Novel Tumor Suppressive Mechanisms of Estrogen

Receptor B in Prostate Cancer

by

Surendra P. Chaurasiya

A dissertation submitted to

the Faculty of the Department of Biology and Biochemistry,
College of Natural Sciences and Mathematics
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

in Biology

Chair of Committee: Jan-Ake Gustafsson
Committee Member: Nancy Weigel
Committee Member: Chin-Yo Lin
Committee Member: Tasneem Bawa-Khalfe

Committee Member: Anders Strom

University of Houston

May 2020



Dedicated to my mom, who recently became paralyzed physically and mentally

due to a stroke. Sadly, I won’t be able to share my success with her anymore.



ACKNOWLEDGMENTS
| am grateful to my advisor Dr. Jan-Ake Gustafsson for giving me this opportunity to
work under him and learn. | would also like to thank him for his relentless guidance,
encouragement, support, and valuable inputs throughout this endeavor.
| am greatly thankful to my co-advisor Dr. Anders Strom whose mentoring has made
me learn so many things and be able to get to this point. His contributions including
countless discussions, numerous suggestions and a lot of bench work for my projects
were so critical for my success that it would have been impossible to complete it
anyway.
| would also like to express my sincere gratitude for my committee members Dr.
Nancy Weigel, Dr. Chin-Yo Lin, and Dr. Tasneem Bawa-Khalfe, whose support,
motivation, and inputs have been critical for my progress as a graduate student. |
have learned a lot from their comments and suggestions.
| am also immensely thankful to Dr. Margaret Warner, whose support, motivation,
and suggestions have been very important for my study. | have learned a lot from her
comments and suggestions during these years and | consider her as a co-advisor.
| would like to thank Dr. Tejendra Gill, Dr. Sanghyuk Chung, and Rosezelia Jackson
for help | got from them. My sincere thanks to Dr. Chin-Yo Lin and his student Scott
Widmann for helping analyze RNA-seq data. The friendly and co-operative
environment at the Center for Nuclear Receptors and Cell-Signaling (CNRCS) was a
great place to work during these years.
Finally, this endeavor would have been impossible without the support and
encouragement of my family. My dad instilled in me to strive for honesty and



greatness which has become my guiding principle for my whole life. My mom taught
me to have a compassion towards others. My wife, Sudha has taken the burden of
looking after kids and household work so diligently that | have been able to put all my
efforts towards this endeavor. My daughter Diksha, and son Aarav, who have

sacrificed a lot for my ambition, are also a source of motivation for this endeavor.



ABSTRACT

Estrogen receptor B (ERB) was first identified in the rodent prostate and is abundantly
expressed in human and rodent prostate epithelium, stroma, immune cells, and
endothelium of the blood vessels. Genomic deletion of ERB led to hyperplasia of
prostate epithelium as well as upregulation of androgen receptor (AR) regulated
genes. ERB has been shown to inhibit proliferation and induce apoptosis in prostate
cancer cells; however, role of ERB in regulating AR activity in prostate cancer has not
been studied in detail. Additionally, the role of ERB in PI3K/Akt/PTEN pathway, which

is one of the most altered in prostate cancer, is not known.

Chapter 2 of this dissertation describes the role of ERp in regulating PI3SK/AKt/PTEN
pathway. ERB upregulated INPP4B in prostate cancer cells, PC3, as well as non-
malignant cells BPH-1. Upregulation of INPP4B inhibited Akt activity measured by
phosphorylation of Ser473 and its downstream target GSK3pB. Further, we show that
ERPB inhibited migration of PC3 cells by upregulating INPP4B in wound healing

assays. This regulation may indicate a role for ER in metastasis suppression.

Androgen receptor is the main driver of primary as well as metastatic prostate
cancer. Chapter 3 describes the role of ERP in regulating AR expression and activity
in prostate cancer cells LNCaP. Using global transcriptomic analysis of ERp-
expressing LNCaP cells, we found AR-signaling is the most downregulated effect
after ERB activation. We validated this regulation independently by transcript and
protein measurement of established AR target genes FKBP5, CaMKK2, TBC1D4, as

well as by luciferase reporter assay. We further demonstrated that downregulation of

\



CaMKK2 inhibits activity of AMPK, a major energy sensing mechanism in cells.
Taken together, these findings support tumor suppressive effects of ERB in prostate
cancer through novel mechanisms and indicate possibilities for therapeutic

intervention.
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Chapter 1
General Introduction

1.1 Prostate Cancer

Prostate cancer (PCa) is the most common cancer in  US men with an estimated
174,000 new cases and is the second leading cause of cancer related mortality with
an estimated 31,600 deaths. These numbers represent approximately 20% incidence
and 10% mortality attributable to all cases of cancer in US men. Prostate cancer is an
indolent disease with a 5-year survival rate of 100% for those with localized or
primary tumors; however, it is only 30% for metastatic cases [1].

The main risk factors for prostate cancer include age, race, family history, hormone
levels, and diet. Prostate cancer is a disease mainly of old age as 99% of cases
occur in males over the age of 50 [2]. Prostate cancer incidence varies greatly across
different races. Highest incidence is observed in African-American (82/100,000)
followed by White-American (62/100,000) in the United States. For a comparison,
prostate cancer incidence is only 1/100,000 in Chinese population [3]. African-
Americans are also at higher risk of dying from prostate cancer than White-
Americans [4]. Various hypotheses have been advanced to explain the disparity in
prostate cancer incidence among different races. A two-fold increase in prostate
cancer risk is seen in a person who has family history of prostate cancer [5]. Genetic
risk is also supported by many studies using single nucleotide polymorphism (SNP)
arrays and genome-wide association studies (GWAS) where variants have been

identified that might increase prostate cancer risk [6,7].
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Dietary factors are implicated in higher incidence of prostate cancer in the western
world. This is supported by the studies of prostate cancer incidence in the Asians
living in Asia and those who have moved to the West. A higher incidence of prostate
cancer was seen in the Asians living in the Western countries compared to those
living in Asia. This observation is attributed to higher content of soy-rich diets
containing isoflavones in the Asians [8].

The prostate is an androgen-responsive organ and hormones are the well-known risk
factors for prostate cancer. The most important hormonal risk factors are
testosterone (T) and dihydrotestosterone (DHT) which are ligands for androgen
receptor (AR). Androgen receptor regulates growth and development of prostate
both under the normal physiological conditions and in malignancy. AR plays an
important role in prostate cancer as a strong driver of proliferation, and as such is the
primary target for treatment of prostate cancer [9].

1.2 Prostate Cancer Diagnosis

A screening for prostate cancer starts with the blood test for prostate specific antigen
(PSA) and a digital rectal exam in men 40 years or older. Elevated PSA levels can
occur in prostate cancer as well as in non-malignant conditions such as benign
prostatic hyperplasia (BPH) and prostatitis . Any abnormalities in these results are
followed up with prostate biopsy. A case of primary prostate cancer is monitored
using Gleason score of biopsy samples , lymph node involvement and PSA value.

Metastatic prostate cancers are monitored with the measurement of blood



testosterone and PSA levels, computed tomography (CT) scan, whole body magnetic
resonance imaging (MRI), and positron emission tomography (PET) [10,11].

1.3 Treatment Options for Prostate Cancer

Treatment strategies differ depending on factors such as the stage of the disease,
the age and physical status of the patient, and previous treatments. A range of
treatment options are available which include active surveillance, radiation, surgery,
hormonal therapy, chemotherapy, and immunotherapy [11]. Primary prostate cancer
is an indolent disease and except for periodic monitoring also called active
surveillance, other interventions are generally not recommended for many people.
For prostate cancers that appear to be growing and invading adjacent tissue, surgery
is the first line of treatment where all of prostate tissue is removed [12]. Radiation
therapy is generally used for localized tumors instead of surgery which has same
cure rate as surgery. It is also used for tumors that have grown out of the prostate.
Hormonal therapy is used for cancers that have invaded nearby tissues and includes
androgen-deprivation therapy (ADT) to reduce circulating levels of testosterone. This
is accomplished either by orchiectomy (surgical castration) or administration of
luteinizing hormone-releasing hormone (LHRH) agonists (medical castration) [13].
The majority of the patients initially respond favorably but ADT eventually leads to
resistant tumors in many patients. These tumors are called castration-resistant
prostate cancer (CRPC) and show increased aggressiveness and enhanced

metastatic potential. It is the metastatic CRPC which is responsible for the majority of



prostate cancer related deaths. Chemotherapy and immunotherapy are generally
reserved for castration-resistant prostate cancer and metastatic lesions [14].

1.4 Molecular Lesions in Prostate Cancer.

Prostate cancer is a heterogeneous disease both in terms of disease manifestation
and pathophysiology. High levels of histological heterogeneity is observed within the
same prostate gland. As with all cancers, prostate cancer also involves multiple
somatic gene mutations leading to either activation of oncogenes or inactivation of
tumor suppressors [15]. The most common mutations occur in one or more of the
following genes: PTEN, p53, PI3K, Akt, c-Myc, Rb, and AR. Most common of these is
deletion of PTEN which occurs in 60% of primary and 100% of metastatic prostate
cancers [16].

1.5 Nuclear Receptors

Nuclear receptors constitute a large class of transcription factors that regulate
expression of a large number of genes upon stimulation with its ligands. The ligands
for the majority of nuclear receptors are either steroid hormone, thyroid hormone, or
retinoid but vitamin D, fatty acids, prostaglandins, cholesterol, xenobiotics, and some
other small molecule metabolites are also known to activate nuclear receptors.
Ligands for some nuclear receptors are not known and hence are called orphan
nuclear receptors [17,18]. Nuclear receptors undergo conformational change upon
ligand binding, translocate to the nucleus, bind to cognate DNA sequences and

regulate the transcription of specific genes [19].



Nuclear receptors are found in all metazoans and in humans there are 48 members
of this receptor superfamily. The genes regulated by nuclear receptors are
indispensable for the development, metabolism, and homeostasis of an organism.
Although nuclear receptors are diverse, they can be grouped into three classes: (i)

Steroid receptors, (ii) thyroid and retinoid receptors, and (iii) orphan receptors [20].

Nuclear receptors are modular proteins with six identifiable regions named A, B, C,
D, E, and F. Three major functional domains can be assigned: amino-terminal
transactivation domain (NTD), central DNA-binding domain (DBD), and carboxy-
terminal ligand binding domain (LBD). N-terminal domain includes A/B regions and
has a weak activation function (AF1) domain. It is the least conserved domain among
nuclear receptors and may activate transcription in the absence of ligands. The DNA
binding domain (DBD), as its name suggests, binds specific DNA sequences called
hormone response elements (HRE). This domain is highly conserved and has two
zinc fingers which are responsible for receptor dimerization and DNA binding. D
domain is also called the hinge region as it serves to connect DBD with the ligand
binding domain. This region is required for intracellular trafficking and subcellular
localization of nuclear receptors. LBD is responsible for ligand binding and is the
main trans-activator of a nuclear receptor. It contains second transactivation domain
(AF2). This domain is less conserved in amino acid sequence which determines
ligand specificity of individual receptor. LBD is also required for receptor dimerization

and recruitment of co-factors for optimum function [20, 21].



NTD/AF1 DBD Hinge LBD and AF2 CTD

NH3

Figure 1.1 Modular structure of a nuclear receptor. Schematic of a nuclear
receptor showing organization of different domains. NTD, N-terminal domain; DBD,
DNA binding domain; LBD, ligand binding domain; CTD, C-terminal domain.



1.6 Androgens and Androgen Receptor in the Prostate

Androgens are steroid hormones responsible for the development and maintenance
of male sex organs and secondary sexual features. Androgens are synthesized in the
testes, the ovaries, and the adrenal glands. Testosterone is the main androgen found
in men which is produced by testes whereas dehydroepiandrosterone (DHEA),
androstenedione, and androstenediol are synthesized in the adrenal cortex [22,23].
The synthesis of testosterone is regulated by a feedback mechanism involving the
hypothalamic-pituitary-gonadal axis. Steroid hormone binding globulin (SHBG) and
albumin bind most of the testosterone in circulation and regulate its availability.
Dihydrotesterone (DHT), a more potent agonist of androgen receptor is synthesized
from testosterone in peripheral tissues by the enzyme 5a-reductase [24]. Androgens
are ligands for the androgen receptor (AR) which is a nuclear receptor expressed in

epithelial cells, stromal cells, and smooth muscle cells of many organs [25].

Prostate is a highly androgen responsive organ and is dependent on androgen for its
development, maturation, maintenance, and function [26]. In the prostate,
testosterone is converted irreversibly to the more potent DHT by the enzyme 5a-
reductase [24]. Repression of androgens during embryogenesis of mice causes
irreversible damage to the growing prostate. Suppression of circulating androgen

leads to androgen-withdrawal-induced apoptosis in luminal prostate epithelium [27].



Androgen receptor (AR) also known as NR3C4 (nuclear receptor subfamily 3, group
C, member 4) is a transcription factor of the nuclear receptor superfamily [23]. In
humans, the AR gene is located on the X chromosome at Xgl11-12 and encodes for a
full length 110 kDa protein [25]. Androgen binding leads to conformational changes
in the receptor, dissociation from heat-shock proteins, translocation to the nucleus,
receptor dimerization, and DNA binding. The output of this AR genomic signaling is
regulation of target gene expression [28]. On the other hand, non-genomic androgen
signaling causes rapid changes in cell function independent of changes in gene

transcription through interaction with other signaling proteins [22, 29].

1.7 Role of Androgen Receptor in Prostate Cancer

AR is important for growth and survival of normal and malignant prostate tissue and
its role is demonstrated to be pro-proliferation, pro-differentiation, and pro-survival.
Prostate develops from urogenital sinus under the influence of androgens through
AR [27, 31]. Studies of genetically modified mice suggested a role for AR in initiation
of prostate cancer. Transgenic mice overexpressing AR driven by probasin promoter
developed dysplastic lesions and prostatic intraepithelial neoplasia (PIN), but cancer
did not develop. However, mice expressing a mutant AR (E231G), which is
constitutively active, developed adenocarcinoma in the ventral prostate and
metastases [32,33]. Recently, it was shown that androgen signaling is essential for

prostate cancer tumorigenesis from prostatic basal cells [34].



Studies of AR function demonstrate gain-of-function alterations in prostate cancer
which is proposed to be due to a ‘molecular switch’. This molecular switch is the
transition of AR from regulating differentiation to driving proliferation in the luminal
epithelial cells [35]. One possible mechanism of altered behavior of AR depends on
its binding to novel genes which is facilitated by FOXAL. In an AR chip-seq study
comparing normal and malignant prostate samples, the consensus AR-binding site is
the most significantly enriched motif in normal tissues, while FOXA1, HOXB13, and
AR binding sites were most significantly enriched in tumor tissues [36]. In advanced
prostate cancer, altered mMRNA splicing events lead to production of proteins with
truncated AR isoforms. These isoforms lack the ligand binding domain, and function
as constitutively active, ligand-independent transcription factors. These truncated
isoforms can regulate androgen-independent expression of AR target genes, at the

same time exhibit resistance to androgen depletion therapy [37,38].

In a subset of castration-resistant prostate cancer (CRPC), there is increased
expression of AR either through genomic amplification of AR locus or upregulation of
AR protein level. Increased AR expression can be activated with sub-physiological
level of androgens and show resistance to antiandrogens such as bicalutamide
[39,40]. Moreover, prostate cancer cells overexpressing AR are capable of binding to

a larger number of sites on chromatin, some of which are novel [36].



Somatic AR mutations occur in a subset of prostate cancer patients, the frequency of
which increases in CRPC. Majority of these mutations are point mutations and occur
in LBD which confer hypersensitivity to androgens and broaden AR ligand specificity.
These AR LBD mutants were demonstrated to be activated by estrogen,

progesterone, and glucocorticoids [41, 42].

In the absence or sub-physiological level of androgen, non-canonical pathways that
include numerous growth factors, cytokines, and other hormones have been
implicated in AR activation [43]. Androgen receptor can be activated through
phosphorylation by hyperactive PI3K/Akt pathway [44]. Additionally, in the absence of
androgens, IL-6 was shown to induce association of Stat3 with AR which led to the

increased expression of AR target genes [45].

Expression of fusion gene product TMPRSS2: ERG is frequently observed in
aggressive prostate cancers [41]. TMPRSS2 (transmembrane serine protease 2) is
an enzyme which is highly expressed in luminal prostate epithelium and is
upregulated by androgen receptor. ERG (ETS-related gene) is a member of the ETS
(erythroblast transformation specific) family of transcription factors implicated in the
development of different tissues as well as cancer progression. It is considered as a
proto-oncogene. Chromosomal translocation of TMPRSS2 to ERG leads to excess
production of this fusion protein and contributes to castration-resistant prostate

cancer [46,47].
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A key downstream target of the androgen receptor is CaMKK2 which regulates
metabolic activity of prostate cancer cells and is emerging as a therapeutic target for
controlling metastatic prostate cancer [48]. This protein kinase also affects bone
remodeling and macrophage function which is relevant for preventing ADT-induced

bone loss [49].

1.8 Tumor Metastasis

Metastasis is the spread of tumor cells to distant organs and development of a tumor
in that organ. Tumor cells can disseminate into blood or lymphatics from the primary
tumor and settle into a new tissue where they form metastases. Metastasis is the last
stage (stage 1V) of a cancer and is the main cause of cancer related mortality [50]. It
is also genetically regulated and is a step wise process. Metastatic cancer cells
maintain many of the molecular markers of primary cancers. If left untreated, almost
all cancers will form metastatic lesion. Different cancers have different metastatic
potential; while basal cell carcinoma rarely metastasize, pancreatic cancer is highly
metastatic [51,52]. Prostate cancer tends to be less metastatic, but castration

resistance leads to enhanced metastatic potential [53].

The first step in metastasis is the ability of tumor cells to break away from the primary
tumor which is facilitated by the process of EMT [50]. To be able to leave the tumor,
cancer cells also need to degrade extracellular matrix which surrounds the tumor

itself and is accomplished by secreting proteases such as MMP-2, MMP-9, uPA
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(urokinase-type plasminogen activator), and cathepsins [54,55]. The cancer cells also
develop motility which is generally not a property of mature epithelial cells. Three
different kinds of motility is exhibited by human cells: amoeboid movement,
mesenchymal-type movement, and collective movement. Physiological cell motility is
necessary for embryonic morphogenesis, wound healing, and immune cell trafficking
[55].

To be able to move, a cell needs to modify its shape and stiffness, and hold on to a
substrate which is the extracellular matrix (ECM). The sequential processes of cell
movement include polarization and elongation of the cell, pseudopod formation by
the extension of the leading edge, attachment to the ECM substrate, and finally
contraction of the entire cell body [56]. Cell migration results from continuous cycle
of these steps which involve generation of signals at the leading edge and
remodeling of actin cytoskeleton. Tumor cells can be disseminated as individual cells
which is called “individual cell migration” or expand in solid sheets, strands or clusters
of cells termed “collective migration”. Collective cell migration is frequently observed

in locally advancing tumors [57].

Prostate cancer related deaths occur mainly in patients with relapse or metastasis
[2]. Tumor angiogenesis is a critical process in growth, and metastasis of many
cancers. Upregulation of VEGF secretion, which is one of the most essential
angiogenic factor, exerts its mitogenic effect on endothelial cells to induce tumor

angiogenesis in prostate cancer [58]. Angiogenesis is an attractive target in cancer
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therapy because it supplies oxygen and nutrients for the growth and survival of tumor
cells. But cancers cells also use angiogenesis as a route for escape and metastasis

to distant organs [59].
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Figure 1.2 Crystal structure of androgen receptor ligand binding domain. Leftin
complex with R1881 and right in complex with a glucocorticoid. Uniprot accession ID
P10275. Downloaded from https://www.ebi.ac.uk/pdbe/entry
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1.9 Epithelial to Mesenchymal Transition (EMT)

Epithelial cells are characterized by an apical-basal polarity, tight junctions, and
expression of cell-cell adhesion molecules such as E-cadherin and form stationary
structures such as epithelium. On the other hand, mesenchymal cells are multipolar,
spindle-shaped, motile, and express markers such as N-cadherin, vimentin,
fibronectin, Twist, and Snail and are generally found in stromal compartment.
Epithelial to mesenchymal transition (EMT) is a reversible biological process whereby
epithelial cells lose their polarity, cell-cell adhesion and become migratory. EMT is
essential for embryogenesis and also occurs during wound healing, fibrosis and

metastasis of cancers [60,61].

Epithelial cells are held together in sheets with many cell junction proteins such as E-
cadherin, loss of which is widely observed in advanced cancers and a fundamental
event in EMT. Several transcription factors which promote EMT include Snail, Slug,
Zebl, KLF8 that repress cell-cell junction proteins such as E-cadherin, claudins,
desmosomes, and upregulate mesenchymal markers such as vimentin. Many
signaling pathways are also implicated in EMT and include PI3K/Akt, TGFB/ Smad4,
Wnt/ B-catenin, and Hif signaling. A reverse process called mesenchymal to epithelial
transition (MET) is believed to facilitate the establishment and colonization of

metastases [60,61].
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1.10 Estrogen and Estrogen Receptors in the Prostate

Estrogen is the primary female sex hormone; however, low level is found in males as
well [62]. In female, estrogen is responsible for the development and maintenance of
female sex organs and secondary sexual characteristics [63]. In males, various
effects of estrogen have been described including sperm maturation and function,
bone health, immune regulation, and neuronal organization. Estrogen is synthesized
from testosterone by the enzyme aromatase [62]. Out of the three naturally occurring
estrogens, 17(B-estradiol (E2) is the most potent and abundant. In addition to
androgen, estrogen is also required for normal growth and differentiation of the

prostate in mice [64].

Estrogen has been implicated in prostate cancer development in mice model [65].
Chronic treatment of mice with pharmacological dose of estrogen led to squamous
metaplasia, keratinization, and development of prostatic intraepithelial neoplasia
(PIN) lesions [64]. Moreover, incidence of prostate cancer in aromatase knockout
mice was significantly higher when treated with testosterone and E2 simultaneously

than either hormone [66].

