,
while Alanine (A) was substituted in place of S to mimic dephosphorylation. Proliferation rates of
DU-145 cells transfected with plasmids expressing mutant STMN1 S16A or STMNI1 S16E (Fig.
9B). STMNI1 S16A inhibited proliferation and inhibition to cellular proliferation was greater with

STMNI1 S16A(25,38,63)E, suggesting that S16 dephosphorylation was sufficient to inhibit
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proliferation. In contrast, both STMN1 S16E alone and STMN1 S16E(25,38,63)A promoted cell

proliferation, suggesting that S16 phosphorylation was sufficient to drive proliferation.
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Fig. 9. Stmn1 S16E increases, while S16A inhibits DU-145 and NMuMG cell proliferation. A.
Schematic representation of the STMNI serine substitution mutations. B. Proliferation assay of DU-145
cells transfected with STMNI1 serine substitution mutations after 72 hours of growth. UT, untransfected
cells served as a positive control. pECFP, empty vector served as a baseline control. p-values were
calculated using the UT group as a control, as there we no significant differences between UT and
pECFP. * p<0.01, ** p<0.001. C. Transfection assay to determine NMuMG cell proliferation in response
to STMNI1 serine substitution mutations. NMuMGs were transfected with plasmids listed in x-axis and
allowed to grow for 72 hours before viable and non-viable cells were counted using Trypan Blue
Exclusion Test for Cell Viability and hemocytometer. * p<0.05, ** p<0.01, N=3.

Stathmin’s effect on cell proliferation is not restricted to prostatic cells or cancerous cells.
Therefore, the transfection assays involving S16A/E and S16A(3E)/S16E(3A) were repeated in
another epithelial cell line, Normal Murine Mammary Gland (NMuMG, Fig 9C) where results
from Fig. 9B. were repeated, implying that pSTMN 1816 status was critical for regulating STMN 1

function during epithelial cell division.

Cells were transfected with wild type (WT) STMNI1 to determine whether regulation of
DU-145 proliferation via S16A/E transfected cells was a consequence of pPSTMN15¢ or merely a

response to increased levels of STMN1 from transfected plasmids (Fig 10). Compared to STMN
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S16A or STMNI1 S16E-regulated proliferation, overexpression of the WT STMNI1 protein did not
change proliferation (Fig. 10A). Our previous work reported that transfection with shRSTMN 1
knocked down STMNI1 protein expression and decreased the rate of cell proliferation [11].
STMNI1 S(16,25,38,63)E represents a total functional knockdown, as all serines are
phosphorylated and therefore unable to bind tubulin, while STMN1 S(16, 25, 38, 63)A represents
fully dephosphorylated STMN1 that will bind tubulin. Transfection with STMN1 S(16,25,38,63)E
significantly inhibited cell proliferation, similarly to shSTMNI1 transfected cells (Fig 10A).
Indeed, there were no statistically significant differences between the inhibitory effects of STMN1
S16A, shSTMN1, and STMN1 S(16,25,38,63)E, supporting our findings that S16 phosphorylation

status was essential for regulating cell proliferation.
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Next, all single serine substitutions were tested to determine whether S25, S38, and/or S63
modulated proliferation (Fig. 10B). The only other single serine that increased proliferation was
STMNI1 S38E, albeit not as strongly as STMNI1 S16E. This observation was not entirely
surprising, as the kinase cell cycle protein cdc2 (CDK1) is known to phosphorylate STMN1 S38
[26]. Finalty, WT STMN1 and shSTMN1 were transfected into the NMuMG cells, which showed
a significant (p<0.05) inhibition i growth with the WT overexpression, and the knockdown of
endogenous STMNI1 via shSTMNI1 (Fig. 10C). We therefore determined whether S38 in

combination with S16 also regulated cell doubling time.
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Fig. 11. STMN1 S16 is the primary substitution mutation
regulating DU-145 cell doubling time. Top panel, Cell Growth
curves of DU-145 cells that were transfected and allowed to grow
between 1-6 days. Each day, viable and non-viable cells were
assessed by Trypan Blue Exclusion Test for Cell Viability and
hemocytometer. Bottom panel, calculated cell doubling times.
N=3.

Cells transfected with the pECFP control or the pLKO.1 control did not significantly alter
the rate of cell doubling time compared to untransfected cells (Fig 11). STMNI1 S16A lengthened
cell doubling time by 2.6 hrs compared to the pECFP control, and expression of shSTMN 1
lengthened cell doubling time by 5.8 hrs compared to the pLKO.1 control, supporting the
observations that shSTMN1 was more effective in mhibiting cell proliferation compared to
STMNI1 S16A. In comparison, STMN1 S16E shortened cell doubling time by 2.6 hrs, while

STMNT1 S(16,38)E shortened cell doubling time by 3.1 hrs. The modest difference of 0.5 hrs was
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not statistically significant, indicating that STMN1 S16 remained the primary serine involved in

regulating cell proliferation.

To validate the effect of mutant STMN1 protein effects on cell doubling time, the assays
were repeated m the NMuMG cells (Fig 12), which displayed similar trends as DU-145 cells (Fig
11). Cells transfected with STMN1 S16E resulted in a 2 hr shortening in cell doubling time as
compared to cells transfected with STMN1 S16A. Similar to the results in the DU-145 transfected
cells, STMN1 S16A and shSTMN1 transfected NMuMG cells showed comparable doubling times.
This suggests that pPSTMN 1516 results in a shortening of cell doubling time, which leads to an

overall increase in cell proliferation.

ﬁ 4_
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Fig. 12. In NMuMG cells, the trend is that STMN1 S16
regulates cell doubling time. Top panel, Cell Growth
curves of NMuMG cells that were transfected and allowed to
grow between 1-6 days. Each day, viable and non-viable cells
were assessed by Trypan Blue Exclusion Test for Cell
Viability and hemocytometer. Bottom panel, calculated cel
doubling times. N=3.
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2.4.g. Phosphorylation of STMN1 S16 shortens the time ofprogression through the cell cycle.
Flow cytometry was performed to determine whether STMN1 S16 phosphorylation-controlled

time in mitosis. DU-145 cells were transfected with either control plasmids or plasmids expressing
mutant STMN1 protein before being synchronized at G1/S using double thymidine block. They
were then released, to be collected over 12 hrs and then analyzed via Flow Cytometry to determine
the percent distribution of cells in S, G2/M and GI phases (Fig. 13). After release from the double
thymidine block, cells transfected with the empty vectors pECFP or pLKO.1 entered G2/M at 1-2
hrs to peak between 4-8 hrs, followed by entry into G1 at 10-12 hrs. However, cells expressing
STMN1 S16A showed a delayed entry nto G2/M by 4 hrs and nearly 50% of cells remained in
G2/M at 12 hrs. In addition, the percent distribution of cells in G1 did not change significantly
throughout the 12 hrs. In contrast, cells expressing STMN1 SI16E entered G2/M at 1 hr, peaked at
4 hrs and exited at 8 hrs. Furthermore, the percentage distribution of cells in G1 began to increase
at 6 hrs, peak at 10 hrs and exit at 12 hrs, at which time most cells were already in S phase, similar
to that observed at the time of release from the double thymidine block, demonstrating that the
cells had completed one cell cycle within 12 hrs. Finally, shSTMNI1-mediated knockdown of
endogenous STMNI1 disrupted the cell cycle, as shown by the percentage of cells in G2/M and G1
that did not change significantly during the 2 to 12 hr time period. This delay in cell cycle
progression is supported by the observation that STMNI1 knockdown lengthened cell doubling

time by 5.8 hrs.
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Fig. 13. STMN1 S16 phosphorylation shortens progression through the cell cycle. A.
Timeline for establishing the double thymidine block in transfected cells. B. DU-145 cells were
transfected with STMN1 S16A, STMN1 S16E, and the empty control vector pECFP; and
shStmn1 and the empty control vector pLKO.1 as indicated. Cells were then synchronized using
double thymidine block before release with treatment media and collected/fixed/stained at
timepoints listed before Flow cytometry (FlowJo software) was performed and percentage of cell
populations in S, G2/M and G1 were determined, N=3.

After establishing the impact of transfected protein on the progression of the DU-145 cells
through the cell cycle, cells were synchronized, and protein was isolated at the same time points

to evaluate the effectof the transfected protein on cell cycle protein expression and overall STMN

levels.

2.4.h. STMNI1 S16 phosphorylation regulates the expression of factors during cell cycle
progression

While the phospho-S16 STMNI1 antibody recognized pSTMN1516 (Figs. 5A/C, 6D), its lack of

binding to transfected STMNI1 cells confirms its specificity towards pSTMN 1516 and not merely
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the presence of a negative charge in the 16" amino acid of STMN1 (Fig. 14A). In cells expressing
STMNI1 S16A (Fig. 14A), the pattern of total STMN1 expression was similar to that observed in
control cells (Fig. 6) at the early time points, with one difference in that STMNI1 levels did not
increase at 10-12 hrs as seen in the controls (Fig. 14A/C). However, when cells expressed STMN 1
S16E, total STMNI1 levels decreased significantly at 4 hrs and continued to decrease to nearly
undetectable levels by 12 hrs, implying that STMN1 S16 phosphorylation was critical in regulating

total STMNI levels (Fig. 14A/D).

In contrast, STMN1 S16E expression upregulated cyclins overall compared to STMN1
S16A transfected cells. Notably, Cyclin El expression was increased by 2.2-fold increase at 1 hr
m STMNI1 SI16E transfected cells as compared to cells expressing STMN1 S16A (Fig. 14E);
however, a similar level of Cyclin E1 expression was observed from 2 hrs onward for both STMN 1
S16E (Fig 14F) and S16E expression (Fig. 14 B). In comparison, Cyclin A2 levels in cells
expressing STMN1 S16A were nearly 3.9-fold greater at 0 hr and 2.2-fold at 1 hr as compared to
cells expressing STMN1 S16E, but again, Cyclin A2 expression remained similar between both
groups from 2 hrs onward. Most significantly, levels of Cyclin Bl in cells transfected with STMN1
S16E were expressed at a greater level than cells transfected with S16A between 2-6 hrs, which
could represent an earlier entrance of STMN1 S16E transfected cells into M-phase compared to

cells transfected with STMN1 S16A.

46



hrs 01 2 46 81012 01 2 46 81012 hrs 01246 81012 01 2 46 81012
Stmn1  * [ Cyclin D1 - ——— - ———
pS16
Stmn1 - e - SRS S CyclinE1 *gETYT"®T EOEBEETTT
GAPDH e e e o o —————— - CyclinA2 = = = = = =—— [l a il

S16A S16E Cyclin B —— - - T -
GAPDH e e o o - - -————————
S16A S16E
30 6
STMN1S16A = STMN1S16E
25 - 5
T
o

E 20 o 4

s 3

]

- 15 =3

= =z

= 10 E 2

w w

" ' inl
n | Al
0 1 2 4 & 8 10 12 0o 1 2 4 6 8 10 12
Time (hrs) Time (hrs)

18000 mmm Cyclin D1 25000 mmm Cyclin D1
>, 16000 s Cyclin E 2> == Cyclin E
= —o—Cyclin A2 = 20000  —*—CyclinA2
n 14000 . ] cyclin B
c Cyclin B c yclin
o 12000 9
= € 15000
£ 10000 =
P /\ g )
> 8000 . ‘ = 10000
" 6000 % \l
[T
r 4000 II I II & 5000

2000 I I l
|
0 .I I I -I o == l- T
o 1 2 4 6 8 10 12 6 1 2 4 6 8 10 12
Time (hrs) Time (hrs)
25000 25000
mmmm Cyclin D1 = s Cyclin D1
S mm Cyclin E = wm Cyclin E
-"5 20000  —o—Cyclin A2 g 20000 — —*—CyclinA2
c Cyclin B a CyclinB
w et
£ 15000 £ 15000
—= )
g 2 :
= 10000 + 10000
]
= <\ 3 \
[T ‘ (14
¥ 5000 I II 5000 I
0 (] | II I II II -I 0 == I i- LN
0 1 2 4 6 8 10 12 0 1 2 4 6 8 10 12

Time (hrs)

Time (hrs)

47




Fig. 14. STMN1 phosphorylation regulates total STMN1 and Cyclin expression. A. Cells were
transfected, synchronized to G1/S, and collected over 12 hrs and analyzed by Western Blot before being
probed with antibodies towards STMNI pS16 and total STMNI1. B. Identical protein samples as were
harvested in A while probing for Cyclins D, E, A, and B. C and C/D. Densitometry of STMN1/GAPDH
for S16A (C), and S16E (D). E/F. Densitometry of cyclin proteins compared to GAPDH for S16A (E),
and S16E (F). G/H. Densitometry of cyclin proteins compared to control (from Fig. 7.) for S16A (G)
and S16E (H). N=3.

In summary, these observations demonstrate for the first time that S16 phosphorylation
modulates total STMN1 expression levels through a yet unknown mechanism. Since the time from
transfection to the end of the double thymidine block was 63 hrs, any effects due to expression of
the substitution mutations would have already been established prior to the release of the thymidine
block. Alternative mechanisms could include a decrease in STMNI1 protein stability as cells
progress through the cell cycle and/or a down-regulation of STMNI transcription upon release
from the double thymidine block. In addition, Cyclin El regulates the transition from GI to S
phase while Cyclin A2 regulates S to G2 phase and Cyclin B1 regulates G2 to M phase. Whether
this function accounts for the differential levels of Cyclin E1 and Cyclin A2 at G1/S (synchronized

by the thymidine block) or Cyclin B1 at G2/M remains to be determined.

To determine whether STMN1 S16A or STMNI1 S16E regulated p21 expression during the
cell cycle, protein samples were probed for levels of p21 from the previously described data (Fig.

14).
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Fig. 15. STMN1 S16 phosphorylation regulates p21 expression. A.
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Densitometric analysis. N=3.

In STMN1 S16A expressing cells, p21 levels were highest from 2 to 4 hrs, and again at 12
hrs, correlating with the delayed exit from G2/M when nearly 50% cells remained in G2/M at 12
hrs. However, n STMNI1 S16E expressing cells, the defined rise and decrease of p21 expression
back to basal levels at 12 hrs supports our finding that cells expressimg STMN1 S16E had
completed the rest of the cell cycle (from being synchronized at G1/S) within 12 hrs. Taken

together, these observations support that S16 phosphorylation is a key regulator of DU-145 cell

cycle progression and cell proliferation.

2.4.i. STMNI1 S16 phosphorylation does not regulate me tastatic potential

Cell migration assays and cell nvasion assays through Matrigel are used to determme whether
cancer cells exhibit motility or metastatic potential, respectively. To determine whether STMN1

S16 phosphorylation regulated these functions, DU-145 cells were treated with HGF + AMG337
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or transfected with pECFP, STMNI1 S16A, or STMNI1 S16E, and migration and invasion assays
performed as outline in 2.3.e. As seen in Fig 16B, neither STMN1 S16A nor STMNI S16E

increased cell migration compared to the pECFP vector control.
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Fig. 16. STMN1 S16 phosphorylation does not regulate metastatic potential. A. Representative
images of DU-145 cell migration. Cells were either transfected with plasmids expressing: pECFP, S16A,
or S16E or not at all before being plated into modified Boyden Chamber assay. B and C. Densitometric
analysis of migrated cells transfected with pECFP, STMNI1, S16A or Stmn1 S16E or treated with HGF
-/+ increasing dose of AMG337. D. Representative images of DU-145 cell invasion. Cells were either
transfected with plasmids expressing: pECFP, S16A, or S16E or not at all before being plated into
modified Boyden Chamber assay, with the addition of a layer of Matrigel spread on membrane
simulating basement membrane for cells to digest before migrating to other side. E and F. Densitometric
analysis of invaded cells transfected with pECFP, STMN1, S16A or Stmnl S16E or treated with HGF -
/+ increasing dose of AMG337. N=3.

As observed previously, the vector control expressing ECFP (used as a marker for
transfection efficiency) inhibited cell migration as compared to the untransfected cell control;

however, no significant difference was observed in cells transfected with STMNI1 S16A or
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STMNI1 S16E compared to pECFP, indicating that the pPECFP-induced inhibition was due to the
control plasmid itself. In addition, DU-145 cells treated with increasing concentrations of the MET
inhibitor AMG337 did not induce cell migration (Fig. 16C). Similarly, there is no significant
difference in invasion with STMN1 SI6A nor STMNI1 S16E-transfected cells without/with

nhibition of HGF/MET signaling (Fig 17).
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Fig. 17. STMN1 S16 phosphorylation does not regulate metastatic potentialin NMuMG cells. A.
Representative images of NMuMG cell migration. B and C. Densitometric analysis of migrated cells
transfected with pECFP, STMNI1, S16A or Stmnl S16E or treated with HGF -/+ increasing dose of
AMG337. D. Representative images of NMuMG cell invasion. E and F. Densitometric analysis of
invaded cells transfected with pECFP, STMN1, S16Aor Stmnl S16E or treated with HGF -/+ increasing
dose of AMG337. N=3.
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To assess the ability of pSTMN 1516 to affect metastatic processes in normal cells, NMuM G
cells were treated or transfected as described above for the DU-145 cells. Similar to the results
from DU-145 cells, the NMuMGs were not impacted by treatment or
phosphorylation/dephosphorylation mimetics of STMN1 in the migration and invasion assays (Fig
17). The invasion assays with the NMuMGs yielded such a low number of nvaded cells, that a
control condition was added (DU-145 transfected with shSTMN1) which had been shown

previously to induce invasion [11].

