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Abstract 

Prostate cancer (PCa) is one of the most common cancer types and the fifth 

cancer-related cause of death among Western world men. The sex steroid 

hormone, androgen and androgen receptor (AR) play important roles in PCa 

progression. Herewith, androgen deprivation therapy (ADT) is used as a 

regimen for PCa, but inevitably leads to development of castration-resistant PCa 

(CRPC) and distant metastasis. No effective treatment for metastatic PCa 

currently exists. Furthermore, it remains poorly understood whether and how 

the steroid hormone signaling in cooperation with multiple pathways that 

control proliferation, survival and invasion of cancer cells may contribute to 

metastatic dissemination and growth. 

The aims of my PhD thesis focused on: (i) studying the clinical importance of 

estrogen- and androgen-related signaling pathways in promoting homing and 

metastatic growth of PCa cells in bone, (ii) gaining deeper understanding of the 

underlying mechanisms that facilitate PCa metastasis and treatment resistance, 

with focus on phosphatidylinositol-4-phosphate 5-kinase type-1 alpha 

(PIP5K1α), estrogen- and androgen receptor signaling, (iii) testing and 

characterizing the therapeutic potential of PIP5K1α inhibitor in combination 

with anti-estrogen or anti-androgen agents to improve treatment and overcome 

treatment resistance in CRPC. 

In my thesis work we have shown that key biomarker genes exhibited unique 

expression profiles and signatures in PCa subtypes within large patient cohorts. 

Alterations in androgen- and estrogen-related biomarkers and PIP5K1α/Akt 

pathways were associated with poor patient outcome. We further discovered 

that CRPC cells and cancer stem-like cells utilized estrogen-associated factors 

including aromatase and estrogen receptor alpha (ERα), as well as cyclin A1, a 

key cell cycle regulator, to gain proliferative advantage, and to survive and 

metastasize to distant organs. 

We found that the interaction between PIP5K1α and AR splice variant AR-V7 

contributed to enzalutamide resistance. In series of in vivo treatment 

experiments using tumor xenograft mice, we demonstrated that ISA-2011B 

alone or in combination with enzalutamide had great therapeutic potential to 

suppress growth of tumors that had elevated levels of PI3K/Akt and AR-V7, and 

that were resistant to enzalutamide monotherapy.  
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We further showed that combination treatment using tamoxifen together with 

ISA-2011B selectively blocked elevated ERα/cyclin D1 and PIP5K1α/Akt, 

leading to tumor regression and had superior inhibitory effect over 

monotherapy in xenograft mice. 

My studies therefore suggest that steroid hormone receptors, PIP5K1α signaling 

cascade and multiple cellular pathways cooperatively promote PCa progression. 

Taken together, the reported findings are the first to suggest a new therapeutic 

potential to inhibit or utilize the mechanisms related to ERα and PIP5K1α/Akt 

network, and provide a new therapeutic strategy to treat castration-resistant 

ER-positive subtype of tumors with metastatic potential. 
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Populärvetenskaplig sammanfattning 

Prostatacancer (PCa) är den vanliga cancerformen och kan orsaka hög dödsfall i 

män i Sverige och världen. Könsteroidhormonet, androgen och hormon-styrd 

receptor AR har stora betydelser för prostatacancerutveckling. 

Dagensbehandlingen mot PCa siktar på att dämpar förhöjda nivåer av androgen 

för att kunna förhindra cancercellstillväxt. Men PCa patienter ofta får återfall då 

tumören svara inte på initialt behandling längre, dessutom patienter kan få mer 

aggressiva cancerformen som kallas för kastrationsresistant PCa (CRPC) vid 

canceråterfall. CRPC kan sprida till avlägsna organ så som lungor, lever och 

skeletten. Det finns förnärvarande ingen effektiv behandling for 

cancermetastater. Vi saknar fortförande djupare förståelsen på hur 

cancercellens signalering är styrda och huruvida könssteroidhormonet kan 

bidra till spridning och tillväxt av cancerceller. Vidare finns det akut behovet för 

att utveckla nya skräddarsydda läkemedel för att kunna behandla 

cancermetastaser.  

Målet för min doktorsavhandling fokuserade på: (i) att studera den kliniska 

betydelsen av östrogen- och androgen-relaterade faktorer i 

cancerspridningsprocessen. (ii) få djupare förståelse för de bakomliggande 

mekanismerna som bidra till cancercells spridning och resistans mot 

behandling. Jag fokuserade dels på lipidkinas PIP5K1α som producera lipider 

för cellensöverlevnaderna och dels på könshormonets receptorer östrogen-

receptor och androgen-receptor i cancerutvecklingsprocessen. (iii) utveckla nya 

terapeutiska strategier för skräddarsydda och effektiv behandlingen som rikta 

mot cancermetastaser. Vi använder PIP5K1α som ett läkemedelskandidat 

tillsammans med östrogen-hämmare och androgen-hämmare för att kunna 

övervinna behandlingsresistensen.  

I mitt avhandlingsarbete har vi identifierat nya biomarköer som är relaterade 

och samverkar med PIP5K1α och könshormonets receptorer östrogen-receptor 

och androgen-receptor. Dessa biomarkörer uppvisade unika uttrycksprofiler 

och signaturer i subtyper av PCa patienter. Förändringar i androgen- och 

östrogenrelaterade faktorer och i PIP5K1a signalvägar förknippades med dåligt 

canceråterfall och patientöverlevnader. Vidare har vi upptäckte att aggressiva 

CRPC-celler använder östrogenassocierade faktorer inklusive aromatas och 

östrogenreceptor alfa (ERa), såväl som cyklin A1, en nyckelcellcykelregulator, 

för att få tillväxt-fördel och överlever, sprider och växer i avlägsna organ såsom 

skelettet.  

Vi fann att samverkan mellan PIP5K1a och AR-V7 som ett kortare variant av AR 

hade en stor betydelse för utveckling av PCa till resistans mot läkemedelen 
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enzalutamid. Genom att använder xenograftmöss och cancercellsmodeler har vi 

visat att skräddasydda behandlingen där ISA-2011B i kombination med 

enzalutamid förhindrade tillväxten av tumörer som var resistenta mot 

ursprungliga läkemedelen. 

Vi visade också att kombinationsbehandling med användning av tamoxifen 

tillsammans med ISA-2011B selektivt blockerade förhöjda ERa och PIP5K1a, 

vilket ledde till tumörregression och hade överlägsen hämmande effekt jämfört 

med monoterapi i xenograftmöss. 

Mina studier tyder därför på att steroidhormonreceptorer, PIP5K1a 

signaleringskaskad och flera cellulära vägar samverka och bidra till 

cancerspridning. Sammantaget våra resultat är de första som antyder en ny 

terapeutisk potential för att hämma eller utnyttja mekanismerna relaterade till 

ERα och PIP5K1a -nätverket och för att behandla resistenta och metastaserande 

PCa. 
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Background 

Prostate gland 

Biological function 

The prostate is a walnut-sized tubuloalveolar exocrine gland of the male 

reproductive system. Its main function is to produce and secrete prostatic fluid 

that is required for liquefication, nourishment and protection of sperms (Balk, 

Ko et al. 2003). This slightly alkaline fluid mostly consists of proteolytic 

enzymes such as prostate specific antigen (PSA), prostatic acid phosphatase 

(PAP), as well as citric acid and zinc, and constitutes approximately 30% of the 

entire semen volume (Eliasson 1968, Balk, Ko et al. 2003). In otherwise healthy 

males, prostatic fluid is produced by prostate epithelial cells, secreted into 

prostatic lumen, and is later expelled in the first part of ejaculate (Lilja, 

Oldbring et al. 1987). 