Estrogens work by binding to estrogen receptors which include estrogen receptor a

(ERa), estrogen receptor B (ERB), and membrane estrogen receptors such as G-

protein coupled estrogen receptor 1 (GPER1). All three estrogen receptors are
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expressed in the prostrate but ERa is expressed mainly in stroma, whereas ER is

expressed in both basal and luminal epithelial cells [67-69].

ERa and ERB are members of the nuclear receptor superfamily and function as
ligand activated transcription factors [70]. Upon ligand binding, these receptors
dimerize and directly bind to specific DNA sequences called estrogen response
elements (EREs), or tether to other transcription factors and regulate gene
expression [71]. The two nuclear receptors are product of two separate genes
located on different chromosomes. ERa, also called NR3A1 (nuclear receptor
subfamily 3, group A, member 1), is transcribed from ESR1 gene located on
chromosome 6g25.1. ERa was discovered in 1956 by Elwood V. Jensen and was not
cloned until 1985. ERa encodes a protein which is 595 amino acid long and has a
molecular weight of 66 kDa. There are three known splice variants of ERa

designated ERaA3, ERa36, and ERa46 [72].

ESR2 gene is located on chromosome 14g23.2 and encodes for ERB or NR3A2
(nuclear receptor subfamily 3, group A, member 2). ER was discovered and cloned
from rat prostate in 1996 by Jan-Ake Gustafsson and his team at Karolinska Institute.
ERPB protein is 530 amino acid in length and 59 kDa in molecular weight [73,74].
Genomic studies have revealed at least four splice variants of ERB namely ERB2 or

ERBcx, ERB3, ERB4, and ERBS. The ERP splice variants have shortened C-terminal
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sequences which significantly compromise their ability to bind ligands and regulate

different repertoire of genes than wild type [75,76].

The two nuclear receptors ERa and ERB are structurally similar and share 97%,
59%, and 16% similarity in their DBD, LBD, and NTD respectively [74,75]. While the
two estrogen receptors bind 17@-estradiol with somewhat similar affinity, unique
repertoire of ligands have been described which bind specifically to one receptor
only. These receptors also have divergent function; ERa mainly promotes cell growth
and proliferation, whereas ERp inhibits proliferation, induces apoptosis and maintains
differentiation. ERa is a well-known oncogene in many cancers where as ERf is

established as a tumor suppressor [77-79].

The two nuclear estrogen receptors have large difference in amino acid sequences of
their ligand binding domain which may explain differential binding of some ligands
and in turn different outcomes [74]. Several ERB agonists have been described that
selectively bind ERB over ERa and may be useful in studying ERB function. Some
well-known selective ERB agonists are 5a-androstane-3[3,17p3-diol (3B-Adiol), the
phytoestrogens Apigenin, Daidzenin, Genistein, Liquiritgenin, and the synthetic
agonists Ly3201, Ly5003007, Diarylpropionitrile (DPN), ERB-196 (WAY-2021960),
and 8B-VE2 [80,81]. DHT metabolite 3B-Adiol has higher affinity for ERB than ERa

and has been proposed as an endogenous ERf agonist in prostate [82]. Additionally,
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genistein and other phytoestrogens demonstrate higher binding affinity towards ER[3
than ERa [83].

The regulation of transcription by ER depends on its ability to bind to genomic DNA
sequences directly or indirectly and recruit transcriptional activators or repressors.
Well known ERP interacting partners are AP-1, SP-1, NFkB, cofactors steroid
receptor coactivator (SRC-1), proline-, glutamic acid-, leucine-rich protein (PELP-1),
CREB binding protein (CBP), p300, nuclear receptor coactivator 3 (NCOA3) as well

as corepressor SMRT [84-86].

Genomic and transcriptomic studies have shed light on ERB regulated genes and
their mechanism of regulation. Although ERB binds to estrogen response elements
(ERESs) with high affinity, it binds to non-ERE sites as well by tethering to transcription
factors such as activating protein-1 (AP-1), stimulating protein-1 (SP-1), and nuclear

factor kappa B (NFkB) among others [84].

Estrogen signaling is manifested in two distinct response times; rapid response
occurring in minutes after treatment with estrogen or slow response evident in hours
to days. The slower response is due to genomic effect of estrogen mediated through
nuclear estrogen receptors leading to transcriptional regulation of target genes.
However, rapid response is due to non-genomic effect mediated by membrane
estrogen receptors such as GPER1 also known as G-protein coupled receptor 30

(GPR30) [87]. GPER1 mediates most of the non-genomic estrogen-induced rapid
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responses and is preferentially localized to the plasma membrane and endoplasmic
reticulum. Estrogen binding to GPERL1 results in intracellular calcium mobilization and
synthesis of phosphatidylinositol (3,4,5) triphosphate [88]. Both in vitro and in vivo
studies have shown that GPER1 can promote cell proliferation in normal and

malignant cells by activating PI3K/AKT signaling [89].

1.11 Role of ERB in Prostate Cancer

ERP is expressed in both basal and luminal cells of the prostate [90, 91]. Genomic
deletion of ERB in mouse prostate led to epithelial hyperplasia, as well as increase in
the number of intermediate luminal cells . Additionally, older ERB knock-out mice
developed prostatic intraepithelial neoplasia (PIN) lesions. This observation
suggested that ERP regulates both differentiation of prostatic stem cells and
proliferation of luminal epithelial cells [91]. Treatment with prostate specific ER
ligand 3B-Adiol inhibited cell proliferation in wild-type but not in ERB knock-out mice
[92]. Furthermore, treatment of TRAMP (transgenic adenocarcinoma of the mouse
prostate) mice with genistein, a dietary phytoestrogen and potent ERB agonist,
decreased the incidence of prostate cancer in those mice [93]. Transcriptional
profiling of ERB knock-out mice ventral prostate revealed a role of ERB in regulation
of AR activity. ERPB increased the expression of the AR co-repressor DACH1/2 and

decreased the AR driver RORc [94].

20



Studies of ER function in cancer cell lines have demonstrated an anti-proliferative
and pro-apoptotic function. Expression of ERB in PC3 and 22Rv1 cells was found to
significantly decrease proliferation as measured using MTT assay, BrdU
incorporation, and cell counting. The anti-proliferative effect of ER3 was due to down
regulation of oncogenic factors c-Myc, p45 Skp2, and cyclin E and up regulation of
p21 and p27 KIP protein. In mouse xenograft studies, ERB expressing PC3 cells

formed smaller tumors as compared to controls [95].

Treatment of LNCaP cells with 33-Adiol induced apoptosis whereas overexpression
of ERB caused G1 cell-cycle arrest [96,]. Treatment of prostate cancer cell lines PC3,
LNCaP, and DU145 with DNA demethylating agent 5-AZAC and the HDAC inhibitor
TSA increased the expression of ERB followed by increase in caspase activity and
apoptosis. Adenoviral mediated overexpression of ERB in DU145 cells resulted in
upregulation of proapoptotic factor, Bax, followed by increased PARP cleavage,

increased caspase3 activity and apoptosis [97].

ERB agonist 8B-VE2 induced apoptosis in prostate basal/ stem cells and caused
cystic atrophy of prostate tissue. The treatment caused depletion of p63 positive
basal cells at the site of cystic atrophy implying that basal cells are required for
prostate regeneration post-ADT. After two rounds of treatment with 83-VE2 and
recovery of castrated wild-type mice, regeneration capability of prostate was

significantly inhibited. This finding is relevant for castration resistant prostate cancer
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[98]. It was suggested that androgen deprivation therapy fails after initial response
because basal epithelial cells of the prostate harbor stem/ progenitor cells which are
AR negative. Upon androgen deprivation, AR dependent luminal cells undergo

apoptosis whereas stem/ progenitor cells regenerate [33].

In another study, activation of ERB was found to induce apoptosis in both luminal
and basal prostate cells via an extrinsic pathway that involves caspase 8. This effect
was observed in both wild-type and aromatase knock-out mice and was suggested to
involve tumor necrosis factor alpha (TNFa) as it was not observed in TNFa knock-out
mice. Upon activation by ERB, TNFa activates caspase 8 which further activates

caspase 3 and leads to apoptosis [99].

Our lab previously published that ER induced apoptosis in prostate cancer cell lines
PC3, LNCaP, and 22RV1 upon treatment with ER specific ligands 33-Adiol, 83-VEZ2,
and DPN. It was shown that ERB induced apoptosis in these cell lines by
transcriptionally upregulating FOXO3a which in turn upregulated PUMA, a direct
target of FOXO3a. PUMA is a potent pro-apoptotic factor which can induce apoptosis
in p53-dependent or -independent manner. The regulation of FOXO3a was also
observed in mice models where ER[3 knock-out mice lacked FOXO3a expression in
prostate epithelium. The expression of FOXO3a also correlated with expression of
ERPB in prostate cancer. In higher Gleason grade prostate cancer, which shows a

progressive decrease in ER[3 expression, FOXO3a expression was lost [100].
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Hypoxic signaling is a survival pathway extensively exploited by tumor cells to survive
and proliferate in a tumor microenvironment which is generally hypoxic due to
imbalance between angiogenesis and rapidly proliferating cells [101]. Hypoxia
inducible factor (Hif) signaling involves activation or upregulation of several survival
pathways such as energy metabolism, mTOR, and angiogenesis. In normoxia, prolyl
hydroxylases (PHDs) mediate hydroxylation of Hif-1a which is then targeted by von
Hippel-Lindau (VHL), a component of E3 ubiquitin-ligase complex, and is rapidly
degraded [102]. ERB regulates HIf-1a stability by transcriptionally upregulating

PHD2, an isoform of PHD which causes degradation of Hif-1a [103].

1.12 Role of ERB in Metastasis and EMT

Various studies have demonstrated an anti-metastatic potential of ERB using in vitro
and in vivo experiments. Adenoviral-mediated expression of ERB in DU145 cells
showed a strong decrease in invasiveness [97]. Another study used stable ERP
expressing DU145 cells to make xenograft in immunocompromised mice and showed
that treatment with 33-Adiol blocked metastasis of prostate cancer cells which was
due to upregulation of E-cadherin [104]. Our lab previously reported the down
regulation of bone metastasis factors Runx2 and Dickkopf homolog 1 and the EMT

factors Slug and B-Catenin in PC3 and 22Rv1 cells stably expressing ER[ [95].

23



Mak et al., 2010 reported inhibition of EMT in prostate cancer cells after treatment
with 33-Adiol in both AR positive and negative cells. The observation was correlated
with high Gleason grade prostate tumors that show decreased expression of ERJ,
loss of E-cadherin and gain of N-cadherin / vimentin expression. They suggested that
EMT promoting pathways TGF and hypoxia reduces ER[ expression and promotes

migration and invasion [103].

Grubisha et al., 2012 reported that 3p-Adiol treatment prevented migration and
motility of DU145 cells by upregulating E-cadherin. They further showed that anti-
migratory effect of ERB was abrogated due to reactive oxygen species (ROS)

produced by TGFf signaling [105].

1.13 ERPB as a Potential Drug Target for Prevention and Treatment of Prostate
Cancer

Epidemiological studies have suggested the low incidence of prostate cancer in
Asian men to be due to high consumption of soy-based food. Soy food as well as
some other vegetable products contain phytoestrogens such as daidzein, genistein,
biochanin A, and coumestrol [5]. Phytoestrogens work by binding to estrogen
receptors. Genistein, which is highly rich in soy foods, has more than 20-fold higher
affinity for ERB than ERa. Activation of ERB by genistein leads to decrease in AR
and increase in p21, which has been proposed as a mechanism by which soy foods

may prevent prostate cancer [106].
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1.14 Phosphoinositides

Phosphoinositides or inositides (PIP) are phosphorylated forms of a lipid called
phosphatidylinositol (Pl) and constitute major intracellular signaling molecules
involved in cell signaling and membrane trafficking. Phosphatidylinositol is made up
of a glycerol backbone, two non-polar fatty-acid chains, and a polar head of
phosphate group substituted with inositol. Because of their amphiphilic nature
phosphoinositides are easily targeted to inner side of the plasma membrane and on
surfaces of cellular organelles. Kinases phosphorylate the 3, 4, and 5 hydroxyl
groups of the inositol ring in different combinations producing seven different
phosphoinositides as listed below [107-109].

Phosphatidylinositol Monophosphates

Phosphatidylinositol 3-phosphate (PI(3)P)

Phosphatidylinositol 4-phosphate (PI(4)P)

Phosphatidylinositol 5-phosphate (PI(5)P)

Phosphatidylinositol Bisphosphates

Phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2)

Phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2)

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)

Phosphatidylinositol Trisphosphates

Phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3)
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1.15 Phosphatidylinositol Kinases

Phosphatidylinositol are phosphorylated by specific kinases in response to various
stimuli. Generally, phosphorylation of phosphatidylinositol is an activation signal
which is transmitted into the interior of the cell through many proteins that recognize
and bind PIPs and subsequently activated. There are more than 100
phosphatidylinositol kinases in human genome. These kinases work in sequential
manner to produce phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) [110, 111].
Termination of signals conveyed by activated PIPs are accomplished by
phosphatases which remove phosphate groups. Like kinases there are many
phosphatases which work in sequence to convert PI(3,4,5)P3 to phosphoinositides.
Of the many kinases that phosphorylate phosphatidylinositol, phosphoinositide 3-
kinase (PI3K) is the most important and widely studied which phosphorylate only the
3-position of inositol ring. Members of the PI3K are shown to be involved in cell
growth and proliferation, survival, motility, differentiation, and intracellular trafficking.
PI13Ks constitute a family of enzymes grouped into 4 classes: Class |, Il, lll, and 1V, of

which class | is widely studied [112-114].

Only class | PI3Ks are involved in lipid phosphorylation in response to growth stimuli.
Class | PI3Ks mainly phosphorylate phosphatidylinositol 4,5-bisphosphate
(P1(4,5P2) to phosphatidylinositol 3,4,5-trisphosphate  (PI(3,4,5)P3) [112].
Additionally, class | PI3Ks may also convert phosphatidylinositol (Pl) to

phosphatidylinositol 3-phosphate (PI(3)P) and phosphatidylinositol 4-phosphate
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(P1(4)P) to phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2). Class Il PI3Ks catalyze
the conversion of phosphatidylinositol (Pl) to phosphatidylinositol 3-phosphate
(P1(3)P) and phosphatidylinositol 4-phosphate (PI(4)P) to phosphatidylinositol 3,4-
bisphosphate  (PI(3,4)P2). Class Il only catalyzes the production of
phosphatidylinositol 3-phosphate (PI(3)P) from phosphatidylinositol (Pl). Numerous
proteins have been found to bind phosphoinositides through some conserved motifs.

Well described motifs are PX, PH, and FYVE [113, 114].

1.16 Protein Kinase B or Akt

Protein kinase B (PKB) or Akt is a serine/threonine-specific protein kinase that is
involved in many vital cellular processes such as glucose metabolism, cell survival,
proliferation, and migration. There are three isoforms of Akt: Aktl, Akt2, and Akt3
which are ubiquitously expressed. Akt has been found to phosphorylate as many as
100 different proteins affecting a large number of processes in the cell. Aktl has
been found to inhibit apoptosis and promote survival as well as induce protein
synthesis. Akt2 is important for insulin signaling and is involved in glucose transport
[115, 116].

P13-kinases are activated by G-protein-coupled receptors (GPCR) and receptor
tyrosine kinases (RTK) upon stimulation with growth signals. Activated P13-kinases in
turn phosphorylates phosphoinositides to produce PI(3,4)P2 and PI(3,4,5)P3. Akt
binds phosphoinositides PI(3,4,5)P3 and PI(3,4)P2 with high affinity through the PH

domain (pleckstrin homology domain). Binding of Akt to PIP3 brings it in the proximity
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of PDPK1 (phosphoinositide dependent kinase 1) which phosphorylates Akt at
threonine 308. Full activation of Akt occurs when it is phosphorylated at serine 473 by
MTORC2. Activated Akt then phosphorylates myriad of substrates such as FOXO,
GSK3B, and mTORC. Activity of PI3K/ Akt is regulated by many phosphatases the

most important and widely studied is PTEN [117,118].

Overactivation of Akt has been seen in many cancers where it is implicated in tumor
cell survival, proliferation, and invasiveness. Akt inhibits apoptosis and promotes
survival mediated by growth factor signaling. It phosphorylates BAD on Ser136 which
is a pro-apoptotic factor. Phosphorylation of BAD causes its dissociation from Bcl-
2/Bcl-X complex which no longer can induce apoptosis. Akt also promotes
transcription of pro-survival genes via regulating the activity of IkB kinase which in
turn activates NFkB transcription factor. Hyperactivation of Akt has been shown to
overcome cell cycle arrest in G1 and G2 phases caused by various factors [119,120].
Akt2 is also required for glucose up-take by cells and glycogen synthesis. Insulin-
induced translocation of glucose transporter 4 (GLUT4) to the plasma membrane is
mediated by activated Akt. It also inhibits glycogen synthase kinase (GSK) by

phosphorylation which in turn leads to activation of glycogen synthase [121].

1.17 PI3K/ Akt / PTEN Signaling Pathway in Prostate Cancer
PISK/Akt/PTEN signaling is one of the most commonly altered pathways in primary

and metastatic prostate cancer. The alterations in this pathway generally involves
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one or more of the following: deletion of PTEN, activating mutation of PIK3CA and/or
reduced expression of PHLPP gene. Recent reports have described frequent
decrease in INPP4B expression in prostate cancers and is regarded as a tumor

suppressor [122, 123].

Phosphoinositide 3-kinase (PI3K)/Akt signaling pathway is frequently activated in
prostate cancer due to the loss of PTEN which is a negative regulator of PI(3,4,5)P3
[124]. INPP4B, another negative regulator of PI3K is also frequently reduced in
advanced cancer. Overactivation of PI3K/Akt pathway plays a critical role in prostate
cancer initiation and progression. PTEN terminates PI3K/AKt signaling by
dephosphorylating PI1(3,4,5)P3 on the 3-position phosphate inositol ring. It has been
estimated that one or more components of the PI3K/Akt/PTEN signaling pathway are
altered in 42% of localized and 100% of metastatic prostate carcinoma [125]. These
cancers also have frequent loss of expression of PHLPP, a protein phosphatase that
dephosphorylates the hydrophobic motif on Akt as well as other AGC kinases [126].

Role of PTEN in prostate cancer development and progression has been genetically
confirmed using mice models with different levels of PTEN expression. Mice with
progressive loss of PTEN results in progression from prostate hyperplasia to high
grade prostate intraepithelial neoplasia (PIN) to finally prostate adenocarcinoma
[127,128]. In various murine models, prostate cancer progression is a consequence

of increased Akt and mTORC1 activity due to PTEN loss. But loss of only one allele
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of PTEN is not sufficient for the development of prostate cancer from PIN lesions

indicating that other alterations are necessary [129,130].

1.18 Inositol Polyphosphate 4-Phosphatases

Inositol polyphosphate 4-phasphatases (INPP4) are enzymes belonging to the PI3K
signaling pathway which are involved in the metabolism of phosphatidylinositol 3,4-
bisphosphate (PI1(3,4)P2), inositol 3,4-bisphosphate (Ins(3,4)P2) and inositol 1,3,4-
triphosphate (Ins(3,4,5)P3) [131]. Specifically, it catalyzes the hydrolysis of the 4-
phosphate of the inositol ring producing phosphatidylinositol 3-phosphate (PI(3)P),
inositol 1,3-bisphosphate and inositol 1-phosphate. Activity of INPP4 for (PI(3,4)P2)
is 900-fold and 120-fold higher than for IP3 and IP2, respectively [132,133]. This
enzyme neither requires Mg2+ for its activity nor is inhibited by lithium ions but is

inactivated by calpain-mediated proteolysis [134].

Evidence for the presence of a 4-phosphatase enzyme came from the study of the
metabolism of Ins(3,4,5)P3 in calf brain lysate and the enzyme was subsequently
purified [132]. The enzyme was eventually cloned from rat and human brain samples
[135]. Subsequent investigations revealed presence of another enzyme with the
same function. So, the original enzyme was designated as INPP4 type | (INPP4A)
and the later one as type Il (INPP4B). The two enzymes share only 37% of
sequences but both have a conserved motif CKSAKDRT that contains a consensus

active site Cys-Xaa5-found in many Mg2+ independent phosphatases [136].
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1.19 Tumor Suppressive Roles of INPP4B in Cancers

Study into biological role of INPP4B unraveled its role in PKB/Akt inhibition and tumor
suppression. Barnache et al., 2006 first described the silencing of INPP4B gene in
malignant proerythroblast. These cells showed enhanced Akt activity which could be
reduced by stably expressing INPP4B [137]. Deletion of a genomic region,
comprising 6 genes including INPP4B, was described to occur frequently in basal-like
breast cancers and breast cancer cell lines [138]. Additionally, an RNAi screen to
detect genes restraining transformation of human mammary epithelial cells (HMEC)
identified INPP4B as a candidate tumor suppressor [139]. Similarly, knock-down of
INPP4B expression in mammary epithelial cell line HMEC resulted in anchorage-
independent growth, increased cell migration, and enhanced Akt activation. This
same study also showed that stable expression of INPP4B in SUM149 mouse

xenografts suppressed tumor growth [140].

INPP4B was found to be expressed only in non-proliferative ERa positive cells in
normal breast epithelium and ERa positive breast cancer cell lines. shRNA mediated
knock-down of INPP4B in MCF-7 cells resulted in increased Akt activation, cell
proliferation and xenograft tumor growth. Conversely stable expression of INPP4B in
ERa negative MDA-MB-231 cells resulted in reduced Akt activation, blocked cell
cycle in G1 phase and inhibited anchorage-independent growth [141]. Furthermore,
INPP4B expression was found to be lost most commonly in basal-like breast cancers

as well as in some primary breast cancers with high clinical grade associated with
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loss of hormone receptors. The study also reported frequent loss of INPP4B in PTEN
negative tumors. These results indicate that INPP4B negatively regulates normal and

malignant breast epithelial cell proliferation [141].

A tumor suppressive role of INPP4B in ovarian teratomas was suggested based upon
observation that insertion of transgene Tgkd in 3’ of INPP4B resulted in decreased
expression of this phosphatase leading to increase in PI3K/Akt activity. It was
hypothesized that fully mature oocytes that were unable to ovulate in Tgkd

hemizygous mice were prone to developing into teratomas [142].