In conclusion, these data support the overarching hypothesis that STMNI S16
phosphorylation selectively regulates cell proliferation, but not metastatic potential, and that
mhibition of STMN1 S16 phosphorylation induces apoptosis and cancer cell death. Furthermore,
we determined that the stromal factor HGF activates the MET receptor expressed on PCa cells to
phosphorylate STMN1 S16, resulting in the modulation of cyclins and p21, a shortening of the cell
cycle which led to increased cell proliferation. Treatment with a selective MET inhibitor,
AMG337, mhibited these processes and induced cell death. Taken together, these observations
indicate that a MET inhibitor may be used in combination with ADT to decrease overall tumor

growth without stimulating metastatic spread.
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2.5. DISCUSSION

The role of HGF/MET-mediated phosphorylation of STMNI1 on cancer progression (especially in
PCa) remains poorly understood. Our study provides, for the first time, evidence that HGF/MET -
mediated phosphorylation of STMN1 S16 promotes cell cycle progression and cell proliferation
without inducing metastasis in PCa. Further, treatment with a c-MET inhibitor, AMG337, delayed
cell cycle progression which lengthened cell doubling time, mhibited cell proliferation, and

induced prostate cancer cell death.

Current literature demonstrates HGF/MET-mediated phosphorylation of STMN1 and the
varied effects that can have on cellular processes. Tian et. Al shows HGF/MET-mediated
phosphorylation of STMNI1 (likely at S16) through activation of Racl (a kinase known to regulate
transcription factor activation, proliferation, transformation, apoptosis, etc. [27]), resulting in an
increase in the pool of free tubulin, which encourages stable MTs and maintenance of intact
barriers in endothelial cells [28]. Additionally, in primary human keratinocytes, HGF
phosphorylation of STMNI1 S38 led to a 2-fold increase in cell proliferation [29]. While not
directly linked to phosphorylation, increases in STMNI1 expression in hepatocellular carcinoma
increased MET expression in HCCs and HGF production in hepatic stellate cells HSCs grown in
co-culture [4,30]. HGF/MET-mediated phosphorylation of STMN1 S16 led to earlier expression
of Cyclin D1, Cyclin El, and Cyclin B1 compared to control cells and those treated with
HGF+AMG337. This earlier increase in cyclin expression correlates with the shortening in time
of progression through the cell cycle, as DU-145 cells progressed through G2-M-G1 phases. This

resulted in an overall significant increase in cell proliferation of the DU-145 cells.
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HGEF plays a significant role in prostatic TME. The expression of HGF by cancer associated
fibroblasts (CAFs) was correlated with an increase in MET expression and overall progression of
PCa[5,30]. The Cunha Laboratory demonstrated in vivo that factors secreted by CAFs (including
HGF) transformed normal prostatic epithelial cells into cancerous cells in mouse xenografts, even
in the absence of CAFs in the xenograft [31]. While Cunha’s study demonstrated the impact of
HGF/MET-mediated phosphorylation of STMNI1 S16 on cell proliferation and cell cycle
progression, our data demonstrate that phosphorylation of STMNI1 S16 does not play a role in
regulating metastatic processes. These data separate the function of differential phosphorylation
of STMNI, indicating that S16 phosphorylation by HGF does not contribute towards PCa

progression and development of EMT, and may be a viable candidate for therapeutic targeting.

Inhibitors targeting MET are currently being investigated to treata variety of solid tumors
[9,14,15,32-35]. As described above, treatment of PCa patients with chemotherapy resulted in
increased levels of HGF expression, which could be due to the development of CRPC post ADT
and/or treatment with bicalutamide or flutamide. The increase of HGF i response to
chemotherapy could lead to MET activation and downstream STMN1 phosphorylation which

would further tumor growth and metastatic spread.
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Due to increased levels of MET and HGF expression in the bone that contributes to the
development of CRPC, interest in developing a therapeutic strategy to target HGF/MET signaling
in PCa is particularly high [20]. AMG337 is a potent c-MET inhibitor that restricts activation and
downstream signaling of the HGF/MET signaling pathway [18]. It is currently being used to treat
gastric and esophageal cancer in adult patients with MET amplified tumors [36], and is being
considered for applications with other solid tumors that exhibit increased levels of MET [37]. We
show here that not only does AMG337 inhibit HGF-increased growth of PCa cells, but also induces
cell death. When treating cells with HGF+AMG337, phosphorylation of MET and the downstream
signaling protein, STMNI1, is inhibited. STMN1 inhibition led to an overall lengthening of cell

doubling time, and delayed progression through the cell cycle and overall mhibition of cell

55




proliferation. The diagram above demonstrates a therapeutic strategy that utilizes ADT and
AMG337 to target both early and late stage PCa cells. It is important to note that the DU-145 cells
do not express AR, therefore the impact of AMG337 on these cells would mimic effects seen on
CRPC. Taken together, these data indicate a therapeutic role for AMG337 to be utilized with

traditional ADT to eliminate both AR(+) and AR(-) PCa cells in both local and metastatic disease.

Supplementary Table S1. Primary antibody list

Antibody Company Product Code | IgG Species | Conjugate Dilution
Cyclin A2 Cell Signaling | 4656 Rabbit None 1:1000
Cyclin B1 Cell Signaling | 4135 Rabbit None 1:1000
Cyclin D1 Santa Cruz 8396 Mouse None 1:1000
Cyclin E1 Cell Signalng | 4129 Rabbit None 1:1000
GAPDH Peprotech 60004-1 Mouse None 1:2000
HGF Cell Signaling | 52445 Rabbit None 1:1000
Met Cell Signaling | 8198 Rabbit None 1:1000
pMET Cell Signaling | 3077 Rabbit None 1:750
p21 Cell Signaling | 2947 Rabbit None 1:1000
p27 Cell Signaling | 3686 Rabbit None 1:1000
STMN1 Santa Cruz 55531 Mouse None 1:1000
STMN1 Thermo PAS5-17091 Rabbit None 1:250
pS16 Fisher
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Chapter 3

The Role of CAMKII in Regulating STMNI1
S16 Phosphorylation, Proliferation, and

Metastatic Potential
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3.1. ABSTRACT

Stathmin (STMN1) is a phosphoprotein whose function is dictated by the phosphorylation status
of its four regulatory serine sites, S16, S25, S38 and S63. Calmodulin Kinase II (CAMKII) has
been shown to regulate cell proliferation and to phosphorylate STMNI1 on S16. Furthermore,
knockdown of total STMNI1 decreased cell proliferation, but induced epithelial to mesenchymal
transition (EMT). To determine the specific function(s) of differential phosphorylation of STMNI1,
experiments were designed to stimulate or inhibit the four regulatory serines of the STMN1
molecule. Being that the focus of this project centered on the role STMNI1 plays in regulating cell
cycle progression and cell proliferation, each of the four regulatory serines were stimulated or
mhibited via small molecules to assess the impact they have on cell proliferation. In summary,
mhibition of CAMKII, CDK1, and PKA demonstrated significant inhibition of DU-145 cell

proliferation, while only stimulation of CAMKII significantly increased proliferation.
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3.2. INTRODUCTION

STMNI1 is increased in many cancers including prostate cancer, and several studies have
investigated the role of STMNI1 in PCa progression [1-3]; however, the role of STMNI1 S16
phosphorylation in regulating PCa proliferation and growth has yet to be mvestigated. Therefore,
we reviewed the role of STMNI1 S16 phosphorylation in other cancers and cell types to gain

knowledge that would assist in predicting the role of STMN1 S16 phosphorylation in PCa cells.

3.2.a. CAMKII-mediated phosphorylation of STMN1 S16 in breast cancer

CAMKII expression is increased in cancer, including breast, colon and gastric cancers, and
globlastoma [4,5]. For example, CAMKII activity increases the rate of breast cancer cell
proliferation and tumor growth while inhibiting apoptosis [4-6]. Phosphorylation of CAMKII on
Thr286 was detected in primary breast cancer tissue sections and metastatic breast cancer lesions
in lymph nodes, indicating that the autophosphorylation of CAMKII is indicative of breast cancer
progression [5-7]. STMNI has also been shown to be expressed highly in breast cancer cells and
is prognostic of poor outcome and overall survival [5,6]. In cell culture, CAMKII phosphorylated
STMN1 S16 in breast cancer cells [7,8]. While overexpression of STMNI did not alter cell
viability, treatment with the microtubule-depolymerizing agent eribulin markedly decreased cell
viability when STMN1 was overexpressed, suggesting that high STMNI levels were required for
the antitumor activity of eribulin [9]. Furthermore, STMN1 S16 was phosphorylated by eribulin
and dephosphorylated by the CaMKII mnhibitor KN62, implying that CaMKII phosphorylated
STMNI1 S16 [9]. In summary, these studies imply that the CAMKII-mediated phosphorylation of
STMNI1 S16 is essential in promoting breast cancer cell proliferation and cancer progression to

metastasis [9-12].
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3.2.b. CAMKII phosphorylation of STMN1 S16 in dendrites

In addition to cell cycle progression and cell proliferation, STMN1 phosphorylation is correlated
with dendritic arborization in neurons. Arborization or branching of neuronal dendrites is largely
dictated by microtubule formation and is critical to the development of neuronal pathways [13,14].
Interestingly, CAMKII-mediated phosphorylation of STMNI1 S16 plays a stimulatory role in the
arborization of dendrites [13,14]. The phosphorylation of STMN1 S16 by CAMKII results in the
downregulation of STMNI1 binding to tubulin dimers and has been seen in the early phases of
neuronal development, which aids in establishing neuronal branching and arborization [13]. The
downregulation of total STMNI1 expression in early neuronal development results in a similar
outcome to phosphorylation of STMN1 by CAMKII in established neurons undergoing later stage
branching and arborization [13]. CAMKII is activated by an increase in intracellular Ca2*
facilitated by voltage gated calcium channels and the metabotropic glutamate receptor 1 [13]. In
addition to STMN1, SCLIP (also known as STMN3) has been shown to regulate Purkinje cell
arborization and development [14]. The nhibition of SCLIP restricts formation of early stages of
postnatal neuronal cell development and the elongation and branching of Purkinje cells at later
stages of development. While SCLIP is a STMNI1-like protein, its function and necessity in the
establishment and arborization of Purkinje dendritic cells mimics the effects seen with STMN1

regulation in Purkinje cells [14].

3.2.c. CAMKII phosphorylation of STMN1 S16 in he patoma cells (HepG2)

In certain cell types, STMNI1 expression is differentially regulated to limit the risk of
carcinogenesis [15]. In normal lLiver cells, STMNI is differentially phosphorylated to maintain
normal cell cycle progression and cell proliferation [16]; however, in HepG2 cells derived from a

well-differentiated hepatocellular carcinoma [17], overexpression of STMNI is correlated with
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increased tumor growth and overall cancer progression [15,16]. Tseng et al. reported that STMN 1
negatively regulated the levels of thyroid hormone receptor (THR) and that THR bound to the
promoter region of the STMN1 gene to inhibit STMNI transcription [16]. Moreover, increased
levels of the thyroid hormone Tjinhibited STMNT1 and suppressed HepG2 cell proliferation and
xenograft tumor growth in mice [16]. Li and others have shown that in the HepG2, HeLa, and
MCF7 cells, Piwi Like RNA-Mediated Gene Silencing 1 (PIWIL1) binds STMNI at S16 to inhibit
CAMKII phosphorylation [18]. In HepG2 cells, the binding activity of PIWIL1 serves two distinct
functions: first to inhibit CAMKII phosphorylation which leads to an increase in microtubule
destabilization, and secondly to increase the cellular levels of STMNI1 protein via inhibition of
STMNI1 degradation by the Ring Finger Protein, LIM (RLIM) E-3 ligase [19]. These studies
demonstrate that STMNI1 is regulated at a transcriptional and post-translational level to balance its
function in regulating cell cycle progression against its potential to promote metastasis. Herein,
we report that in PCa cells, CAMKII regulates proliferation, but not metastatic potential through

a STMN1 S16 independent mechanism.
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3.3 MATERIALS AND METHODS

3.3.a. Materials

Oleic Acid (Cat. No. S4707) was purchased from SelleckChem. KN93 (Cat. No. 1278), KN92
(Cat. No. 4130), Okadaic Acid (Cat. No. 1136), Anisomycin (Cat. No. 1290), SB203580
hydrochloride (Cat. No. 1402), Roscovitine (Cat. No. 1332), 8-bromo-cAMP (Cat. No. 1140) and
H89 Dihydrochloride (Cat. No. 2910) were purchased from Tocris. Each of the small molecules
was prepared according to manufacturer recommendations to the highest stock concentration

possible in the least toxic vehicle to minimize the effect of vehicle control on the assay.
3.3.b. Methods
3.3.b.i. Proliferation Assays

Proliferation assays were conducted as described in Chapter 2.1.b.3.

3.3.b.ii. Migration and invasion Assays

Migration and invasion assays were conducted as described in Chapter 2.1.b.4.

62



3.4. RESULTS

3.4.a. CAMKII promotes cell proliferation but does not induce EMT. Andre Sobel, and others
have documented that CAMKII phosphorylates STMNTI1 on S16 [20-22]. Since little is known of
the role of STMNI1 S16 phosphorylation in PCa, especially via CAMPKII, we performed
proliferation, migration, and invasion assays using the DU-145 cell line. To study the effect of
CAMKII activity on DU-145 cell proliferation, DU-145 cells were treated for 3 days with
increasing concentrations of the CaMKII activator oleic acid or increasing concentrations of the
CaMKII inhibitor KN93 as indicated, and the Trypan Blue exclusion assay for viability was used

to determine the number of viable and non-viable cells after treatment (Fig. 1).
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Fig. 1. CaMKII signaling promotes DU-145 prostate cancer cell proliferation. A. Viable and B. Non-
viable cells 72 hours after increasing concentrations of Oleic Acid. C. Viable cells and D. Non-viable
cells 72 hours after increasing concentrations of KN93. * p<0.01, ** p<0.001, *** p<0.0001.

In comparison to untreated groups, the vehicle control of ethanol did not significantly alter
cell proliferation (Fig. 1A, 1C). Treatment with 20 and 30 uM oleic acid significantly increased
DU-145 cell proliferation (Fig. 1A) without inducing cell death (Fig. 1B). In contrast, treatment
with KN93 decreased the numbers of viable DU-145 cells in a dose-dependent manner (Fig. 1C),

as observed by the corresponding increase in non-viable cells (Fig. 1D).
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KN92 is an mactive isomer of KN93. Therefore, KN92 was used to determine its
effectiveness in stimulating (or not stimulating) DU-145 cell proliferation. Unlike KN93 which is
soluble in ethanol, KN92 is only soluble in DMSO, but DMSO has been shown to be a microtubule
oligomerization-stimulating agent that could lead to cell death at higher concentrations [23].
Therefore, to achieve the same concentrations of KN92 that were used in the KN93 proliferation
assay, 40 puL of DMSO was used to generate the 20 uM dose and 60 puL of DMSO was used to
generate the 30 uM dose. Since DMSO was required to dissolve KN92, the Trypan Blue exclusion
assay for viability was performed to test for toxicity. While DMSO alone did not affect cell growth
at lower concentrations (Fig. 2A), the sharp decrease in viable cell number at the higher volumes
of DMSO determined that DMSO was toxic at those levels (Fig. 2B). Similarly, the addition of
KN92 did not affect cell growth at lower concentrations (Fig. 2C). However, cell viability
decreased sharply at 20 and 30 uM KN92 (Fig. 2D), indicating that this decrease was due to
DMSO-induced toxicity. Indeed, cell death was so high that cells lifted off the culture plate and

fragmented before they could be harvested and counted

65



-3
=
]
o
wn
]

s
=
1
o
=
1

[
=
1

Total Cell Number (x 10°)/well (N=4)
un
1

Total Cell Number (x10°3) (N=4)

concentration (pM) listed

e
- ' % =l NS
Control (DMS0) for each KN92 - 5 10 15 20 30 0- I I T T T
5

Control (DMSO) for each KN92 - 10 15 20 30

concentration (uM) listed

a
w)

(2]
o
|
N
o
|

F
o
1

otal Cell Number (x 10%)/well (N=4)
w
o
1
otal Cell Number (x 10%)/well (N=4)
—
(4]
1
*

N
o
|
-
o
1

Y
o
|
(4]
1

0- T T Iﬁ = 0"*'__:—_'* T %
20 30

KN2@M) - 5 10 15 KN2@M) - 5 10 15 20 30

Fig. 2. KN92 does not alter DU-145 prostate cancer cell proliferation or viability. A. viable cells
and B. non-viable cells were counted in response to increasing control volumes of DMSO. C. viable cells
and D. non-viable cells were counted in response to increasing concentrations of KN92 (in DMSO). *
p<0.01, ** p<0.001

3.4.b. CaMKII does not promote cell migration or invasion.