Prostatic epithelium 

The prostatic epithelium consist of three morphologically and functionally 

distinct cell types; luminal, basal and neuroendocrine (Abate-Shen and Shen 

2000). At the molecular level, the predominant luminal cells are androgen-

dependent, express high level of androgen receptor (AR), cytokeratins 8 (CK-8) 

and 18 (CK-18), cell surface marker CD57, and NKX3.1. The second most 

abundant, basal cells are found in a continuous layer between the luminal cells 

and the basement membrane, express cytokeratins 5 (CK-5) and 14 (CK-14), and 

surface marker CD44 (Sherwood, Berg et al. 1990, Liu, True et al. 1997). The 

final and rarest intercalated population of neuroendocrine cells are androgen-

independent, are believed to provide paracrine signals that support luminal cell 

growth, and express chromogranin A, serotonin, and various neuropeptides 

(Abrahamsson 1999, Abrahamsson 1999). 

Anatomy 

The human prostate is located at the base of the urinary bladder and may be 

divided into three anatomically and histologically distinct zones; transitional, 

peripheral, and central. While the surrounding transitional zone is non-

glandular and comprises mostly of fibromuscular stroma, the peripheral and 

central zones are comprised of complex network of saccular glands and ducts 

(McNeal 1981, Aaron, Franco et al. 2016). Majority of prostate cancer (PCa) 

cases arise in the peripheral zone, which is located adjacent to the rectal wall. As 

such, up to 99% of all PCa are of epithelial origin and are therefore 

adenocarcinomas (Aaron, Franco et al. 2016). 
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Prostate cancer 

Incidence and mortality 

PCa is one of the most common malignancies in men in Western world.  

Following the most recent GLOBOCAN report, the disease is estimated for 

approximately 1.3 million new cases and 359,000 annual deaths worldwide 

(Bray, Ferlay et al. 2018). According to the Swedish National Board of Health 

and Welfare, PCa accounts for approximately 10,300 new cases and 2,300 

deaths each year, making it the most commonly diagnosed malignancy and 

cancer-related cause of death among Swedish men (Socialstyrelsen 2017). 

Despite a steady increase in PCa incidence, recent advancements in treatment 

strategies at early stage and early diagnostic tools have led to a gradual decline 

in mortality rates in Western countries, including Sweden (Baade, Youlden et al. 

2009, Brawley 2012, Center, Jemal et al. 2012, Bray and Pineros 2016, Wong, 

Goggins et al. 2016). This have translated to a significant improvement in 5-year 

overall survival for patients diagnosed at early disease stage (Steele, Li et al. 

2017). However, for patients with advanced and metastatic PCa, the patient 

outcome is poor and no effective treatment exits (Petrylak, Tangen et al. 2004, 

Tannock, de Wit et al. 2004, Berthold, Pond et al. 2008, Sweeney, Chen et al. 

2015, James, Sydes et al. 2016). Due to this, the 5-year survival expectancy for 

PCa diagnosed at late stage of disease was reported to be as low as 26% (Steele, 

Li et al. 2017). Treatment resistance and cancer metastasis to the distant organs 

are associated with poor prognosis (Gottesman, Fojo et al. 2002, Bhalla 2003, 

Berrieman, Lind et al. 2004, Darshan, Loftus et al. 2011, Semenas, Allegrucci et 

al. 2012). Herewith, to the current day PCa poses major clinical challenges with 

severe socioeconomically implications (Sennfalt, Sandblom et al. 2004, 

Roehrborn and Black 2011, Tomic, Ventimiglia et al. 2018, Siegel, Miller et al. 

2019). 

Diagnosis 

Prostate specific antigen (PSA) 

PSA, otherwise known as kallikrein-3 (KLK3) is a serine protease that belongs to 

tissue kallikrein family and is encoded by KLK3 gene located on chromosome 

19q13.4. The production of PSA is induced by androgen stimulation and as such 

appears in both normal and malignant epithelial cells of the prostate gland. It is 

the most abundant protein found is semen, where its function is to cleave 

semenogelin I and II in seminal coagulum leading to semen liquefication. In 

otherwise healthy prostate, PSA is produced as a proenzyme (proPSA) and 

secreted into prostatic lumen where it is cleaved to generate active PSA. The 

active PSA may be cleaved further to generate inactive PSA, of which a small 

portion may enter the peripheral blood circulation in an unbound/free state 



 

 

(free PSA or fPSA). Alternatively, a small fraction of the active PSA may diffuse 

into peripheral blood circulation as well, where it is immediately bound by 

protease inhibitor alpha1-antichymotrypsin (ACT) to form 80-90 kDa 

complexed PSA (cPSA). Upon disease progression, disruption of basal cell layer 

and basement membrane by PCa cells allows PSA direct access to the peripheral 

blood circulation, circumventing the processing in the lumen. This leads to a 

detectable and measurable shift in serum PSA (Balk, Ko et al. 2003, Adhyam 

and Gupta 2012).  

Historically, the discovery of PSA and commercialization of PSA blood tests 

have led to widespread screening programs and an observable increase in in situ 

and early-stage PCa diagnosis world-wide (Kvale, Auvinen et al. 2007, Center, 

Jemal et al. 2012, Zhou, Check et al. 2016). The goal of the screening programs 

using PSA test was to detect localized PCa in order to manage and appropriately 

treat the disease at an early stage. However, serum PSA is dramatically 

increased in non-malignant conditions such as chronic inflammation of the 

prostate (prostatitis) and benign prostate hyperplasia (BPH), suggesting that 

serum PSA might not be highly sensitive and specific for screening cancer, 

especially for advanced PCa in which PSA levels are decreased (Brawer, Rennels 

et al. 1989, Balk, Ko et al. 2003). Numerous studies have reported that age, race, 

body mass index (BMI), and even medication may positively or negatively affect 

the levels of serum PSA (Adhyam and Gupta 2012). In this context, 

approximately 50-60% of prostate cancers detected by serum PSA were shown 

to be false positive or overdiagnosed (Welch and Black 2010, Kilpelainen, 

Tammela et al. 2011, Force, Grossman et al. 2018, Srivastava, Koay et al. 2019). 

In addition to that, false negative rates of approximately 15% were also reported 

(Thompson, Pauler et al. 2004). Due to this, massive over-diagnosis and 

overtreatment such as repeated unnecessary biopsies leading to side effects such 

as infection and bleeding have been reported (Heidenreich, Abrahamsson et al. 

2013). In conclusion, although high serum PSA levels are indeed predictive of 

advanced PCa, PSA screening remains highly controversial and debatable at 

best, as numerous studies evaluating the impact of PSA screening report 

contradicting findings (Klotz 2013, Loeb, Bjurlin et al. 2014, Taitt 2018, 

McCaffery, Nickel et al. 2019). 