Decreased expression of INPP4B was found to correlate with melanoma progression
and was suggested as a marker for disease progression and treatment outcome. In
cell lines, ectopic expression of INPP4B led to decrease in Akt activity affecting
proliferation, migration, and tumorigenicity of melanoma cells. An opposite effect was

observed after depletion of endogenous INPP4B in melanoma cells [143].

In a study of 180 cases of non-small cell lung cancer, alterations in INPP4B was
found to associate with squamous cell carcinoma. Nineteen percent cases had loss
of copy number and 47% lacked expression of INPP4B whereas 67% had increased
pAkt level [144].

In nasopharyngeal carcinoma (NPC), expression of INPP4B was found to be

downregulated in 49% (32/65) of cases while it was consistently expressed in normal
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nasopharyngeal epithelial cells. The down regulation of INPP4B in NPC was due to
hypermethylation of 5CpG island in its promoter. In five EBV-positive tumor cell lines
established from nasopharyngeal carcinoma INPP4B was not expressed but
treatment with the demethylation agent (5-aza-2’deoxycytidine) caused re-expression

of INPP4B in NPC C666-1 cells leading to suppression of Akt activity [145].

In a Pten heterozygous mouse model of follicular-like thyroid cancer (FTC), complete
or partial loss of INPP4B caused progression of benign thyroid adenoma into
metastatic and lethal cancer. In thyroid cancer cell lines, INPP4B was enriched in the
early endosomes where it selectively inhibited Akt2 activity suppressing tumor
proliferation and anchorage independent growth. The authors proposed that PTEN

and INPP4B co-operate to suppress tumorigenesis in thyroid [146, 147].

1.20 Role of INPP4B in Prostate Cancer

Tumor suppressive role of INPP4B in prostate cancer was first reported by Hodgson
et al., 2011. INPP4B was shown to be direct AR target gene which was induced by
androgen receptor in prostate cancer cells and reduced Akt activation. Additionally,
knock-down of INPP4B in those cells led to increased Akt activation and cell
proliferation. In VCaP cells that has wild-type PTEN, knock-down of INPP4B indeed
caused increase in Akt activity. Micro-array comparison of normal and malignant
prostate showed decreased expression of INPP4B in tumors which was associated

with reduced time to biochemical recurrence. Also, in immunohistochemical staining,
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while strong expression of INPP4B in adjacent normal tissue was observed, it was
decreased or absent in infiltrating tumors. The authors argued that androgen ablation
can compromise its efficacy through downregulation of INPP4B and activation of Akt
[148].

Metastatic prostate cancer patients who are treated with androgen ablation therapy
invariably relapse and develop castration resistant disease which is incurable.
Transcriptomic analysis of 218 prostate cancer tumors revealed decrease in INPP4B
expression in 50% of metastatic prostate cancer while it was reduced in <10% of
non-invasive cases. Using androgen-responsive, INPP4B-positive human prostate
cancer xenograft LTL-418 which was derived from high-grade prostate
adenocarcinoma, it was shown that INPP4B expression significantly decreased after
castration. It was suggested that androgen ablation therapy might contribute to

cancer progression by reducing INPP4B expression and activating Akt [149].

Exogeneous expression of INPP4B in PC3 cells inhibited cell invasion in trans-well
assays and when inoculated on chicken chorioallantoic membrane. Transcriptomic
analysis of PC3 cells overexpressing INPP4B resulted in differential expression of
genes associated with cell adhesion, ECM and the cytoskeleton. However, the study
concluded that INPP4B may inhibit tumor invasion by inhibiting PKC-IL8-Cox2-BIRC5

axis, through dephosphorylating P1(4,5)P2 [150].
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In a cohort of prostate cancer patient, loss of INPP4B expression was associated
with tumor stage. Expression of INPP4B was highest (56%) in stage | and lowest
(28.6%) in stage IV prostate cancer. INPP4B inhibited angiogenesis by reducing the
secretion of VEGF. Specifically, conditioned medium from PC3 and DU145 cells
expressing INPP4B inhibited the proliferation of human umbilical vein endothelial
cells (HUVECs) compared with control cells. In vivo, xenograft of DU145 cells
expressing INPP4B in nude mice led to significant decrease in microvascular density
(MVD) of tumors compared with controls. Also, expression of INPP4B in PC3 and

DU145 cells inhibited migration and invasion of these cells [151].

1.21 Tumor Promoting Role of INPP4B

Interestingly, INPP4B has been shown to promote malignancy in breast, pancreas,
colon and acute myeloid leukemia (AML). In a subset of breast cancer, INPP4B
mediated oncogenic effects of mutated PIK3SCA by activating SGK3 which is

activated by PI3P, a product of INPP4B [152].

An oncogenic role for INPP4B was reported in AML. AML patients with high levels of
INPP4B had poor response to induction therapy and shorter overall survival. INPP4B
overexpression in AML cell lines increased proliferation and colony formation, as well
as enhanced chemotherapy resistance which was independent of Akt [153]. In a
separate study using mass spectrometry-based protein profiling, INPP4B was found

to be overexpressed in AML patients. The effects were enhanced chemoresistance,
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early relapse, and poor overall survival. Ectopic expression of INPP4B in AML cell
lines conferred chemo-resistance. Accordingly, expression of a catalytically inactive
INPP4B (C842A) did not sensitize the chemotherapy resistant cells but siRNA

mediated depletion of endogenous INPP4B did [154].
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Chapter 2

Estrogen Receptor B regulates AKT activity through up-regulation

of INPP4B and inhibits migration of prostate cancer cell line PC-3.
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2.1 Introduction

Prostate cancer is the most common cancer in US men and second leading cause of
cancer related death [1]. Despite decades of intensive research, the mechanism
behind prostate cancer development and progression is not fully understood. While

primary prostate cancer is indolent in nature, metastatic cancer is a fatal disease [10].

Hyperactive PI3K/Akt signaling pathway has been implicated in a host of activities
including cell growth and survival, epithelial-mesenchymal transition (EMT),
angiogenesis, metastasis, and development of chemoresistance in a wide range of
tumors [156]. Loss of the tumor suppressor PTEN leads to overactive PI3K/AKT
signaling and complete loss of PTEN is associated with increased metastasis and
androgen independence in prostate cancer [157,158]. Loss of PTEN occurs at high
frequency in prostate cancer where up to 60% is monoallelic loss in primary cancer
and 100% in metastatic cancer [159]. Another phosphatase, inositol-polyphosphate
4-phosphatase type Il (INPP4B) regulates AKT activity and can partially compensate
for loss of PTEN [160]. Similar to the loss of PTEN, loss of INPP4B is also associated

with increased aggressiveness and metastasis of prostate cancer [161].

PI3K generates lipid second messenger PI(3,4,5)P3 upon activation by growth
factors and other mitogenic signals [162]. When Akt binds to PI(3,4,5)P3 and
PI1(3,4)P2 with its PH domain on plasma membrane it gets phosphorylated by PDPK1
on threonine 308 and this leads to partial activation [163]. Full activation of Akt
occurs when Ser473 is phosphorylated by mTORC2 complex. Fully activated Akt can

then phosphorylate many downstream proteins resulting in enhanced survival,
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proliferation, metabolism, and migration [164]. PTEN, by dephosphorylating 3’
position of PI(3,4,5) is the major negative regulator of this pathway. But in the
absence of functional PTEN, there is accumulation of PI(3,4,5)P3 leading to
increased Akt activity [165]. PI(3,4)P2 is generated from the activity of a group of
phosphatases called SHIPs (SH2-containing inositol 5’-Phosphatases) which remove
a phosphate group from 5’ position of PI(3,4,5)P3 [166]. Loss of INPP4B expression

leads to accumulation of PI(3,4)P2 further increasing Akt activity [167].

The estrogen receptor B (ERB) was discovered and cloned in 1996 [73]. It has been
shown to act as a tumor suppressor in various cancers [168-170]. Multiple tumor
suppressive mechanisms of ERB have been described. It inhibits cell proliferation by
upregulating p21, p27 and/or downregulating p45 SKp2 [95]. ERB was shown to
induce apoptosis in prostate cancer cell lines through upregulation of PUMA and
FOXO3a [100]. It was also shown to impede epithelial to mesenchymal transition
(EMT) in TNBC cells by suppressing EGFR signaling [172] and decreased the

invasiveness of TNBC breast cancer cells by inhibiting mutant p53 function [171].

Numerous studies have described anti-proliferative and pro-apoptotic effects of ERf
in various cancers, however, the role of ERB in metastasis is not well studied. While
there are some studies indicating that ERP inhibits metastasis through regulating
EMT in breast cancer [172], no such study has been done in prostate cancer.
Expression of ERB usually declines as tumors progress and becomes undetectable

after Gleason grade lll in prostate cancer [173]. The fact that ERp is lost in advanced
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and metastatic cancer poses a major limitation for studying its role in metastasis

suppression.

Dysregulation of PI3K/Akt/PTEN signaling is one of the most common characteristics
of prostate cancer [157,158]. The role of ERJ in regulating this pathway in prostate
cancer is not known. Additionally, the potential of ERB to inhibit metastasis in
prostate cancer has not been studied. In this study using stably expressing PC3-
ERB1 cells, we investigated regulation of PI3K/Akt activity by ERB. We also
performed wound healing assay to investigate the ability of ER[ to inhibit migration of
PC3 cells in vitro. We found that ERB inhibited PC3 cell migration by inhibiting Akt
activity through INPP4B upregulation. Further, using ChiP-seq assays, we found that
ERPB binds to two enhancers in INPP4B gene. We propose that INPP4B is a direct

ERP target gene.

2.2 Results

2.2.1 Stable Expression of Estrogen Receptor 1 in prostate cancer cell lines

PC3 and BPH1

Expression of ERB1 is gradually reduced during progression of prostate cancer and
cell lines established from metastatic disease express very low levels of ER[B1
[100,173]. In the present study, we used prostate cancer cell line PC3 and BPHL1 to
study the effect of ERB1. PC3 cell line was established from bone metastasis of a
stage IV (advanced) prostate cancer patient and are highly metastatic in xenograft

animal models and exhibit high motility in cell culture [174]. As previously reported
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and also observed from our RNA-seq data these cells do not express androgen
receptor but express very low levels of ERB1. When examined by electron
microscopy, these cells show many characteristics common to neoplastic cells of
epithelial origin including abnormal nuclei, and nucleoli, abnormal mitochondria,
numerous microvilli, annulate lamellae, and lipoidal bodies. It was suggested that
PC3 cells represent poorly differentiated adenocarcinoma and have high metastatic
potential when compared to LNCaP cells [174]. BPH1 cells are immortalized benign
prostate cell line of basal type. These cells express Ap63 as well as cytokeratin 5 and

14 [175].

We expressed ERb1 in PC3 and BPH1 cells using lentivirus mediated gene delivery
and integration and selected for at least two weeks before doing any experiments.
Stable expression of ERB1 was detected using RT-gPCR, Western blotting and
immunofluorescence. Our results show low level of ERB expression in PC3 cells by
immunoblot and some 70-80% cells being nuclear positive in immunofluorescence

(Figure 2.1).
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Figure 2.1 Expression of ERB1 in PC3 cells. Early passage of PC3 cells were
infected with the lentivirus Lenti6-TOPO-V5-D empty or containing cDNA for human
ERB1 at 2 M.O.l. and selected with 5 pg/ml blasticidin for two weeks. (A)
Immunofluorescence staining of ERB in PC3 cells showing mostly nuclear staining,
top control PC3 cells, bottom ERB PC3 cells. (B) ERB1 mRNA expression in PC3-
ERB cells compared to control cells and presented as fold difference. Values
represent mean + SEM of three independent experiments; *p<0.05. (C) ERp1
protein expression detected by western blot in PC3 control and PC3-ERB1 cells .
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2.2.2 Effect of ERB1 expression on PC3 and BPH1 cells.

As previously reported [95], we also observed growth inhibition upon exogenous
expression of ERB1 in PC3 cells. We performed colony formation assay of stable
cells in regular culture medium and found that colonies of ERB1 expressing cells
were smaller than those of control cells. In addition, ERB1 expressing cells formed

compact cobblestone colonies while control cells formed loose colonies (Figure 2.2).

2.2.3 ERB1 upregulates INPP4B in PC3 and BPH1 cells

We performed RNA-seq of PC3 cells expressing ERB1 or not (control) after treatment
with vehicle control (DMSO) or ERB specific ligand LY3201. Comparison of the
transcriptome revealed 3.5-fold upregulation of INPP4B in ERB1 expressing cells
treated with Ly3201 (data not shown). We validated INPP4B upregulation in gPCR
and western blot after treatment with ERb specific ligands Ly3201, DPN as well as
estradiol (E2). Cells infected with empty vector which express antibiotic resistance
gene but no ERB1 were used as control in all experiments. While there was very
little INPP4B expressed in control cells detectable upon longer exposure of WB
membranes, it was readily detected after expression of ERB1. The expression was
also ligand dependent showing highest induction after ERB specific ligand Ly3201
treatment. ERp also upregulated INPP4B in BPHL1 cells both at transcript and protein

level (Figure 2.3).
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Figure 2.2 Effect of ERB expression on colony formation. Stable PC3 and BPH1
cells were seeded into 6-well plate at 1000 cells /well and grown for 10 days in 10%
FBS RPMI-1640. (A) colonies formed by PC3 control (left) and ER (right) cells. (B)
colonies formed by BPH1 control (left) and ERp (right) cells. (C) Crystal violet stained
colonies of PC3 control (top) and ERB (bottom) cells. (D) Quantitation of colonies
from (C), values represent mean + SEM of three independent experiments (*p<0.05).
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Figure 2.3 ERPB1 induces expression of INPP4B in PC3 and BPH1 cells. Stable
PC3 and BPHL1 cells were grown to 60% confluency and treated with ligands in 10%
DCC-FBS for 24 hrs, RNA and protein extracted and analyzed for expression of
INPP4B. (A) Expression of INPP4B mRNA in PC3 control and ERB1 cells. (B)
Expression of INPP4B mRNA in BPH1 control and ERB1 cells. Values presented as
fold difference compared with control DMSO and represent mean + SEM of three
independent experiments (*p< 0.05). (C) Expression of INPP4B protein in PC3
control and ERB1 cells. (D) Western blot of INPP4B protein in BPH1 control and
ERB1 cells (left), quantification of band intensity (right).
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2.2.4 ER inhibits Akt activity in PC3 cells

Since INPP4B is known to dephosphorylate PI(3,4)P2 producing PI(3)P and inhibit
Akt activity [140,176], we hypothesized that ERp inhibits Akt activity through INPP4B.
ERB1 mediated induction of INPP4B significantly reduced Akt phosphorylation on
Ser473 in PC3 cells (Figure 2.4). On the other-hand, Akt phosphorylation on T308
was not detectable in either control or ERB expressing cells. We also observed that
the level of pGSK3pB, a substrate of Akt [177] used to measure its activity in cells,
decreased along with pAkt Ser473. Although ERB upregulated INPP4B in BPH1
cells in a ligand dependent manner, we could not detect pAkt Ser 473 or pAkt Thr308

in these cells.
2.2.5 ERB regulated Akt activity is dependent on INPP4B upregulation

To confirm that inhibition of Akt activity by ERP is mediated through INPP4B, we
depleted INPP4B expression in ERB expressing PC3 cells using siRNA and found
that the level of pAkt Ser473 increased while total Akt did not change (Figure 2.5).
The level of pGSK3p did not follow the level of pAkt Ser 473 (data not shown). We do

not know any explanation for this anomalous observation.
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Figure 2.4 ER inhibits Akt activity in PC3 cells. Stable PC3 cells were grown to
60-70% confluency, treated in 10% DCC-FBS for 24 hrs with DMSO or Ly3201 and
analyzed for indicated proteins. (A) Representative western blot for INPP4B, pAkt
S473, Total Akt, ERB, pGSK3[, B-Actin, and GAPDH. (B) Band intensity for INPP4B,
pAktS473 and pGSK3B. GAPDH was used as normalizing control. Values presented
as fold difference compared with control DMSO and representing mean + SEM of
three independent experiments (*p< 0.05).
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Figure 2.5 Knock-down of INPP4B increases Akt activity in PC3 ERp cells. PC3
ERP cells were transfected with siRNA for INPP4B or negative control for 48hrs and
treated with DMSO or Ly3201 in 10% DCC-FBS for 24 hrs. (A) Relative mRNA
expression of INPP4B in siControl and siINPP4B PC3 ERpB cells. (B) Protein
expression of INPP4B, pAkt S473, Total Akt, ERB, B-Actin, and GAPDH in siControl
and siINPP4B PC3 ER cells. (C) and (D) Band intensities of INPP4B and pAkt S473
of siControl and siINPP4B PC3 ERp cells. Values presented as fold difference
compared with control DMSO and representing mean = SEM of three independent
experiments (*p< 0.05).
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2.2.6 ERB1 inhibits migration of PC3 cells

Wound healing assays are a commonly used technique to measure collective cell
movement on a two-dimensional substrate [178]. A wound is made on a confluent
sheet of monolayer cells, washed of the floating cells, image of the wound captured
and incubated in desired condition for a certain period to allow migration of cells into
the empty area. At the end, image is taken again and the gap in the wound is
compared with control. Wound healing assays are frequently used because they are
easy to perform, inexpensive, and fast. If at least 10-cell wide scratch is made and

measured within cell doubling time, effect of cell proliferation is minimized [189].

We performed standard wound healing assay to measure the effect of ERPB
expression on PC3 cell migration. Cells were treated with Ly3201 for 18hrs in phenol
red-free RPMI supplemented with 10% DCC-FBS. Images of the wound were taken
before and after incubation and analyzed with Image J software. We found that ER1

expressing cells migrated 45% slower than control cells (Figure 2.6).
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Figure 2.6 ERB1 inhibits migration of PC3 cells. (A)PC3 control and ERB1stable
cells were grown to confluency in 6-well plate and a wound was made with a pipette
tip. Cells were incubated with Ly3201 for 18 hrs in 10% DCC-FBS. Images were
taken initially (O hrs) and after the end of incubation (18 hrs). (B) Quantification of cell
migration; empty spaces in all images were delineated and measured with Image J
software. Total area covered in control cells at the end of incubation (18 hrs) was set
as 100%. Empty area from initial (O hrs) was used for normalization.
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2.2.7 Depletion of INPP4B abrogates effect of ERB1 on migration.

PI3K/Akt activity is implicated in cell survival, proliferation, and migration. Hyperactive
Akt activity is strongly associated with EMT and tumor metastasis [119]. We tested
whether ERB1 inhibited PC3 cell migration is regulated through INPP4B. We
observed that PC3 ERB1 cells migrated faster in wound healing assay when INPP4B
level was reduced using siRNA (Figure 2.7). The effect was modest but statistically
significant. We believe that partial reversal of migration is due to presence of still

significant amount of INPP4B protein in siRNA transfected PC3 ERB1 cells.
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Figure 2.7 ERB1 inhibited migration is dependent on level of INPP4B. (A) PC3
ERB1stable cells were grown to 50-60% confluency in 6-well plate and transfected
with siRNA for negative control (siControl) or INPP4B. After 48 hrs a wound was
made with a pipette tip. Cells were incubated with Ly3201 for 24 hrs in 10% DCC-
FBS. Images were taken initially (O hrs) and after the end of incubation (18 hrs). (B)
Quantification of cell migration; empty spaces in all images were delineated and
measured with Image J software. Total area covered in siControl cells at the end of
incubation (18 hrs) was set as 100%. Empty area from initial (O hrs) was used for
normalization.
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2.2.8 INPPP4B is a direct target gene of ER(31

To further elucidate the mechanism of INPP4B upregulation by ERB1, we performed
global ChIP-sequencing (data not shown). We found that ERB1 bound to two intronic
sequences in INPP4B gene which we named Enhancer 1 (Enhl) and Enhancer 2
(Enh2) relative to the promoter of the gene (Figure 2.8). We also analyzed 400 bp
stretch of DNA from the enhancers using Position Specific Scoring Matrices
(Possum) [180] for the enriched cis-elements. The Possum analysis resulted in
common and uncommon motifs being enriched in these enhancers (Figure 2.9). For
Enhancer 1, which is smaller and closer from the promoter, two ERESs, two AP1, and
two GATA motifs were found. Out of the two ERESs, one is perfect and the other
imperfect ERE. Some uncommon motifs CCAAT, SRF, LSF, Ets, NF-1, and TATA
were also enriched. CCAAT motif is located adjacent to the prefect ERE which raises
the possibility of interaction between ERB and C/EBPs (CCAAT enhancer binding
proteins). Largest score was for perfect ERE followed by AP1 and CCAAT. For
Enhancer 2, which appeared to have larger peak, the cis-elements found were %
EREs, Sp1l, Tef, Mef-2, LSF, CRE, and CCAAT. Interestingly, no AP1 elements were

enriched. Again, largest score was for %2 ERE followed by Sp1 and LSF.
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UCSC genome browser extending INPP4B gene.
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Figure 2.9 Analysis of motifs enriched in ERB binding regions in INPP4B. A
DNA stretch of 400 bp centered around Enhancer 1 and Enhancer 2 was extracted
and analyzed for cis-elements enrichment using Possum software. (A, B) Positioning
of motifs in the Enhancer 1 (A) and Enhancer 2 (B). (C, D) List of motifs found in
Enhancer 1 (C) and Enhancer 2 (D). (E, F) Sequences of Enhancer 1 (E) and
Enhancer 2 (F), EREs are highlighted in green and yellow color.
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= protein-coding
A Enhancer 1
+
hg38_dna range=chr4:142615346-142615745
400 bp L
B Enhancer 2
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motif position strand sequence score motif position strand  sequence  score
LSF 21 - 35 + acaggttataggtgg 5.68 CCAAT 68 - 83 + agcagccaataaagaa 6.96
AP-1 92 - 102 - ttggagtcage 7.27 LSF 129 - 143 + getggcttatgectg 8.43
GATA 121 - 133 + ttaagataaggaa 6.21 Tef 139 - 150 - gectggaatccce 5.06
CCAAT 138 - 153 + gttaaccaataaacta 7.22 Tef 148 - 159 -  cccagcaatttg 5.40
ERE 153 - 166 + aggtcagagtgacc 12.3 ERE 168 - 181 +  aggccaggatgacc 7.82
ERE 154 - 167 - gegtcagagtgacct 13.2 ERE 169 - 182 - ggccaggatgacct 11.8
GATA 186 - 198 - geccttgtetgge 5.80 CRE 180 - 191 + cctgacatcagg 7.41
SRF 187 - 199 -  cccttgtctggea 5.43 CRE 180 -191 -  cctgacatcagg 6.06
AP-1 295 - 305 - tgcgagtcagt 6.22 ERE 198 - 211 + agaccagcctggee 6.72
TATA 332 - 346 + gtataacaaggtacg 5.05 CRE 214 - 225 + catgacgaaacc 5.96
ERE 340 - 353 +  aggtacgtctgacc 5.07 Mef-2 235-246 -  ttaaaaatacaa 6.55
ERE 341 - 354 -  ggtacgtctgacct 6.54 Mef-2 244 - 255 - caaaaattagct 5.85
Ets 355- 365 - cccttcccate 5.51 Spl 253 -265 +  gctgggegtgstg 7.03
NF-1 364 - 381 + tcatggctgggaattcag 5.29 Tef 267 - 278 + cacactcctgta 5.41
Sp1 324 - 336 + caggggcggaget 7.72
LSF 357 - 371 - ccactgcactccage 6.35
Tef 361 - 372 + tgcactccagcc 5.12
E
Enhancer 1
>hg38_dna range=chr4:142615346-142615745
ATCCAAAAAGATAGATATCTACAGGTTATAGGTGGATTAAGAGATTCCTT
AATTTGCAACTGGTTAAAGGAGTAAAGCTTTGTCTACAAATTTGGAGTCA
GCAGAAAGGAATGTTTTAAGTTAAGATAAGGAAGTCTGT TAACCAATAAA
CTAGGTCAGAGTGACCTGTAGGGATGTGTGAGTTAGCCCTTGTCTGGCAT
GGCCTTAGGTCCTATTTGTGATTCAGTATCTTACTGTCACGAAGAGTCCA
CCTAGTTAGTCTCATGATCTCTATTTTTATTAATTTTTTATTAATGCGAG
TCAGTTGTGCCTAAACT CCAAAAGGGAAAGGGTATAACAAGGTACEECTG
ACCTCCCTTCCCATCATGGCTGGGAATTCAGTTTTTAAGGTTTTTCTGAG
F