As described in 2.1.b.4., DU-145 cells were treated without/with Oleic Acid and KN93 to regulate
CAMKII activity and the Neuroprobe chemotaxis chamber was used to determine whether
CAMKII signaling regulated DU-145 cell migration. As shown in Fig. 3, both Oleic Acid and

KN93 had no effect on promoting or inhibiting DU-145 cell migration respectively.

Similarly, the Neuroprobe chemotaxis chamber was also used to determine whether

CAMKII signaling promoted DU-145 cell invasion, with the modification that the Neuroprobe
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membrane was coated with Matrigel. Only cells producing enzymes that promote Matrigel

digestion would be able to invade through the membrane and be counted as described above.

Again, neither Oleic Acid nor KN93 stimulated DU-145 cell invasion (Fig. 4).
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Fig. 3. CaMKII signaling does not promote cell migration. A. Representative images of
crystal violet staining of DU-145 cells treated with increasing concentrations of Oleic Acid.
B. Analysis of Oleic Acid-mediated cell migration. C. Representative images of crystal violet
staining of DU-145 cells treated with increasing concentrations of KN93. D. Analysis of cell
migration in response to KN93 treatment.
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Fig. 4. CaMKII signaling does not promote cell invasion.
A. Representative images of crystal violet staining of DU-145 cells treated with increasing
concentrations of Oleic Acid. B. Analysis of Oleic Acid-mediated cell mnvasion. C.
Representative images of crystal violet staining of DU-145 cells treated with increasing
concentrations of KN93. D. Analysis of cell invasion in response to KN93 treatment.

3.4.c. PP2A inhibits DU-145 cell proliferation.

Proliferation assaysutilizing the Protein Phosphatase 2A (PP2A) inhibitor okadaic acid (OA) were
conducted to investigate the effect of PP2A inhibition on DU-145 cell proliferation. PP2A
functions to allow for normal cell cycle progression by dephosphorylating STMNI1 after
completion of cytokinesis; therefore, inhibition of PP2A should lead to an inhibition of cell

proliferation. Cells treated with OA alone demonstrate that at 80 nM and 100 nM, DU-145 cells
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were significantly inhibited from proliferating over 72 hours, as numbers of non-viable cells did

not significantly change with increasing dose of OA.
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Figure 5. Okadaic acid inhibits DU-145 cell proliferation. DU-145 cells

were treated for 72 hours with increasing concentrations of OA (20 nM-100
nM). * = p<0.05

The mhibition in DU-145 proliferation at 80 and 100nM OA was could have been due to
the cells inability to properly transition from mitosis to G1 of the next phase of the cell cycle, as a
phosphorylated STMN1 protein is not capable of binding free tubulin to facilitate breakdown of

cell spindles and a transition into the next phase of the cell cycle.
3.4.d. CaMKII does not phosphorylate STMN1 S16

Western blot analysis was performed to determine whether activation of CAMKII resulted in
downstream phosphorylation of STMN1 S16. Nocodazole is an agent that binds tubulin to inhibit
polymerization which results in halting cell cycle progression and is used by Cell Signaling

Technology to phosphorylate S16 and validate their Phospho-Stathmin (Ser16) Antibody #3353.

69



DU-145 cells treated with increasing concentrations of Nocodazole showed that the optimal
concentration of Nocodazole for S16 phosphorylation was 150 ng/ml (Fig. 6A). Therefore, 150
ng/ml Nocodazole was used as a positive control for inducing S16 phosphorylation. DU-145 cells
treated with increasing concentrations of Oleic Acid showed that STMNI1 S16 was not
phosphorylated by increasing CAMKII activity, as was anticipated through treatment with
increasing dose of Oleic Acid (Fig. 6B). This observation was unexpected given that several
studies report that CAMKII phosphorylated STMN1 S16 in Jurkat T, HeLa, HepG2, and MCF7

cells [24-26]. Our study suggests that CAMKII-mediated S16 phosphorylation is cell-type specific.
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Fig. 6. CaMKII signaling does not phosphorylate STMN1
S16. A. Treatment with increasing concentrations of
Nocodazole to determine the optimal concentration to
phosphorylate S16. B. Treatment with increasing
concentrations of oleic acid. C, control, 150 ng/mL
Nocodazole

70



Taken together, these observations indicated that CAMKII activity promoted DU-145 cell
proliferation, but not through the phosphorylation of STMN1 S16. Furthermore, CAMKII
signaling did not promote metastatic potential in DU-145 cells, as observed by a lack of activity

in the migration and invasion assays.

In conclusion, the experiments above outline the effect of CAMKII regulation on DU-145
cell proliferation, migration, and invasion. While CAMKII was not linked to phosphorylation of
STMN1 S16 in DU-145 prostate cancer cells, these data demonstrate the complexity in the
regulation of cell proliferation and that the role of CAMKII and STMN1 phosphorylation may be

dependent on tissue and cell type.

3.4.e. The effect of small molecules targeting STMN1 S25, 38, and 63 on cell proliferation

After completing the initial proliferation assays as demonstrated in 3.3.a., additional proliferation
assays were conducted with small molecules that have been reported to regulate phosphorylation
of STMN1 S(25,38,63). We hypothesized that regulation of STMN1 S25 would promote migration
and invasion, but not proliferation; therefore, it was not predicted that treatment with Anisomycin
(MAPK activator) or SB203580 (MAPK inhibitor) would have an impact on wt DU-145 cell

proliferation.
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Figure 7. Regulationofp38 MAPK does notaffect DU-145 cell
proliferation. Treatment of wt DU-145 cells with either
Anisomycin (A) or SB203580 (B) to regulate p38 activity did not
significantly impact DU-145 cell proliferation after 72 hours.

Regulation of MAPK via either the activator Anisomycin, or SB203580 did not alter DU-
145 cell proliferation at any dose tested over 72 hours (Fig. 7). This could indicate that the role of
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STMNI1 S25 is more closely related to regulation of migration/invasion pathways and be more

involved with metastatic potential than with cell proliferation.
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Figure 8. Inhibition of CDKI1 significantly inhibited DU-145
cell proliferation. Treatment with Roscovitine at increasing
concentrations to inhibit the activity of CDKI1 significantly
mhibited or was completely toxic to cells. *p<0.01, **p<0.001

Currently, small molecules known to specifically induce CDK1 activity are not available.
Thus, we used Roscovitine, a pan cyclin-dependent kinase (cdk) inhibitor, to inhibit CDKT1 (cdc2)
to determine the effect(s) of mhibition of STMNI1 S38 phosphorylation on DU-145 cell
proliferation [27]. Roscovitine inhibited DU-145 cell proliferation, likely due to the inhibition of
CDKI and cell cycle progression as compared to the inhibition of STMN1 S38 phosphorylation.
However, as observed in Chapter 2, Section 2.1.c.5. in Figure 16, expression of the STMN1 S38A
mutant protein mimicking constitutively dephosphorylated S38 did not significantly alter DU-145

cell proliferation, while transfection of STMN1 S38E mutant protein mimicking constitutive ly
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phosphorylated S38 significantly increased DU-145 cell proliferation, implying that STMN1 S38

phosphorylation regulated DU-145 cell proliferation.
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Figure 9. Inhibition of PKA decreases DU-145 cell proliferation. DU-145 cells were treated
with (A) 8-bromo-cAMP or (B) H89 dihydrochloride (5-30 uM) for 3 days. *p<0.05, **p<0.01,
*EEDP<0.001, ****p<0.0001
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In evaluating the results seen in Fig.9, it is evident that stimulation of PKA, which has been
previously shown to phosphorylate STMN1 S63, does not increase proliferation in DU-145 cells;
however, treatment with the PKA inhibitor H89 dihydrochloride has a drastic effect on
proliferation/cell viability over 72 hours. In prostate cancer cell lines, it was reported that activation
of the cAMP/PKA/CREB pathway leads to an increase in cell proliferation [26]. Therefore, it is
likely that the lack of significant change with 8-bromo-cAMP treatment, which has been shown to
stimulate PKA, is due to the pathway already being stimulated at a high-level basally, while
nhibition of the pathway (Fig. 9) would have a more dramatic impact, unrelated to STMN1 S63
phosphorylation [28]. Finally, as seen in Section 2.1.c.5 in Figure 16, transfection of STMN1
S63E/A into DU-145 cells to mimic either permanent phosphorylation or permanent
dephosphorylation, respectively, does not alter cell proliferation alone. Thus, this leads to the
conclusion that regulation of the PKA pathway has a STMNI-independent effect that regulates

cell proliferation.
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3.5. DISCUSSION

CAMKII is reported to phosphorylate STMN1 S16 and regulate cell proliferation in a number of
different cell lines [20-22]. Our study shows for the first time that CAMKII promotes DU-145 cell
proliferation, however CAMKII activity does not induce metastasis. Further, CAMKII does not
phosphorylate STMN1 S16 as was previously shown in other cell lines, indicating that CAMKII-
mediated DU-145 cell proliferation is independent of STMN1 S16 phosphorylation, and that

CAMKII phosphorylation of STMN1 S16 is cell-type-specific.

STMNI1 phosphorylation on S16 by CAMKII has been published to increase cell proliferation in
Jurkat T cells, with Okadaic Acid (OA) further stimulating prolonged phosphorylation on all 4
serine sites by inhibiting PP2A activity [21]. While our data demonstrates increase in proliferation
with stimulation of CAMKII by Oleic Acid, the utilization of the PP2A inhibitor OA was found to
inhibit cell proliferation in a dose-dependent manner. This inhibition is likely due to the inability
of the cell to progress through the cell cycle in its entirety, as STMNI is maintained in the

phosphorylated state due to lack of PP2A activity.

A novel aspect of the work presented here demonstrates the ability of CAMKII to regulate cell
proliferation without inducing metastasis, and that the effects of CAMKII on cancer cells are cell-
type-specific. Liu et al, demonstrated that CAMKII activity induces NFkB and MMP-9
production in gastric cancer cells leading to the induction of metastasis [23]. Our work

demonstrates for the first time that CAMKII activation or inhibition had no effect on DU-145 cell
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migration or invasion, while stimulation of CAMKII by Oleic Acid and inhibition by KN93 both

significantly increased and decreased cell proliferation, respectively, in dose-dependent manners.

An extensive literature base exists regarding the effect of CAMKII on a variety of cancers ranging
from breast to gastric, to osteosarcoma, to prostate, and many more [6]. While each cancer has its
own unique characteristic, the differences between cell lines in each cancer type results in varied
outcomes to CAMKII regulation [6]. The work reported here could help to further advance the

current understanding of the differential role CAMKII plays in PCa progression.
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4.1 Abstract

Prostate cancer stem cells (CSCs) are implicated in tumor initiation, cancer progression,
metastasis, and the development of therapeutic-resistant disease. It is well known that the bulk of
prostate cancer (PCa) cells express androgen receptor (AR) and that androgens are required for
PCa growth, progression and emergence of castration-resistant disease. In contrast, the small
subpopulation of self-renewing CSCs exhibit an AR-negative (-) signature. The mechanisms
underlying the absence of AR are unknown. Using CSC-like cell models isolated from clinical
biopsy tissues, we identify the E3 ligase MDM2 as a key regulator of prostate CSC mtegrity. First,
unlike what has been reported for the bulk of AR(+) tumor cells where MDM?2 regulates the
temporal expression of AR during transcriptional activity, MDM2 in CSCs promoted the constant
ubiquitination and degradation of AR, resulting in sustained loss of total AR protein. Second,
MDM?2 promoted CSC self-renewal, the expression of stem cell factors, and CSC proliferation.
Loss of MDM2 reversed these processes and induced expression of full-length AR (and not AR
variants), terminal differentiation into luminal cells, and cell death. Selectively blocking MDM2-
mediated activity in combination with androgen/AR-targeted therapy may offer a novel strategy
for eliminating AR(-) CSCs in addition to the bulk of AR(+) PCacells, decreasing metastatic tumor

burden and inhibiting the emergence of therapeutic resistance.
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4.2 Introduction

While the androgen receptor (AR) is a master regulator of prostate development and disease, it is
commonly believed that normal prostate stem cells and prostate cancer stem cells (CSCs) express
no/low AR and that their growth is androgen-independent [1]. Our previous study demonstrated
that AR(-) pluripotent CSCs isolated from patient biopsies differentiated into prostatic glandular
structures containing all three epithelial cell types includng AR(+) luminal secretory cells and
ARC(-) basal and neuroendocrine cells when engrafted with embryonic mesenchyme under the renal
capsule [2]. Similarly, other studies report that AR(-) normal prostate stem-like cells differentiate
mto three prostatic epithelial cell lineages [3]. This pattern of AR(-) expression mimics that
observed in human and rodent prostate development where AR(-) epithelial anlagen grow into the
urogenital mesenchyme until AR protein is induced by, as yet unknown mechanisms, to initiate
glandular lumen formation, epithelial cell specification, and androgen-mediated secretory activity
[45]. Qin and colleagues determined that Prostate Specific Antigen (PSA)-/lo cells, a
subpopulation isolated from LNCaP and LAPC9 prostate cancer (PCa) cell lines, were AR-/lo and
exhibited stem-like properties including self-renewal and the ability to regenerate PSA+cells (6).

PSA-/lo LAPCO9 cells developed into therapeutic-resistant tumors [6].

Together, these observations imply that an AR(-) phenotype is essential for maintaining CSC and
normal prostate stem cell homeostasis and for promoting castration resistant prostate cancer
(CRPC). The mechanisms underlying this AR(-) phenotype are unknown. Our previous study
showed that biopsy-derived PCa CSCs, referred to as HPET (human prostate epithelial cells
expressing hTERT), expressed AR mRNA but not AR protein, suggesting that expression was
regulated at the posttranscriptional level (2). The Qin study reported that in PSA-/lo cells, both AR

mRNA and protein were down-regulated, implying that AR expression was regulated at the
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transcriptional level [6]. Whether inhibition of AR protein expression occurs at the transcriptional

and/or posttranscriptional level remains to be established.

Evidence from non-CSC, AR(+) PCa cell lines suggests that the ubiquitin-proteasome system
(UPS) modulates the steady state of AR expression. For example in AR(+) LNCaP, CWR-R1, and
CWR22RvlI cells, the E3 ligase MDM2 (mouse double minute 2 homolog) transiently modulates
AR stability during transcriptional activity [7]. Other E3 ligases, includng NEDD4 (neural
precursor cell expressed developmentally down-regulated protein 4) [8], CHIP (C-terminus of
Hsp70-interacting protein) [9], and SKP2 (S-Phase Kinase-Associated Protein 2) [10] also regulate
AR protein degradation in LNCaP, C4-2B and CWR22RvI cells. Whether AR(-) CSCs use these

same ligases to block total AR expression remains to be explored.

The recent discovery of AR splice variants (AR-Vs) provides insight into the mechanisms
promoting emergence of CRPC. These naturally occurring AR-Vs are identified in clinical PCa
biopsy specimens and non-CSC PCa cell lines (reviewed in [11,12]). AR-Vs contain the N-
terminal and DNA binding domains; however, they lack a ligand binding domain, resulting in
constitutive activation. Several reports demonstrate that AR-Vs are highly expressed in CRPC,
metastasis, and PCa cell lines not requiring androgens for cell growth. The most commonly
expressed variant AR-V7 (a.k.a. AR3) is associated with development of CRPC and drug
resistance. Furthermore, AR-V7 promotes epithelial mesenchymal transition (EMT) and induces
expression of signature stem cell genes, including Nanog in LNCaP cells and Lin28B in DU-145
cells [13]. Interestingly, MDM2 induces AR-V7 ubiquitination and protein degradation [14].

Whether CSCs express AR-Vs remains to be mvestigated.

Prostate cells with CSC-like properties have typically been isolated as side populations  (~0.1-
0.3% of PCacells) from established cell lines, e.g., PC-3 [15], DU-145 [16], and LNCaP [17] cells,
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and from biopsy tissues [18]. Here we use two CSC-like cell models to investigate the AR(-)
signature of prostate CSCs. Both HPET (2) and HuSLC (human stem like cells; previously termed
HPE for human prostate epithelial) [19] cell lines were isolated from high grade Gleason 9 biopsy
tissues from two unrelated individuals. Of note is that the HuSLC line arose spontaneously. Both
cell lines express AR mRNA but not AR protein, and exhibit stem-like properties including
pluripotency in vivo, differentiating into the three prostatic epithelial cell lineages, ie., luminal
secretory AR(+) cells, basal cells and neuroendocrine cells [2,19]. Using these CSC-like cell
models, we report that MDM?2 is critical for conserving an AR(-) signature and promoting
stemness, while loss of MDM2 induces full-length AR expression, terminal CSC differentiation

into AR(+) luminal epithelial cells, and cell death.
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4.3 M aterials and M ethods

4.3.1 Materials

Prostate cancer cells LNCaP,PC3,22RV1 and VCaP were purchased from American Type Culture
Collection (ATCC). Proteasome inhibitors MG132 (cat.#: 3175-v), MGI115 (cat.#: 3170-V) and
Epoxomicin (cat#:4381-v) were purchased from the Peptide institute, Osaka, Japan. Matrigel (BD
Biosciences, cat.#:10828028) was batch-tested by the Pluripotent Stem Cell Facility at Cincinnati
Children’s Hospital Medical Center. The human full-length wild type (wt) AR expression vector
PSVAR, was a gift from Dr. S. Liao, Chicago. Additional materials and reagents are indicated

below.