Early diagnosis 

Despite the listed limitations, some countries still perform routine PSA blood 

tests as a common screening method for asymptomatic men beginning at 50 

years of age. This is usually combined with digital rectal examinations (DRE). In 

Sweden, serum PSA levels exceeding 3 ng/mL for men up to 70 years, 5 ng/mL 

for men between 70 and 80 years, and 7 ng/mL for men that are over 80 years 

of age is considered a threshold for follow-up tests, such as transrectal 

ultrasound or transrectal ultrasound-guided biopsy (National Prostate Cancer 
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Care Program, Sweden)(NCI 2020). The collected biopsies are used to 

determine the stage and grade of the prostate cancer tissue. More specifically, 

Gleason grading system is used to evaluate the tissue, classifying it from most to 

least differentiated (1 to 5 respectively) and then combining the primary and 

second patterns to give a combined Gleason score (2-10). In current practice, 

the majority of PCa have a Gleason score of ≥7  (True, Coleman et al. 2006, 

Epstein 2010, Chen and Zhou 2016). In addition to that, TNM staging system is 

used to determine the extent of cancer spread, with T1-4 status describing the 

primary tumor from organ-confined to highly invasive, N0-1 status describing 

lymph node involvement, and M0-1a-c describing the presence of distant 

metastasis (NCI 2020). Nonetheless, the currently-available methods are rather 

limited, and new methods or additional methods have been proposed to 

improve the sensitivity and specificity of the screening (True, Coleman et al. 

2006, Sartor, Hricak et al. 2008). 

Improving PCa diagnostics 

Prostatic intraepithelial neoplasia 

In the context of PSA limitations, there is an urgent need for an effective 

diagnostic and screening test that would offer higher sensitivity and specificity 

towards lethal PCa. Prostatic intraepithelial neoplasia (PIN) has been proposed 

and recognized as a well-defined premalignant lesion that precedes PCa 

development by up to 10 years (Bostwick and Qian 2004, Zynger and Yang 

2009, Lee, Moussa et al. 2010, Prathibha, Goyal et al. 2018). Moreover, Based 

on this, studies report high grade PIN (HGPIN) to be the most likely precursor 

for prostatic carcinoma as it is histologically comparable to PCa with the 

exception of stromal invasion (Bostwick, Liu et al. 2004, Chornokur, Han et al. 

2013) and correlate well with prostate volume and Gleason score (Sakr, Billis et 

al. 2000). However, over-diagnosis of HGPIN may still occur (Bostwick and Ma 

2007). 

Liquid biopsies 

In the recent years, there has been an increasing interest in liquid biopsy 

applications as a tool for assessing and stratifying high-risk and low-risks PCa 

tumors (Heitzer, Ulz et al. 2016). Being less-invasive than its traditional surgical 

counterpart, liquid biopsy rely on detection of specific biomarkers in readily-

available and accessible body fluids, such as blood, urine, semen, and even stool 

(Campos-Fernandez, Barcelos et al. 2019). Presently, there are numerous 

studies being conducted. However, but a handful have shown promising and 

noteworthy results so far. Among these, the studies are focused on capturing 

and quantifying various polypeptides, metabolites, PCa-related genes, cell-free 

nucleic acids (cf-nucleic acids) such microRNA (miRNA) or long non-coding 



 

 

RNA (lnRNA), and last but not least, circulating tumor cells (CTCs). These are 

predominantly measured in blood, urine, and semen samples. While there are 

too many studies to be described, some of them are outlined below. 

Neuhaus and colleagues analyzed ≤20 kDa polypeptide fragments by capillary-

electrophoresis mass spectroscopy (CE-MS) in 125 seminal plasma samples 

from fresh ejaculates of PCa patients. The group identify a panel of 11 

polypeptides that predicted Gleason score 7 organ-confined (<pT3a) or 

advanced (≥pT3a) PCa with 80% sensitivity and 82% specificity (Neuhaus, 

Schiffer et al. 2013). A different study conducted by Clos-Garcia and colleagues 

analyzed 248 metabolites in PCa patient urine extracellular vesicle (EV) samples 

and identified 76 metabolites that were differentially expressed in PCa and BPH 

(Clos-Garcia, Loizaga-Iriarte et al. 2018). Several miRNAs were shown to be 

dysregulated in PCa tissues, and have been acknowledged to be important in 

PCa pathogenesis (Lim, Baird et al. 2018, Song, Chen et al. 2018). In context of 

liquid biopsies, Stuopelyte and colleagues analyzed urine samples from a large 

cohort of 215 PCa patients, 23 BPH patients, and 62 asymptomatic control 

individuals. The group used quantitative reverse transcription polymerase chain 

reaction (RT-qPCR) technique to scan a panel of 754 miRNAs. Out of these, 100 

were shown to be deregulated, with miR-148a and miR-375 being the most 

abundant and able to differentiate between PCa and BPH with 85.31% 

sensitivity and 65.22% specificity, and 0.79 area under the curve (AUC) 

(Stuopelyte, Daniunaite et al. 2016). 

Risk factors 

It is well known that genetic, epigenetic, and environmental factors play an 

important role in development of PCa. In this context, aging, ethnicity, and 

inherited genetic variation are the most established and profound risk factors 

associated with increased PCa morbidity and mortality (Wallis and Nam 2015, 

Pernar, Ebot et al. 2018). In addition to that, unbalanced steroid hormone levels  

(Thompson, Goodman et al. 2003, Andriole, Bostwick et al. 2010), smoking and 

alcohol consumption (Huncharek, Haddock et al. 2010, Zhao, Stockwell et al. 

2016), high consumption of dietary fat and red meat (Armstrong and Doll 1975, 

Rose and Connolly 1992, Pienta and Esper 1993, Bostwick, Burke et al. 2004, 

Pelser, Mondul et al. 2013), Westernized lifestyle (Haenszel and Kurihara 1968, 

Shimizu, Ross et al. 1991), high consumption of dairy and calcium (Gao, 

LaValley et al. 2005), excessive multivitamin use (Lawson, Wright et al. 2007), 

and folic acid use (Figueiredo, Grau et al. 2009, Kristal and Lippman 2009) 

have all been proposed and reported to predispose to the risk of developing PCa. 

Lastly, chronic inflammation (prostatitis) and sexually transmitted disease were 

also proposed to predispose to the risk, but remain to be confirmed and 

elucidated (Dennis and Dawson 2002, Dennis, Lynch et al. 2002). 
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Molecular Pathogenesis 

Fundamental mutations 

PCa is a genetic disease with high degree of heterogeneity and complexity, 

where gene alterations, microsatellite variations, and chromosomal 

rearrangements, contribute to its tumorigenesis, progression, recurrence, and 

metastasis. In this context, early work on PCa genetics have led to identification 

of a brief list of commonly mutated loci. For one, loss of 8p21 was first reported 

by Konig et al and later linked to prostate-specific gene, NKX3.1, which was 

proposed to be a tumor suppressor (Konig, Kamst et al. 1989, He, Sciavolino et 

al. 1997). Other studies focused on MYC oncogene that is located at 8q24 loci 

and that was reported to be overexpressed in 25% of clinically localized and 46% 

of advanced PCa patients. MYC encodes C-Myc protein, a transcriptional factor 

involved in modulation of protein synthesis, cell cycle and metabolism 

(Fleming, Hamel et al. 1986, Jenkins, Qian et al. 1997). Another chromosomal 

region that is typically lost in a range of common cancers such as glioblastoma 

and breast cancer, 10q23 was identified and linked to the loss of tumor 

suppressor, phosphatase and tensin homolog (PTEN) (Carter, Ewing et al. 1990, 

Gray, Phillips et al. 1995, Li, Yen et al. 1997). It was later reported that several 

inactivating mutations, such as homozygous deletions or point mutations of 

PTEN may exist (Rubin, Gerstein et al. 2000). Yet another important tumor 

suppressor gene, TP53 was identified and mapped to 17p locus. Multiple groups 

have confirmed the locus to be deleted in many different cancers, including 

lung, colon, breast, bladder, and brain (Baker, Fearon et al. 1989, Nigro, Baker 

et al. 1989, Takahashi, Nau et al. 1989). Specifically, for PCa, mutations of p53 

were reported to be enriched with disease progression, ranging from 40-50% at 

advanced stage (Navone, Troncoso et al. 1993, Robinson, Van Allen et al. 2015). 