Enhancer 2

>hg38_dna range=chr4:142488155-142408554

TTGGATTGTTTTGTGAAGATATTACTCATATGATCACTATAAAATCTAAT
CCGTATGAGAATTATTTAGCAGCCAATAAAGAATCCTGAAAAATCTGTTT
TCAGGAAAAAAAAAAAGTGAATGGGTGAGGTGGCTTATGCCTGGAATCCC
AGCAATTTGAGAGGCCGAGGCCAgga TGACCTGACATCAGGAATT CCAGA
CCAGCCTGGCCAACATGACGAAACCCCATCTCTATTAAAAATACAAAAAT
TAGCTGGGCGTGGTGGCACACTCCTGTAGTGCCAGCTACTTGGGAGGCTG
AGGCACAAGAATTGCTTGAACCCCAGGGGCGGAGGT TGCAGTGAGCTGAG
ATCACACCACTGCACTCCAGCCTGGGTGACAGAATGAGACTCTGTCTCAT
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2.2.9 ERB regulates transcription from the INPP4B enhancers

Next, we evaluated the ability of ERB1 to induce transcription from these two sites
(Enhancer 1 and Enhancer 2) using luciferase reporter assay. A 500 bp stretch of
DNA was PCR amplified from genomic DNA containing enhancers and cloned into a
pGL3-promoter luciferase reporter. PC3 cells were transfected with one of these
constructs with or without ER expression vector and treated with Ly3201 for 24 hrs
in 10%DCC-FBS. We found that ERB could induce robust expression of luciferase
from these enhancers which was also ligand dependent. Additionally, Enhancer 1

showed higher induction with ligand than the Enhancer 2 (Figure 2.9).
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Figure 2.10 ERB1 transcriptional activity from INPP4B enhancers. PCR amplified
product of Enhancer 1 and Enhancer 2 was cloned into pGL3 promoter luciferase
vector and transfected into PC3 cells with or without ERB1 expression plasmid.
Luciferase activity was measured after treatment with DMSO or Ly3201 for 18 hrs.
(A) Schematic of the reporter construct. (B) ERB1 activity from Enhancer 1 and (C)
from Enhancer 2.
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2.3 Discussion

Discovery of estrogen receptor B expanded the domain of estrogen signaling. While
ERa has been implicated in various endocrine dependent cancers, ERB emerged as
a tumor suppressor. Various mechanisms of tumor suppressor activity are assigned
to ERP including inhibition of proliferation [95], inhibition of epithelial to mesenchymal

transitions [172], and induction of apoptosis [100].

The role of ERP in regulating PI3K/Akt pathway in prostate cancer is not known.
Additionally, the potential of ERB to inhibit metastasis in prostate cancer has not
been studied. PTEN is deleted in PC3 cells and they express very low levels of
INPP4B which may contribute to high AKT activity in these cells [181]. In this regard,
PC3 cells with high metastatic potential [174] and highly migratory dynamics appear
to be a good in vitro model for studying intervention strategies for treatment of
metastatic prostate cancer and PI3K/Akt signaling. In the present study, we
investigated the role of ERB in cell migration and PI3K/Akt oncogenic signaling

pathway in PC3 cells.

Since cancer cell lines established from metastatic prostate cancer express very little
ERPB [182], we exogenously expressed ERB1 in PC3 cells using lentivirus at MOI of
2. Initially, we observed low level of ERPB expression by western blot and
immunofluorescence. But ER[ protein expression decreased to a low level in two-
weeks. So, we were forced to generate multiple batches of stable cells. As yet, we do

not know the exact mechanism behind ERp loss, but it has been reported that Mdm2
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and CREB-binding protein (CBP) co-ordinate the degradation of ER[ in response to

growth signals [183].

To better understand the tumor suppressive effects of ERB, we used RNA-seq to
compare the differences in gene expression between PC3 cells stably expressing
ERPB and control cells. We discovered that ERB upregulated INPP4B > 3.5-fold when
activated with specific agonist Ly3201. We validated this finding using RT-PCR in
different RNA preparations and western blot. INPP4B has been previously reported
to be a direct target of androgen receptor in LNCaP cells and is proposed to be
direct AR target in normal prostate [150]. Additionally, INPP4B has been also
reported to be expressed in ERa positive, non-dividing normal breast luminal cells.
Despite these observations, treatment of ERa positive MCF-7 breast cancer cells
with estradiol did not regulate INPP4B expression [141]. Interestingly, glioblastoma
cells stably expressing ERB, when treated with Ly5003007 induced expression of
INPP4B in an RNA-seq study [184]. To examine whether ER[ can regulate INPP4B
in other cell lines, we made stable ERB expressing cells of BPH1 and DU145. BPH1
cells are immortalized prostate epithelial cells that express Ap63, cytokeratin 5 and
14 but not androgen receptor, hence are considered prostate basal cells [175]. On
the other hand, DU145 cells are prostate cancer cells established from brain
metastasis [185]. We found ERp robustly induced INPP4B expression in BPH1 cells

but not in DU145 cells.

INPP4B is a phosphatase belonging to PI3K/Akt pathway where it negatively

regulates PI3K signaling by removing 4-phosphate group from PI(3,4)P2 [186]. In
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normal cells PTEN is the major regulator of PI3K/Akt, but it is frequently lost in
prostate cancer leading to overactivated Akt [159]. We tested whether expression of
ERPB in PC3 cells and BPH1 cells affected Akt activity. Akt activity is regulated by
phosphorylation at Thr308 and Ser473. In PC3 cells pAkt Thr308 could not be
detected but pAkt Ser473 level was decreased by approximately 50%. BPH1 cells
express wild type PTEN [175] and no pAkt could be detected. We hypothesized that
decrease in Akt activity is due to increase in INPP4B. To test this hypothesis, we
partially decreased INPP4B level in PC3-ERp cells using siRNA and observed that
pAkt Serd73 level increased. This leads to the conclusion that ERB regulates Akt
activity through upregulation of INPP4B. ERpB inhibited Akt activity in MCF-7 and
T47D breast cancer cells through upregulation of PTEN and down regulation of Her2
[187]. Also, in glioma cells treatment with liquiritgenin, a novel ERp ligand, inhibited

Akt activity [188].

Akt activity has been implicated in many biological processes such as survival,
proliferation, and migration of cells. Overactive Akt activity is widely associated with
aggressive tumor and enhanced metastasis [189]. To understand the biological
effect of Akt inhibition, we performed wound healing assay with stable PC3 cells.
Wound healing assay is an easy, inexpensive and fast in vitro assay to test the
migratory behavior of cells. We observed that PC3-ER cells migrated significantly
slower than control cells. To confirm that this effect is mediated through INPP4B, we
performed scratch assay on PC3-ER cells after knock-down of INPP4B with siRNA.

As expected siINPP4B transfected cells migrated faster than siControl transfected
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cells. Several reports have described inhibitory effect of INPP4B expression on cell
migration [148,151, 190]. Exogeneous expression of INPP4B in PC3 and DU145
cells significantly inhibited migration in trans-well assays and this was found to be
mediated through inhibition of Akt activity [151]. However, Hodgson et al., 2014
overexpressed INPP4B in PC3 cells and found inhibition of cell invasion but not

migration in trans-well chambers [148].

To understand the mechanism of INPP4B upregulation by ERB, we analyzed global
ERPB binding in PC3 cells. ChIP-seq revealed two locations in INPP4B gene where
ERB was bound. We further analyzed DNA sequences in 400 bp stretch of those two
ERB binding enhancers in INPP4B. Possum analysis revealed >15 cis-elements
including ERE, %2 ERE, AP1, and SP1 among others being enriched in small region.
These motifs may indicate possible co-operation of different transcription factors
involved in INPP4B regulation by ERB. Androgen receptor was shown to bind near

INPP4B gene [150] but both ERf binding loci are different from AR binding region.

INPP4B has been shown to function as tumor suppressor in prostate cancer and is
lost in advanced stages of the disease. It was shown to be regulated by androgen
receptor in LNCaP cells and inhibit Akt activity [150]. This indicates that androgen
ablation therapy may increase Akt activity because of loss of INPP4B expression.
Our findings suggest that treatment with ERB specific agonist can benefit patients

with PTEN loss and overactive Akt signaling.
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2.4. Materials and Methods

2.4.1 Reagents and Cell Culture

The PC3 and BPHL1 cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Both cell lines were cultured in RPMI-1640
(Invitrogen Inc., Carlsbad, CA) medium supplemented with 10% fetal bovine serum
(FBS, Sigma, St. Louis, MO), and Antibiotic-Antimycotic (Invitrogen Inc., Carlsbad,
CA) at 37°C and 5% COz2. Phenol red-free medium supplemented with 10% dextran
coated charcoal (DCC) treated FBS was used for ligand treatment. All experiments
used cells below passage 30. Ly3201 was provided by Eli Lily company. 17p-

estradiol and 40H-tamoxifen were purchased from Millipore Sigma ( St. Louis, MO).

2.4.2 Stable expression of ERB in PC3 and BPH1 cells

Early passage of PC3 and BPHL1 cells were infected with the lentivirus Lenti6-TOPO-
V5-D empty or containing cDNA for human ERB1 at 2 M.O.I. (multiplicity of infection).
Cells were selected with 5 pg/ml blasticidin for at least two weeks. The cells infected

with empty virus vector were used as control in all experiments.

2.4.3 RNA extraction and real-time PCR

RNA extraction was performed with Qiagen mRNA extraction kit according to
manufacturer’s protocol from cells grown in 6-well plate. cDNA was synthesized from
1 pg of total RNA with iScript first strand cDNA synthesis kit according to
manufacturer’'s protocol (Bio-Rad Laboratories, Inc. CA). Real-time PCR was

performed with iTag Universal SYBR Green supermix (Bio-Rad Laboratories, Inc.
68



CA) on a 7500 Fast Real-Time PCR System (Applied Biosystems) using optimized
conditions for SYBR Green | dye: 95°C for 2 min, followed by 40 cycles at 95°C for
15 s, 60°C for 15 s, and 72°C for 30 s. Optimum primer concentration was
determined in preliminary experiments, and amplification specificity confirmed by melt
curve. Relative gene expression was calculated using AACt using GAPDH as
normalization control. Primer sequences for the real-time PCR are listed in table 1.
All primers were designed using NCBI primer-BLAST, and ordered from IDT

(Coralville, 1A).

2.4.4 RNA sequencing and transcriptomic analysis

Libraries for RNA sequencing were prepared with KAPA stranded RNA-seq kit. The
workflow consisted of mMRNA enrichment, cDNA generation, and end repair to
generate blunt ends, A-tailing, adaptor ligation and PCR amplification. Sequencing
was performed on Illlumina HiSeq 3000 for a single read of 50 bp. The reads were
mapped to the latest UCSC transcript set using Bowtie2 version 2.1.0 [192] and the
gene expression level was estimated using RSEM v1.2.15 [193]. TMM (trimmed
mean of M-values) was used to normalize the gene expression across samples.
Differentially expressed genes were identified using edgeR program [194]. Genes
showing altered expression with p<0.05 and more than 1.5-fold changes were

considered differentially expressed.
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2.4.5 Protein extract preparation

To prepare whole-cell extracts, cells were washed twice with cold PBS, scraped with
a rubber policeman in PBS and cell pellet collected by centrifuging at 3000 g for 5
min. Cells were suspended in 10 times packed cell volume of RIPA lysis buffer (10
mM Tris-HCI pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% Sodium
deoxycholate, 0.1% SDS and 140 mM NaCl) supplemented with protease inhibitor
cocktail, and PhosStop (Roche, Indianapolis, IN), syringed 10 times through narrow
needle and then centrifuged at 14,000 rpm for 10 min. Clear supernatant was
transferred to a new centrifuge tube and protein concentration measured using
Pierce 660 nm protein assay kit (Thermo Fisher Scientific, Waltham, MA). Samples

were prepared by boiling with 4X loading dye and 3-mercaptoethanol.

2.4.6 Western blotting

Thirty-five micrograms of protein were loaded on an SDS-PAGE 4-20% Bis-Tris gel
with Tris running buffer and transferred to a PVDF membrane after electrophoretic
separation. Membranes were blocked with 5% non-fat powdered milk in 0.1% TBST
buffer and probed with anti-ERb (PPZ0506, Invitrogen), anti-INPP4B (D9K1B), pAkt
Thr308 ( D25E6), pAkt Ser473 (D9E), panAkt (C67E7), pGSK3b (D85E12), (Cell
Signaling Technology), GAPDH-HRP (sc-47724) (Santa Cruz Biotechnology), B-Actin
(A19780) (Millipore Sigma, St. Louis, MO). Primary antibodies were used at 1:200—
1000 dilutions, and secondary antibody was used at 1:10,000. The western blot

experiments were repeated at least three times.
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2.4.7 Chromatin Immunoprecipitation (ChlIP)

ChIP assay was modified from a previous report [195]. Sub-confluent PC3 cells
(90%) were grown in a 100 mm dish and treated with indicated ligand for 24 hrs in
10% charcoal stripped serum. Cells were fixed with 1.5% formaldehyde by adding
directly into the media on the plates for 10 min at RT, quenched with 0.125 M glycine,
washed 2X with cold PBS, scraped in PBS and cells collected by centrifugation. Cell
pellets were suspended in 500 pl ChIP buffer ( TrisHCI 20 mM, NaCl 150 mM, EDTA
2 mM, TritonX 100 1%, SDS 0.1% and protease inhibitor), sonicated with Diagenode
UCDZ200 in ice-cold water for 60 cycles (30 s on/ 30 s off), and lysates were cleared
by centrifugation at 14000 rpm for 5 min. Following sonication, 25 pl samples were
mixed with 75 pl elution buffer (TrisHcl 50 mM, EDTA 10 mM, 1% SDS) incubated at
65°C for >6 hrs and purified using PCR purification kit (Qiagen) for input DNA. Rest
of the lysate was divided equally into two Eppendorf tubes, 10 ul ERB-LBD antibody
(homemade) or 10 pl hyperimmune rabbit IgG was added and incubated at 4°C O/N
on slow rotation. Next day 20 ul protein G beads (Dynabeads, Invitrogen) added to IP
samples and rotated at RT for 2 hrs. Beads were washed twice with 1 ml each of
wash buffer Il ( HEPES 50 mM, NaCl 500 mM, EDTA 1 mM, Sodium Deoxycholate
0.1%, , TritonX 100 1%) , Il (TrisHcl 10 mM, LiCl 250 mM, EDTA 1 mM, Sodium
Deoxycholate 0.5%, NP40 0.5%), & IV (Tris HCI 10 mM, EDTA 1 mM) for 2 min on a
slow rotation at RT, then suspended in 100 pl elution buffer and incubated at 65°C for
>6 hrs, and finally purified using PCR purification kit (Qiagen). Purified DNA was

used for gPCR and sequencing. Fold enrichment was calculated using AACt method.
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2.4.8 ChIP-seq Analysis

ChIP DNA samples were analyzed for quality and integrity on a Qbit 2.0 fluorometer
(Thermo Fisher Scientific, Waltham, MA). Nextera DNA Flex Library prep kit was
used for library preparation as per manufacturer's recommendation and DNA was
sequenced on an lllumina NextSeq 500. The reads were mapped to the latest UCSC
genome build using Bowtie2 version 2.1.0. From the aligned reads, peaks were
called and annotated using MACS2 [196]. This methodology drew pairwise

comparisons between each ChIP sample and control.
2.4.9 siRNA transfection

siRNA for human INPP4B (Catalogue# 4392420) and negative control (Catalogue#
4390843) were purchased from Thermo Fisher Scientific. PC3 ER cells were grown
to 50% confluency in complete medium and transfected with SIRNA using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA) at the final
concentration of 50 nM of each (control or INPP4B). After 48 hrs, cells were treated
with DMSO (vehicle control) or Ly3201 1 pM in 10% DCC-FBS for 24 hrs, and RNA
and protein extracted. For scratch assay sub-confluent (70-80%) cells were

transfected as above and after 48 hrs scratch assay performed.
2.4.10 Wound healing assay

PC3 cells expressing either ERB or empty vector (control cells) were grown to
confluency in 12-well plate in complete medium, then wounded with a 200 pul pipette
tip washed with PBS, added 10% DCC with indicated treatment and image taken with
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an Olympus inverted microscope with Axiocam software. Cells were incubated at
37°C with 5% CO2 and 100% humidity for 18 hrs or 24 hrs. Images were taken again
after the end of incubation. For wound healing assay comparing between control
cells and ERp cells incubation was for 18 hrs and for wound healing assay after

SiRNA transfection, incubation was for 24 hrs.

2.4.11 Luciferase assay

A 500 bp sequence surrounding each of the ERbeta binding enhancer sequences
identified from ChlIP-seq were amplified using PCR and cloned into pGL3 luciferase
reporter in front of a minimal promoter. PC3 cells were grown to 50% confluency in
6-well plate and transfected with one microgram of the luciferase constructs along
with or without 0.5 ug ERB expression vector in 10% DCC medium. 24 hrs post
transfection, cells were treated with DMSO (vehicle control) or Ly3201 10 nM in fresh
10% DCC for 24 hrs more. Next day media aspirated and 200 pl lysis buffer added to
cells in each well and collected lysates were centrifuged at 14000 rpm for 10 min.
Fifty ul of cleared lysate was used to measure luminescence on a Perkin-Elmer
(Waltham, MA) Victor x luminescence plate reader using luciferase kit from BioVision

(Milpitas, CA).

2.4.12 Statistical analysis

Statistical analysis was performed with Prism GraphPad version software. Student’s
t-test and one-way ANOVA were used for statistical analysis. Results were

considered significant with p-value < 0.05.

73



Chapter 3

Estrogen Receptor B exerts tumor suppressive effects in prostate

cancer through repression of androgen receptor activity
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3.1 Introduction

Prostate cancer is the most common cancer in men worldwide (excluding non-
melanoma skin cancer) and is the cause for at least 3,66,000 cancer related deaths
annually. Despite many recent advances in diagnosis and treatment, prostate cancer
is still a significant medical problem for the affected men. While multiple therapeutic
approaches are available for cure of localized prostate cancer, metastatic castration

resistant prostate cancer is incurable by any means [197].

The prostate is a highly androgen responsive organ and is dependent on androgen
for its development, maturation, maintenance, and function [27,35]. Androgens
regulate the activity of androgen receptor (AR) both under normal physiological
conditions and in malignancy. AR plays an important role in prostate cancer as a
strong driver of proliferation, and as such is the primary target for treatment of
prostate cancer. A common treatment option for advanced prostate cancer is
androgen deprivation therapy (ADT) or castration which targets androgen receptor.
Upon depletion of androgen, prostate cancer regresses due to an effect called
androgen withdrawal-induced apoptosis [31]. Despite initial favorable outcome, many
patients relapse leading to a prostate cancer called castration resistant prostate
cancer (CRPC). CRPC is highly aggressive and shows enhanced metastatic potential

leading to most of the deaths [10].

Again, androgen receptor is implicated in the development of CRPC and various
mechanisms are attributed. The transcriptional activity of AR is regulated by many

co-activators and co-repressors. Loss of expression of co-repressors or increased
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expression of co-activators are frequently observed in CRPC [198]. There are also
reports of mutation in the AR ligand binding domain which sensitizes it to low levels
of androgen [199] or expands the ligand specificity such that AR can be activated by
glucocorticoids, progesterone, or estrogens [42]. Genomic amplification of AR loci,
increased expression of AR [39,40], and synthesis of isoforms that lack ligand
binding domain rendering constitutively active receptor are all implicated in the
development of CRPC [200]. Importantly, a constitutively active variant, AR-V7, is
being intensively studied and is implicated in CRPC. Specifically, it was found to
change the metabolic activity of LNCaP cells by enhancing citrate utilization and,

increasing dependence on glutaminolysis and reductive carboxylation [37].