4.3.2 Methods
4.3.2.a. Cell culture

The parental HPET cell line was established by transducing primary human prostate epithelial
cells (passage 2) cultured from de-identified human prostate cancer surgical waste material
(Gleason 9, undifferentiated PCa,) using pLenti-particles expressing the A/ TERT-EGFP gene [2].
The HPET cell lines and their prostate epithelial and stem cell characteristics were authenticated
both in vitro and in vivo as described in detail in Gu et al. [2]. Vials containing HPET passage 73
were thawed and passaged approximately 5 times to complete this current study. A second cell
line, termed HuSLC line arose spontaneously from Hceells cultured from de-identified biopsy tissue
(Gleason 9, undifferentiated PCa) from an unrelated male donor. Ther HPE-lke and PCa-

generating characteristics were authenticated both in vitro and in vivo in detail in Willams et al.
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[Figure 6 (19)]. They were mitially named “HPE”, but subsequently renamed “HuSLC” because
of their stem-like characteristics. Vials containing HuSLC passage 32 and 34 were thawed and
passaged approximately 5 to 6 times to complete this study. Cell lines were recently tested (June,
2018) and found to be negative for mycoplasma (Lonza MycoAlert™ Mycoplasma Detection Kit,

cat.#: LT07-218; Lonza Mycoalert™ Mycoplasma Assay Control Set, cat.#: LT07-518).

Both the HPET and HuSLCs cell lines were cultured in under embryonic stem (ES) cell conditions
using defmed ESC medum, DMEM-FI12 (ThermoFisher Scientific, cat#: 11320033)
supplemented with KnockOut™ Serum Replacement (ThermoFisher Scientific, cat.#: 10828028)
and 4ng/ml recombinant bFGF (ProSpec, cat.#: CYT-218) on Matrigel coated plates. Prostate
cancer cells LNCaP, PC3, 22RV1 and VCaP were purchased from American Type Culture
Collection (ATCC) and cultured as recommended by ATCC. Cells from the company were
expanded through approximately 4 to 5 passages and frozen down as stock vials. Stock vials were

thawed and cells were passaged approximately 2 to 4 times to complete this study.

4.3.2.b. Sphere formation assay

HPET or HuSLC cells were trypsinized using Trypsin-EDTA Solution (ThermoFisher Scientific,
cat.#:25200056), centrifuged for 5 minutes at 300 x g and the cell pellet resuspended in defined
ESC medium (described above). Cells were seeded at 2,500 cells/ml in 6-well ultra-low attachment
plates (FisherScientific, Corning™ Costar™ 3471, cat.#: 07-200-601) and cultured for 10 days.
Wells were photographed using phase contrast and total number of spheres/well were counted

using NIH Imagel software.
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4.3.2.c. Proliferation Assay

Cells were plated at 5x103 cells/well using 24 well plates and either transfected with control
plasmid or pPSVAROo to induce exogenous AR protein expression or treated with MG132 to induce
endogenous AR, and treated with/without 10-8 M dihydrotestosterone (DHT) with/without 10-5
M hydroxyflutamide (OHF) or vehicle control (95% ethanol) as indicated in each assay. Cell
numbers were determined using the Trypan Blue Viability assay (ThermoScientific, HyClone™

Trypan Blue Solution, 0.4%, cat.# SV3008401).

4.3.2.d. Western Blot Analysis

Cells were harvested using RIP A buffer (Invitrogen Inc., cat.#: R0278) with 1% protease inhibitor
cocktail (FisherScientific, cOmplete™ Protease Inhibitor Cocktail tablets/Roche, cat#
NC0939492) and phosphatase imhibitor cocktail (FisherScientific, EMD Millipore™
Calbiochem™ Phosphatase Inhibitor Cocktail Set I, cat.# 53-913-110VL). Lysates were
centrifuged at4°C for 10 min at 14,000 % g; 50 pg protein from each supernatant was subjected to
10% SDS-PAGE, transferred to PVDF membrane and blocked and probed with primary antibody
overnight at 4°C. Peroxidase-conjugated secondary antibody was added at a 1:4500 dilution and
blots were developed using the Enhanced Chemiluminescence (ECL) kit (Pierce™/ThermoFisher

Scientific™, cat.#:32132).
4.3.2.e. Immunoprecipitation

Cells were lysed in 300 pL of cold lysis buffer [1% Triton X-100, 150 mmol/LL NaCl, 10 mmol/L
NaHPO4 (pH 7.2), 5 mmol/L NaF, 2 mmol/LL EDTA, 1x HALTTM protease inhibitor cocktail

(ThermoFisher Scientific, cat.#: 78440)] at 40C in a cold room. Lysates were cleared by
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centrifugation and immunoprecipitation was performed by incubating 500 pg total protein with 10
pug rabbit anti-AR antibody or 5 pg mouse anti-hemagglutinin  (HA) antibody (Santa Cruz
Biotechnology, cat # sc-816 and cat.# sc-805 respectively) overnight at 4°C. ImmunoPure
Immobilized Protein G beads (Pierce Biotechnology, cat.#:44667) were used to pull down protein
complexes. The immunoprecipitates were washed in Ix phosphate buffed saline (PBS),

resuspended in 1x Laemmli buffer and subjected to Western blot analysis.
4.3.2.1. Luciferase Assay

Cells were transfected with the ARR2PB-luc reporter [20] and Renilla luciferase vectors
(Promega, cat.#: E2231) and either treated with increasing concentrations of MG132 (to induce
endogenous AR) or co-transfected with increasing concentrations of pSVARo (to induce
exogenous AR). Twenty-four hours post AR mduction, cells were treated with vehicle control
(ethanol) or DHT (10-8 M) with/without OHF (10-5 M) for 24 h, as described previously [21].
Cells were lysed and luciferase activity was determined using the Promega Dual-Luciferase®
Reporter Assay System kit and protocol (Promega, cat.#: E1910) according to the manufacturer’s
protocol. Cell lysate protein concentrations were determined using the Protein BCA Assay kit

(Pierce™/ThermoFisher Scientific™, cat.#:23225).
4.3.2.g. Total RNA Extraction, Purification, and cDNA Synthesis

Total RNA was extracted from HPET and HuSLCs wusing TRIzol reagent
(InvitrogenTM/ThermoFisher  Scientific™, cat.#: 15596018) following the manufacturer's
protocol. Total RNA concentrations (260/280 nm) were determined using the NanoDrop system
(NanoDrop Technologies Inc., Wilmington, DE). RNAs were treated with DNase I (Invitrogen

Inc., cat.#: AM2222) to remove any traces of DNA contamination and cDNAs were synthesized
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from 1 pg of RNA per sample using the Fermentas Revertaid kit (FermentasTM/ThermoFisher

Scientific™, cat.#: K1621), according to the manufacturers’ protocols.
4.3.2.h. Quantitative Polymerase Chain Reaction and Data Analysis

Primers used in this study are listed in Supplementary Tables S2 and S3. One (1) pg of synthesized
cDNA was added to 1uM random-specific primers (synthesized by IDT Inc.), and 12.5 pl of 2x
Power SYBR® Green PCR Master Mix (Applied BiosystemsTM/ThermoFisher Scientific™,
cat.#: 4309155) to a final volume of 25 pl. PCR amplification was performed using an Applied
Biosystems 7300 Real-Time PCR System [one cycle at 50°C for 2 min, one cycle of 95°C for 10
min, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C]. The dissociation curve was
completed with one cycle of 1 min at 95°C, 30 sec of 55°C, and 30 sec of 95°C. Non-reverse

transcription control and no template control were included in the PCR program for quality control.

4.3.2.i. Quantification And Statistical Analysis

GraphPad Prism v4.0 was used for all statistical analyses. Statistical parameters, including the
types of tests, number of samples (n), descriptive statistics and p values are reported in the figure

legends.
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4.4 Results

4.4.a. Inhibition of the proteasome induces AR expression in CSC-like PCa

cells.

Previously, we reported that HPET cells recapitulated the AR(-) phenotype reported for CSCs [2]
(Figure 1A) and similarly, the HuSLC line also expressed AR mRNA but not AR protein (Figure
IB). To determine whether AR protein was constitutively being degraded, HPET and HuSLCs
were transfected with increasing concentrations of pSVARo, which expresses human full-
length/wt AR at low concentrations (< 4 pg) [23]. Unexpectedly, 30 ug pSVARo were required
for detectable AR protein expression in HPETs (Figure 1A; p<0.0001). Moreover, addition of
(DHT, 10-8 M) appeared to stabilize AR protein levels. Similarly, 40 pg pSVARo were required
to induce detectable AR protein in HuSLCs (Figure 1B; p<0.0001), suggesting that at lower

pSVARo concentrations, AR protein was actively being degraded.
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Figure 1. AR expression in CSC-like PCa cells is modulated by the proteasome.

(A, B) AR expression and transcriptional activity are only induced following transfection with high
concentrations of pSVAR, plasmid. HPET cells (A) and HuSLCs (B) were transfected with increasing
concentrations of pSVAR, plasmid (expressing full-length, wt human AR). AR protein levels were
analyzed by Western blot and semi-quantified by Densitometry. Cells were transfected with ARR,PB-
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luc (24,49) and Renilla luciferase reporter genes. Luciferase activity was determined using the Promega
Dual-Luciferase® Reporter Assay System kit and protocol (Promega, cat.#: E1910).(C, D) Proteasomal
inhibition initiates AR expressionand transcriptional activity. HPET cells (C) and HuSLCs (D) were
treated with increasing concentrations of MG132 with/without addition of 10®* M DHT and dual
luciferase activity was determined as above. Abbreviations: wt, wild type; DHT, dihydrotestosterone.
Data are expressed as mean = SEM; n=4. * p<0.01; ** p<0.001; *** p<0.0001.

To determine whether AR protein levels were down-regulated by proteasomal degradation,
HPET cells (Figure 1C) and HuSLCs (Figure 1D) were treated with increasing concentrations of
the proteasome inhibitor MGI132. In HPET cells, endogenous full-length AR protein was already
detected at the lowest concentration of MG132 (1 uM) tested. Similarly, AR protein was induced
in HuSLCs following MGI132 treatment (20 uM). Furthermore, treatment with other proteasome
inhibitors, MGI115 and Epoxomicine, confirmed these observations (Supplementary Figure S1).
In transfection assays using the androgen-regulated probasin promoter linked to the luciferase
reporter gene (ARR2PB-luc) (24), AR-mediated transcription was only induced when exogenous

(Figure 1A, 1B) or endogenous (Figure 1C, 1D) AR protein was expressed.

The E3 ligase MDM2 is reported to regulate AR levels in PCa cells [7]. Therefore, MDM?2
expression was analyzed in HuSLC and HPET cells and compared to two standard PCa cell lines,
LNCaP (where MDM2 modulates AR levels in a temporal manner to regulate AR-mediated
transcription) and DU-145 (which do not express AR). Both HuSLC and HPET cells expressed
higher levels of MDM2 (2.16- and 1.74-fold respectively) as compared to LNCaP and DU-145
cells (Supplementary Figure S2). Furthermore, MDM?2 levels were highest in HuSLCs, implying
that AR degradation in HuSLCs was greater than in HPET cells. This is supported by the findings
that more AR plasmid and higher amounts of proteasome mhibitor were required to induce HuSLC
AR expression. Taken together, these observations support an active role for the proteasome in

conserving the AR(-) CSC signature.
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4.4.b. HPET and HuSLCs express full-length AR but not AR-Vs

Published primer sets spanning the genomic region from which AR-Vs are transcribed were used
to determine whether HPET cells and HuSLCs expressed AR-V transcripts [25,26]. A universal
forward primer, P1/P2/P3 (F), located mn AR exon 2 was paired with one of three reverse primers
(P1R, P2R, and P3R) located within in each variant exon (as outlined in Supplementary Table
S2). This approach provided coverage for the known AR variants. 22Rvl and VCaP cell lines

served as positive controls.

Both HPET cells and HuSLCs expressed full-length AR transcript (AR-fl) (Figure 2A),
however, they did not express any of the other recognized AR-V transcripts (Figure 2,
Supplementary Figure S3). We then determined whether androgen-mediated activity was
required for induction of AR-V expression. AR-V1and AR-V7 transcripts were not detected under
any conditions tested (Figure 2B and 2C). In contrast, full-length AR mRNA was expressed at
similar levels regardless of treatment with vehicle or dihydrotestosterone (DHT) with/without
OHF (Figure 2A). Western blot analysis using an AR antibody towards the N-terminal (which
recognizes AR-fl and AR-Vs) determined that HPET cells and HuSLCs expressed full-length 110
kDa endogenous AR following MG132 treatment, however an 80 kDa band corresponding to AR-
Vs [27] was not detected in either cell line under any condition tested (Supple mentary Figure
S4). Several bands at lower molecular weights (<68 kDa) were observed in HPET cells, however
they did not correspond to any known AR-Vs. Since these bands were already present prior to
induction of AR expression, they may represent degraded/non-functional AR or non-specific
antibody interactions. In summary, CSC-like HPET cells and HuSLCs did not express AR-Vs, but

instead, conserved expression of full length AR.
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Figure 2. CSC-like HPET cells and HuSLCs express full-length AR, but not AR-Vs.

(A) RT-qPCR analysis of endogenous HPET and HuSLC AR-fl following treatment with DHT
with/without OHF. HPET cells (upper panel) were treated with 2 uM MG132 to induce endogenous
AR, or 30 pg pSVAR, to express exogenous AR-fl, and treated with 10-* M DHT with/without 10° M
OHF. Vehicle control, 95% ethanol. HuSLCs (lower panel) were treated with 20 pM MG132 to induce
endogenous AR, or 40 pg pSVAR, to express exogenous AR-fl, and treated with 10®* M DHT
with/without 10> M OHF. Vehicle control, 95% ethanol. VCaP and 22RV1 cells lines served as control
PCa cell lines for AR-fl, AR-V1 and AR-V7 expression. Primer sets used to characterize AR-V
expression are listed in Supplementary Table S2. Only data for AR-fl, AR-V1 and AR-V7 are shown
since HPET and HuSLCs did not express any of the other AR-Vs tested (data not shown).

(B-C) RT-qPCR analysis of endogenous AR-V1 and AR-V7 following treatment with DHT
with/without OHF. HPET cells (upper panel) and HuSLCs (lower panel) were treated as in (A). In both
HPET and HuSLCs, AR-V1 and AR-V7 expression was not observed under any conditions tested.
Abbreviations: fl, full-length; V, Variant; DHT, dihydrotestosterone; OHF, hydroxyflutamide. Data are
expressed as mean = SEM; n=4.
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4.4.c. An AR(-) phenotype is essential for prostate CSC self-renewal and
proliferation

A standard sphere formation assay was performed to determine whether AR signaling mhibited
CSC stemness. HPET cells (Figure 3A) and HuSLCs (Figure 3B) were treated with MG132
with/without DHT to induce AR protein expression and activate AR-mediated signaling. Sphere
formation was absent upon AR expression, and remained unaltered by DHT treatment. In contrast,
sphere formation was rescued by addition of OHF. Similarly, exogenous expression of pPSVAR,
inhibited sphere formation; and this could be rescued by OHF treatment (Figure 3C, 3D).
Furthermore, induction of AR dramatically decreased cell proliferation within 48 h, and addition
of DHT decreased cell proliferation even further down to baseline levels. In contrast, OHF-

mediated mhibition of AR activity restored cell proliferation (Figure 3C, 3D).
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Figure 3. Induction of AR protein down-regulates sphere formation and cell proliferation.

(A) Top panel, sphere formation assay (2). HPET cells were treated with 2 pM MG132 to induce
endogenous AR and 10-*M DHT with/without 10-°M OHF to increase or inhibit AR activity respectively.
Vehicle control, 95% ethanol. Phase contrast images, 20x. Bottom left panel, quantification of the
number of spheres/well. Bottom right panel, proliferation assay (19). HPET cells were treated as
described in the top panel and total cell numbers/well were determined using the Trypan Blue Viability
assay. AR expression inhibited sphere formation and cell proliferation which could be rescued by
treatment with OHF. (B). Assays in HuSLCs were performed as described in (A) with HiSLCs being
treated with 20 pM MG132 to induce endogenous AR. (C) Assays in HPET cells were performed as
described in (A) with the modification that AR was exogenously expressed following transfection wih
30 ug pSVAR, plasmid. (D) Assay in HuSLCs cells were performed as described in (A) following
transfection with 40 ug pSVAR, plasmid. Data are expressed as mean + SEM; n = 4. ** p<0.001; ***,
p<0.0001.
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Collectively, these observations infer that an AR(-) phenotype is essential for prostate CSC
self-renewal and proliferation. Moreover, treatment with OHF alone is sufficient to significantly
promote sphere formation. Therefore, absence of AR protein and the potential of antiandrogens to
exert as yet undiscovered AR-independent effects on stimulating prostate CSC self-renewal and
proliferation could facilitate the emergence of therapeutic resistance.