Lastly, retinoblastoma-associated protein, RB1 was localized to 13q14.1 loci and 

was reported to be lost in 30-60% of PCa patients (Bookstein, Rio et al. 1990, 

Brooks, Bova et al. 1995). RB1 product, pRB regulates transcription and cell 

cycle progression (Dyson 2016). 

Genomic rearrangements 

Gene fusions, large complex genomic rearrangements, and common recurrent 

mutations in PCa have also been reported (Tomlins, Rhodes et al. 2005, Berger, 

Lawrence et al. 2011, Barbieri, Baca et al. 2012, Baca, Prandi et al. 2013). Out of 

these, two most common gene fusions in PCa were reported to be 

TMPRSS2:ERG and TMPRSS2:ETV1/4(Tomlins, Rhodes et al. 2005, Tomlins, 

Mehra et al. 2006). In addition to that, ERG was also reported to be fused with 

other partners, including SLC45A3, GERPUD1, and NDRG1 (Han, Mehra et al. 

2008, Maher, Palanisamy et al. 2009, Pflueger, Rickman et al. 2009). 

TMPRSS2, SLC45A3, GERPUD1, and NDRG1 are all androgen-responsive gene 

that are commonly expressed upon androgen stimulation in healthy prostatic 



 

 

gland cells. Herewith, the underlying pathogenicity of the aforementioned 

fusion genes lies in the fact that ERG and ETV1/4 are ETS family transcription 

factors that have been implicated in a wide range of cancers, including sarcoma, 

lymphoid and myeloid leukemia (Ida, Kobayashi et al. 1995, Peeters, Raynaud et 

al. 1997, Tomlins, Rhodes et al. 2005, Gutierrez-Hartmann, Duval et al. 2007). 

The exact mechanisms of how these fusion genes may contribute to PCa 

progression are poorly understood. Nevertheless, some reports have reported 

that TMPRSS2-ERG gene fusion may play a fundamental role in attenuating 

androgen signaling, leading to dedifferentiation and possibly selective pressure 

favoring hormone therapy-resistant clones (Yu, Yu et al. 2010). 

Genome-wide association studies 

Studies on identifying PCa genetics are invaluable for our deeper understanding 

of risk factors that are associated with PCa. Recent technological advances in 

omics and big data techniques opened up new possibilities to identify additional 

genetic risk factors of developing PCa. Population-based genome-wide 

association studies (GWAS) have been performed in attempt to discover links 

between germline variants and PCa (Manolio, Collins et al. 2009, Eeles, Olama 

et al. 2013, Al Olama, Kote-Jarai et al. 2014, MacArthur, Bowler et al. 2017, 

Schumacher, Al Olama et al. 2018). Briefly, GWAS method typically relies on 

case-controlled setup where two large groups of individuals are genotyped for 

the majority of common known single nucleotide polymorphism (SNPs). The 

allelic frequencies in form of odds ratio and p-values are then calculated to 

check for significantly different SNPs (Clarke, Anderson et al. 2011, Bush and 

Moore 2012). The collective efforts of GWAS approach have led to identification 

of more than 160 common risk loci that are associated with PCa susceptibility 

(Benafif, Kote-Jarai et al. 2018) and that are now being scrutinized in order to 

understand their biological consequences using post-GWAS strategies 

(Freedman, Monteiro et al. 2011, Edwards, Beesley et al. 2013). 

Post-GWAS 

The era of GWAS have led to development of post-GWAS strategies with the 

ultimate goal of linking the aforementioned risk loci to biological consequences 

of the disease (Freedman, Monteiro et al. 2011, Edwards, Beesley et al. 2013). 

Post-GWAS was proposed as it became evident that the risk loci identified 

through GWAS techniques were frequently located in proximity to genes or 

regulatory regions that are involved in oncogenesis. Some of these were cell 

cycle or DNA repair machinery genes like ATM, TERT, MYC, and MDM2 

(Ahmadiyeh, Pomerantz et al. 2010), inflammatory response genes including 

CXCR2, TNF, and LILRA3 (Jones, Ragin et al. 2013), and even genes like JAZF1 

and HNF1B that are involved in metabolism (Grisanzio, Werner et al. 2012, 

Benafif, Kote-Jarai et al. 2018). As a consequence, the associated genes and 
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regions are now commonly termed tumor-casual loci and are believed to play an 

important role in tumorigenesis of PCa (Benafif, Kote-Jarai et al. 2018). 

Next generation sequencing 

As genomic profiling of cancer using next generation sequencing (NGS) 

techniques is becoming more accessible, its popularity in clinical research has 

been increasing over recent years (Schwaederle, Parker et al. 2014, 

Tsimberidou, Wen et al. 2014, Parker, Schwaederle et al. 2015, Schwaederle, 

Parker et al. 2016, Wheler, Janku et al. 2016). While width and breadth of NGS 

platforms are extensive, all NGS platforms ultimately rely on sequencing 

millions of small fragments of DNA in parallel (Behjati and Tarpey 2013). As 

compared to older techniques, NGS offers quick-pace, high-throughput, high-

accuracy, nucleotide-resolution data that allows for direct discovery of 

potentially actionable genomic aberrations and may assist in development of 

precision therapy. In context of PCa, The Cancer Genome Atlas Program 

(TCGA) has comprehensively characterized 333 primary PCa samples using 

seven genomic platforms: (i) whole-exome sequencing for somatic mutation 

discovery, (ii and iii) array-based methods for somatic copy-number changes 

and DNA methylation, (iv) messenger RNA (mRNA) sequencing, (v) miRNA 

sequencing, (vi) reverse-phase protein array (RPPA), and (vii) low-pass and 

high-pass whole-genome sequencing (WGS). The authors first performed 

unsupervised data clustering from each of the platforms separately, and then 

finally combined the data for integrative clustering using a multi-type genomic 

data analysis package, iCluster (Shen, Olshen et al. 2009, Cancer Genome Atlas 

Research 2015). The analysis revealed that 74% of analyzed tumor samples fell 

into one of seven subgroups that were defined by specific alterations: gene 

fusions (ERG, ETV1/4, FLI1) or mutations (SPOP, FOXA1, IDH1). Collectively, 

the study demonstrated substantial heterogeneity between the established 

subgroups, where AR activity varied widely and in a subgroup-specific manner, 

ultimately highlighting the importance of personalized therapeutic approach. 

 

Prostate cancer progression and metastasis 

Heterogeneity 

PCa is regarded as a generally slowly-progressing disease (Selley, Donovan et al. 

1997, Frankel, Smith et al. 2003). Nonetheless, it has been found to be highly 

heterogenous and multifocal, with wide spectrum of clinical behaviors, ranging 

from latent to rapidly spreading and lethal (Cancer Genome Atlas Research 

2015, Tolkach and Kristiansen 2018). In terms of heterogeneity, histological 

evaluation of PCa tissue commonly reveals juxtaposition of benign glands, PIN 



 

 

foci, and neoplastic foci of varying degree. To account for high heterogeneity, 

Gleason grading system has been proposed and is now the most widely used tool 

to evaluate tissue sections (Gleason 1992). In terms of multifocality, individual 

neoplastic lesions within a given PCa tissue section have been reported to be 

genetically distinct, suggesting that multiple neoplastic foci may emerge and 

progress independently and therefore translate to significant implications for 

the molecular mechanisms of disease progression (Bostwick, Shan et al. 1998, 

Macintosh, Stower et al. 1998, Kumar, Coleman et al. 2016). Collectively, 

heterogeneity, multifocality, and relatively small size of the prostate gland poses 

significant challenges and limitations in identifying regulatory genes and 

pathways associated with prostate carcinogenesis and progression. 