Estrogen receptor B (ERB) was discovered and cloned from the rodent prostate [73]
and is abundantly expressed in human and rodent prostate epithelium, stroma,
immune cells, and endothelium of the blood vessels [74]. Knock-out of ERPB led to
epithelial hyperplasia in mouse prostate which was attributed to its anti-proliferative
effect [91]. Transcriptomic analysis of ventral prostate of ERB knock-out mice
revealed increased expression of androgen receptor (AR) regulated genes, most of

which are also upregulated in prostate cancer [94].

ERP functions as a tumor suppressor in several types of cancer [95, 201-203]. ER is
abundantly expressed in normal and benign prostatic hyperplasia however, it is
gradually lost in prostate cancer [90,204,205]. The loss of ERB in advanced prostate
cancer suggests a role in opposing androgen signaling. The overall effect of ER

regulated gene networks in prostate cancer is not known. In the present study, we
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investigated the role of ERB in an AR expressing prostate cancer cell line to better
understand its tumor suppressive effects in prostate cancer. Transcriptomic analysis
of ERB expressing LNCaP cells revealed the downregulation of androgen signaling
by ERB as one of the most significant effects. The present study, which is the first
transcriptomic study of ERf in an AR positive cell line, suggests a key role for ERB in

regulating AR expression and activity in prostate cancer.

3.2 Results

3.2.1 ERB regulated transcriptome in AR-positive LNCaP cells

To understand the role of ERB in AR-positive prostate cancer we stably expressed
ERB in LNCaP cells using lentiviral-mediated gene delivery and integration. After
selection, we observed robust expression of ERP in these cells by
immunofluorescence, RT-gPCR, and western blot (Figure 3.1). Then we performed
RNA-seq of LNCaP cells stably expressing ERB1 or empty vector after treatment with
DMSO (vehicle), estradiol (E2) or LY3201 plus AR synthetic ligand R1881. Since
prostate cancer is an androgen regulated disease, we sought to understand ERf
function in the presence of fully activated AR. Differential gene expression analysis
included comparing ERB expressing vs non-expressing as well as DMSO treated vs
ligand treated. Exogeneous expression of ERB had very little impact on LNCaP
transcriptome representing just over 1% of total transcript change (Figure 3.2A, heat
map and Table 3.1). Closer examination of data showed a majority of DMSO
regulated transcripts were also regulated by ERP ligands in the same direction

suggesting an effect of residual estrogenic activity in DCC-FBS.
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E2 and Ly3201 treatments resulted in 4185 and 3456 differentially expressed
transcripts (adjusted p-value < 0.05), respectively in ERB expressing cells (Table
3.1). The proportion of upregulated (60%) and downregulated (40%) genes between
the two ligands was similar. With the upregulated genes, there was strong overlap
(63%). However, there was only a modest overlap in the downregulated genes (46%)
(Figure 3.2B). In both upregulated and downregulated categories, there were fewer

Ly3201 regulated transcripts that were unique.

Table 3.1. Summary of numbers of differentially expressed genes identified in
RNA-seq study.

Differentially Expressed Genes*

Treatment Up-regulated Down-regulated Total
DMSO 29 14 43

E2 2354 1831 4185

LY 2062 1394 3456

*Defined as those with FDR-adjusted p<0.05.

Table 1 showing differentially expressed genes up-regulated and down-regulated
after treatment with E2 or LY3201.
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Figure 3.1 Expression of ERB in LNCaP cells. Early passage of LNCaP cells were
infected with the lentivirus Lenti6-TOPO-V5-D empty vector or containing cDNA for
human ERB1 at 2 M.O.l. and selected with 5 pug/ml blasticidin for two weeks. (A)
Immunofluorescence staining of ERB in LNCaP cells showing strong nuclear staining,
top control LNCaP cells, bottom ERB LNCaP cells. (B) ERB1 mRNA expression in
LNCaP-ERp cells compared to control cells and presented as fold difference. Values
represent mean + SEM of three independent experiments; *p<0.05. (C) ERB1 protein
expression detected by western blot in LNCaP control and LNCaP-ERB1 cells.
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Figure 3.2 RNA-seq analysis identified differentially expressed genes which
respond to ER activation. A, Gene expression profiles of responsive genes in cells
treated with vehicle, E2, or LY3201 are presented in a heatmap of log2-transformed
fold-change values. Hierarchical clustering of expression profiles and resulting
dendrogram of grouped genes based on their similarities in response to ligand
treatment. B, Venn diagrams show the proportion of responsive genes which are
common and specific to each of the two ERp ligands used in this study.
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3.2.2 Gene set enrichment analysis (GSEA) of ERB regulated transcriptome in

LNCaP cells

Pre-ranked gene set enrichment analysis (GSEA) was used to identify pathways
regulated by ERB in LNCaP cells which may be relevant to ERB expression and
activation in prostate cancer. Treatment with LY3201 was chosen for enrichment
analysis. The most positively enriched set in the LY3201-treated cells were genes
responsive to estrogen; other highly enriched sets contained genes involved in
MTORC1 signaling and the unfolded protein response. GSEA also revealed
downregulated genes involved in several pathways associated with cancer hallmarks
such as hypoxia and glycolysis (Table 3.2). The most negatively enriched set
contained genes involved in response to androgens—a central driver in androgen-
sensitive as well as androgen refractory prostate cancer (Figure 3.3). These
androgen-responsive genes were investigated further due to the well-established

importance of androgen signaling in prostate cancer.
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Table 3.2. Summary of top hits from Gene Set Enrichment Analysis (GSEA) of
ERP regulated differentially expressed genes identified in RNA-seq study.

Gene Set NES FDR g-value*
Positive Enrichment Score
HALLMARK ESTROGEN_RESPONSE_EARLY 7.2 0
HALLMARK_ESTROGEN_RESPONSE_LATE 6.0 0
HALLMARK_MTORC1_SIGNALING 4.3 0
HALLMARK_UNFOLDED_ PROTEIN_RESPONSE 3.7 0
HALLMARK_E2F TARGETS 3.7 0
HALLMARK_ _G2M_CHECKPOINT 3.2 0
HALLMARK_ PROTEIN_SECRETION 3.2 0
HALLMARK_UV_RESPONSE_UP 3.1 0
HALLMARK_ OXIDATIVE_PHOSPHORYLATION 2.7 0
HALLMARK_MITOTIC_SPINDLE 2.5 3.9E-04
Negative Enrichment Score
HALLMARK_ANDROGEN_RESPONSE -3.4 0
HALLMARK_HYPOXIA -2.5 9.5E-04
HALLMARK_ P53 PATHWAY -2.4 0.002
HALLMARK_GLYCOLYSIS 2.2 0.007
HALLMARK_EPITHELIAL _MESENCHYMAL_TRANSITION -2.0 0.01
HALLMARK_ KRAS_ SIGNALING_UP -2.0 0.02
HALLMARK_UV_RESPONSE_DN -2.0 0.02
HALLMARK_WNT_BETA_CATENIN_SIGNALING -1.9 0.02

*FDR g<0.05 NES Normalized Enrichment Score and FDR g-value False Discovery
Rate
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Figure 3.3. Effect of ERB activation on androgen response. Gene Set Enrichment
Analysis (GSEA) showing ERB activation downregulated an enrichment of genes
involved in androgen response. (NES: Normalized Enrichment Score and FDR g-
value: False Discovery Rate).
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Table 3.3 List of androgen-responsive genes differentially regulated by ligand-

activated ERp in prostate cancer cells.

Up-regulated

Down-regulated

Symbol log2 FC p-value* Symbol logz2 FC p-value*
FADS1 2.4 0 AKAP12 -1.7 1.6E-18
KRT19 1.9 1.8E-57 STEAP4 -1.2 7.8E-05
HOMER?2 1.3 2.6E-80 MAF -1.2 1.3E-57
SCD 1.0 2.2E-97 ADAMTS1 -1.1 6.6E-42
TARP 0.9 2.0E-08 CAMKK2 -1.0 3.6E-80
ACTN1 0.9 2.3E-73 NDRG1 -0.9 1.2E-09
CENPN 0.8 1.6E-33 PTPN21 -0.9 3.0E-28
ALDH1A3 0.7 7.2E-20 ZMIZ1 -0.8 3.0E-30
ELOVLS 0.7 5.2E-32 PMEPA1 -0.8 5.0E-48
CCND1 0.6 3.6E-29 ELK4 -0.8 2.7E-35
BAGALT1 0.6 6.6E-23 HERC3 -0.7 0.002
SPCS3 0.5 4.4E-13 ARID5B -0.7 1.6E-24
SLC38A2 0.4 7.8E-14 UAP1 -0.7 3.1E-41
DBI 0.4 8.8E-08 FKBP5 -0.7 6.4E-06
H1FO 0.4 2.0E-12 IQGAP2 -0.7 1.9E-15
ABHD2 0.4 1.2E-14 RAB4A -0.6 1.4E-23
ELL2 0.4 5.6E-06 ZBTB10 -0.6 1.7E-19
INSIG1 0.3 7.1E-08 ABCC4 -0.5 3.3E-18
HMGCS1 0.3 8.1E-11 ACSL3 -0.5 6.5E-11
LMAN1 0.3 6.1E-10 APPBP2 -0.5 5.7E-16
MYL12A 0.3 6.8E-08 TNFAIPS -0.5 8.1E-06
SEC24D 0.3 1.3E-05 STK39 -0.5 1.6E-11
IDI1 0.2 0.0001 CDC14B -0.4 0.001
SRF 0.2 0.003 NKX3-1 -0.4 4.1E-15
TMEM50 0.2 INPP4B
A 0.02 -0.4 7.3E-05
KLK3 0.2 0.0002 TSC22D1 -0.4 5.0E-10
RRP12 0.2 0.005 TPD52 -0.4 1.4E-05
PDLIMS 0.2 0.009 SPDEF -04 4.5E-07
PTK2B 0.2 0.03 HMGCR -0.3 2.8E-09
NCOA4 0.2 0.006 TMPRSS2 -0.3 2.0E-05
SLC26A2 -0.2 0.001
DHCR24 -0.2 3.4E-05
PIAS1 -0.2 0.05
MAP7 -0.2 0.04
UBE2J1 -0.2 0.01
ANKH -0.1 0.05

*FDR adjusted p<0.05.



3.2.3 ERB activation decreases AR expression and transcriptional activity

Since androgen signaling was found to be down-regulated, we investigated AR
expression and some of the known AR target genes by RT-PCR and western blot
which were also changed in RNA-seq. We found a modest but statistically significant
decrease in AR transcript (30%) and protein (50%) level after Ly3201 treatment.
Informed by RNA-seq data and previous reports as AR downstream targets, we also
investigated the expression of FKBP5, TBC1D4, and HSD11p2 by RT-PCR and
western blot. Expression of TBC1D4 reduced by 70% for mRNA and 90% for protein.
Expression of FKBP5 was decreased by 45% for mRNA and 60% for protein.
HSD11B2 expression increased by 22-fold for mRNA and 5-fold for protein. (Figure
3.4) We also found many established AR target genes being upregulated or

downregulated by ER[3 (Table 3.3)
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Figure 3.4 ERp activation decreases AR expression and transcriptional activity.
Effect of ERB activation on androgen receptor and some of its downstream target
genes in LNCaP cells. RT-PCR results of (A) AR, (B) FKBP5, (C) TBC1D4, and (D)
HSD11B2; (E) Western blot image showing protein levels of TBC1D4, AR, FKBP5,
HSD11B2 and ERP in control and ERp expressing cells. B -Actin was used as loading
control. (F) densitometric analysis of bands in (E) normalized to § -Actin. Values
represent mean * SEM of three independent experiments; **p<0.05.
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3.2.4 ERB inhibits AR transcriptional activity in a reporter assay

To further corroborate our finding of androgen signaling inhibition by ER, we used
AR responsive reporter assays in LNCaP and 22RV1 cells. We first validated the
regulation of luciferase construct p(ARR)2 in LNCaP and 22RV1 cells by AR
synthetic ligand R1881 and found to it be induced approximately by 800 and 250-
fold, respectively. Then cells were transfected with luciferase construct with or
without ERB expression plasmid and treated with DMSO, E2, and Ly3201 plus
R1881, and after 18 hrs luciferase activity was measured. In LNCaP cells AR
transcriptional activity decreased by 40% and 60% after treatment with DMSO or E2,
respectively. In 22RV1 cells it decreased by 30%, 85%, and 80% after treatment with

DMSO, E2 or Ly3201, respectively (Figure 3.5).

3.2.5 ERB down-regulates CaMKK2 and inhibits phosphorylation of AMPK.

CaMKK?2 is a well-known target of AR which is involved in regulating AMPK activity in
cells [20]. We found ERp repressed CaMKK2 transcript by 60% and protein level by
90%. The effect of CaMKK2 repression is evident as reduction in pAMPK level while

total AMPK did not change.
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Figure 3.5 ERPB inhibits AR transcriptional activity in a reporter assay. LNCaP
and 22RV1 cells were transfected with AR responsive luciferase construct p(ARR)2
PB-LUC with or without ERB1 expression plasmid. Luciferase activity was measured
after treatment with DMSO, Estradiol or Ly3201 plus R1881 for 18 hrs. AR activity in
(A) LNCaP and (B) 22RV1 cells. Values presented are normalized RLU of mean %
SEM of three independent experiments (**p< 0.05, ns: not significant).
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Figure 3.6 ERB mediated down-regulation of CaMKK2 inhibits phosphorylation
of AMPK. (A) AR target gene CAMKK2 transcript levels were reduced by ERP
activation. Values represent mean + SEM of three independent experiments;
**p<0.05. (B) CaMKK2 protein expression and activity (measured by the level of
pAMPK).
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3.3 Discussion

Anti-proliferative role of ERB in prostate is well established from various studies.
Studies of prostate from mice with genomic deletion of ERB showed hyperplasia of
luminal epithelium and increase in intermediary luminal cells [91]. Additionally, ERP
was found to reduce AR activity by increasing the expression of co-repressor
DACH1/2 and decreasing the AR driver RORc [94]. Previously, we reported anti-
proliferative effect of ERpB in prostate cancer cell lines that was mediated by down

regulation of Skp2 and upregulation of p27 KIP1 protein [95].

In the present study, we specifically investigated the effect of ERB on AR activity in
AR-positive LNCaP cells. We stably expressed ERB in LNCaP cells and performed
RNA-seq after ligand treatment. AR was activated by synthetic ligand R1881
whereas E2 and Ly3201 were used to activate ER. Estradiol is a common ligand for
ERa, ERB, and GPER1 [206] whereas Ly3201 is known to bind only ERB.
Overexpression of ERB had very little impact on LNCaP transcriptome representing
just over 1% of total transcript change. Closer examination of data showed majority of
DMSO regulated transcripts were also regulated by ERP ligands in the same
direction suggesting an effect of residual estrogenic activity in DCC-FBS. But
treatment with E2 or Ly3201 resulted in altered expression of thousands of genes in

ERP expressing cells .

Next, we performed Gene Set Enrichment Analysis (GSEA) of differentially
expressed transcripts from RNA-seq to identify class of genes that were over-

represented in our data. As expected, GSEA results revealed highest positive
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enrichment score for ER-response genes. The other pathways with significant
positive enrichment score were mTORCL1 signaling, unfolded protein response, E2F
targets, G2M checkpoint, protein secretion, UV-response up, oxidative
phosphorylation and mitotic spindle. The pathways in negative enrichment score
were androgen response, hypoxia, p53 pathway, glycolysis, epithelial to
mesenchymal transition (EMT), KRAS signaling up, UV response down, and Wnt/ 3-
catenin. Topmost negative enrichment score was for androgen signaling which is of

particular interest regarding major role of AR in prostate cancer.

We independently validated some of the genes in androgen signaling pathway using
RT-PCR and western blot. Androgen receptor was downregulated both at mRNA and
protein level, as were AR targets such as FKBP5, CaMKK2, and TBC1D4 indicating
inhibition of AR activity. We further confirmed the inhibition of AR activity by ERp in
reporter assays in LNCP and 22RV1 cells. GSEA results and follow-up studies on the
expression and activity of AR and target genes provide evidence that ERB exerts
tumor suppressive effect in prostate cancer through the inhibition of androgen

signaling.

TBC1D4 is the most ERB downregulated gene which is a Rab GTPase-activating
protein involved in the membrane localization of Glut4 in response to insulin
stimulation [207]. It is an androgen upregulated gene and the major regulator of
glucose uptake in prostate [208]. Another AR upregulated gene CaMKK2 which
activates AMPK activity by phosphorylation [209] was also significantly down

regulated by ERB. AMPK is important for regulating cellular energy homeostasis by
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activating glucose and fatty acid uptake and oxidation [210]. CaMKK2 was reported
as a key downstream target of AR in coordinating prostate cancer cell growth through
cellular metabolism [211]. Thus, our results indicate that ERB may interfere with the
glucose metabolism of prostate cancer. The two most ERB upregulated genes

FADS1 and KRT19 are also upregulated by AR indicating overlap in gene regulation.

In addition to regulating AR, GSEA and additional gene ontology analysis of RNA-
seq data revealed an enrichment of genes involved in cancer-related processes,
including apoptosis, response to hypoxia, KRAS signaling, and key metabolic
pathways. Another pathway that can drive prostate cancer is CYP epoxygenases
which catalyze the formation of epoxyeicosatrienoic acids (EETs) from arachidonic
acid. The CYPS involved belong to family 4A, as well as 2U2 and 2J2 [ 212, 213].
CYP2U2 catalyzes the conversion of arachidonic acid into two bioactive compounds,
the 19- and 20-HETE. Fatty acid epoxides are short-lived because they are
hydrolyzed to less active or inactive dihydroxyeicosatrienoic acids by soluble epoxide
hydrolases [214]. Thus, the activity of these epoxides are also dependent upon the

expression levels of epoxide hydroxylases which are being regulated by ER .

Yet another pathway factor associated with increased risk of prostate cancer is
reduction in vitamin D. The CYP involved in the first step of the activation of vitamin
D, is the 25-hydroxylase (CYP 2R1). In addition to being the precursor of the active
hormone, 1, 25(0H)2D3, 25-hydroxy vitamin D has actions of its own in the prostate.

It is involved in keeping metabolism in the prostate in the normal mode i.e., oxidative
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phosphorylation predominating over glycolysis. A reduction of oxidative

phosphorylation occurs when prostate cells become malignant [215].

Another interesting finding is cytochromes P-450, involved in the formation of
epoxides from fatty acids and the synthesis of 25-hydroxy vitamin D [216], which was
reduced to 50 % and the lysophosphatidic acid receptor LPAR3 to 25% of levels in
untreated cells. These findings reveal that even in malignant cells, introduction of
ERPB down regulates AR signaling as well as other possible drivers of prostate cancer
such as fatty acid epoxygenases, (lysophosphatidic/ GPR pathway) and vitamin D
synthesis. Whether the effects of ERB on these genes are the consequences of its
interaction with AR or through independent mechanisms remain to be determined.
Nonetheless, these findings reveal that re-expression and activation of ERB can
suppress oncogenic mechanisms in androgen-responsive cancer cells. These
findings reveal possible early therapeutic interventions in androgen-responsive

prostate cancer through activation of ERp.

3.4 Materials and Methods

3.4.1 Reagents and Cell Culture

The LNCaP and 22RV1 cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) and maintained in RPMI-1640 (Invitrogen Inc.,
Carlsbad, CA) medium supplemented with 10% fetal bovine serum (FBS, Sigma, St.
Louis, MO), and Antibiotic-Antimycotic (Invitrogen Inc., Carlsbad, CA) at 37 °C and

5% COz2. Phenol red-free medium supplemented with 10% dextran coated charcoal
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(DCC) treated fetal bovine serum (DCC-FBS) was used for ligand treatment. All
experiments used cells below passage 30. Ly3201 was provided by Eli Lily company.
R1881, 17B-estradiol, DHT, and 4OH-tamoxifen were purchased from Millipore

Sigma ( St. Louis, MO).

3.4.2 Stable expression of ERB in LNCaP cells

Early passage of LNCaP cells were infected with the lentivirus Lenti6-TOPO-V5-D
empty or containing cDNA for human ERB1 at 2 M.O.I. (multiplicity of infection). Cells
were selected with 5 pg/ml blasticidin for at least two weeks. The cells infected with

empty virus vector were used as control in all experiments.

3.4.3 RNA extraction and real-time PCR

RNA extraction was performed with Qiagen mRNA extraction kit according to
manufacturer’s protocol from cells grown in 6-well plate. cDNA was synthesized from
1 pg of total RNA with iScript first strand cDNA synthesis kit according to
manufacturer’'s protocol (Bio-Rad Laboratories, Inc. CA). Real-time PCR was
performed with iTag Universal SYBR Green supermix (Bio-Rad Laboratories, Inc.
CA) on a 7500 Fast Real-Time PCR System (Applied Biosystems) using optimized
conditions for SYBR Green | dye: 95 °C for 2 min, followed by 40 cycles at 95 °C for
15 s, 60 °C for 15 s, and 72 °C for 30 s. Optimum primer concentration was
determined in preliminary experiments, and amplification specificity confirmed by melt
curve. Relative gene expression was calculated using AACt using GAPDH as

normalization control. Primer sequences for the real-time PCR are listed in appendix
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A. All primers were designed using NCBI primer-BLAST, and ordered from IDT

(Coralville, IA).

3.4.4 RNA sequencing

Poly(A) mRNA was isolated using NEBNext poly(A) mRNA Magnetic Isolation
Module. Libraries were prepared using NEBNext Ultra 11 RNA Library Prep Kit for
lllumina. Sequencing was performed on NovaSeq 6000 with 150 bp paired-end

reads. Treatments include three independent replicates.