4.4.d. Induction of AR down-regulates stem/progenitor characteristics and
promotes luminal epithelial cell fate

HPET and HuSLCs express numerous stem/progenitor cell markers, including the transcription
factors Oct-4, Nanog, and Sox2 which regulate pluripotency and self-renewal in human and mouse
embryonic stem cells [2]. They also express the progenitor cell markers Nestin and CD44 (2). To
determine whether AR restricted their expression, cells were treated with MGI132. As seen in
Figure 4A, induction of endogenous AR decreased Oct-4, Nanog, Sox2, Nestin, and CD44
expression following DHT treatment (p<0.05). In contrast, nhibition of AR signaling by OHF
restored their expression. Transfection of HPET and HuSLCs with pSVARo confirmed these
observations (Figure 5A). Moreover, in both MG132-treated and pSV ARo-transfected cells, OHF
alone could up-regulate these factors with Oct4, Nanog, and Nestin increasing >2-fold (p<0.05) as
compared to the vehicle control group, suggesting that antiandrogens might exert, as yet, unknown

AR-independent actives that support CSC expansion.
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Figure 4. MG132 treatment down-regulates expression of stem cell-associated markers and
promotes luminal epithelial cell fate.

(A) HPET cells and HuSLCs were treated with 2 pM and 20 uM MG132 respectively and expression of
the stem cell factors Oct4, Nanog, Sox2, Nestin and CD44 were determined by RT-qPCR. (B) Cells
were treated with 2 uM and 20 uM MG132 respectively and expression of prostate luminal epithelial
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cells factors PSA, PAP, Nkx3.1, TMPRSS2 and FGF5 were determined by RT-qPCR. (C) Cells were
treated with 2 uM and 20 uM MG132 respectively and expression of p63 and ChrA were determined by
RT-gPCR. Primer sets to characterize expression of all of these factors are listed in Supplementary Tabke
S3. Data are expressed as mean = SEM; n=4. * p<0.01; ** p<0.001; *** p<0.0001.
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Figure 5. Induction of exogenous AR down-regulates expression of stem cell-associated markers
and promotes luminal epithelial cell fate.

(A) HPET cells and HuSLCs were transfected with 30 ug and 40 pug of pSVAR, respectively and treated
without/with DHT without/with OHF as indicated. Expression of the stem cell factors Oct4, Nanog,
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Sox2, Nestin and CD44 were determined by RT-qPCR. (B) Cells were transfected and treated as in (A)
and expression of prostate luminal epithelial cells factors PSA, PAP, Nkx3.1, TMPRSS2 and FGF5 were
determined by RT-qPCR. (C) Cells were transfected and treated as in (A) and expression of p63 and
ChrA were determined by RT-qPCR. Primer sets to characterize expression of all of these factors are
listed in Supplementary Table S3. Data are expressed as mean = SEM; n=4. *, p<0.01; **, p<0.001; ***,
p<0.0001.

These observations provide evidence that CSC-like cells lose stemness characteristics upon
expression of AR. Since prostatic glandular epithelium consists of luminal secretory, basal, and
neuroendocrine epithelial cells [2], we questioned whether loss of these factors would initiate
epithelial cell specification. Indeed, androgen-regulated genes associated with luminal epithelial
cell fate, including PSA and PAP (p<0.001) and Nkx3.1, TMPRSS2, and FGF5 (p<0.05) were
induced upon activation of endogenous AR (Figure 4B) or pSVARo (Figure 5B) following
treatment with DHT. Furthermore, expression of these luminal cell markers was inhibited by
treatment with OHF. Similarly, the AR target genes HES1 and HEY 1 were also induced following
induction of AR expression (Supplementary Figure S5). In contrast, neither endogenous AR
(Figure 4C) nor pSVARo (Figure 5C) induced expression of p63, a common basal epithelial cell
marker, or Chromogranin A, typically expressed by prostate neuroendocrine cells, under any

condition tested. Thus, AR appears to selectively promote luminal secretory cell fate.

4.4.e. Poly-ubiquitination regulates the dynamic turnover of AR protein

Several studies report that the UPS modulates transcription factor levels to regulate stem cell and
CSC mamtenance and differentiation [28-30]. To determine whether poly-ubiquitination regulates
AR protein levels, HPET cells were transfected with 30 ug pSVAROo and increasing concentrations
of the wild-type ubiquitin expression vector pRKS5-HA-Ubiquitin-WT (HA-UbWt; Figure 6A1).
Exogenous AR was degraded in a dose-dependent manner with complete degradation occurring at

50 ug HA-UbWt. In a similar manner, 20 ug HA-UbWt was capable of degrading endogenous AR

99



protein induced with MG132 treatment (Figure 6Aii). Cells were then transfected with a mutant
ubiquitin plasmid pRK5-HA-Ubiquitin-KO (HA-UbKO) that is incapable of adding ubiquitin
molecules onto its target protein to determine if inhibition of AR poly-ubiquitination prevented
AR degradation. Endogenous AR protein was strongly expressed following transfection with HA-
UbKO (Figure 6Aii). Collectively, these observations imply that the dynamic turnover of AR

protein in prostate CSC-like cells is regulated by poly-ubiquitination.
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Figure 6. The E3 ligase MDM2 selectively degrades AR in prostate CSCs.

(A) HPET cells were transfected with either 30 ug pSVAR, (i) or treated with 2 uM MG132 (ii) and
transfected with increasing concentrations of the wild-type ubiquitin expression vector pRKS5-HA-
Ubiquitin-WT (HA-UbWt) to determine whether poly-ubiquitination regulated AR protein levels. In
addition, HPET cells were transfected with increasing concentrations of a mutant ubiquitin plasmid
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pRKS5-HA-Ubiquitin-KO (HA-UbKO, iii) which is incapable of adding ubiquitin molecules onto its
target protein, to demonstrate that inhibiting AR poly-ubiquitination would prevent AR degradation.
(B) HPET cells were transfected with increasing concentrations of shMDM?2, shNEDD4, shMarchVII or
shWWP2 plasmid and protein expression was analyzed by Western blot analysis. (C) Cells were co-
transfected with 20 pg of shMDM2, 10 pg of shNEDDA4, 2 pug of shMarchVII or 1ug of sk WWP2 plasmid
and the ARR,PB-/uc and Renilla luciferase reporter gene constructs. Luciferase activity was determined.
Positive controls, cells transfected with 30 ng pSVAR, or treated with 2 uM MG132. NT, non-targeting
shRNA control. (D) IP analysis was performed to determine whether MDM2 directly binds to AR. Cells
were transfected with 20 pg non-targeting shNT control plasmid, 20 pg HA-UbWt, or 20 ng HA-UbKO
and treated with 2 uM MGI32 as indicated. Antibodies for Western blot analysis are listed in
Supplementary Table S1. Data are expressed as mean = SEM; n=4.

4.4.f. MDM2 E3 ligase selectively degrades AR in prostate CSCs

The final step in the ubiquitination cascade is carried out by E3 ligases [31]. Several E3 ligases,
mncluding MDM2 and NEDDA4, are reported to regulate AR and/or AR-V protemn levels in non-
CSC, AR(+) PCacells which comprise the bulk of prostate tumor cells and in AR(+) PCacell lines
derived from metastatic lesions. Whether MDM2 and/or NEDD4 degrade AR in prostate CSCs is
unknown. Therefore, HPET cells were transfected with pSVAR, and increasing concentrations of
shMDM?2 plasmid to determine the level of MDM2 knock-down and whether AR protein would
be induced. As shown i Figure 6B, MDM?2 levels decreased in parallel with increasing
concentrations of shMDM2; and AR expression was greatest when MDM2 protein was barely
detectable. AR-mediated transcription was confirmed using the ARR,PB-/uc assay (Figure 6C).
In contrast, NEDD4 knockdown to undetectable levels did not induce AR protein, implying that it

did not play a role in modulating AR levels in CSC-like cells.

Other E3 ligases not currently known to regulate AR protein include MarchVII, associated
with adult stem cells [32], and WWP2, reported to regulate embryonic stem cell factors, e.g., Oct4
[33] and Sox2 [34]. Transfecting HPET cells with shMarchVII and shWWP2 in a dose-dependent

manner determined that loss of MarchVII and WWP2 expression did not induce AR protein
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expression under any concentrations of shRNA tested (Figure 6B). Thus, MDM2 appears to

selectively degrade AR in CSCs.

Immunoprecipitation (IP) analysis was performed to determine whether MDM2 directly
binds AR (Figure 6D). When AR(-) HPET cells were transfected with HA-UbWt alone (lane 4),
AR was not observed in the IP:AR fraction and MDM2 was absent in the IP:HA fraction,
suggesting that AR expression was required for the formation of an AR/HA-UbWt/MDM2 binding
complex. Once endogenous AR was expressed following MG132 treatment, both AR and MDM?2
were observed following IP (lane 5), indicating that AR was necessary for AR/HA-UbWt/MDM2
complex formation. Similarly, an AR/HA-UbWt/MDM2 complex was observed in cells where
expression of mutant HA-UbKO mhibited the degradation of endogenous AR (lane 6), confirming
that AR could form a complex with ubiquitin and MDM2.

4.4.g. MDM2 knockdown inhibits CSC self-renewal and cell proliferation and
promotes luminal epithelial cell differentiation

To determine the effects of MDM?2 knockdown on CSC stemness, HPET cells were transfected
with ssMDM2 to prevent AR degradation. Knockdown of MDM?2 alone was sufficient to abolish
sphere formation and treatment with DHT did not alter these effects (Figure 7A, 7B). Agan,
sphere formation was rescued by addition of OHF. In addition, MDM2 knockdown alone
decreasedcell proliferation (p<0.05), addition of DHT inhibited cell proliferation even further, and
proliferation was rescued with OHF treatment (Figure 7C). Furthermore, MDM2 knockdown
decreased Oct-4 and potentially Nanog expression, and treatment with OHF alone increased their
expression significantly (Figure 7D). In parallel, expression of luminal epithelial cell-specific

genes, PSA, PAP,Nkx3.1, and TMPRSS2, increased with DHT treatment and decreased to basal
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levels with addition of OHF, while FGF5 expression was regulated in a similar manner, it did not

reach statistical significance (Figure 7E).
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Figure 7. MDM2 maintains stemness in human prostate CSC-like cells. (A) Sphere formation assay.
HPET cells were transfected with 20 pg of shMDM2 plasmid and treated with 10-*M DHT with/without
10-°M OHF to increase or inhibit AR activity respectively. Control group, transfected with 20 pg of non-
targeting ShNT control plasmid and treated with vehicle control (95% ethanol). Phase contrast images,
20x. (B) Quantification of the number of spheres/well in (A).
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(C) Proliferation assay (19). HPET cells were transfected with 20 pg of shMDM?2 plasmid and treated
with 10-*M DHT with/without 10-°M OHF treated as indicated. Total cell numbers/well were determined
using the Trypan Blue Viability assay. (D) HPET cells were transfected with 20 ug of shMDM2 and
expression of the stem cell factors were determined by RT-qPCR. (E) HPET cells were transfected with
20 pg of shMDM?2 and expression of prostate luminal epithelial cells factors were determined by RT-
gPCR. Data are expressed as mean = SEM; n = 4. (F) Schematic representation of MDM2-mediated
regulation of AR expression in modulating self-renewal and epithelial cell specification. Details are
provided in the main text.

These observations primarily recapitulated those observed m HPET and HuSLCs
expressing AR following treatment with MG132 or transfection with pSVAR,. However, one
difference was that not all of the stem cell factors decreased in response to DHT treatment (Figure
7D), suggesting that MDM2 may exert specificity in maintaining the steady-state expression of
select stem/progenitor cell proteins. Whether MDM?2-mediated degradation of AR involves p53 is
unclear. HPET cells do not express p53 while HuSLCs express p53, suggesting that p53 activity

is not essential for degrading AR (Supple mentary Figure S6).
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4.5 Discussion

Mechanisms that prevent AR expression in normal prostate stem cells and prostate CSCs remain
largely unknown. Our study provides the first evidence that in stem-like AR(-) CSCs isolated from
PCa biopsies, MDM2 promotes the constant degradation of AR protein, thereby maintaining
prostate CSC pluripotency and inhibiting epithelial cell lineage specification (summarized in
Figure 7F). The AR(-) signature also facilitates CSC proliferation and expansion, while induction
of AR via MDM2 down-regulation selectively induces a luminal epithelial cell phenotype and loss

of cell growth.

Most studies on prostate CSCs and AR have been performed in side-fractions of CSC-like cells
isolated from LNCaP, LNCaP derivative, and LAPC9 cell lines [35,36]. Both AR mRNA and AR
protein are down-regulated In LNCaP and LAPC9-derived PSA-/lo cells [6]. In the CAstration-
Resistant Nkx3.1-expressing cells (CARNs) mouse model, CARNs expressed AR; however
genetic deletion of AR did not alter their luminal progenitor/stem cell properties [37]. Only the
rate of proliferation during prostate regeneration was reduced [37]. Taken together, these
observations imply that AR is not required for prostate CSC or normal prostate progenitor/stem

cell function.

Our study supports the role of MDM2 in blocking AR protein expression and proposes that
MDM2 exerts fundamentally different functions in AR(-) prostate CSCs as compared to non-CSC,
AR(+) PCa cells which comprise the bulk of prostate tumor cells (summarized in Supplementary
Table S4). In AR(-) prostate CSCs, MDM2 continuously degrades AR to maintain an AR(-)
phenotype, self-renewal, and proliferative potential. MDM?2 is also reported to promote stemness

properties in other tissue-derived stemcells, e.g.,in generating induced pluripotent stem cells from
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p53-deficint murine embryonic fibroblasts (MEFs) (38) and suppressing differentiation of human
mesenchymal stem cells into osteoblasts; whereas MDM2 knockdown increases osteoblast
differentiation [38]. In a similar manner, MDM2 knockdown in HPET and HuSLCs induced
terminal differentiation to a luminal epithelial phenotype. However in non-CSC AR(+) PCa cells,
it is well-documented that MDM2 temporally modulates AR protein levels to attenuate AR-
mediated transcription during normal cellular function and to regulate cell cycle progression while
retaining basal levels of AR expression [7]. Inhibition of MDM2 expression in LNCaP and
androgen-resistant LNCaP (LNCaP-Res) cell lines down-regulates AR protein levels and
decreases AR activity, however total AR expression is not lost during this process [39]. Thus, the
mechanism regulating MDM2-mediated knockdown of HPET and HuSLC AR protein to

undetectable levels remains to be elucidated.

Therapeutic resistance remains a persistent challenge in the treatment of PCa.
Consequently, targeting the AR and androgens is still central to the management of advanced PCa
(reviewed in [40]). The recent discovery that PCa cells synthesize steroids de novo has resulted in
considerable interest in drugs that nhibit androgen synthesis [41]. Regrettably, since CSCs do not
appear to require AR, none of the second-generation ADT and antagonist drugs, e.g., abiraterone
and enzalutamide, would theoretically eliminate CSCs from the PCa cell pool. Moreover, our study
suggests that antiandrogen treatment alone paradoxically mcreases CSC self-renewal and cell
proliferation. Ifindeed induction of AR expression causes CSC differentiation into AR(+) luminal
cells, then this could potentially re-sensitize CSCs to ADT and eliminate them along with the bulk
of responsive AR(+) PCa cells. Induction of AR could also promote terminal differentiation and

elimmate CSCs through this mechanism.
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The emergence of therapeutic resistance is also attributed to production of AR-Vs
(11,12,42). AR-Vsare expressedin clinical PCa biopsy specimens and PCa cell lines [13,26] and
their expression is upregulated in metastatic and treatment-resistant disease [11,42]. One of the
most commonly expressed variants is AR-V7. It is considered a valid therapeutic target in the
treatment of CRPC; however the mechanisms by which AR-V7 drives CRPC progression remains
to be elucidated [43]. Our study observed that biopsy-derived CSCs only expressed AR-fl, but not
AR-V, in response to blocking MDM?2 activity. Further studies are required to determine a putative
role of AR-Vsin prostate CSCs. In addition, HPET cells do not express p53 while HuSLCs express
p53, yet AR is continuously degraded and self-renewal and proliferation are maintained in both
CSC-like cell lines, suggesting that p53 activity is not essential for these processes. Thus,
therapeutic approaches that target MDM2-p53 interactions would likely be ineffective in inhibiting
prostate CSC growth. Other reported p53-independent MDM?2 activities include the promotion of
cancer progression through EMT in AR(-) DU-145 cells which express a mutant/non-functional
p53 [44], and clonogenic survival in MCF7, SJSA, and Pancl cell lines (38). This is in contrast to
AR(+)p53(+) cells where targeting MDM2/p53 mteractions inhibit tumor cell growth. The small
molecule inhibitor MI-219 selectively disrupts MDM2/p53 interactions, thereby activating p53
signaling and inducing apoptosis in LNCaP cells in vitro and inhibiting LNCaP xenograft growth
in vivo [45]. Similarly, the MDM2 inhibitor Nutlin-3 activates p53 and inhibits the growth of
SJISA-1 osteosarcoma xenografts by 90% [46]. In CRPC,IncRNA (AR-repressed long noncoding
RNA) is up-regulated and binds AR protein to impair AR-MDM?2 interactions. Consequently, AR
is not ubiquitinated and degraded, resulting in the upregulation of AR transcriptional activity and

increased CRPC cell growth [47].
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Collectively, these studies infer that selectively targeting MDM?2 activity, and not MDM2-
p53 or AR-p53 interactions, could potentially eliminate CSCs more effectively than second
generation ADT or antagonist drugs. Our study suggests that MDM?2 conserves the AR(-) CSC
signature and that this may be a critical step towards stimulating CSC expansion during the
emergence of therapeutic resistance. Furthermore, treatments that promote antiandrogenic
activities may signal CSCs to initiate proliferation and expansion [48]. Thus, selectively blocking
MDM2 expression and/or MDM2-mediated activity in combination with AR/androgen-targeted
treatments may offer a novel strategy for eliminating AR(-) CSCs and the bulk of AR(+) PCa cells
to decrease tumor burden and metastasis, and/or inhibit the emergence of therapeutic resistant

disease.
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Supplementary Table S1. Primary antibody list (related to figures 1-5)

Antibody | Company Product Code IgG species Conjugate Dilution

AR (N20) | SantaCruz sc-816 IgG none 1:200 (WB)
10 ug (IP)

GAPDH Cell Signaling | 2118 IgG none 1:1000

HA Santa Cruz Sc-805 IgG none 1:200 (WB)
5 g (IP)

IeG Cell Signaling | 7074 Rabbit HRP 1:5000 (WB)

MarchVII | Sigma SAB2101435 Rabbit none 1:1000 (WB)

MDM2 Genscript Ab166 IgG none 1:500 (WB)

NEDD4 Cell Signaling | 3607 Rabbit none 1:1000 (WB)

WWP2 Abcam 86544 Rabbit none 1:1000 (WB)
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Supplementary Table S2. Primer sets used to characterize AR-V expression.