Nevertheless, several methods including microdissection, laser capture 

microscopy and fluorescence-activated cell sorting (FACS) have been employed 

to circumvent these difficulties (Emmert-Buck, Vocke et al. 1995, Emmert-Buck, 

Bonner et al. 1996, Liu, True et al. 1997, Macintosh, Stower et al. 1998, Liu, True 

et al. 1999, Tabassum and Polyak 2015).  

Metastasis 

Overview 

The large majority of PCa cases remain asymptomatic and may only manifest 

when the disease is already advanced and has spread out to distant organs 

(Selley, Donovan et al. 1997, Frankel, Smith et al. 2003). The onset and 

development of PCa may be associated with urinary problems and persistent 

pain at the lower back, hip, and upper thigh regions. However, the underlying 

mechanisms that enable PCa cells to metastasize to different organs are poorly 

understood. Statistical data suggest that approximately 70% of all patients that 

have died due to PCa complications show evidence of bone metastasis, 

predominantly in hematopoietic (red) bone marrow (BM) in the axial skeleton; 

skull, vertebra, ribs and collar bone, scapula, and proximal femur (Loberg, 

Logothetis et al. 2005, Coleman 2006). Metastatic bone events are associated 

with very poor prognosis (Hess, Varadhachary et al. 2006) and may lead to 

complications such as bone pain, spinal cord compressions, and even 

pathological fractures (Oefelein, Ricchuiti et al. 2001). Apart from bone, PCa 

has also been reported to metastasize to lymph nodes (LN), liver, lungs, and 

pleura (Bubendorf, Schopfer et al. 2000, Logothetis and Lin 2005, Coleman 

2006). 

Theories of preferential metastatic site 

There are currently two major theories explaining preferential site for PCa 

metastasis. The first one, named the “seed and soil” theory draws parallels 

between metastatic PCa cells and plant seeds. While majority of disseminated 
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cells may get carried to all places in the body, they may only establish and grow 

in favorable microenvironment, the fertile soil (Fidler 2003). In essence, the 

theory proposes that metastasizing cells and the target microenvironment have 

to be compatible. The second theory, named “hemodynamic hypothesis” argues 

that the distribution of metastases is determined by vascular and lymphatic 

network anatomy (Ewing 1924). According to this theory, disseminated cells 

that arrest at the first encountered organ will have the highest number of 

metastases. In this context, blood from the prostate is drained into intraspinal 

veins via Botson venous plexus and would explain why PCa frequently 

metastasize to the spine (Nathoo, Caris et al. 2011). At present day, both 

theories are considered not mutually exclusive and instead are used to explain 

local and distant metastases (Langley and Fidler 2011). 

Bone metastasis 

Bone is a dynamic organ that maintains its structural integrity through a 

process called bone remodeling. In an otherwise healthy bone, bone resorption 

and formation are controlled osteoclast and osteoblast, respectively. It has been 

long known that osteoclasts and osteoblasts are regulated by androgen and 

estrogen interplay. Herewith, the delicate balance between androgens and 

estrogens dictate the healthy milieu of the bone. (Manolagas, O'Brien et al. 

2013). Once PCa tumor cells colonize the BM, the balance is disrupted and 

commonly, although not always, manifests in osteoblastic (bone forming) 

lesions. In contrast, other cancer types such as lung or breast cancer are 

generally osteolytic, leading to increased resorption of the bone tissue (Keller 

and Brown 2004, Roodman 2004, Guise, Mohammad et al. 2006). 

PCa and bone marrow 

The communication between metastasizing PCa cells and BM cell has been 

described as the key factor that facilitates metastasis. Purton and Scadden 

proposed that cancer stem cells (CSCs) may rely on cancer stem cell niche 

(CSCN) in order to maintain their stemness and to establish at the distant site 

(Purton and Scadden 2008). CSCN is formed by a unique combination of cells 

and microenvironment components (Yi, Hao et al. 2013). At first, PCa cells may 

replace endogenous hematopoietic cells in their niches (Descot and Oskarsson 

2013). Once there, PCa cells may then secret endothelin-1 (ET-1), platelet-

derived growth factors (PDGFs), bone morphogenetic proteins (BMPs), tumor 

growth factor beta (TGF-β), insulin-like growth factors (IGFs) and others to 

stimulate adjacent osteoblast to start forming new bone matrix and induce 

vascularization (Psaila and Lyden 2009). In turn, both PCa cells and osteoblast 

may secret receptor activator of nuclear factor-κB ligand (RANKL) that may 

then stimulate osteoclasts to initiate bone resorption leading to cytokine release 

and creating more space for metastasizing PCa cells (Logothetis and Lin 2005, 

Choueiri, Tu et al. 2006). A combination of these changes lead to formation of 



 

 

pre-metastatic CSCN where CSC may eventually give rise to a heterogenous bulk 

of tumor cells that will comprise the metastatic lesion and lead to further cancer 

progression (Kaplan, Riba et al. 2005, Berish, Ali et al. 2018). 

Detection of bone metastasis 

While metastatic PCa remains one of the major clinical challenge, there is an 

urgent need for adequate imaging techniques that would allow for accurate 

detection and follow-up of metastatic progression during treatment. Under 

weighted suspicion of reoccurring or metastatic disease (PSA>10ng/mL), 

standard imaging using computer tomography (CT) or skeletal scintigraphy, 

commonly referred to as bone scan (BS) is usually sufficient to confirm the 

metastatic status (Hricak, Choyke et al. 2007). In the advent of new 

technologies, BS coupled with radioimmunopharmaceutical agents is the 

mainstay of tracking metastatic bone disease (Turpin, Girard et al. 2020). In 

this context, BS using radioactive Tc99m-labeled diphosphonate, either 

methylene diphosphonate (Tc99m-MDP) or hydroxydiphosphonate (Tc99m-

HDP) remains the main technique for evaluating bone response (Shen, Deng et 

al. 2014). Some studies reported an improved specificity and sensitivity of bone 

scintigraphy when coupled with single-photon emission computed tomography 

(SPECT) (Beheshti, Langsteger et al. 2009). Apart from Tc99m, combined 11C- 

and 18F-choline positron emission tomography (PET) or CT was reported to 

dramatically improve detection of infra-radiological bone metastases (Kjolhede, 

Ahlgren et al. 2012). In addition to that, 68Ga-labeled prostate-specific 

membrane antigen (PSMA)-PET was also shown to be superior over 

conventional magnetic resonance imaging (MRI) techniques where imaging 

with MRI were negative (Emmett, Metser et al. 2019). Lastly, while certain 

whole-body-MRI (WB-MRI) paired with T1-weighted, short-TI Inversion 

Recovery (STIR) or diffusion weighted imaging (DWI) technique did show very 

promising results (Larbi, Omoumi et al. 2019), routine practice of WB-MRI is 

limited due to high costs and availability of the equipment (Pesapane, 

Czarniecki et al. 2018). 