3.4.5 Transcriptome Analysis

Reads were aligned to reference genome (GRCh38) indexes using STAR (v2.5)
[217]. HTSeg21 (v0.6.1) [218] was used for mapped gene count quantification.
Differential expression analysis was performed using DESeq2 (1.24.0) [219]. The
resulting p-values were adjusted using the Benjamini and Hochberg’s method. Genes
with an adjusted p-value <0.05 found by DESeg2 were assigned as differentially
expressed. Venn diagrams and heat map were prepared in R. Gene set enrichment
analysis (GSEA) was performed using rankings based on the test statistic from
differential expression analysis and the hallmarks gene set (h.all.v7.0.symbols.gmt)
[220]. Gene Ontology (GO) enrichment analysis of differentially expressed genes was
implemented by the cluster Profiler R package, in which gene length bias was
corrected. GO terms with corrected p-values less than 0.05 were considered

significantly enriched by differentially expressed genes.
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3.4.6 Protein extract preparation

To prepare whole-cell extracts, cells were washed twice with cold PBS, scraped with
a rubber policeman in PBS and cell pellet collected by centrifuging at 3000 g for 5
min. Cells were suspended in 10 times packed cell volume of RIPA lysis buffer [10
mM Tris-HCI pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% Sodium
deoxycholate, 0.1% SDS and 140 mM NaCl] supplemented with protease inhibitor
cocktail, and PhosStop (Roche, Indianapolis, IN)], syringed 10 times through narrow
needle and then centrifuged at 14,000 rpm for 10 min. Clear supernatant was
transferred to a new centrifuge tube and protein concentration measured using
Pierce 660 nm protein assay kit (Thermo Fisher Scientific, Waltham, MA). Samples

were prepared by boiling with 4X loading dye and B-mercaptoethanol.

3.4.7 Western blotting

Fifty micrograms of protein were loaded on an SDS-PAGE 4-20% Bis-Tris gel with
Tris running buffer and transferred to a PVDF membrane after electrophoretic
separation. Membranes were blocked with 5% non-fat powdered milk in 0.1% TBST
buffer and probed with anti-AR (sc-816), HSD11B2 (sc-365529), GAPDH-HRP (sc-
47724), p57 KIP2 (sc-1037), E-cadherin (sc-7870), Cytokeratin 19 (sc-6278),
TGFBR3 (sc-74511) (Santa Cruz Biotechnology,Inc., Santa Cruz, CA), Jagged 1
(70109T), RhoB (63876S), AMPK (2532S), pAMPK (2535S), FKBP5 (122105) (Cell
Signaling Technology Danvers, MA), CAMKK2 (H00010645-M01) (Abnova Taipei,

Taiwan), B-Actin (A1978) (Sigma Millipore Sigma, St. Louis, MO). Primary antibodies
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were used at 1:200-1000 dilutions, and secondary antibody was used at 1:10,000.

The western blot experiments were repeated at least three times.

3.4.8 Luciferase assay

LNCaP and 22RV1 cells were grown to 70% confluency in 6-well plate and
transfected with one microgram of the ARR2 luciferase construct along with or
without 0.5 pg ERB expression vector in 10% DCC-FBS medium. 24 hrs post
transfection, cells were treated with R1881 1 nM plus DMSO (vehicle control) or
Ly3201 10 nM in fresh 10% DCC for 24 hrs more. Next day media aspirated and 200
ul lysis buffer was added to cells in each well and collected lysates were centrifuged
at 14000 rpm for 10 min. Fifty ul of cleared lysate was used to measure
luminescence on a Perkin-Elmer (Waltham, MA) Victor X luminescence plate reader

using luciferase kit from BioVision (Milpitas, CA).

3.4.9 Statistical analysis

Statistical analysis was performed with GraphPad Prism 8 (v 8.3.0) software.
Student’s t-test and one-way ANOVA were used for statistical analysis. Results were

considered significant with p-value < 0.05.
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Chapter 4
Key Findings and Conclusion

The estrogen receptor B (ERB) was discovered and cloned in 1996 from rat prostate
[73]. ERP is established as a tumor suppressor and inhibits proliferation, induces
apoptosis and maintains differentiation in the prostate [91,95,100]. Genomic deletion
of ERB in mouse prostate led to epithelial hyperplasia, as well as increase in the
number of intermediate luminal cells . Additionally, older ERB knock-out mice
developed prostatic intraepithelial neoplasia (PIN) lesions [91]. Expression of ER in
PC3 and 22Rvl cells was found to significantly decrease proliferation by down
regulation of oncogenic factors c-Myc, p45 Skp2, and cyclin E and up regulation of
p21, and p27 KIP protein [95]. Our lab previously reported that ERB transcriptionally
up-regulated FOXO3a and induced apoptosis in prostate cancer cell lines PC3,
LNCaP, and 22RV1 upon treatment with ERB specific ligands 3(3-Adiol, 83-VE2, and
DPN [100].

To further understand ERB regulated pathways in prostate cancer, we investigated
the role of ERB in prostate cancer cells PC3, BPH1, and LNCaP. Using lentivirus,
we made these cells to stably express ERB1 and found that ERB induced expression
of INPP4B in PC3 and BPH1 cells. We also found that ERB inhibited Akt activity in
PC3 cells by inhibiting phosphorylation of Ser473. INPP4B is known to regulate Akt
activity and to establish a cause and effect relationship between INPP4B induction
and pAkt inhibition, we reduced the level of INPP4B in ERB expressing cells using

siRNA and found increased Akt phosphorylation at Ser473. Akt activity is known to
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affect myriad of biological activities including survival, proliferation and migration. We
observed that ERP expressing PC3 cells migrated slower than control cells in wound
healing assay. Again, using siRNA against INPP4B, we showed that this effect is
mediated through INPP4B and Akt activity. To understand the mechanism of INPP4B
induction by ERB, we performed ChIP-seq of stable PC3 cells and found two ERP
binding regions in INPP4B intron which we cloned into reporter vector and performed
luciferase assay. ERP regulated transcription from each enhancer in a ligand
dependent manner. We also performed Possum analysis of 500 bp sequence of

these enhancers and found EREs and other motifs being enriched.

Androgen receptor is the main driver of prostate cancer both in primary and
metastatic cases [35]. By using RNA-seq, we analyzed the transcriptome of LNCaP
cells stably expressing ERB and found thousands of genes being differentially
regulated. We performed gene set enrichment analysis (GSEA) of differentially
expressed genes and found androgen receptor signaling to be the most
downregulated pathway. We independently validated some AR downstream targets
using both RT-PCR and western blot in LNCaP cells. While androgen receptor was
modestly repressed at mMRNA and protein level, its downstream targets FKBP5,
TBC1D4 and CaMKK2 were highly reduced both at mRNA and protein level.
CaMKK?2 is an upstream kinase for AMPK which regulates cellular glucose and fatty
acid uptake and oxidation. We demonstrated that ERB mediated suppression of

CaMKK?2-inhibited AMPK activation.
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Androgen receptor regulates growth and maintenance of normal prostate tissue but is
also responsible for initiation, progression and castration resistance of prostate
cancer [35]. Prostate cancer related deaths occur in patients following castration
resistance and metastasis [1]. In prostate cancer, AR function is altered due to a
‘molecular switch’ which causes gain-of-function alterations in the receptor. As a
consequence, AR function changes from regulating differentiation to driving
proliferation in the luminal epithelial cells [36]. In a subset of castration-resistant
prostate cancer (CRPC), AR expression is increased which can be activated with
sub-physiological level of androgens and show resistance to antiandrogens such as
bicalutamide [39,40]. Our results show that ERB can decrease the expression of AR

in prostate cancer and may enhance the efficacy of antiandrogens in CRPC.

ERB is expressed in both basal and luminal cells of the prostate [90, 91] and is
known to regulate AR activity through upregulation of DACH1/2 ( a co-repressor of
AR), and downregulation of RORc ( a driver of AR) in mouse prostate [94]. Although
our results did not overlap with studies in ERB knock-out mice, we did show that ERB
inhibited AR activity. We assume that non-overlap in ER function in a normal mouse
prostate and tumor cells is due to altered AR function in prostate cancer. Activated
ERB down-regulated well-known AR target genes FKBP5, CaMKK2, and TBC1D4 in
LNCaP cells. CaMKK2, a key downstream target of androgen receptor, is emerging
as a therapeutic target for controlling metastatic prostate cancer [48]. CaMKK2

regulates metabolic activity of prostate cancer cells by regulating the function of
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AMPK. We showed that ERB-inhibited phosphorylation of AMPK, a central energy

sensing pathway in all types of cells.

AR can be activated through phosphorylation by hyperactive PI3K/Akt pathway in
prostate cancer [44]. In Chapter 2 of this dissertation, we showed that ERP
suppressed hyperactive Akt in PC3 cells. This may be another mechanism whereby

ERB may restrain AR function in prostate cancer.

Our results also show that expression and activation of ERB in LNCaP cells not only
opposes AR function but also overlaps in regulating some target genes. FADS1 and
KRT19 are the two most ER[ upregulated genes which are also upregulated by AR.
The up-regulation of KRT19 by ERpB, a luminal differentiation marker, may help
explain the observation of increased intermediary luminal cells in ventral prostate of

ERB knock-out mice [91].

Through multiple studies we demonstrated that ER functions as a tumor suppressor
in prostate cancer cells which may indicate potential mechanisms of ER activity in
prostate cancer itself. We showed that ERP inhibits Akt activity as well as AR
signaling which are the two most oncogenic signals in prostate cancer development
and progression. We suggest that activation of ERB in prostate cancer may be a

potential therapeutic target.
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Appendix A: List of Primers Used for RT-gPCR

Target
GAPDH
panERf
ERB1
INPP4B
AR
FKBP5
CAMKK2
HSD11B2

TBC1D4

Forward
5-TGACAACTTTGGTATCGTGGAAGG-3’
5-AGAGTCCCTGGTGTGAAGCAA-3
5-GTCAGGCATGCGAGTAACAA-3’
5-AGAGCTTTAGATTGCATGAGAAGAGA-3’
5-TCACCAAGCTCCTGGACTCC-3’
5-ATTGGAGCAGGCTGCCATTGTC-3
5-TCCAGACCAGCCCCGACATAG-3’
5-GGCCAAGGTTTCCCAGTGA-3’

5-CTTTGATATCCCGGGTGCGT-3

104

Reverse
5-AGGCAGGGATGATGTTCTGGAGAG-3’
5-GACAGCGCAGAAGTGAGCATC-3’
5-GGGAGCCCTCTTTGCTTTTA-3’
5-CCTCCTGCATTTGATATTCTTCAGT-3’
5-CGCTCACCATGTGTGACTTGA-3’
5-CCTGCATGTATTTGCCTCCCTTG-3’
5-CAGGGGTGCAGCTTGATTTC-3’
5-CAGGGTGTTTGGGCTCATGA-3’

5-CCGTCCAGACTGCTTGCTTA-3’



Bibliography

1.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin.
2019;69(1):7-34.

Hsing AW, Chokkalingam AP. Prostate cancer epidemiology. Front Biosci.
2006;11:1388-1413.

Saika K, Machii R. Prostate cancer incidence rates in the world from the
Cancer Incidence in Five Continents XI. Jpn J Clin Oncol. 2018;48(8):783-784.

QuickStats: Age-adjusted death rates from prostate cancer, by race/ ethnicity -
national vital statistics system, United States, 1999-2017. MMWR Morb Mortal
WKkly Rep. 2019;68(23):531-533.

Albright F, Stephenson RA, Agarwal N, Teerlink CC, Lowrance WT, Farnham
JM, Albright LA. Prostate cancer risk prediction based on complete prostate
cancer family history. Prostate. 2015;75(4):390-398.

Thomas G, Jacobs KB, Yeager M, Kraft P, Wacholder S, Orr N, Yu K,
Chatterjee N, Welch R, Hutchinson A, Crenshaw A, Cancel-Tassin G, Staats
BJ, Wang Z, Gonzalez-Bosquet J, Fang J, Deng X, Berndt SI, Calle EE,
Feigelson HS, Thun MJ, Rodriguez C, Albanes D, Virtamo J, Weinstein S,
Schumacher FR, Giovannucci E, Willett WC, Cussenot O, Valeri A, Andriole
GL, Crawford ED, Tucker M, Gerhard DS, Fraumeni JF Jr, Hoover R, Hayes
RB, Hunter DJ, Chanock SJ. Multiple loci identified in a genome-wide
association study of prostate cancer. Nat Genet. 2008;40(3):310-315.

Eeles RA, Kote-Jarai Z, Giles GG, Olama AA, Guy M, Jugurnauth SK,
Mulholland S, Leongamornlert DA, Edwards SM, Morrison J, Field HI, Southey
MC, Severi G, Donovan JL, Hamdy FC, Dearnaley DP, Muir KR, Smith C,
Bagnato M, Ardern-Jones AT, Hall AL, O'Brien LT, Gehr-Swain BN, Wilkinson
RA, Cox A, Lewis S, Brown PM, Jhavar SG, Tymrakiewicz M, Lophatananon
A, Bryant SL, Horwich A, Huddart RA, Khoo VS, Parker CC, Woodhouse CJ,
Thompson A, Christmas T, Ogden C, Fisher C, Jamieson C, Cooper CS,
English DR, Hopper JL, Neal DE, Easton DF. Multiple newly identified loci
associated with prostate cancer susceptibility. Nat Genet. 2008;40(3):316-321.

105



10.

11.

12.

13.

14.

15.

16.

Strom SS, Yamamura Y, Duphorne CM, Spitz MR, Babaian RJ, Pillow PC,
Hursting SD. Phytoestrogen intake and prostate cancer: a case-control study
using a new database. Nutr Cancer. 1999;33(1):20-25.

Tan MH, Li J, Xu HE, Melcher K, Yong EL. Androgen receptor: structure, role
in prostate cancer and drug discovery. Acta Pharmacol Sin. 2015;36(1):3-23.

Litwin MS, Tan HJ. The diagnosis and treatment of prostate cancer: A review.
JAMA. 2017;317(24):2532-2542.

Taimi M, Ramshaw HA, Collop AH. Management of localized prostate cancer:
watchful waiting, surgery or radiation therapy, depending on the natural
course, which is often relatively slow. Prescrire Int. 2012;21(131):242-248.

Gomella LG, Petrylak DP, Shayegan B. Current management of advanced
and castration resistant prostate cancer. Can J Urol. 2014;21(2 Supp 1):1-6.

Cetin B, Ozet A. The potential for chemotherapy-free strategies in advanced
prostate cancer. Curr Urol. 2019;13(2):57-63.

Cornford P, Bellmunt J, Bolla M, Briers E, De Santis M, Gross T, Henry AM,
Joniau S, Lam TB, Mason MD, van der Poel HG, van der Kwast TH, Rouviere
O, Wiegel T, Mottet N. EAU-ESTRO-SIOG guidelines on prostate cancer. Part
II: treatment of relapsing, metastatic, and castration-resistant prostate cancer.
Eur Urol. 2017;71(4):630-642.

Bostrom PJ, Bjartell AS, Catto JW, Eggener SE, Lilja H, Loeb S, Schalken J,
Schlomm T, Cooperberg MR. Genomic predictors of outcome in prostate
cancer. Eur Urol. 2015;68(6):1033-1044.

Fraser M, Sabelnykova VY, Yamaguchi TN, Heisler LE, Livingstone J, Huang
V, Shiah YJ, Yousif F, Lin X, Masella AP, Fox NS, Xie M, Prokopec SD, Berlin
A, Lalonde E, Ahmed M, Trudel D, Luo X, Beck TA, Meng A, Zhang J, D'Costa
A, Denroche RE, Kong H, Espiritu SM, Chua ML, Wong A, Chong T, Sam M,
Johns J, Timms L, Buchner NB, Orain M, Picard V, Hovington H, Murison A,
Kron K, Harding NJ, P'ng C, Houlahan KE, Chu KC, Lo B, Nguyen F, Li CH,
Sun RX, de Borja R, Cooper CI, Hopkins JF, Govind SK, Fung C, Waggott D,
Green J, Haider S, Chan-Seng-Yue MA, Jung E, Wang Z, Bergeron A, Dal Pra
A, Lacombe L, Collins CC, Sahinalp C, Lupien M, Fleshner NE, He HH, Fradet
Y, Tetu B, van der Kwast T, McPherson JD, Bristow RG, Boutros PC.

106



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Genomic hallmarks of localized, non-indolent prostate cancer. Nature.
2017;541(7637):359-364.

Evans RM. The steroid and thyroid hormone receptor superfamily. Science.
1988;240(4854):889-895.

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schitz G, Umesono K,
Blumberg B, Kastner P, Mark M, Chambon P, Evans RM. The nuclear
receptor superfamily: the second decade. Cell. 1995;83(6):835-839.

Warnmark A, Treuter E, Wright AP, Gustafsson JA. Activation functions 1 and
2 of nuclear receptors: molecular strategies for transcriptional activation. Mol
Endocrinol. 2003;17(10):1901-19009.

Olefsky JM. Nuclear receptor minireview series. J Biol Chem.
2001;276(40):36863-36864.

Kumar R, Thompson EB. The structure of the nuclear hormone receptors.
Steroids. 1999;64(5):310-319.

Mooradian AD, Morley JE, Korenman SG. Biological actions of androgens.
Endocr Rev. 1987;8(1):1-28.

Lu NZ, Wardell SE, Burnstein KL, Defranco D, Fuller PJ, Giguere V, Hochberg
RB, McKay L, Renoir JM, Weigel NL, Wilson EM, McDonnell DP, Cidlowski
JA. International Union of Pharmacology. LXV. The pharmacology and
classification of the nuclear receptor superfamily: glucocorticoid,
mineralocorticoid, progesterone, and androgen receptors. Pharmacol Rev.
2006;58(4):782-797.

Davison SL, Bell R. Androgen physiology. Semin Reprod Med. 2006;24(2):71-
77.

Chang CS, Kokontis J, Liao ST. Molecular cloning of human and rat
complementary DNA encoding androgen receptors. Science.
1988;240(4850):324-326.

Fowke JH, Motley SS, Cookson MS, Concepcion R, Chang SS, Wills ML,
Smith JA Jr. The association between body size, prostate volume and
prostate-specific antigen. Prostate Cancer Prostatic Dis. 2007;10(2):137-142.

107



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Walters KA, Simanainen U, Handelsman DJ. Molecular insights into androgen
actions in male and female reproductive function from androgen receptor
knockout models. Hum Reprod Update. 2010;16(5):543-558.

Heemers HV, Tindall DJ. Androgen receptor (AR) coregulators: a diversity of
functions converging on and regulating the AR transcriptional complex. Endocr
Rev. 2007;28(7):778-808.

Gao W, Bohl CE, Dalton JT. Chemistry and structural biology of androgen
receptor. Chem Rev. 2005;105(9):3352-3370.

Heinlein CA, Chang C. The roles of androgen receptors and androgen-binding
proteins in nongenomic androgen actions. Mol Endocrinol. 2002;16(10):2181-
2187.

Zhou Y, Bolton EC, Jones JO. Androgens and androgen receptor signaling in
prostate tumorigenesis. J Mol Endocrinol. 2015;54(1):R15-R29.

Thompson VC, Day TK, Bianco-Miotto T, Selth LA, Han G, Thomas M,
Buchanan G, Scher HI, Nelson CC, Greenberg NM, Butler LM, Tilley WD. A
gene signature identified using a mouse model of androgen receptor-
dependent prostate cancer predicts biochemical relapse in human disease. Int
J Cancer. 2012;131(3):662-672.

Lee SH, Shen MM. Cell types of origin for prostate cancer. Curr Opin Cell Biol.
2015;37:35-41.

Wang ZA, Mitrofanova A, Bergren SK, Abate-Shen C, Cardiff RD, Califano A,
Shen MM. Lineage analysis of basal epithelial cells reveals their unexpected
plasticity and supports a cell-of-origin model for prostate cancer heterogeneity.
Nat Cell Biol. 2013;15(3):274-283.

He Y, Hooker E, Yu EJ, Cunha GR, Liao L, Xu J, Earl A, Wu H, Gonzalgo ML,
Sun Z. Androgen signaling is essential for development of prostate cancer
initiated from prostatic basal cells. Oncogene. 2019;38(13):2337-2350.

Pomerantz MM, Li F, Takeda DY, Lenci R, Chonkar A, Chabot M, Cejas P,
Vazquez F, Cook J, Shivdasani RA, Bowden M, Lis R, Hahn WC, Kantoff PW,
Brown M, Loda M, Long HW, Freedman ML. The androgen receptor cistrome

108



37.

38.

39.

40.

41.

42.

43.

44,

is extensively reprogrammed in human prostate tumorigenesis. Nat Genet.
2015;47(11):1346-1351.

Shafi AA, Putluri V, Arnold JM, Tsouko E, Maity S, Roberts JM, Coarfa C,
Frigo DE, Putluri N, Sreekumar A, Weigel NL. Differential regulation of
metabolic pathways by androgen receptor (AR) and its constitutively active
splice variant, AR-V7, in prostate cancer cells. Oncotarget. 2015;6(31):31997-
32012.

Zeng R, Liu Z, Sun Y, Xu C. Differential expression and function of AR
isoforms in prostate cancer. Oncol Rep. 2012;27(2):492-8.

Waltering KK, Helenius MA, Sahu B, Manni V, Linja MJ, Janne OA, Visakorpi
T. Increased expression of androgen receptor sensitizes prostate cancer cells
to low levels of androgens. Cancer Res. 2009;69(20):8141-8149.

Koivisto P, Kononen J, Palmberg C, Tammela T, Hyytinen E, Isola J, Trapman
J, Cleutjens K, Noordzij A, Visakorpi T, Kallioniemi OP. Androgen receptor
gene amplification: a possible molecular mechanism for androgen deprivation
therapy failure in prostate cancer. Cancer Res. 1997;57(2):314-319.

Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, Khan AP, Quist
MJ, Jing X, Lonigro RJ, Brenner JC, Asangani IA, Ateeq B, Chun SY, Siddiqui
J, Sam L, Anstett M, Mehra R, Prensner JR, Palanisamy N, Ryslik GA, Vandin
F, Raphael BJ, Kunju LP, Rhodes DR, Pienta KJ, Chinnaiyan AM, Tomlins SA.
The mutational landscape of lethal castration-resistant prostate cancer.
Nature. 2012;487(7406):239-243.

Koochekpour S. Androgen receptor signaling and mutations in prostate
cancer. Asian J Androl. 2010;12(5):639-657.

Zhu ML, Kyprianou N. Androgen receptor and growth factor signaling cross-
talk in prostate cancer cells. Endocr Relat Cancer. 2008;15(4):841-849.