Primer Reverse Primer Amplified
Transcript
Sets
Size (bp)
P1F/P1R | Forward 5'- TGT CAC TAT GGA GCT CTC ACA TGT GG-3' AR-VI: 842
Reverse 5'-CAC CTC TCA AAT ATGCTA GAC GAA TCT GT-3' AR-V2: 959
AR-V3: 1126
AR-V4: 1243
P1F/P2R | Forward 5'- TGT CAC TAT GGA GCT CTC ACA TGT GG-3' AR-V5: 888

Reverse 5'-GTA CTCATT CAA GTATCA GAT ATGCGG TAT CAT-3' AR-V6: 968

P1F/P3R | Forward 5'- TGT CACTAT GGA GCT CTC ACA TGT GG-3' AR-VT7: 834
Reverse 5'-CTG TGG ATCAGC TACTACCTT 5- CAGCTC-3'

GAPDH Forward 5'- GAT CAT CAG CAA TGC CTC CT -3' NM _002046:97
Reverse 5'-TGT GGT CAT GAGTCCTTC CA -3'

* Reference for AR-V primers: Hu R, et al., 2009. Ligand-independent Androgen Receptor Variants Derived from Splicing of
Cryptic Exons Signify Hormone Refractory Prostate Cancer, Figure 1. Cancer Res. 69:16-22.
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Supplementary Table S3. Primers to characterize epithelial and stem cell marker expression.

Gene Accession Number Primer Sequence

PSA NMO001648 Forward 5'- GTG CTT GTG GCC TCT CGT -3'
Reverse 5'-AGC AAGATCACGCTITTTGTTC-3'

PAP NM_001099.4 Forward 5'- AACCTC TTT GI'G TCC CTT GGT CCT -3'
Reverse 5-ACG TGG TGC TCT CTT TCC TGA TGT -3'

NKX3.1 NMO006167 Forward 5'- TTC TGC AACTCC ATCCTC CTG TGT -3'
Reverse 5'-TGG TGA CAT CCT CAT CCT GGT TGT -3'

TMPRSS2 | NM001135099 Forward 5'- TGC CAA AGCTTA CAGACCAGG AGT -3'
Reverse 5'-AACGAC GTC AAGGAC GAA GAC CAT-3'

AR NMO000044.4 Forward 5'- GCC CAG TGT CAA GIT GIG CTT GIT -3'
Reverse 5'-AGC TCT CTA AACTTCCCG TGG CAT -3'

Oct4 NM002701 Forward 5'- ATGCAT TCA AACTGA GGT GCC TGC -3'
Reverse 5-AACTTCACC TTC CCT CCA ACCAGT -3'

Nanog NMO024865 Forward 5'- CCC AAA GGC AAA CAA CCCACTTCT -3'
Reverse 5'- AGC TGG GTG GAA GAG AACACA GIT-3'

Nestin NMO006617 Forward 5'- TGG CAA AGG AGC CTA CTC CAA GAA -3'
Reverse 5-ATCGGG ATT CAGCTG ACT TAGCCT -3'

SOX2 NM003106 Forward 5'- CACATGAAGGAG CACCCG GAT TAT-3'
Reverse 5'-GIT CAT GTG CGC GTA ACT GTC CAT -3'

CD133 NMO006017 Forward 5- TACCAA GGA CAA GGC GIT CACAGA -3
Reverse 5'-GTG CAA GCT CTT CAA GGT GCT GIT -3'

GAPDH Fermentas Forward 5'- CAA GGT CAT CCA TGA CAA CTT TG-3'
Reverse 5'-GTC CAC CAC CCT GIT GCT GTA G-3'

p63 NM001114978 Forward 5- TTC GGA CAG TACAAA GAA CGG -3'
Reverse 5'-GCA TTTCATAAGTCT CAC GGC -3'

ChrA NMO001275 Forward 5- ATGTTT TGA GAC ACT CCG AGG -3'
Reverse 5'-GAG TTCATCTTC AAA ACCGCT G -3'

pS3 NMO000546 Forward 5'- GCC ATCTACAAGCAGTCA CAG-3'
Reverse 5'-TCA TCC AAATACTCCACA CGC -3'

112




Supplementary Table S4. Summary comparing CSC-like AR(-) HPET and HuSLCs with a standard
PCa cell line, AR(+) LNCaP cells.

HPET and HuSLC LNCaP
- AR(- -AR(H) (1
ARstatus ( ,) . . ( .) W . .
- required for cell proliferation - required for cell proliferation (1)
. g representative of the bulk of AR(+)
Characteristics stem-like PCa cells (2.3)
. - defined embryonic stemcell medium RPMI 1640 medium with 10% FBS
Culture conditions
- no animal products )

- luminal cell specification

Primary function of AR | - does notinduce basal orneuroendocrinecell | transcription (1)

fate
Androgens notresponsive promotes cell growth (1)
Androgendeprivation | promotes growth inhibits growth (1)

- forms prostatic tumors that show glandular

structures” (5,6)

- 1 —+
Xenografts in vivo - can be graded by Gleason Score (5) forms solid AR(+) tumors (7)

- glands contains AR(+) luminal cells, and -no glandularstructures (7)
AR(-) basaland neuroendocrine cells (5,6)

MDM2 levels high low

- temporally modulates AR levek

- continuously degrades total AR protein during transcription (8)

- cells continue to express baseline AR

protein levels throughout this process
- appears p53-independent ©)

- p53-dependent (10)

MDM2 function - maintains undetectable AR protein levels

-notexpressed in HPET
p53 ) expressed (10)
- expressed in HuSLC

# HPE cells in (6) were subsequently renamed to “HuSLC” upon confirmation of cell line establishment.

Non-referenced information is based on datagenerated in this manuscript.

113


bookmark://_ENREF_1/
bookmark://_ENREF_1/
bookmark://_ENREF_2/
bookmark://_ENREF_3/
bookmark://_ENREF_4/
bookmark://_ENREF_1/
bookmark://_ENREF_1/
bookmark://_ENREF_1/
bookmark://_ENREF_5/
bookmark://_ENREF_6/
bookmark://_ENREF_5/
bookmark://_ENREF_5/
bookmark://_ENREF_6/
bookmark://_ENREF_7/
bookmark://_ENREF_7/
bookmark://_ENREF_8/
bookmark://_ENREF_9/
bookmark://_ENREF_10/
bookmark://_ENREF_10/
bookmark://_ENREF_6/

Supplementary References for Table S4

1. HoroszewiczJS, Leong SS, Kawinski E, Karr JP, Rosenthal H, Chu TM, ef al. LNCaP model of human
prostatic carcinoma. Cancer Res 1983;43:1809-18

2. Sobel RE, Sadar MD. Cell lines used in prostate cancer research: a compendium of old and new lines-
-part 1. J Urol 2005;173:342-59

3. Sobel RE, Sadar MD. Cell lines used in prostate cancer research: a compendium of old and new lines-
-part 2. J Urol 2005;173:360-72

4. Ghosh R, Gu G, Tillman E, Yuan J, Wang Y, Fazli L, et al. Increased expression and differential
phosphorylation of stathmin may promote prostate cancer progression. Prostate 2007;67:1038-52

5. Gu G, Yuan J, Wills M, Kasper S. Prostate cancer cells with stem cell characteristics reconstitute the
original human tumor in vivo. Cancer Res 2007;67:4807-15

6. Williams K, Ghosh R, Vummidi Giridhar P, Gu G, Case T, SM B, et al. Inhibition of Stathminl
Accelerates the Metastatic Process Cancer Res 2012;72:5407-17

7. JinRJ, Wang Y, Masumori N, Ishii K, Tsukamoto T, Shappell SB, ef al. NE-10 neuroendocrine cancer
promotes the LNCaP xenograft growth in castrated mice. Cancer Res 2004;64:5489-95

8. Lin HK, Wang L, Hu YC, Altuwaijri S, Chang C. Phosphorylation-dependent ubiquitylation and
degradation of androgen receptor by Akt require Mdm?2 E3 ligase. Embo J 2002;21:4037-48

9. MuZ, Hachem P, Hensley H, Stoyanova R, Kwon HW, Hanlon AL, et al. Antisense MDM2 enhances
the response of androgen insensitive human prostate cancer cells to androgen deprivation in vitro
and in vivo. Prostate 2008;68:599-609

10. Shangary S, Qin D, McEachern D, Liu M, Miller RS, Qiu S, ef al. Temporal activation of p53 by a
specific MDM2 inhibitor is selectively toxic to tumors and leads to complete tumor growth
inhibition. Proc Natl Acad SciU S A 2008;105:3933-8

114



Supple me ntal Figures

Title: MDM2 Conserves Prostate Cancer Stem Cell Integrity through Constant Degradation
of the Androgen Receptor

Authors: Premkumar Vummidi Giridhar et al.

Corresponding Author: Susan Kasper

SUPPLEMENTARY FIGURES

Supplementary information includes 6 supplementary figures and legends.

115



A AR —_— — e — v 110D

GAPDH 87kD

LS} w

Relative intensity

0 T
control + - - +
MG132M - 2 2 - - - - -
DHT - - + - - + - 4
mMG1sMm- - - - 1 1 2 2 -
LnCaP - - - - - - - - %

AR e | 10kD

CAPDH s et i s e S e ity dir 3710

4

=
23
g
£ 2
2
21
14
0 T T T T T JI; T T T
control + - - - - - - - -
DHT - + - + - + - + -
Epoxomicine yM - - 10 10 20 20 50 50
LnCaP - - - - - - - -+

Supplementary Figure S1. AR protein is induced following treatment with proteasomal
inhibitors.

(A) HPET cells were treated with MG115 (as indicated) with/without 10® M DHT followed by
Western blot analysis. Vehicle control, 0.1% ethanol; MG132, proteasome inhibitor control;
LnCaP cell line, control for endogenous AR expression. AR protein was analyzed by Western blot
analysis and semi-quantitated by densitometry.

(B) HPET cells were treated with Epoxomicine (as indicated) with/without 10® M DHT and AR
expression was analyzed as described in (A).

AR, androgen receptor; DHT, dihydrotestosterone,
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Supple mentary Figure S2. CSC-like HuSLC and HPET cells express higher levels of the E3
ligase, MDM2, as compared to standard PCa cell lines.

Upper panel. Western blot analysis to determine MDM2 levels in stem-like AR(-) HuSLC and
HPET cells compared with AR(+) LNCaP and AR(-) DU-145 cells.

Lower panel. Densitometry analysis.
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Supplementary Figure S3. CSC-like HPET and HuSLCs express AR-fl, but not AR-Vs. AR-
V levels were analyzed using the primer sets outlined i Supplementary Table S2. Primer
concentrations were 0.2 uM per primer pair and cycling conditions (BioRad C1000 Thermal
Cycler) were as follows: Stage 1: 180 seconds at 95 °C; Stage 2 (30x): 30 seconds at 95 °C, 30
seconds at 55 °C, and 60 seconds at 72 °C; and Stage 3: 300 seconds at 72 °C. AR variants and
GAPDH were visualized by loading 10 pl of the PCR reaction on a 2% agarose gel containing
ethidum bromide at a concentration of 0.5 pug/ml and approximate molecular weights were
estimated using a 100 bp ladder (Promega, G695A).
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Supple me ntary Figure S4. CSC-like HPET and HuSLCs express AR-fl, but not AR-Vs.

(A) HPET cells were treated with increasing concentrations of MG132 (0 — 20 uM as indicated)
with/without addition of 108 M DHT. Western blot analysis for AR-fl and AR-Vs was performed
using anti AR (N20) antibody which binds atthe N-terminal of AR and therefore recognizes both
AR-fl and AR-Vs.

(B) HuSLCs were treated with increasing concentrations of MGI132 with/without addition of
108 M DHT and analyzed as in (A).

AR-f], full-length androgen receptor; Vs, variants
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Supple mentary Figure S5. Induction of AR promotes expression of AR target genes HES]
and HEY1.

(A) HPET cells and HuSLCs were treated with 2 pM and 20 M MGI132 respectively and
expression of the androgen-regulated genes HES! (upper panel) and HEY!I (lower panel) were
determined by RT-qPCR.

(B) HPET cells and HuSLCs were transfected with 30 pg and 40 pg of pSVAR, respectively and
treated with/without 10 M DHT with/without 103 M OHF as indicated. Expression of HESI
(upper panel) and HEY! (lower panel) were determined by RT-qPCR. Data are expressed as mean
+ SEM; n=4. ** p<0.01; *** p<0.001; **** p<0.0001.
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Supple mentary Figure S6. Expression of p53 is heterogeneous in prostate CSCs. HPET cells
do not express p53 while HuSLCs express p53 levels similar to that observed in LNCaP cells.
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Chapter 5

CRISPR/Cas9 - Advantages and Challenges
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5.1. Abstract

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 technology has
provided researchers with a novel tool in genomic engineering to knock out genes via targeted
nicks in the DNA sequence leading to non-homologous end joining (NHEJ) repair, however, it
was hypothesized that the introduction of a double-stranded template DNA could allow for the
damaged DNA to be repaired by homologous recombination (HDR). To create stable cell lines
that expressed S-to-A and S-to-E substitution mutations in the four STMNI regulatory serines,
S16, S25, S38 and S63, we partnered with Invitrogen to design the guide RNAs (gRNAs) to target
our sites of interest, and the double-stranded DNA templates that would be utiized in HDR to
create our mutant cell lines. Regrettably, the strategy did not successfully generate stable cell lines
expressing the mutant STMN1 proteins. Possible limitations in the execution included: 1) The
technology to generate substitution mutations was i its infancy, and therefore the experimental
strategy was not fully developed at the time. 2) Although it was discussed extensively,
incorporating a tag or reporter gene was very difficult, and was therefore not included. A reporter
would have helped identify cells that had been successfully mutated. CRISPR/Cas9 technology
has improved considerably and generating substitution mutations can now be made with a much

higher rate of efficiency.
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5.2. Introduction

CRISPR technology is a bacterial defense strategy that was originally discovered and characterized
by Francisco Mojica between 1999-2005 [1]. A series of repeats in bacteria align with specific
viral DNA sequences, and when this specific virus invades a bacterium, the bacterium produces
RNA that recognizes and binds to the viral DNA to break it down before it can destroy the
bacterum. In addition to CRISPR, the Cas9 enzyme was discovered to be critically important in
the destruction of foreign DNA by causing nicks and breaks in the DNA strands [2]. Upon
discovery and further research mnto the biology behind this defense mechanism, CRISPR/Cas9
began to be engineered as a tool for locating specific genes or segments of DNA and targeting
them for degradation. This allowed researchers to knock out specific genes-of-interest in a way
that the cell would be less likely to repair it to full function. These knockouts did not involve
mtroducing foreign plasmid DNA to generate silencing RNA to destroy mRNA of specific genes
and was generally thought to be a more efficient method for creating knockout cell lines that would

also carry the knockdown on to the next lineage.