Cancer stem cells 

There are two models that attempt explaining the underlying formation of 

cancer metastases. The first one suggests that primary PCa cells of epithelial 

origin may undergo epithelial-mesenchymal transition (EMT) and in turn 

initiate metastasis (Vincent-Salomon and Thiery 2003). The second one 

proposes existence of rare population of circulating/disseminated CSC that have 

the self-renewing capacity and that are able to establish at a metastatic site 

(Brabletz, Hlubek et al. 2005). Indeed, the increasing body of evidence lean 

towards the later (Maitland and Collins 2005, Rosenbauer, Koschmieder et al. 

2005) and a wide range of CSC markers have been described thus far (Medema 
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2013). These include but are not limited to adhesion molecules CD44 and 

CD133, cytokine receptors CD117 and CXCR4, signal transducers of immune 

system, CD24 and C90, as well as intracellular enzyme aldehyde dehydrogenase 

1 (ALDH1) that have been identified in a variety of different malignancies, 

including PCa (Al-Hajj, Wicha et al. 2003, Liu and Li 2010). In this context, 

CSC, like regular stem cells (SC) express distinct set of markers and have self-

renewal capacity. However, unlike SC, CSC do not have restricted proliferation 

rates (Beachy, Karhadkar et al. 2004, Rizzo, Attard et al. 2005, Nicolis 2007). 

 

Androgen and androgen receptor signaling 

Androgen biosynthesis 

Majority of testosterone, the main androgen hormone is produced by Leydig 

cells of the testis. Other androgens, androstenedione and 

dehydroepiandrosterone (DHEA), testosterone precursors, are synthesized in 

the adrenal glands. Production of testosterone and other androgens is tightly 

regulated by hypothalamus that secretes gonadotropin-releasing hormone 

(GnRH). GnRH binds to GnRH receptor on gonadotropic cells of the pituitary 

gland in turn stimulating release of luteinizing hormone (LH), which then 

stimulates the aforementioned Leydig cells to start producing testosterone 

(Grossmann, Huang et al. 2001)(Figure 1). 

 

Figure 1. Testosterone biosynthesis regulation. Hypothalamus secretes GnRH that stimulates 

pituitary gland to secrete LH. Secreted LH in turn stimulates Leydig cells in the testes to start 

producing and secreting testosterone. 



 

 

Androgen receptor in prostate cancer 

Androgen facilitates its intracellular effect by acting on its target, androgen 

receptor (AR).  AR is a member of the nuclear receptor superfamily of ligand-

dependent transcription factors that is structurally similar to estrogen, 

progesterone, glucocorticoid, and thyroid receptors (Fujita and Nonomura 

2019). The nuclear receptors are the most abundant class of ligand-dependent 

transcription factors in animals (metazoans) that are involved in diverse 

biological functions, such as homeostasis, reproduction, development, and 

metabolism (Robinson-Rechavi, Escriva Garcia et al. 2003, Huang, Chandra et 

al. 2010). Being a nuclear receptor, AR transduces the ligand signaling to 

regulate its downstream target genes that control cell proliferation, survival and 

migration. In human prostate, AR is expressed in both the epithelial and 

stromal cells and is encoded by AR gene that comprises of 8 exons and is located 

on chromosome X (Xq11-12) (Shafi, Yen et al. 2013). The gene encodes 110 kDa 

phosphoprotein that has 4 distinct functional domains; N-terminal 

transactivation domain (NTD), DNA binding domain (DBD), hinge domain 

containing nuclear localization signal, and C-terminal or ligand-binding domain 

(LBD) (Tan, Li et al. 2015, Fujita and Nonomura 2019)(Figure 2). 

In the absence of androgens, inactive AR resides in the cell cytoplasm, bound by 

heat shock proteins, such as HSP90. Upon stimulation and binding of 

testosterone or its more potent derivative, dihydrotestosterone (DHT), AR 

undergoes conformational change that leads to its dissociation from the heat-

shock protein. This is then followed by AR phosphorylation, its homo-

dimerization and ultimately translocation into the nucleus. Once inside the 

nucleus, AR bind to androgen response elements (ARE) and together with 

multiple transcriptional coregulator complexes cooperate to enable 

transcriptional activation of target genes, KLK2 and KLK3 (encoding PSA), 

TMPRSS2, IGF1R, APP, FKBP5, NKX3.1, FOXP1, CAMKK2, UBE2C, TACC2, 

UGT1A1 and others (Gelmann 2002, Takayama and Inoue 2013)(Figure 3). 

It has been well documented that androgen stimulation and AR activation leads 

to proliferation and apoptosis inhibition in PCa cells. Already in 1941, Huggins 

and Hodges have reported that the development of PCa is primarily driven by 

skewed androgen stimulation and AR signaling pathways. This soon marked the 

era of androgen deprivation therapy (ADT) in PCa (Huggins 1963, Huggins and 

Hodges 2002, Huggins and Hodges 2002). 
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Figure 2: Structure of AR and ER genes and their full-length protein products. 

 

Castration resistant prostate cancer 

Indeed, ADT has become standard of care for locally advanced PCa to target AR-

mediated growth. The therapy can be administered in form of surgical 

(orchiectomy) or chemical castration. Frequently, the two methods are 

combined to circumvent adrenal and intratumoral androgen biosynthesis and to 

achieve total androgen blockage (Leuprolide Study 1984, Perlmutter and Lepor 

2007, Harris, Mostaghel et al. 2009). Approximately 80-90% of all advanced 

PCa patients respond to ADT and result in decrease in bone pain and lower 

serum PSA levels. However, prolonged ADT gradually and almost inevitably 

lead to development of castration-resistant prostate cancer (CRPC) phenotype 

that is associated with poor prognosis, with an average survival of 17 months 

(Tangen, Faulkner et al. 2003, Pienta and Bradley 2006). 

Mechanisms underlying CRPC 

Numerous studies have thus far reported several mechanisms that may underly 

the development of CRPC. These include but are not limited to AR point 

mutations, AR amplification, changes in androgen biosynthesis, AR splice 

variants, and even alternative signaling pathway cross-activation (Karantanos, 

Corn et al. 2013, Yuan, Cai et al. 2014, Huang, Jiang et al. 2018). 

Point mutations 

Point mutations are found in approximately 15-30% of all CRPC patients and 

frequently occur in the LBD (Gottlieb, Beitel et al. 2012, Grasso, Wu et al. 2012, 



 

 

Waltering, Urbanucci et al. 2012). For example, T878A point mutation has been 

reported to cause loss of antagonist specificity that allows activation by 

progesterone, estrogen, flutamide, bicalutamide and enzalutamide (Taplin, 

Bubley et al. 1995, Yoshida, Kinoshita et al. 2005, Lallous, Volik et al. 2016). 

AR Amplification 

Amplifications of AR gene are found in approximately 30-50% of all CRPC 

patients and lead to overexpression of AR. As a consequence, even minimal 

presence of androgens may successfully stimulate AR signaling and allow for 

progression of PCa even under castrate levels of androgens (Visakorpi, Hyytinen 

et al. 1995, LaTulippe, Satagopan et al. 2002). 

Intratumoral androgen biosynthesis 

While even minimal androgen levels may drive CRPC progression, some studies 

report elevated intratumoral androgen biosynthesis. For example, CRPC has 

been shown to overexpress aldo-keto reductase family 1 member (AKR1C3) that 

converts DHEA and androstenedione, weak adrenal androgens, to a more 

potent DHT (LaTulippe, Satagopan et al. 2002). In addition to that, other 

studies report gain-of-stability mutations that lead to expression of 

constitutively active 3β-hydroxysteroid dehydrogenase (HSD3β1). HSD3β1 

catalyzes a rate-limiting step for converting DHEA to DHT (Chang, Li et al. 