Yang L, Wang L, Lin HK, Kan PY, Xie S, Tsai MY, Wang PH, Chen YT, Chang
C. Interleukin-6 differentially regulates androgen receptor transactivation via
PI13K-Akt, STAT3, and MAPK, three distinct signal pathways in prostate cancer
cells. Biochem Biophys Res Commun. 2003;305(3):462-469.

109



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Culig Z, Bartsch G, Hobisch A. Interleukin-6 regulates androgen receptor
activity and prostate cancer cell growth. Mol Cell Endocrinol. 2002;197(1-
2):231-238.

Kron KJ, Murison A, Zhou S, Huang V, Yamaguchi TN, Shiah YJ, Fraser M,
van der Kwast T, Boutros PC, Bristow RG, Lupien M. TMPRSS2-ERG fusion
co-opts master transcription factors and activates NOTCH signaling in primary
prostate cancer. Nat Genet. 2017;49(9):1336-1345.

Yu J, Yu J, Mani RS, Cao Q, Brenner CJ, Cao X, Wang X, Wu L, Li J, Hu M,
Gong Y, Cheng H, Laxman B, Vellaichamy A, Shankar S, Li Y, Dhanasekaran
SM, Morey R, Barrette T, Lonigro RJ, Tomlins SA, Varambally S, Qin ZS,
Chinnaiyan AM. An integrated network of androgen receptor, polycomb, and
TMPRSS2-ERG gene fusions in prostate cancer progression. Cancer Cell.
2010;17(5):443-454.

Karacosta LG, Foster BA, Azabdaftari G, Feliciano DM, Edelman AM. A
regulatory feedback loop between Ca2+/calmodulin-dependent protein kinase
kinase 2 (CaMKK2) and the androgen receptor in prostate cancer progression.
J Biol Chem. 2012;287(29):24832-24843.

Dadwal UC, Chang ES, Sankar U. Androgen receptor-CaMKK2 axis in
prostate cancer and bone microenvironment. Front Endocrinol (Lausanne).
2018;9:335-346.

Klein CA. Cancer. The metastasis cascade. Science. 2008;321(5897):1785-
1787.

Chiang AC, Massagué J. Molecular basis of metastasis. N Engl J Med.
2008;359(26):2814-2823.

Nguyen DX, Massagué J. Genetic determinants of cancer metastasis. Nat Rev
Genet. 2007;8(5):341-352.

Tosoian JJ, Gorin MA, Ross AE, Pienta KJ, Tran PT, Schaeffer EM.
Oligometastatic prostate cancer: definitions, clinical outcomes, and treatment
considerations. Nat Rev Urol. 2017;14(1):15-25.

Zhu J, Liang L, Jiao Y, Liu L. Enhanced invasion of metastatic cancer cells via
extracellular matrix interface. PLoS One. 2015;10(2):e0118058-e0118067.

110



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape
mechanisms. Nat Rev Cancer. 2003;3(5):362-374.

Buracco S, Claydon S, Insall R. Control of actin dynamics during cell motility.
F1000 Res. 2019;8:1977-1987.

Lintz M, Mufioz A, Reinhart-King CA. The mechanics of single cell and
collective migration of tumor cells. J Biomech Eng. 2017;139(2):21005-21014.

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF. Tumor
cells secrete a vascular permeability factor that promotes accumulation of
ascites fluid. Science. 1983;219(4587):983-985.

Melegh Z, Oltean S. Targeting angiogenesis in prostate cancer. Int J Mol Sci.
2019;20(11):2676-2692

Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-
mesenchymal transitions. Nat Rev Mol Cell Biol. 2006;7(2):131-142.

Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol. 2014;15(3):178-196.

Lombardi G, Zarrilli S, Colao A, Paesano L, Di Somma C, Rossi F, De Rosa
M. Estrogens and health in males. Mol Cell Endocrinol. 2001;178(1-2):51-55.

Ryan KJ. Biochemistry of aromatase: significance to female reproductive
physiology. Cancer Res. 1982;42(8 Suppl):3342s-3344s.

Risbridger G, Wang H, Young P, Kurita T, Wang YZ, Lubahn D, Gustafsson
JA, Cunha G. Evidence that epithelial and mesenchymal estrogen receptor-
alpha mediates effects of estrogen on prostatic epithelium. Dev Biol.
2001;229(2):432-442.

Taplin ME, Ho SM. Clinical review 134: The endocrinology of prostate cancer.
J Clin Endocrinol Metab. 2001;86(8):3467-3477.

Ricke WA, McPherson SJ, Bianco JJ, Cunha GR, Wang Y, Risbridger GP.
Prostatic hormonal carcinogenesis is mediated by in situ estrogen production
and estrogen receptor alpha signaling. FASEB J. 2008;22(5):1512-1520.

111



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Soltysik K, Czekaj P. Membrane estrogen receptors - is it an alternative way of
estrogen action? J Physiol Pharmacol. 2013;64(2):129-142.

Couse JF, Lindzey J, Grandien K, Gustafsson JA, Korach KS. Tissue
distribution and quantitative analysis of estrogen receptor-alpha (ERalpha) and
estrogen receptor-beta (ERbeta) messenger ribonucleic acid in the wild-type
and ERalpha-knockout mouse. Endocrinology. 1997;138(11):4613-4621.

Prins GS, Birch L, Couse JF, Choi I, Katzenellenbogen B, Korach KS.
Estrogen imprinting of the developing prostate gland is mediated through
stromal estrogen receptor alpha: studies with alphaERKO and betaERKO
mice. Cancer Res. 2001;61(16):6089-6097.

Pettersson K, Gustafsson JA. Role of estrogen receptor beta in estrogen
action. Annu Rev Physiol. 2001;63:165-192.

Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J, Andersson G,
Enmark E, Pettersson K, Warner M, Gustafsson JA. Mechanisms of estrogen
action. Physiol Rev. 2001;81(4):1535-1565.

Walter P, Green S, Greene G, Krust A, Bornert JM, Jeltsch JM, Staub A,
Jensen E, Scrace G, Waterfield M. Cloning of the human estrogen receptor
cDNA. Proc Natl Acad Sci U S A. 1985;82(23):7889-7893.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. Cloning of a
novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U S A.
1996;93(12):5925-5930.

Enmark E, Pelto-Huikko M, Grandien K, Lagercrantz S, Lagercrantz J, Fried
G, Nordenskjold M, Gustafsson JA. Human estrogen receptor beta-gene
structure, chromosomal localization, and expression pattern. J Clin Endocrinol
Metab. 1997;82(12):4258-4265.

Ogawa S, Inoue S, Watanabe T, Hiroi H, Orimo A, Hosoi T, Ouchi Y,
Muramatsu M. The complete primary structure of human estrogen receptor
beta (hER beta) and its heterodimerization with ER alpha in vivo and in vitro.
Biochem Biophys Res Commun. 1998;243(1):122-126.

Ogawa S, Inoue S, Watanabe T, Orimo A, Hosoi T, Ouchi Y, Muramatsu M.
Molecular cloning and characterization of human estrogen receptor betacx: a

112



77.

78.

79.

80.

81.

82.

83.

84.

85.

potential inhibitor ofestrogen action in human. Nucleic Acids Res.
1998,;26(15):3505-3512.

Jia M, Dahlman-Wright K, Gustafsson JA. Estrogen receptor alpha and beta in
health and disease. Best Pract Res Clin Endocrinol Metab. 2015;29(4):557-
568.

Higa GM, Fell RG. Sex hormone receptor repertoire in breast cancer. Int J
Breast Cancer. 2013;28:4036-4050.

Heldring N, Pike A, Andersson S, Matthews J, Cheng G, Hartman J, Tujague
M, Strom A, Treuter E, Warner M, Gustafsson JA. Estrogen receptors: how do
they signal and what are their targets. Physiol Rev. 2007;87(3):905-931.

Zhu BT, Han GZ, Shim JY, Wen Y, Jiang XR. Quantitative structure-activity
relationship of various endogenous estrogen metabolites for human estrogen
receptor alpha and beta subtypes: Insights into the structural determinants
favoring a differential subtype binding. Endocrinology. 2006;147(9):4132-4150.

Katzenellenbogen BS, Montano MM, Ediger TR, Sun J, Ekena K, Lazennec G,
Martini PG, Mcinerney EM, Delage-Mourroux R, Weis K, Katzenellenbogen
JA. Estrogen receptors: selective ligands, partners, and distinctive
pharmacology. Recent Prog Horm Res. 2000;55:163-193; discussion 194-195.

Dondi D, Piccolella M, Biserni A, Della Torre S, Ramachandran B, Locatelli A,
Rusmini P, Sau D, Caruso D, Maggi A, Ciana P, Poletti A. Estrogen receptor
beta and the progression of prostate cancer: role of 5alpha-androstane-
3beta,17beta-diol. Endocr Relat Cancer. 2010;17(3):731-742.

Patisaul HB, Melby M, Whitten PL, Young LJ. Genistein affects ER beta- but
not ER alpha-dependent gene expression in the hypothalamus.
Endocrinology. 2002;143(6):2189-2197.

Zhao C, Gao H, Liu Y, Papoutsi Z, Jaffrey S, Gustafsson JA, Dahlman-Wright
K. Genome-wide mapping of estrogen receptor-beta-binding regions reveals
extensive cross-talk with transcription factor activator protein-1. Cancer Res.
2010;70(12):5174-5183.

Maneix L, Antonson P, Humire P, Rochel-Maia S, Castafieda J, Omoto Y, Kim
HJ, Warner M, Gustafsson JA. Estrogen receptor B exon 3-deleted mouse:
113



86.

87.

88.

89.

90.

91.

92.

93.

The importance of non-ERE pathways in ER[ signaling. Proc Natl Acad Sci U
S A. 2015;112(16):5135-5140.

Williams C, Edvardsson K, Lewandowski SA, Strom A, Gustafsson JA. A
genome-wide study of the repressive effects of estrogen receptor beta on
estrogen receptor alpha signaling in breast cancer cells. Oncogene.
2008;27(7):1019-1032.

Vrtaénik P, Ostanek B, Mencej-Bedra€ S, Marc J. The many faces of estrogen
signaling. Biochem Med (Zagreb). 2014;24(3):329-342.

Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER. A
transmembrane intracellular estrogen receptor mediates rapid cell signaling.
Science. 2005;307(5715):1625-1630.

Ge X, Guo R, Qiao Y, Zhang Y, Lei J, Wang X, Li L, Hu D. The G protein-
coupled receptor GPR30 mediates the nontranscriptional effect of estrogen on
the activation of PI3K/Akt pathway in endometrial cancer cells. Int J Gynecol
Cancer. 2013;23(1):52-59.

Levakov AF, Ka¢anski MM, Vuckovi¢ N, Zivojinov M, Amidzi¢ J, Sabo JI. The
expression and localization of estrogen receptor beta in hyperplastic and
neoplastic prostate lesions. Vojnosanit Pregl. 2015;72(10):906-913.

Imamov O, Morani A, Shim GJ, Omoto Y, Thulin-Andersson C, Warner M,
Gustafsson JA. Estrogen receptor beta regulates epithelial cellular
differentiation in the mouse ventral prostate. Proc Natl Acad Sci U S A.
2004;101(25):9375-9380.

Weihua Z, Lathe R, Warner M, Gustafsson JA. An endocrine pathway in the
prostate, ERbeta, AR, 5alpha-androstane-3beta,17beta-diol, and CYP7B1,
regulates prostate growth. Proc Natl Acad Sci U S A. 2002;99(21):13589-
13594,

Slusarz A, Jackson GA, Day JK, Shenouda NS, Bogener JL, Browning JD,
Fritsche KL, MacDonald RS, Besch-Williford CL, Lubahn DB. Aggressive
prostate cancer is prevented in ERaKO mice and stimulated in ERBKO
TRAMP mice. Endocrinology. 2012;153(9):4160-4170.

114



94.

95.

96.

97.

98.

99.

100.

101.

Wu WF, Maneix L, Insunza J, Nalvarte |, Antonson P, Kere J, Yu NY, Tohonen
V, Katayama S, Einarsdottir E, Krjutskov K, Dai YB, Huang B, Su W, Warner
M, Gustafsson JA. Estrogen receptor B, a regulator of androgen receptor
signaling in the mouse ventral prostate. Proc Natl Acad Sci U S A.
2017;114(19):E3816-E3822.

Dey P, Jonsson P, Hartman J, Williams C, Strom A, Gustafsson JA. Estrogen
receptors 31 and B2 have opposing roles in regulating proliferation and bone
metastasis genes in the prostate cancer cell line PC3. Mol Endocrinol.
2012;26(12):1991-2003.

Hurtado A, Pinés T, Barbosa-Desongles A, Lopez-Avilés S, Barquinero J,
Petriz J, Santamaria-Martinez A, Morote J, de Torres I, Bellmunt J, Reventés
J, Munell F. Estrogen receptor beta displays cell cycle-dependent expression
and regulates the G1 phase through a nhon-genomic mechanism in prostate
carcinoma cells. Cell Oncol. 2008;30(4):349-365.

Cheng J, Lee EJ, Madison LD, Lazennec G. Expression of estrogen receptor
beta in prostate carcinoma cells inhibits invasion and proliferation and triggers
apoptosis. FEBS Lett. 2004;566(1-3):169-172.

Hussain S, Lawrence MG, Taylor RA, Lo CY, Frydenberg M, Ellem SJ, Furic
L, Risbridger GP. Estrogen receptor 3 activation impairs prostatic regeneration
by inducing apoptosis in murine and human stem/progenitor enriched cell
populations. PLoS One. 2012;7(7):e40732-e40741.

McPherson SJ, Hussain S, Balanathan P, Hedwards SL, Niranjan B, Grant M,
Chandrasiri UP, Toivanen R, Wang Y, Taylor RA, Risbridger GP. Estrogen
receptor-beta activated apoptosis in benign hyperplasia and cancer of the
prostate is androgen independent and TNFalpha mediated. Proc Natl Acad Sci
U S A. 2010;107(7):3123-3128.

Dey P, Strém A, Gustafsson JA. Estrogen receptor B upregulates FOXO3a
and causes induction of apoptosis through PUMA in prostate cancer.

Oncogene. 2014;33(33):4213-4225.

Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and the
response to hypoxic stress. Mol Cell. 2010;40(2):294-309.

115



102.

103.

104.

105.

106.

107.

108.

109.

110.

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME,
Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ. The tumour suppressor protein
VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis.
Nature. 1999;399(6733):271-275.

Mak P, Leav I, Pursell B, Bae D, Yang X, Taglienti CA, Gouvin LM, Sharma
VM, Mercurio AM. ERbeta impedes prostate cancer EMT by destabilizing HIF-
lalpha and inhibiting VEGF-mediated snail nuclear localization: implications
for Gleason grading. Cancer Cell. 2010;17(4):319-332.

Guerini V, Sau D, Scaccianoce E, Rusmini P, Ciana P, Maggi A, Matrtini PG,
Katzenellenbogen BS, Martini L, Motta M, Poletti A. The androgen derivative
5alpha-androstane-3beta,17beta-diol inhibits prostate cancer cell migration
through activation of the estrogen receptor beta subtype. Cancer Res.
2005;65(12):5445-5453.

Grubisha MJ, Cifuentes ME, Hammes SR, Defranco DB. A local paracrine and
endocrine network involving TGF[3, Cox-2, ROS, and estrogen receptor 3
influences reactive stromal cell regulation of prostate cancer cell motility. Mol
Endocrinol. 2012;26(6):940-954.

Dalais FS, Meliala A, Wattanapenpaiboon N, Frydenberg M, Suter DA,
Thomson WK, Wahlqvist ML. Effects of a diet rich in phytoestrogens on
prostate-specific antigen and sex hormones in men diagnosed with prostate
cancer. Urology. 2004;64(3):510-515.

Poccia D, Larijani B. Phosphatidylinositol metabolism and membrane fusion.
Biochem J. 2009;418(2):233-246.

van Meer G, Sprong H. Membrane lipids and vesicular traffic. Curr Opin Cell
Biol. 2004;16(4):373-378.

Falkenburger BH, Jensen JB, Dickson EJ, Suh BC, Hille B. Phosphoinositides:
lipid regulators of membrane proteins. J Physiol. 2010;588(Pt 17):3179-3185.

Muftuoglu Y, Xue Y, Gao X, Wu D, Ha Y. Mechanism of substrate specificity of

phosphatidylinositol phosphate kinases. Proc Natl Acad Sci U S A.
2016;113(31):8711-8716.

116



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Choi S, Houdek X, Anderson RA. Phosphoinositide 3-kinase pathways and
autophagy require phosphatidylinositol phosphate kinases. Adv Biol Regul.
2018;68:31-38.

Whitman M, Downes CP, Keeler M, Keller T, Cantley L. Type |
phosphatidylinositol kinase makes a novel inositol phospholipid,
phosphatidylinositol-3-phosphate. Nature. 1988;332(6165):644-646.

Leevers SJ, Vanhaesebroeck B, Waterfield MD. Signalling through
phosphoinositide 3-kinases: the lipids take centre stage. Curr Opin Cell Biol.
1999;11(2):219-225.

De Craene JO, Bertazzi DL, Bar S, Friant S. Phosphoinositides, major actors
in membrane trafficking and lipid signaling pathways. Int J Mol Sci.
2017;18(3):634-654.

Song G, Ouyang G, Bao S. The activation of Akt/PKB signaling pathway and
cell survival. J Cell Mol Med. 2005;9(1):59-71.

Klippel A, Kavanaugh WM, Pot D, Williams LT. A specific product of
phosphatidylinositol 3-kinase directly activates the protein kinase Akt through
its pleckstrin homology domain. Mol Cell Biol. 1997;17(1):338-344.

Galetic I, Andjelkovic M, Meier R, Brodbeck D, Park J, Hemmings BA.
Mechanism of protein kinase B activation by insulin/insulin-like growth factor-1
revealed by specific inhibitors of phosphoinositide 3-kinase--significance for
diabetes and cancer. Pharmacol Ther. 1999;82(2-3):409-425.

Sun H, Lesche R, Li DM, Liliental J, Zhang H, Gao J, Gavrilova N, Mueller B,
Liu X, Wu H. PTEN modulates cell cycle progression and cell survival by
regulating phosphatidylinositol 3,4,5,-trisphosphate and Akt/protein kinase B
signaling pathway. Proc Natl Acad Sci U S A. 1999;96(11):6199-6204.

Chen H, Zhou L, Wu X, Li R, Wen J, Sha J, Wen X. The PISK/AKT pathway in
the pathogenesis of prostate cancer. Front Biosci (Landmark Ed).
2016;21:1084-1091.

Eramo MJ, Mitchell CA. Regulation of Ptdins(3,4,5)P3/Akt signalling by inositol
polyphosphate 5-phosphatases. Biochem Soc Trans. 2016;44(1):240-252.

117



121.

122.

123.

124.

125.

126.

127.

128.

Garofalo RS, Orena SJ, Rafidi K, Torchia AJ, Stock JL, Hildebrandt AL,
Coskran T, Black SC, Brees DJ, Wicks JR, McNeish JD, Coleman KG. Severe
diabetes, age-dependent loss of adipose tissue, and mild growth deficiency in
mice lacking Akt2/PKB beta. J Clin Invest. 2003;112(2):197-208.

Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, Arora
VK, Kaushik P, Cerami E, Reva B, Antipin Y, Mitsiades N, Landers T, Dolgalev
I, Major JE, Wilson M, Socci ND, Lash AE, Heguy A, Eastham JA, Scher Hl,
Reuter VE, Scardino PT, Sander C, Sawyers CL, Gerald WL. Integrative
genomic profiling of human prostate cancer. Cancer Cell. 2010;18(1):11-22.

Rodgers SJ, Ferguson DT, Mitchell CA, Ooms LM. Regulation of PI3K effector
signalling in cancer by the phosphoinositide phosphatases. Biosci Rep.
2017;37(1):432-450.

Edlind MP, Hsieh AC. PISK-AKT-mTOR signaling in prostate cancer
progression and androgen deprivation therapy resistance. Asian J Androl.
2014;16(3):378-386.

Jamaspishvili T, Berman DM, Ross AE, Scher HI, De Marzo AM, Squire JA,
Lotan TL. Clinical implications of PTEN loss in prostate cancer. Nat Rev Urol.
2018;15(4):222-234.

Chen M, Pratt CP, Zeeman ME, Schultz N, Taylor BS, O'Neill A, Castillo-
Martin M, Nowak DG, Naguib A, Grace DM, Murn J, Navin N, Atwal GS,
Sander C, Gerald WL, Cordon-Cardo C, Newton AC, Carver BS, Trotman LC.
Identification of PHLPP1 as a tumor suppressor reveals the role of feedback
activation in PTEN-mutant prostate cancer progression. Cancer Cell.
2011;20(2):173-186.

Wang S, Gao J, Lei Q, Rozengurt N, Pritchard C, Jiao J, Thomas GV, Li G,
Roy-Burman P, Nelson PS, Liu X, Wu H. Prostate-specific deletion of the
murine Pten tumor suppressor gene leads to metastatic prostate cancer.
Cancer Cell. 2003;4(3):209-221.

Ma X, Ziel-van der Made AC, Autar B, van der Korput HA, Vermeij M, van
Duijn P, Cleutjens KB, de Krijger R, Krimpenfort P, Berns A, van der Kwast
TH, Trapman J. Targeted biallelic inactivation of Pten in the mouse prostate

118



129.

130.

131.

132.

133.

134.

135.

136.

137.

leads to prostate cancer accompanied by increased epithelial cell proliferation
but not by reduced apoptosis. Cancer Res. 2005;65(13):5730-5739.

Di Cristofano A, Pesce B, Cordon-Cardo C, Pandolfi PP. Pten is essential for
embryonic development and tumour suppression. Nat Genet. 1998;19(4):348-
355.

Wu X, Pandolfi PP. Mouse models for multistep tumorigenesis. Trends Cell
Biol. 2001;11(11):S2-S9.

Rodgers SJ, Ferguson DT, Mitchell CA, Ooms LM. Regulation of PI3K effector
signalling in cancer by the phosphoinositide phosphatases. Biosci Rep.
2017;37(1):432-450.

Bansal VS, Caldwell KK, Majerus PW. The isolation and characterization of
inositol polyphosphate 4-phosphatase. J Biol Chem. 1990;265(3):1806-1811.