As the use of CRISPR to create knockout cell lines was being established, some researchers
began to turn CRISPR as a means of attempting to create substitution mutations [3]. In addition to
the CRISPR scaffold, the guide RNA (gRNA), and the Cas9 enzyme needed to generate
knockdown cells, double-stranded DNA fragments were designed and introduced along with the
other three elements to create a complex that in theory was supposed to allow for the double
stranded DNA to be incorporated at the site of DNA damage created by the Cas9 after it was

brought to the correct site by the scaffold/gRNA.

124



Previously, our laboratory had published that knockdown of total STMNI resulted in a
decrease in cell proliferation following induction of EMT [4]. These findings, along with
previously published work that inferred the activity of the STMNI regulatory serines, led to the
development of this project, which was to investigate the specific roles that S16, S25, S38, and
S63 play in regulating cell proliferation and promoting EMT. To accomplish this, a key strategy
of the project was to mutate the individual serine residues, and combinations of serine residues,
and study their individual or combined impact on these cellular processes. While the generation of
mutant protein could be toxic to the cells, there are a considerable number of publications that have
utilized these specific mutations in transfection assays, demonstrating that these substitution
mutations were not lethal to the cells [5-8]. Utilizing what we knew at the time of CRISPR/Cas9,
we and Invitrogen then moved forward with plans to use the new tool to generate our substitution

mutation cell lines.

Target DNA

NHEJ repair/ \HR repair

DSB DSB
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Figure 1 taken from Ding et al 2016, to outline how CRISPR/Cas9 creates DNA
damage, and the two primary processes of repair being NHEJ and HDR.
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5.3 M aterials and Methods

5.3.aSequencing the STMNI1 gene

To ensure an accurate design for gRNAs, genomic DNA was isolated from DU-145 cells and
sequenced to confirm the sequence of the STMNI gene present in the DU-145 cell line. To isolate
the genomic DNA for sequencing, cells were trypsinized, collected in medium, and centrifuged at
500 x g for 5 minutes. The cell pellet was resuspended in 2 mL Phosphate Buffered Saline (PBS)
at room temperature, centrifuged, and the supernatant removed. Cells were resuspended in 100 pL
PBS before 90 uL of 50 mM NaOH was added, and the cell solution was transferred to a PCR
tube, where the sample was heated at 95° C for 10 minutes. Following this, 10 uL of 1 M Tris HCI
pH 7.8 was added to neutralize the reaction before the DNA was quantified via Nanodrop.
Following quantification of the genomic DNA, the STMNI gene was sequenced by the Cincinnati

Children’s Hospital and Medical Center DNA Sequencing Core using primers towards STMNI1.

The sequencing results of the STMNI gene above are annotated as follows: blue text is
indicative of intronic sequence, while the black text indicates the exonic sequence of the STMNI
gene. The bolded black region between the start and stop codons (in red font) represents the region
of interest which codes for the functional STMNI1 protein. The underlined three sequence amino
acids represent the four regulatory serines of interest. The lines separating the codons in the coding
sequence indicate the cut sites that the Cas9 enzyme would be targeting that would create DNA
damage that would be repaired via homology directed repair (HDR) to incorporate our mutant

sequences.
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EXON1 29bp

cctcecgggacaggactacacttcccgaggtgcttc ggggteeccggggeec ggcgetecac ge gggttgtgggggocggoooocggcacgtgccgee
gctcteggecaatgeggagecccgegeggaggteac gtgectetgtttggegcttttgtgegegeeegggtetgttggtectcagAGTGTGGTC

AGGCGGCTCGGACTGAGCAGgtgggtgcggggctcggaggaggcggeggetggetgaggecagcaagagggacgeggtegec
gggaggggctgggccgtggeagegaccccetgetgeagggeggegggeggggetgegggecteggaggggttggtggec gggggtegetecge
tttgtgtetgoctcgggcggagect

EXON 2 75 bp

ggtcatatttcccaatgtttatttagtagattttgataatttttttcgtggttaatttagacgtctttattccacgtatttttctgac gatgtatgtagatgtgatgtgaga
tttttttgggttgatgacatatagaaaggcaaagaaagtgattgcatgtttttgaaaatcattttcagGACTTTCCTTATCCCAGTTGATT
GTGCAGAATACACTGCCTGTCGCTTGTCTTCTATTCACCATGGCTTICTTCTGgtaggtaatctatttgga
aaatctgaaattgtaatgggcttatgattttagattgagatggctcaggtcttcgectttgatttggcacttatgttttggtcttaccaaaac ctattttatgaatagg
agaagaatttaaaaatgattatcacttgaatgtgccgagagctcgtaattgtt

EXON 3 173 bp

aaatacatcttcccctagtgtcagtagactgataggaataaaaaggggaaaaaaaacacaactttcctcatcagecctagtttaatacattaaattgatttggg
ttttagaaaattatagtacagtttattagaacaggagaatcctggttttctgaattataaatataatcaattctagATATCCAGGTGAAAGAA
CTGGAGAAGCGTGC|CTCAGGCCAGGCTTTTGAGCTGATTCTCAG|ICCCTCGGTCAAAA
GAATCTGTTCCAGAATTCCCCCT|TTCCCCTCCAAAGAAGAAGGATCTTTCCCTGGAGG
AAATTCAGAAGAAATTA GAA GCTGCA GAAGAAA GACGCAA Ggtaaacgaagcaattcacagaaagcagg
atattaatttatgtaatgggcagatcaattttatttctataacaggaagaaaacagaattgtagctacactgtgattattacatatgccagtgactggaaggaaat
accagtcctcatttattgaactcctgttacatgcccgetectttgt

EXON 4 192 bp

aatttttgtatttttagtataggtaggatttcaccatgttggeccaggetggtcttgaactectgacctcaaatgatccacccaccttggectecccaaagtgetgg
gattacaggcgtgagecaccacacccagectgaatacattttagagtgectagectattaaacttttttttcca| gl CCCATGAA|GCTGAGGT
CTTGAAGCAGCTGGCTGAGAAACGAGA GCACGAGAAAGAAGTGCTTCAGAAGGCAATA
GAAGAGAACAACAACTTCAGTAAAATGGCAGAA GAGAAACTGACCCACAAAATGGAAG
CTAATAAAGAGAACCGAGAGGCACAAATGGCTGCCAAACTGGAACGTTTGCGA GAGAA
Ggttggtttcttactttgtaaaagggttgagettggagtttgatgcaccaatgagttggettgaactaagtgctttgataaaaggtgtttggtetctttttgtcate
cattttggggcttaacatattaaatgaaaggtatattttaagatggaatattcagtaattcccagcataattge

EXON 5 967 bp

Gggacccaggagatttgatgatgatgtctcagaacttaaattgtgtggttcccacaggetgtaatatatgeactgaggttgtgttggecctetttgaggtegg
ggctgggoote gtgacttgacaggcttttttttttttttttttttttgactgatgacaccttaccettectttacagGATAAGCACATTGAAGAA
GTGCGGAAGAACAAAGAATCCAAAGACCCTGCTGACGAGACTGAAGCTGACTAATTTG
TTCTGAGAACTGACTTTCTCCCCATCCCCTTCCTAAATATCCAAAGACTGTACTGGCCAGTGT
CATTTTATTTTTTCCCTCCTGACAAATATTTTAGAAGCTAATGTAGGACTGTATAGGTAGATC
CAGATCCAGACTGTAAGATGTTGTTTTAGGGGCTAAAGGGGAGAAACTGAAAGTGTTTTACT
CTTTTTCTAAAGTGTTGGTCTTTCTAATGTAGCTATTTTTCTTGTTGCATCTTTTCTACTTCAGT
ACACTTGGTGTACTGGGTTAATGGCTAGTACTGTATTGGCTCTGTGAAAACATATTTGTGAA
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AAGAGTATGTAGTGGCTTCTTTTGAACTGTTAGATGCTGAATATCTGTTCACTTTTCAATCCC
AATTCTGTCCCAATCTTACCAGATGCTACTGGACTTGAATGGTTAATAAAACTGCACAGTGC
TGTTGGTGGCAGTGACTTCTTTTGAGTTAGGTTAATAAATCAAGCCATAGAGCCCCTCCTGGT
TGATACTTGTTCCAGATGGGGCCTTTGGGGCTGGTAGAAATACCCAACGCACAAATGACCGC
ACGTTCTCTGCCCCGTTTCTTGCCCCAGTGTGGTTTGCATTGTCTCCTTCCACAATGACTGCTT
TGTTTGGATGCCTCAGCCCAGGTCAGCTGTTACTTTCTTTCAGATGTTTATTTGCAAACAACC
ATTTTTTGTTCTGTGTCCCTTTTAAAAGGCAGATTAAAAGCACAAGCGTGTTTCTAGAGAACA
GTTGAGAGAGAATCTCAAGATTCTACTTGGTGGTTTGCTTGCTCTACGTTACAGGTGGGGCA
TGTCCTCATCCTTTCCTGCCATAAAAGCTATGACACGAGAATCAGAATATTAATAAAACTTT
ATGTACTGCTGTagcaactcectgtgaaatgactaaagggaaccttaattatttctaaagtagceatttgactcgggtegttaaggttggcagatacg
tcatcttgtatccagaggcetgtaatagtccecattgtcagtgetttgectetcaattcagggaac gectttggeagcetttectgtgctatttgaga

Following sequencing, Invitrogen determined the appropriate cut site locations in the DNA

for the Cas9 enzyme to create DNA damage.

5.3.b. Design of the CRISPR gRNA and dsDNA templates

After the sequencing of the STMN1 gene was completed and the cut sites were determined, next
came the design of the gRNAs to target the specific underlined sequences representing the amino
acids to mutate. Below are the sequences of the gRNAs that the Invitrogen scientists designed to

target each serine site:

Table 1: CRISPR gRNA design

o Distance (bp) from
gRNA CRISPR seq Direction | PAM SNP to cut Length (bp)
S16A gaactggagaagcgtgcctc + AGG | 20
S25A ttgagctgattctcageect + CGG 0 20
S38A ccttcttetttggaggggaa - AGG 1 20
S63A agacctcagcttcatgggac | - TGG 1 20
S16E gaactggagaagcgtgecte | + AGG 1 20
S25E ttgagctgattctcageect + CGG 0 20
S38E ccttcttetttggaggggaa - AGG 0 20
S63E tttccagtcccatgaagetg | + AGG 8 20
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In Table 2, the CRISPR gRNA sequence represents the complementary recognition
sequence that is used to direct the CRISPR machinery to the precise region of the genomic DNA
needed to make the nicks. The direction indicates the 3’ to 5’ annealing direction of the guide to
the region of interest, while the PAM (protospacer adjacent motif) spacer sequence is the essential
3 base pair sequence that the Cas9 recognizes to make a cut. The cut is typically made 3-4 base
pairs upstream of the PAMp; therefore, it is typically beneficial for the PAM sequence to be within
0-3 base pairs from the desired damage site however some exceptions can be made (as was the
case for S63E) [9]. Finally, the length of the gRNAs was recommended to be 20 bp in length,

which was the reasoning for the standardized length seenin Table 2.

Following the design of the guides, the next experimental design aspectto be determimned
was the strategy to generate the combination of mutations. Generating the single amino acid
substitution mutations was straightforward, simply mntroduce the CRISPR/Cas9 scaffold with the
gRNA attached along with the double stranded template that wasneeded to incorporate the desired
change. To generate the combination mutations (S[16,25,38,63]A, S[16,25,38,63]E,
S16A[25,38,63]E, and S16E[25,38,63]A), Invitrogen advised to merely add the corresponding
dsDNA templates and then screen the cells from the reaction to determine which combinations of

mutants were achieved from the reaction itself. The sequences of the guides for each mutation are

listed below.

129



Table 2. CRISPR/Cas9 double-stranded te mplate DNA sequences.

S1 | TEETTTTCTGAATTATAAATATAATCAATTCTAGATATCCAGGTGAAAGAACTGGAG
6A | AAGCGTGCCGCAGGCCAGGCTTTTGAGCTGATTCTCAGCCOZC

S1 | TEETTTTCTGAATTATAAATATAATCAATTCTAGATATCCAGGTGAAAGAACTGGAG
6E | AAGCGTGCCGAAGGCCAGGCTTTTGAGCTGATTCTCAGCCOZC

S2 | TFEATATCCAGGTGAAAGAACTGGAGAAGCGTGCCTCAGGCCAGGCTTTTGAGCTGA
SA | TTCTCGCACCTCGGTCAAAAGAATCTGTTCCAGAATTCCCOOT

S2 | TFEATATCCAGGTGAAAGAACTGGAGAAGCGTGCCTCAGGCCAGGCTTTTGAGCTGA
S5E | TTCTCGAACCTCGGTCAAAAGAATCTGTTCCAGAATTCCCOOT

S3 | TZZCTTCTGCAGCTTCTAATTTCTTCTGAATTTCCTCCAGGGAAAGATCCTTCTTCTTT
8A | GGAGGGGCAAGGGGGAATTCTGGAACAGATTCTTTTGAOOG

S3 | TZZCTTCTGCAGCTTCTAATTTCTTCTGAATTTCCTCCAGGGAAAGATCCTTCTTCTTT
8E | GGAGGTTCAAGGGGGAATTCTGGAACAGATTCTTTTGAOOG

S6 | TOZGAAGCACTTCTTTCTCGTGCTCTCGTTTCTCAGCCAGCTGCTTCAAGACCTCAGC
3A | TTCATGGGCCTGGAAAAAAAAGTTTAATAGGCT AGGCACZOT

S6 | AOFCCCAGCCTGAATACATTTTAGAGTGCCTAGCCTATTAAACTTTTTTTTCCAGGAA
3E | CATGAAGCTGAGGTCTTGAAGCAGCTGGCTGAGAAACGAEFG

5.3.c. Introduction of CRISPR/Cas9 to the cells

After design and production of the gRNAs, the final experimental design step was to determine
the method of transfection. The two main delivery methods that had been utilized in literature were
1) lipid vesicles which would form around the CRISPR/Cas9 machinery and facilitate
transportation through the cell membrane, and 2) electroporation, which utilizes an electric shock
to briefly open the cell membranes to allow for the materials to flow in through osmosis before
closing again with the materials inside the cell. Img of Cas9 enzyme, Smg template DNA,
250ng/pmol gRNA, and 10pL of TrueGuide crRNA were added per each reaction tested. Once the
materials enter, they translocate into the nucleus to find the region of interest in the genomic DNA
via complementary binding to the gRNA, then the Cas9 enzyme creates the nicks in the genomic
DNA, while the double stranded template DNA provides a template for the cell to use to repair the

damaged piece via HDR [10,11].
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The device used for electroporation was the Neon Electroporation System. Invitrogen
scientists developed a protocol to provide optimal conditions for electroporation in a variety of
cell lines. The parameters recommended for the DU-145 cell line were: 1,260 V for the pulse, a 20
ms pulse width, 2 pulses, with a cell density of 5 x 10 cells/mL [12]. Once the recommended
conditions were set, the electroporation took place, and the cells were pipetted into separate wells

of a 24-well plate, and taken back to the incubator to recover from the transfection protocol.
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5.4 Results

Throughout the next several months, the cells that survived the transfection process were cultured,
with the experimental design dictating that single-cell sorting would take place as soon as the
colony was established. Immediately after the electroporation took place, the cells were placed in
24-well plates to recover and grow until they could be grown in 6-well plates. The cells were then
counted to establish concentration and diluted to a density of 10 cells/mL, such that pipetting them
mto a 96-well plate (100 pL/well) should yield 1 cell/well on average. After the cells were given
time to adhere, each plate was screened under the microscope to establish which cells contained 0,
1, or 2+ cells from the sorting. Each well that had 2 or more cells as a result of the sorting were
immediately discounted, and wells that had 0 cells were monitored for further screening, as
sometimes a single cell had been placed in the well but had adhered to the side of the well, and
therefore it would eventually settle on the bottom of the well and would divide and establish its
own colony. In order to correlate a particular phenotype with an identified mutation, each single
cell derived colony was evaluated and documented for phenotypic changes other than the epithelial

cobblestone phenotype.

As the single-cell derived colonies divided and grew, each colony was propagated from 96-well,
to 24-well, and finally to 6-well, where it could be divided into continued culturing and into
sequencing for incorporation of mutant sequences. One hundred and fourteen clones were isolated,
sequenced, and evaluated for the incorporation of mutant sequences in the STMN1 gene, and none
were found to have incorporated the mutant sequence in any of the various combinations that were

attempted, however indels were seen in ~70% of the clones sequenced, indicative of NHEJ repair.
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5.5. Discussion

Throughout the design and execution of this aspect of the project, there were three main
weaknesses. The most critical weakness was that CRISPR/Cas9 technology was not yet fully
developed for mutating single amino acids at the time we proposed the experiments. The first uses
of CRISPR/Cas9 technology primarily involved the targeting of genes for silencing, via deletion
of larger fragments of DNA sequence to generate truncated non-functional proteins. To achieve
this, the gRNA would bring the CRISPR/Cas9 scaffold to the desired region and create nicks in
the DNA that are known to cause DNA damage in the cells. When damage occurs, there are five
primary methods of DNA repair based on the stage of the cell cycle: base excision repair (BER),

nucleotide excision repair (NER), mismatch repair (MMR), HDR, NHEJ [13].