2013). 

AR splice variants 

AR splice variants have been well-described. Among 20 reported variants, AR 

splice variant 7 (AR-V7) has been the most widely studied variant in the context 

of CRPC (Hu, Dunn et al. 2009, van der Steen, Tindall et al. 2013, Ware, Garcia-

Blanco et al. 2014, Bryce and Antonarakis 2016). AR-V7 lacks LBD, can drive 

the expression of AR-regulated genes in complete absence of androgen 

stimulation, and has therefore been implicated in emergence of CRPC and 

resistance to selective AR inhibitor, enzalutamide (Hornberg, Ylitalo et al. 2011, 

Nakazawa, Antonarakis et al. 2014, Antonarakis 2015)(Figure 3). 

Alternative signaling pathway crosstalk 

Phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (PKB or Akt) 

(PI3K/Akt) signaling pathway is involved in controlling cellular growth, 

proliferation, and inhibition of apoptosis. This survival signaling pathway has 

been found to be commonly upregulated and constitutively active in various 

stages of PCa (Vivanco and Sawyers 2002, Lee, Gopalan et al. 2018). For one, 

various growth factors like IGF or fibroblast growth factor (FGF) may activate 

this pathway leading to activation of PI3K and consequently Akt. In this context, 

PTEN, a negative regulator of PI3K/Akt signaling cascade has been shown to be 

frequently mutated and haploinsufficient in approximately 70% of PCa patients 
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already at an already stage, and completely lost in metastatic disease. The loss of 

PTEN and upregulation of PI3K/Akt signaling pathway alter AR signaling and 

therefore response to ADT. Taken together, alterations in this pathway is 

regarded as the key determinant for developing CRPC (Carver, Chapinski et al. 

2011). 

 

Figure 3: Androgen receptor signaling in normal prostate and in CRPC. Under healthy condition, 

testosterone or DHT may bind to AR leads to release of HSP, AR phosphorylation, 

homodimerization, and translocation into the nucleus. Once in the nucleus, AR dimer binds to ARE 

to initiate transcriptional activation of targets genes, such as KLK2 and KLK3 (encoding PSA), 

TMPRSS2, IGF1R, APP, FKBP5, NKX3.1, FOXP1, CAMKK2, UBE2C, TACC2, UGT1A1. In CRPC, 

constitutively active AR-V7 splice variant does not require activation by testosterone or DHT, and 

can readily homo- or heterodimerize and be translocated into the nucleus to initiated transcription 

of its target genes. 

 

Treatment  

Management of locally confined PCa 

Upon PCa diagnosis, therapeutic approaches including active surveillance, 

surgery, radiation therapy, hormone therapy, chemotherapy or a combination of 

them may be applied and largely depend on several factors. These include the 

clinical and histopathological tumor stage and grade, and patient’s age and 



 

 

general health. While milder approaches may be applied to avoid overtreatment, 

prostatectomy, or recently robotic-assisted laparoscopic prostatectomy is 

conventionally applied as first line of treatment for locally confined disease 

(Boorjian and Gettman 2008, Jacobs, Boris et al. 2013, Vince, Hampton et al. 

2018). 

Androgen deprivation therapy 

As mentioned in the previous section, ADT may be achieved through surgical or 

chemical castration, with no reported difference in outcome (Denmeade and 

Isaacs 2002). While surgical castration is relatively straight forward technique, 

chemical castration includes a broad library of drugs, most of which are either 

GnRH agonists or antagonists. As such, first line ADTs are commonly targeting 

the production and release of LH, which in turn leads to decrease in 

testosterone production in the body. Treatment with GnRH agonists is usually 

followed by a transient surge of testosterone, commonly referred to as “flare”. 

During this time, patients may experience unpleasant side effects relating to 

their condition before testosterone production is finally blocked. To avoid the 

potential side effects, GnRH is commonly prescribed together with other 

antiandrogens. In contrast, GnRH antagonist decrease testosterone levels 

immediately, without the initial increase (2000, Reese 2000, Schally, Comaru-

Schally et al. 2000). In addition to standard ADTs, patients may be given 

combined androgen blockade (CAB) therapy to circumvent intratumoral and 

adrenal cortex androgen production. CABs may consist of GnRH agonist or 

bilateral orchiectomy and nonsteroidal first-generation antiandrogen, such as 

bicalutamide, flutamide, or nilutamide (Wong, Ferraldeschi et al. 2014). CAB is 

usually prescribed to patients that have high risk of PCa-related death following 

radical prostatectomy for organ-confined disease (Freedland, Humphreys et al. 

2005, Moul, Wu et al. 2008). Nevertheless, the use of CAB over conventional 

ADT monotherapy is debatable as data from individual studies is often 

conflicting, and draws concerns for tolerability and high costs (Group. 2000). 

Moreover, first-generation antiandrogen monotherapies have failed to 

demonstrated significant survival benefit, which in part may be explained by 

their reported AR-agonistic effects (Culig, Hoffmann et al. 1999, Nguyen, Yao et 

al. 2007). Lastly, as an alternative to CAB, combination of ADT and 

conventional radiation therapy (RT) for high-risk PCa patients have shown 

significant reduction in biochemical failure rate and led to improved overall- 

and cancer-specific survival without increasing toxicity compared to RT alone 

(Denham, Steigler et al. 2005, Pilepich, Winter et al. 2005, D'Amico, Chen et al. 

2008, Bolla, Van Tienhoven et al. 2010, Amit, Lawrence et al. 2019). 
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Treatment of advanced and metastatic CRPC  

Even under castrate levels of androgen, AR signaling pathway remains active 

and further-promotes progression of CRPC (Chen, Sawyers et al. 2008, 

Montgomery, Mostaghel et al. 2008, Lonergan and Tindall 2011, He, Lu et al. 

2018). In this regard, alternative available ADTs or CABs may still be 

administered. More recently, these include second-generation antiandrogens 

such as abiraterone acetate or enzalutamide. Secondary CABs have been shown 

to increase disease-free survival (DFS) in CRPC patients with no evidence of 

metastatic disease (Lam, Leppert et al. 2006, Van Allen and Ryan 2009). 

Nevertheless, once disease progresses into metastatic CRPC (mCRPC), 

treatment options become increasingly scarce and commonly, although not 

always, restricted to chemotherapy. 

Taxane-based chemotherapies 

Docetaxel and cabazitaxel are chemotherapeutic agents belonging to taxoid 

family of drugs, commonly referred to as taxanes. Taxane exert their anticancer 

activity by acting on actively dividing cells. They target and disrupt normal 

microtubule function during mitosis and interphase, leading to stabilization of 

mitotic spindles, mitotic arrest and ultimately cell death (Azarenko, Smiyun et 

al. 2014). While exact mechanisms are still poorly understood, some studies 

suggest that taxanes may also block nuclear translocation of AR, as it is also a 

microtubule-dependent event (Gan, Chen et al. 2009, Zhu and Kyprianou 2010, 

Darshan, Loftus et al. 2011). Among the two listed taxanes, docetaxel was the 

first one to show an improvement in overall survival (OS), symptoms, PSA, and 

quality of life (QoL) in mCRPC patients following two landmark phase III 

clinical trials (Tannock, de Wit et al. 2004, Berthold, Pond et al. 2008). In these 

clinical trials docetaxel was compared to mitoxantrone, the standard treatment 

at that time. Shortly after, docetaxel was approved as the new standard 

treatment for mCRPC. The second taxane, cabazitaxel, was the first to show 

improvement in OS following docetaxel resistance and approved as the second-

line treatment following docetaxel (de Bono, Oudard et al. 2010). It is a 

semisynthetic taxane that has been selected for clinical trials after screening a 

large library of taxane derivatives with microtubule stabilizing activity in 

docetaxel-resistant cell lines and xenograft tumor models (Pivot, Koralewski et 

al. 2008, Vrignaud, Semiond et al. 2014). 