Norris FA, Majerus PW. Hydrolysis of phosphatidylinositol 3,4-bisphosphate by
inositol polyphosphate 4-phosphatase isolated by affinity elution
chromatography. J Biol Chem. 1994;269(12):8716-8720.

Norris FA, Atkins RC, Majerus PW. Inositol polyphosphate 4-phosphatase is
inactivated by calpain-mediated proteolysis in stimulated human platelets. J
Biol Chem. 1997;272(17):10987-10999.

Norris FA, Auethavekiat V, Majerus PW. The isolation and characterization of
cDNA encoding human and rat brain inositol polyphosphate 4-phosphatase. J
Biol Chem. 1995;270(27):16128-16133.

Norris FA, Atkins RC, Majerus PW. The cDNA cloning and characterization of
inositol polyphosphate 4-phosphatase type Il. Evidence for conserved
alternative splicing in the 4-phosphatase family. J Biol Chem.
1997;272(38):23859-23864.

Barnache S, Le Scolan E, Kosmider O, Denis N, Moreau-Gachelin F.

Phosphatidylinositol 4-phosphatase type Il is an erythropoietin-responsive
gene. Oncogene. 2006;25(9):1420-1423.

119



138.

139.

140.

141.

142.

143.

144.

145.

Naylor TL, Greshock J, Wang Y, Colligon T, Yu QC, Clemmer V, Zaks TZ,
Weber BL. High resolution genomic analysis of sporadic breast cancer using
array-based comparative genomic hybridization. Breast Cancer Res.
2005;7(6):R1186-R1198.

Westbrook TF, Martin ES, Schlabach MR, Leng Y, Liang AC, Feng B, Zhao
JJ, Roberts TM, Mandel G, Hannon GJ, Depinho RA, Chin L, Elledge SJ. A
genetic screen for candidate tumor suppressors identifies REST. Cell.
2005;121(6):837-848.

Gewinner C, Wang ZC, Richardson A, Teruya-Feldstein J, Etemadmoghadam
D, Bowtell D, Barretina J, Lin WM, Rameh L, Salmena L, Pandolfi PP, Cantley
LC. Evidence that inositol polyphosphate 4-phosphatase type Il is a tumor
suppressor that inhibits PI3K signaling. Cancer Cell. 2009;16(2):115-125.

Fedele CG, Ooms LM, Ho M, Vieusseux J, O'Toole SA, Millar EK, Lopez-
Knowles E, Sriratana A, Gurung R, Baglietto L, Giles GG, Bailey CG, Rasko
JE, Shields BJ, Price JT, Majerus PW, Sutherland RL, Tiganis T, McLean CA,
Mitchell CA. Inositol polyphosphate 4-phosphatase Il regulates PI3K/Akt
signaling and is lost in human basal-like breast cancers. Proc Natl Acad Sci U
S A. 2010;107(51):22231-22236.

Balakrishnan A, Chaillet JR. Role of the inositol polyphosphate-4-phosphatase
type Il Inpp4b in the generation of ovarian teratomas. Dev Biol.
2013;373(1):118-129.

Perez-Lorenzo R, Gill KZ, Shen CH, Zhao FX, Zheng B, Schulze HJ, Silvers
DN, Brunner G, Horst BA. A tumor suppressor function for the lipid
phosphatase INPP4B in melanocytic neoplasms. J Invest Dermatol.
2014;134(5):1359-1368.

Stjernstrom A, Karlsson C, Fernandez OJ, Soderkvist P, Karlsson MG, Thunell
LK. Alterations of INPP4B, PIK3CA and pAkt of the PI3K pathway are
associated with squamous cell carcinoma of the lung. Cancer Med.
2014;3(2):337-348.

Yuen JW, Chung GT, Lun SW, Cheung CC, To KF, Lo KW. Epigenetic
inactivation of inositol polyphosphate 4-phosphatase B (INPP4B), a regulator

120



146.

147.

148.

149.

150.

151.

152.

153.

of PIBK/AKT signaling pathway in EBV-associated nasopharyngeal carcinoma.
PLoS One. 2014;9(8):€105163-e105171.

Li Chew C, Lunardi A, Gulluni F, Ruan DT, Chen M, Salmena L, Nishino M,
Papa A, Ng C, Fung J, Clohessy JG, Sasaki J, Sasaki T, Bronson RT, Hirsch
E, Pandolfi PP. In vivo role of INPP4B in tumor and metastasis suppression
through regulation of PI3K-AKT signaling at endosomes. Cancer Discov.
2015;5(7):740-751.

Kofuji S, Kimura H, Nakanishi H, Nanjo H, Takasuga S, Liu H, Eguchi S,
Nakamura R, Itoh R, Ueno N, Asanuma K, Huang M, Koizumi A, Habuchi T,
Yamazaki M, Suzuki A, Sasaki J, Sasaki T. INPP4B is a PtdIns(3,4,5)P3
phosphatase that can act as a tumor suppressor. Cancer Discov.
2015;5(7):730-739.

Hodgson MC, Deryugina El, Suarez E, Lopez SM, Lin D, Xue H, Gorlov IP,
Wang Y, Agoulnik 1U. INPP4B suppresses prostate cancer cell invasion. Cell
Commun Signal. 2014;12:61:12964-12980.

Chen Y, Sun Z, Qi M, Wang X, Zhang W, Chen C, Liu J, Zhao W. INPP4B
restrains cell proliferation and metastasis via regulation of the PI3K/AKT/SGK
pathway. J Cell Mol Med. 2018;22(5):2935-2943.

Hodgson MC, Shao LJ, Frolov A, Li R, Peterson LE, Ayala G, Ittmann MM,
Weigel NL, Agoulnik IU. Decreased expression and androgen regulation of the
tumor suppressor gene INPP4B in prostate cancer. Cancer Res.
2011;71(2):572-582.

Chen H, Li H, Chen Q. INPP4B overexpression suppresses migration,
invasion and angiogenesis of human prostate cancer cells. Clin Exp
Pharmacol Physiol. 2017;44(6):700-708.

Gasser JA, Inuzuka H, Lau AW, Wei W, Beroukhim R, Toker A. SGK3
mediates INPP4B-dependent PI3K signaling in breast cancer. Mol Cell.
2014;56(4):595-607.

Dzneladze I, He R, Woolley JF, Son MH, Sharobim MH, Greenberg SA, Gabra
M, Langlois C, Rashid A, Hakem A, Ibrahimova N, Arruda A, Léwenberg B,
Valk PJ, Minden MD, Salmena L. INPP4B overexpression is associated with

121



154.

155.

156.

157.

158.

159.

160.

161.

poor clinical outcome and therapy resistance in acute myeloid leukemia.
Leukemia. 2015;29(7):1485-1495.

Rijal S, Fleming S, Cummings N, Rynkiewicz NK, Ooms LM, Nguyen NY, Teh
TC, Avery S, McManus JF, Papenfuss AT, McLean C, Guthridge MA, Mitchell
CA, Wei AH. Inositol polyphosphate 4-phosphatase Il (INPP4B) is associated
with chemoresistance and poor outcome in AML. Blood. 2015;125(18):2815-

2824.

ACS(2019). American Cancer Society (ACS).
http://www.cancer.org/cancer/news/news/facts-and-figures-report-declines-in-
cancerdeaths-reach-milestone.

Shariati M, Meric-Bernstam F. Targeting AKT for cancer therapy. Expert Opin
Investig Drugs. 2019;28(11):977-988.

Wise HM, Hermida MA, Leslie NR. Prostate cancer, PI3K, PTEN, and
prognosis. Clin Sci (Lond). 2017;131(3):197-210.

Guedes LB, Tosoian JJ, Hicks J, Ross AE, Lotan TL. PTEN Loss in Gleason
Score 3 + 4 = 7 Prostate Biopsies is Associated with Nonorgan Confined
Disease at Radical Prostatectomy. J Urol. 2017;197(4):1054-1059.

Sailer V, Eng KW, Zhang T, Bareja R, Pisapia DJ, Sigaras A, Bhinder B,
Romanel A, Wilkes D, Sticca E, Cyrta J, Rao R, Sahota S, Pauli C, Beg S,
Motanagh S, Kossai M, Fontunge J, Puca L, Rennert H, Zhaoying Xiang J,
Greco N, Kim R, MacDonald TY, McNary T, Blattner-Johnson M, Schiffman
MH, Faltas BM, Greenfield JP, Rickman D, Andreopoulou E, Holcomb K,
Vahdat LT, Scherr DS, van Besien K, Barbieri CE, Robinson BD, Fine HA,
Ocean AJ, Molina A, Shah MA, Nanus DM, Pan Q, Demichelis F, Tagawa ST,
Song W, Mosquera JM, Sboner A, Rubin MA, Elemento O, Beltran H.
Integrative Molecular Analysis of Patients With Advanced and Metastatic
Cancer. JCO Precis Oncol. 2019;3:4255-4277.

Li H, Marshall AJ. Phosphatidylinositol (3,4) bisphosphate-specific
phosphatases and effector proteins: A distinct branch of PI3K signaling. Cell
Signal. 2015;27(9):1789-1798.

Rynkiewicz NK, Fedele CG, Chiam K, Gupta R, Kench JG, Ooms LM, McLean
CA, Giles GG, Horvath LG, Mitchell CA. INPP4B is highly expressed in
prostate intermediate cells and its loss of expression in prostate carcinoma

122



162.

163.

164.

165.

166.

167.

168.

169.

170.

predicts for recurrence and poor long-term survival. Prostate. 2015;75(1):92-
102.

Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation and
regulation of Akt/PKB by the rictor-mTOR complex. Science.
2005;307(5712):1098-1101.

Whitman M, Kaplan DR, Schaffhausen B, Cantley L, Roberts TM. Association
of phosphatidylinositol kinase activity with polyoma middle-T competent for
transformation. Nature. 1985;315(6016):239-242.

Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, Huang Q, Qin J, Su
B. SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt
phosphorylation and substrate specificity. Cell. 2006;127(1):125-137.

Maehama T, Dixon JE. The tumor suppressor, PTEN/MMAC1,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. J Biol Chem. 1998;273(22):13375-13378.

Huber M, Helgason CD, Damen JE, Scheid M, Duronio V, Liu L, Ware MD,
Humphries RK, Krystal G. The role of SHIP in growth factor induced signalling.
Prog Biophys Mol Biol. 1999;71(3-4):423-434.

Reed DE, Shokat KM. INPP4B and PTEN loss leads to PI-3,4-P2
accumulation and inhibition of PI3K in TNBC. Mol Cancer Res.
2017;15(6):765-775.

Heldring N, Pike A, Andersson S, Matthews J, Cheng G, Hartman J, Tujague
M, Strom A, Treuter E, Warner M, Gustafsson JA. Estrogen receptors: how do
they signal and what are their targets. Physiol Rev. 2007;87(3):905-931.

Warner M, Gustafsson JA. The role of estrogen receptor beta (ERbeta) in
malignant diseases--a new potential target for antiproliferative drugs in
prevention and treatment of cancer. Biochem Biophys Res Commun. 2010;
396(1):63-66.

Yang ZM, Yang MF, Yu W, Tao HM. Molecular mechanisms of estrogen

receptor B-induced apoptosis and autophagy in tumors: implication for treating
osteosarcoma. J Int Med Res. 2019;47(10):4644-4655.

123



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Bado I, Nikolos F, Rajapaksa G, Gustafsson JA, Thomas C. ERB decreases
the invasiveness of triple-negative breast cancer cells by regulating mutant
p53 oncogenic function. Oncotarget. 2016;7(12):13599-13611.

Thomas C, Rajapaksa G, Nikolos F, Hao R, Katchy A, McCollum CW,
Bondesson M, Quinlan P, Thompson A, Krishnamurthy S, Esteva FJ,
Gustafsson JA. ERbetal represses basal breast cancer epithelial to
mesenchymal transition by destabilizing EGFR. Breast Cancer Res. 2012;
14(6):R148-R163.

Leav I, Lau KM, Adams JY, McNeal JE, Taplin ME, Wang J, Singh H, Ho SM.
Comparative studies of the estrogen receptors beta and alpha and the
androgen receptor in normal human prostate glands, dysplasia, and in primary
and metastatic carcinoma. Am J Pathol. 2001;159(1):79-92.

Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW. Establishment
and characterization of a human prostatic carcinoma cell line (PC-3). Invest
Urol. 1979;17(1):16-23.

Hayward SW, Dahiya R, Cunha GR, Bartek J, Deshpande N, Narayan P.
Establishment and characterization of an immortalized but non-transformed
human prostate epithelial cell line: BPH-1. In Vitro Cell Dev Biol Anim.
1995;31(1):14-24.

Agoulnik U, Hodgson MC, Bowden WA, Ittmann MM. INPP4B: the new kid on
the PI3K block. Oncotarget. 2011;2(4):321-328.

Hoeflich KP, Luo J, Rubie EA, Tsao MS, Jin O, Woodgett JR. Requirement for
glycogen synthase kinase-3beta in cell survival and NF-kappaB activation.
Nature. 2000;406(6791):86-90.

Rodriguez LG, Wu X, Guan JL. Wound-healing assay. Methods Mol Biol.
2005;294:23-29.

Grada A, Otero-Vinas M, Prieto-Castrillo F, Obagi Z, Falanga V. Research
techniques made simple: analysis of collective cell migration using the wound
healing assay. J Invest Dermatol. 2017;137(2):el11-e16.

Wang J, Yang B, Revote J, Leier A, Marquez-Lago TT, Webb G, Song J, Chou
KC, Lithgow T. POSSUM: a bioinformatics toolkit for generating numerical

124



181.

182.

183.

184.

185.

186.

187.

188.

189.

sequence feature descriptors based on PSSM profiles. Bioinformatics.
2017;33(17):2756-2758.

Tai S, Sun Y, Squires JM, Zhang H, Oh WK, Liang CZ, Huang J. PC3 is a cell
line characteristic of prostatic small cell carcinoma. Prostate.
2011;71(15):1668-1679.

Lau KM, LaSpina M, Long J, Ho SM. Expression of estrogen receptor (ER)-
alpha and ER-beta in normal and malignant prostatic epithelial cells: regulation
by methylation and involvement in growth regulation. Cancer Res.
2000;60(12):3175-3182.

Sanchez M, Picard N, Sauvé K, Tremblay A. Coordinate regulation of estrogen
receptor B degradation by Mdm2 and CREB-binding protein in response to
growth signals. Oncogene. 2013;32(1):117-126.

Sareddy GR, Li X, Liu J, Viswanadhapalli S, Garcia L, Gruslova A, Cavazos D,
Garcia M, Strom AM, Gustafsson JA, Tekmal RR, Brenner A, Vadlamudi RK.
Selective estrogen receptor B agonist LY500307 as a novel therapeutic agent
for glioblastoma. Sci Rep. 2016;6:24185-24194.

Stone KR, Mickey DD, Wunderli H, Mickey GH, Paulson DF. Isolation of a
human prostate carcinoma cell line (DU 145). Int J Cancer. 1978;21(3):274-
281.

Jerde TJ, Wu Z, Theodorescu D, Bushman W. Regulation of phosphatase
homologue of tensin protein expression by bone morphogenetic proteins in
prostate epithelial cells. Prostate. 2011;71(8):791-800.

Lindberg K, Helguero LA, Omoto Y, Gustafsson JA, Haldosén LA. Estrogen
receptor B represses Akt signaling in breast cancer cells via downregulation of
HER2/HERS3 and upregulation of PTEN: implications for tamoxifen sensitivity.
Breast Cancer Res. 2011;13(2):R43-R56.

Liu X, Wang L, Chen J, Ling Q, Wang H, Li S, Li L, Yang S, Xia M, Jing L.
Estrogen receptor 3 agonist enhances temozolomide sensitivity of glioma cells
by inhibiting PI3BK/AKT/mTOR pathway. Mol Med Rep. 2015;11(2):1516-1522.

Xu W, Yang Z, Lu N. A new role for the PI3K/Akt signaling pathway in the
epithelial-mesenchymal transition. Cell Adh Migr. 2015;9(4):317-324.

125



190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Tang W, Yang L, Yang T, Liu M, Zhou Y, Lin J, Wang K, Ding C. INPP4B
inhibits cell proliferation, invasion and chemoresistance in human
hepatocellular carcinoma. Onco Targets Ther. 2019;12:3491-3507.

Tokunaga E, Yamashita N, Kitao H, Tanaka K, Taketani K, Inoue Y, Saeki H,
Oki E, Oda Y, Maehara Y. Biological and clinical significance of loss of
heterozygosity at the INPP4B gene locus in Japanese breast cancer. Breast.
2016;25:62-68.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9(4):357-359.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics. 2011;12:323-327.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics.
2010;26(1):139-140.

Mohammed H, Taylor C, Brown GD, Papachristou EK, Carroll JS, D'Santos
CS. Rapid immunoprecipitation mass spectrometry of endogenous proteins
(RIME) for analysis of chromatin complexes. Nat Protoc. 2016;11(2):316-326.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE,
Nusbaum C, Myers RM, Brown M, Li W, Liu XS. Model-based analysis of
ChIP-Seq (MACS). Genome Biol. 2008;9(9):R137-R149

Mateo J, Fizazi K, Gillessen S, Heidenreich A, Perez-Lopez R, Oyen WJG,
Shore N, Smith M, Sweeney C, Tombal B, Tomlins SA, de Bono JS. Managing
nonmetastatic castration-resistant prostate cancer. Eur Urol. 2019;75(2):285-
293.

Shiota M, Yokomizo A, Fujimoto N, Naito S. Androgen receptor cofactors in
prostate cancer: potential therapeutic targets of castration-resistant prostate
cancer. Curr Cancer Drug Targets. 2011;11(7):870-881.

Martin TJ, Peer CJ, Figg WD. Uncovering the genetic landscape driving
castration-resistant prostate cancer. Cancer Biol Ther. 2013;14(5):399-400.

126



200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

Yu Z, Chen S, Sowalsky AG, Voznesensky OS, Mostaghel EA, Nelson PS,
Cai C, Balk SP. Rapid induction of androgen receptor splice variants by
androgen deprivation in prostate cancer. Clin Cancer Res. 2014;20(6):1590-
1600.

Weihua Z, Andersson S, Cheng G, Simpson ER, Warner M, Gustafsson JA.
Update on estrogen signaling. FEBS Lett. 2003;546(1):17-24.

Haldosén LA, Zhao C, Dahlman-Wright K. Estrogen receptor beta in breast
cancer. Mol Cell Endocrinol. 2014;382(1):665-672.

Kyriakidis |, Papaioannidou P. Estrogen receptor beta and ovarian cancer: a
key to pathogenesis and response to therapy. Arch Gynecol Obstet.
2016;293(6):1161-1168.

Adams JY, Leav |, Lau KM, Ho SM, Pflueger SM. Expression of estrogen
receptor beta in the fetal, neonatal, and prepubertal human prostate. Prostate.
2002;52(1):69-81.

Weihua Z, Makela S, Andersson LC, Salmi S, Saji S, Webster JI, Jensen EV,
Nilsson S, Warner M, Gustafsson JA. A role for estrogen receptor beta in the
regulation of growth of the ventral prostate. Proc Natl Acad Sci U S A.
2001;98(11):6330-6335.

Prossnitz ER, Arterburn JB, Sklar LA. GPR30: A G protein-coupled receptor
for estrogen. Mol Cell Endocrinol. 2007;265-266:138-142.

Sano H, Kane S, Sano E, Miinea CP, Asara JM, Lane WS, Garner CW,
Lienhard GE. Insulin-stimulated phosphorylation of a Rab GTPase-activating
protein regulates GLUT4 translocation. J Biol Chem. 2003;278(17):14599-
14602.

White MA, Tsouko E, Lin C, Rajapakshe K, Spencer JM, Wilkenfeld SR, et al.
GLUT12 promotes prostate cancer cell growth and is regulated by androgens
and CaMKK2 signaling. Endocr Relat Cancer. 2018;25(4):453-4609.

Frigo DE, Howe MK, Wittmann BM, Brunner AM, Cushman I, Wang Q, Brown
M, Means AR, McDonnell DP. CaM kinase kinase beta-mediated activation of
the growth regulatory kinase AMPK is required for androgen-dependent
migration of prostate cancer cells. Cancer Res. 2011;71(2):528-537.

127



210. Winder WW, Hardie DG. AMP-activated protein kinase, a metabolic master
switch: possible roles in type 2 diabetes. Am J Physiol. 1999;277(1):E1-E10.

211. Karacosta LG, Foster BA, Azabdaftari G, Feliciano DM, Edelman AM. A
regulatory feedback loop between Ca2+/calmodulin-dependent protein kinase
kinase 2 (CaMKK?2) and the androgen receptor in prostate cancer progression.
J Biol Chem. 2012;287(29):24832-24843.

212. Berlin DS, Sangkuhl K, Klein TE, Altman RB. PharmGKB summary:
cytochrome P450, family 2, subfamily J, polypeptide 2: CYP2J2.
Pharmacogenet Genomics. 2011;21(5):308-311.

213. Chuang SS, Helvig C, Taimi M, Ramshaw HA, Collop AH, Amad M, et al.
CYP2U1, a novel human thymus- and brain-specific cytochrome P450,
catalyzes omega- and (omega-1)-hydroxylation of fatty acids. J Biol Chem.
2004;279(8):6305-6314.

214. Pacifici GM, Peng D, Rane A. Epoxide hydrolase and aryl hydrocarbon
hydroxylase in human fetal tissues: activities in nuclear and microsomal
fractions and in isolated hepatocytes. Pediatr Pharmacol (New York).
1983;3(3-4):189-197.

215. Groschel C, Tennakoon S, Kéllay E. Cytochrome P450 vitamin D
hydroxylases in inflammation and cancer. Adv Pharmacol. 2015;74:413-458.

216. Arriazu R, Duran E, Pozuelo JM, Santamaria L. Expression of
lysophosphatidic acid receptor 1 and relation with cell proliferation, apoptosis,
and angiogenesis on preneoplastic changes induced by cadmium chloride in
the rat ventral prostate. PLoS One. 2013;8(2):e57742-e57752.

217. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21.

218. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31(2):166-169.

219. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550-
558.

128



220. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P.
The molecular signatures database (MSigDB) hallmark gene set collection.
Cell Syst. 2015;1(6):417-425.

129