There are two main methods of DNA damage repair (DDR) associated with CRISPR/Cas9
experiments: HDR, and NHEJ. HDR is the process of repairing damaged DNA with a
complementary template, such that the damaged piece is replaced with an intact replacement of
the original sequence. This is useful in CRISPR/Cas9 experiments, when instead of knocking out
a target gene, a mutation is desired [14,15]. To accomplish this, a fragment of double stranded
DNA is generated with the desired mutated sequence that can be used as a template to replace the
damaged fragment. For this project, the fragments above in Table 3 were constructed with the four

serine mutants and introduced into the cells via electroporation with the remainder of the

CRISPR/Cas9 components.

After the break had been made by the Cas9 enzyme, template DNA was introduced to
provide the mutation sequence that the HDR machinery would use to repair the break. In this way,

a mutated protein would be produced, that could be inherited through multiple cell lineages,
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without the need for other plasmids to be introduced into the cell. The main shortcoming of our

CRISPR/Cas9 experiments is hypothesized to be the lack of inhibition of NHEJ.

When NHEJ occurs, there are many different types of proteins involved, such as DNA
dependent protein kinases (DNA-PK), ligases, nucleases, and polymerases. These proteins work
in combination to arrange the broken segments together, process, and ligate the pieces of broken
DNA together, without regard for homology directed repair or the utilization of a template to
replace/repair the corrupted segment of DNA [14,16,17]. Due to the threat that damaged DNA can
cause in cells; the cell is incentivized to repair the damage promptly. When comparing the rates of
NHEJ vs HDR, NHEJ can be completed in approximately 30 minutes, while the process of HDR
can take up to 7 hours to complete. Because of this vast difference in time, NHEJ occurs at a much
higher rate in the cells normally as compared with HDR. It was reported that NHEJ repaired 75%
of DNA double strand breaks (DBS), while HDR repaired 25%, which outlines an important
disparity between the two DDR involved with CRISPR/Cas9 genomic editing [15]. This outlines
a critical threat to the success of creating mutations in the native DNA with CRISPR/Cas9
technology. To address this, a few different strategies have been developed to lower the ratio of

DBS repaired by NHEJ, to raise the rate of HDR, to increase mutation efficiency.

Rees et al. and Nambiar etal. have developed methods of raising the rate of HDR by introducing
Rad variants such as hRadl and Radl8, respectively to activate HDR [15,16]. The other strategy
developed wasthe inhibition of NHEJ via tools such as CYREN, which inhibits ¢cNHEJ (canonical
NHEJ), n a cell cycle-dependent manner by “Ku70/80 heterodimer and preferentially mnhibits
cNHE] at breaks with overhangs by protecting them”, or by inhibiting the proteins associated with
NHEJ, such as the DNA-PKs via the kinase mhibitor M3814 [17-21]. The mhibition of NHEJ

pharmacologically allows for a greater rate of HDR to rise from ~25% to as high as 87% [18]. This
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results in a profound improvement in the experimental success of generating substitution mutations
in desired genes to use as tools in research and would have been of great assistance for our project,

had they been discovered when this work was being done.

Another weakness was that we did not incorporate a reporter gene which would have allowed
sorting the labelled cells before plated and analysis. We discussed including a reporter gene with
the Invitrogen representatives assisting with this project, and it was a joint decision not to include
a reporter at the time as it could not be done in combination with the substitution mutations. Since
a labeled DU-145 cell line was not available for purchase, we would have had to generate a DU-
145 cell line stably transfected with a reporter gene first. A common disadvantage of adding a
fluorescent protein such as ECFP is that they can exhibit low levels of toxicity. Transient
transfections with a plasmid expressing the ECFP gene showed that the ECFP alone decreased
DU-145 cell number compared to the untransfected controls. Future approaches would include
testing a number of fluorescent proteins first to identify one with the least “side effects” and then

using the gene to generate a stably labeled cell line.

A third weakness was that the DU-145 electroporation protocol developed by Invitrogen was not
optimized for our DU-145 cell line. After electroporation, overall cell viability was very poor.
Invitrogen reported that with their protocol, the expected cell death would be ~15%, however, we
observed that cell death was ~30-40% and could be up to ~70% [12]. The higher rate of cell death
also correlated with the surviving cells being weaker and more susceptible to apoptosis if
trypsinized too early following electroporation. This necessitated culturing larger colonies before
the cells were sorted and plated as single cells. While data to prove the following is not available,

we hypothesize that if there were mutant cells in our cell populations, the growth rate of the wild
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type population could have overwhelmed the mutant cells, causing their death before sorting could

even take place.

In conclusion, while there were successful components to the execution of these CRISPR/Cas9
experiments, namely the isolation and sequencing of the DU-145 genomic DNA STMNI1
sequence, the experiments asa whole failed primarily due to a lack of currently available strategies
that limit the role NHEJ plays in the repair of DNA damage, and a lack of usage of a reporter gene
that could have been used as a sorting tool in identifying successfully mutated cells. Recentupdates
have been made to the CRISPR/Cas9 protocol that did not exist when this experiment was designed
and carried out in 2017-2018. This evolution of the methodology will have profound implications

towards improving the mutation rate in CRISPR/Cas9 genome editing.
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Chapter 6

Conclusions and Future Directions
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6.1. Conclusions

6.1.a. The role of HGF in the phosphorylation of Stathmin on S16 in prostate cancer
progression

6.1.a.1 Therapeutic Relevance of HGF/MET signaling inhibitor in combination with ADT

Prostate cancer is an androgen-driven disease, with the upregulation of AR-regulated genes related
to increased proliferation, migration and invasion often seen in cancer profiles [1]. Commonly,
PCa s treated with a combination of ADT along with another traditional therapy, which could be
either chemotherapy, radiation therapy, or other form of targeted therapy [2]. While these general
therapies are used to treat a variety of cancers, PCa is uniquely suited for an approach that not only
takes advantage of cancer cell characteristics, but also takes into account the mechanistic changes

that result from treatment with ADT.

Verras and colleagues found that in early stages of PCa where AR activity dictates growth
and development, levels of MET expression are low [3]. This is due to the inhibition of Spl activity
by AR, thus repressing transcription of the MET gene [3]. However, after failure of ADT when
AR is significantly downregulated, the MET gene is derepressed and expression is increased (along
with STMNI1 expression), making PCa more responsive to HGF, and promoting increased
expression of HGF by neighboring stromal cells and other associated tumor cells (such as the
CAFs) [3/4]. Therefore, we propose a dual treatment strategy of ADT combined with an

HGF/MET signaling inhibitor to potently inhibit and kill PCa cells in early and late-stage disease.
6.1.a.2 Utilization of AMG337 to target HGF/MET signaling

A number of HGF/MET signaling inhibitors have been developed to target various processes
related to the signaling axis [5,6]. In general, they can be broken up into three categories of

function: targeting the HGF:MET binding pocket in the extracellular matrix, targeting the
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mtracellular domain of the MET receptor (c-MET), and finally targeting the downstream signaling
effectors of the pathway [5]. AMG337 is a small molecule inhibitor that binds to c-MET and
inhibits downstream signal transduction pathways [7]. Currently, AMG337 is in clinical trials for
cancers with increased MET expression (e.g., gastric/esophageal adenocarcinoma and other

advanced or metastatic solid tumors) [8,9].

The novel findings presented in this study demonstrate the efficacy of using AMG337 to
target PCa in cells that do not express AR. In addition to being an AR- cell line, DU-145 cells
express a non-functioning mutant p53. The ability of AMG337 to mhibit cell cycle progression,
cell doubling, overall cell proliferation, and inducing cell death in an AR- cell line makes it an

attractive candidate for future study to be used alongside ADT in the treatment of PCa.

6.1.b. Implications on the tumor microe nvironme nt

The tumor microenvironment is a critical component to the overall survival and progression for
any cancer. Prostate cancer is especially reliant upon its microenvironment, as it is strongly
influenced by mitotic factors secreted by neighboring stromal cells, such as HGF [10-13]. While
there are several components to the tumor microenvironment that include: immune cells,
fibroblasts, dendrites, and stromal cells, the contribution of mitotic factors such as HGF create a
large obstacle in treatment by promoting the progression of PCa. The production of HGF by cancer
associated fibroblasts (CAFs) results in their significant role in furthering the development of
metastatic PCa [14].

6.1.c. Summary of the effect of HGF on cancer cell proliferation

HGF/MET signaling increases cell proliferation in many cancers, including nasopharyngeal
carcinoma, hepatocellular  carcinoma, gastric cancers, esophageal carcinomas, and

medulloblastomas [15-18]. In this study, we show that HGF treatment promotes cell proliferation,
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shortens cell doubling time by decreasing the time required to progress through the cell cycle, and
induces an earlier expression of cell cycle proteins. These observations reveal a novel role of HGF

in PCa proliferation and highlight the importance in studying this mechanism.

6.1.d. HGF phosphorylation results inincreasesincell cycle progressionand overall PCa cell
proliferation without induction of metastasis

HGF/MET signaling promotes cell proliferation primarily through phosphorylation/activation of
Pakl which has previously been shown to induce phosphorylation of STMNI1 on S16 [19]. This
study demonstrates for the first time that HGF/MET signaling regulates differential
phosphorylation of STMN1 S16 which modulates cell cycle progression and proliferation in DU-

145 cells without triggering metastasis.

While it has been established that increased levels of STMNI1 and MET are indicative of
an advanced disease state and poor prognosis, downregulation of total STMNI1 is not a viable
therapeutic strategy. In a previous study, we demonstrated that downregulation of total STMN1
induced EMT and metastasis, implying that STMN1 could function as a tumor suppressor [20].
Therefore, this study was designed to delineate the role of differential phosphorylation of STMN1

regulatory serines.

Cells transfected with different phosphor-mimetics of STMN1 demonstrated that S16 is
the predominant serine that contributes to increased or decreased cell proliferation in DU-145 and
NMuMG cells, representing mechanistic similarities between both cancerous and normal epithelial
cells, respectively. This targeted phosphorylation also specifically affected cell doubling time in

both cell types and cell cycle progression in the DU-145 cells.

To determine the impact of STMNI1 S16 phosphorylation on metastatic processes,

migration and invasion assays were conducted with treated and transfected DU-145 and NMuMG
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cells. In comparison to knocking down STMNI1 expression, none of the treatments resulted in a
modulation of either metastatic process, confirming that S16 does not trigger metastasis in PCa

and NMuMG cells known to undergo EMT [20].

6.1.e. CAMKII phosphorylation of STMN1 on S16 is likely cell type specific
Numerous studies reports that CAMKII phosphorylates STMNT1 on S16 in a variety cell types such

as anterior pituitary cells, breast cancer cells, and neuronal cells [21-25]. Activation of CAMKII
occurs by upregulation of intracellular Ca2+ which leads to autophosphorylation of CAMKII,
which in turn, results in the phosphorylation of STMN1 S16 [21,22]. These observations and
associations are what led to the initial investigation into the role of CAMKII in regulating DU-145

cell proliferation and whether STMN1 S16 phosphorylation regulated this process.

Our study outlined in Chapter 3 demonstrates that stimulation of CAMKII by Oleic Acid
increased DU-145 cell proliferation in a dose-dependent manner, while inhibition of CAMKII by
KNO93 decreased proliferation and induced DU-145 cell death. These observations led to the
experiments to determine whether CAMKII phosphorylated STMNT1 S16. Unlike other studies, in
DU-145 cells, S16 was not phosphorylated through CAMKII, indicating that CAMKII/STMN S16
activity is likely cell-type specific. This not only provides additional information regarding
CAMKII signaling in AR- prostate cancer cells, but also contributes towards the overall
development of therapeutic strategies that could target cancer cells based on their identifying

characteristics.

6.1.f. Discussion of the impact MDM?2 has on maintaining PCa stem cell integrity through
the degradation of the androgen receptor and the potential the rape utic implications

The role of AR in PCa is a critical determinant to how it will respond to a variety of treatments,

and the intracellular signaling mechanisms that occur [3]. The expression or degradation of the AR
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plays a vital role in determining whether PCa stem cells can maintain their stemness or undergo

terminal differentiation into luminal cells [26].

The regulation of the AR in PCa stem cells is dictated by the E-3 ubiquitin ligase MDM2. MDM2
constantly degrades the AR in PCastem cells to inhibit the induction of AR-responsive genes such
as: PSA, PAP, NKX3.1, TMPRSS2, and FGF5. Through the studies outlined in Chapter 4, we
demonstrated in multiple stem-like cell lines that maintenance of MDM?2 promoted the regulation
of stem cell genes, including OCT4, NANOG, SOX2, and CD44, and NESTIN, but also self-
renewal. Treatment with E-3 ubiquitin ligase mhibitors (e.g., MG132), inhibited MDM2 activity,
causing the downregulation in expression of stem cell factors, loss of self-renewal, induction of
AR and terminal differentiation into luminal epithelial cells and cell death. Similarly, transfection
with a plasmid expressing AR (without or with the addition of androgens) resulted in a similar
outcome. These data confirmed that the expression of AR is sufficient to induce differentiation of

PCa stem cells, and that MDM?2 is required to maintain the PCa stem cell population.

Current treatments primarily target AR* PCa cells. Our findings provide animportant contribution
towards the understanding of PCa stem cells and a possible mechanism for targeting AR- cancer
stem cells. PCa stemcells canincrease the risk of developing recurrent PCa, which arises through
gaimn-of-function mutations that circumvent ADT and lead to the development of CRPC. Our study
suggests that the E3 ligase mhibitor MG132 used in combination with ADT could eliminate both

AR+ bulk tumor cells and AR-PCa stem cells.
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6.2. Future Directions

The studies from this dissertation provide novel insights into the role of HGF/MET signaling in
PCa progression, and the role of STMNT1 S16 differential phosphorylation in the regulation of cell
cycle progression. Additionally, evidence is provided suggesting that the role of CAMKII in
phosphorylating STMN1 S16 is cell type specific. Finally, it discusses the published findings that
outline the important role of MDM2 in constantly degrading the AR in order to promote cancer
cell stemness. To that end, the future directions that would further these areas of researchare listed

below.

6.2.1.a. Determine the relationship between increased concentration of HGF

and varied cellular processes.

In the early attempts at studying the role of HGF on DU-145 cell proliferation, proliferation assays
were conducted where an increasing dose of HGF was added to the treatment media, which
contained 1% FBS. This resulted in no change in cell proliferation from 0-40 ng/mL of HGF.
Upon further nvestigation in the literature, it was common protocol to carry out the proliferation
assays in serum-free media, as the concentration of growth factors (includng HGF) in even 1%
FBS (and 0.1% FBS) were enough to interfere with the results [27,28]. Once the experiments were
conducted in serum-free media + HGF, morphological changes were observed after 72 hours of

treatment.

We observed that 25 ng/mL. HGF in serum-free media resulted in no change in cell morphology
after 72 hrs, while 40 ng/mL resulted in cells exhibiting a change from cobblestone-epithelial

phenotype to spindle-like mesenchymal phenotype. These cells divided at a reduced rate compared
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to the control cells and those treated with a lower concentration of HGF, indicating a change in
cellular processes from one that works towards cell proliferation, towards one that favors cell
motility. The first experiment to better understand the role of HGF concentrations on PCa
development would be to treat PCa cell lines with increasing doses of HGF for 72 hours, collect
RNA from the cells each day and then a microarray could be designed and executed to highlight
epithelial cell-specific genes and genes likely to be induced by HGF treatment. If the findings
suggested that a small number of pathways were activated by HGF at moderate concentrations, the
inhibition of those pathways prior to HGF treatment by small molecule inhibitors or siRNA could
provide further information towards understanding differential signaling mechanisms as a result

of HGF stimulation of the MET signaling pathway.

6.2.1.b. Determine the role of differential phosphorylation of STMN1 S16 in

vivo.

The experiments conducted in this dissertation outlne the impact of HGF/MET-mediated
phosphorylation of STMN1 S16 in vitro. In order to make substantial claims as to the efficacy of
the proposed therapeutic strategy to use AMG337 in combination with ADT, in vivo data that
considers not only the cell-environment interactions of the PCa cells + treatment, but also the
interactions occurring in the tumor microenvironment will provide further validity to the treatment
strategy. Based on our findings, I would hypothesize that AMG337 would inhibit tumor growth
and induce death in cells grafted into the host animal through inhibition of the MET signaling

pathway.
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6.2.2. Examine the efficacy of dual treatment of a MDM2 inhibitor and ADT in

Vivo.

The data presented in Chapter 4 discusses the mechanistic regulation of PCa stem cell
maintenance, and the role of MDM2 in constantly degrading the AR to maintain stemness. While
these experiments were conducted in vifro along with spheres grown in Matrigel, these
experiments do not completely represent the entire environment of cancer therapeutics. Therefore,
an in vivo study of PCa xenograft m humanized mice that would mimic the human tumor
microenvironment would be a helpful background from which to treat the tumors with ADT +
MGI132, or a different E-3 ubiquitin ligase to inhibit MDM2 activity. This would provide novel
and mmportant insights into the effects of ADT on PCa stem cell populations, and potential
therapeutic strategies that could result in total elimination of both PCa stem cells and bulk tumor

cells.
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