Second-generation antiandrogens 

As discussed, CRPC may accumulate several aberrations that contribute to 

persistent AR signaling despite castrate levels of testosterone. Identification of 

these pathways has led to development of second-generation antiandrogens like 

abiraterone acetate and enzalutamide, which are now both approved for 

treatment of CRPC (Scher, Beer et al. 2010, de Bono, Logothetis et al. 2011). Of 

the two, abiraterone acetate is an irreversible and selective cytochrome p450 



 

 

17A1 (CYP17) inhibitor that blocks androgen production in prostate, testis, and 

adrenal glands (Attard, Belldegrun et al. 2005). In contrast, enzalutamide has 

very high affinity to AR and has been shown to target multiple steps in AR 

signaling, including androgen binding, nuclear translocation, and even binding 

to DNA (Scher, Fizazi et al. 2012, Beer, Armstrong et al. 2014). Nevertheless, 

emergence of constitutively active AR-V7 splice variant that lacks LBD has been 

linked to abiraterone and enzalutamide resistance (Antonarakis, Lu et al. 2014). 

In this respect, studies report that AR-V7 expression following castration and 

abiraterone/enzalutamide treatment is higher, and has been associated with 

poorer prognosis (Efstathiou, Titus et al. 2015, Welti, Rodrigues et al. 2016). 

Other therapies 

Apart from androgen- and AR-targeting drugs, a few more noteworthy therapies 

have been proposed. Radium-223, also known as alpharadin, is a radioisotope 

that emits high-energy alpha particles over a short range (<100 μm). It 

preferentially binds to high bone turnover sights in metastases bone lesions and 

in turn causes double-strand DNA breaks in adjacent tumor cells. This leads to 

tumor cell death without significant bystander effect. Radium-223 has shown 

significant increase in OS in mCRPC patients with or without prior 

chemotherapy (Parker, Nilsson et al. 2013, Hoskin, Sartor et al. 2014). In 

addition to that, a cell-based immunotherapy, sipulucel-T has also 

demonstrated beneficial OS effects in patients with mCRPC (Kantoff, Higano et 

al. 2010). It is the first immunotherapy for treatment of mCRPC, and the first 

therapeutic cancer vaccine that was approved by the FDA. Briefly, it is an 

autologous dendritic cell vaccine where patient’s own mononuclear cells from 

peripheral blood are extracted, activated ex vivo with a fusion protein (PA202) 

containing PAP fused to granulocyte macrophage colony-stimulating factor 

(GM-CSF), and then reinfused to elicit an immune response against PCa cells 

(Di Lorenzo, Ferro et al. 2012). 

 

Estrogen and estrogen receptor signaling pathway 

Estrogen and its target estrogen receptor signaling show very distinct 

expression and activity profiles between males and females (Cui, Shen et al. 

2013). 

Estrogen biosynthesis 

Estrogens are a class of steroid hormones commonly referred to as primary 

female sex hormones that play an important role in both reproductive and non-

reproductive systems. However, multiple studies report that these hormones are 

also present and are as important in males, suggesting that the sexual 
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distinction may be due to quantitative difference in hormone concentrations 

and differential steroid hormone receptor expression patterns rather than 

qualitative difference (Hess, Bunick et al. 1997). Owing to the case, in 

premenopausal women estrogens are predominantly produced in gonad-organs 

such as ovaries, corpus luteum, and placenta. However, a significant amount 

can also be produced by adrenal glands, pancreas, liver, heart, adipose tissue, 

skin, brain, and even bone (Simpson, Rubin et al. 1999, Nelson and Bulun 2001, 

Simpson 2003, Cui, Shen et al. 2013). In male gonads, estrogens are widely 

produced by the testes and accessory glands, and is needed for normal 

spermatogenesis, sperm maturation and motility (Hess, Bunick et al. 1997, 

Carreau, de Vienne et al. 2008). There are three known physiological estrogens; 

estrone (E1), estradiol (E2, 17β-estradiol), and estriol (E3), each with its own 

unique role and function. Nevertheless, out of the three, 17β-estradiol is the 

most common and potent form of estrogen in mammals (Cui, Shen et al. 2013). 

Both estrogens and androgen have been implicated in controlling bone 

remodeling events. It has been shown that estrogens and androgens influence 

differentiation and lifespan of osteoclast and osteoblast precursors, mature 

osteoclasts and osteoblasts, as well as lifespan of osteocytes (Manolagas, O'Brien 

et al. 2013). 

Aromatase 

Aromatase is a member of cytochrome P450 superfamily of proteins that is 

encoded by CYP19A1 gene located on chromosome 15q21.2. Its function is to 

catalyze the final and rate-limiting step in converting testosterone to 17β-

estradiol. The protein is widely expressed in several tissues, including but not 

limited to brain, gonads, blood vessels, liver, endometrium, adipose tissue, skin, 

and bone (Santen, Brodie et al. 2009). The underlying tissue-specificity of 

CYP19A1 is due to its 93kb 5’-regulatory region that contains 10 tissue-specific 

promoters for local estrogen biosynthesis, which then acts in paracrine and/or 

intracrine fashion to maintain important tissue-specific functions (Simpson, 

Zhao et al. 1997, Inoue, Miki et al. 2012). More specifically for the bone, studies 

have reported that osteoclastic and osteoblastic cells show high level of 

aromatase activity, which is primarily driven by class 1 cytokines, tumor 

necrosis factor alpha (TNFα) and glucocorticoids, and may lead to high estradiol 

biosynthesis in the bone (Simpson, Zhao et al. 1997, Watanabe, Noda et al. 

2007). Lastly, it has been demonstrated that aromatase activity and expression 

is motile and may increase in tissue-specific manner with advancing age (Misso, 

Jang et al. 2005). 

In the context of malignant disease, aromatase was long known to be 

overexpressed in breast cancer (BCa) tissues (James, McNeill et al. 1987, Miller 

and O'Neill 1987, Esteban, Warsi et al. 1992, Sasano, Nagura et al. 1994) and 



 

 

drive estrogen production. Moreover, aromatase activity in peripheral tissue 

may also lead to production of adequate amounts of estrogen to stimulate tumor 

growth. Herewith, several aromatase inhibitors have been developed and 

approved by FDA for treatment of ER-positive breast cancer (BCa) in 

postmenopausal women (Chumsri, Howes et al. 2011, Chumsri and Brodie 2012, 

Bao, Cai et al. 2013, Chumsri 2015). In contrast to BCa, reports regarding 

elevated estrogen levels in PCa are mainly contradicting (Barrett-Connor, 

Garland et al. 1990, Gann, Hennekens et al. 1996, Modugno, Weissfeld et al. 

2001) and many other studies have attempted but failed to find any association 

between circulating estrogen levels and increase PCa risk (Eaton, Reeves et al. 

1999, Platz, Leitzmann et al. 2005, Wiren, Stocks et al. 2007). Nevertheless, 

altered aromatase expression in PCa tissues and overexpression of CYP19A1 in 

metastatic PCa lesions have been reported and suggest intratumoral estrogen 

biosynthesis (Ellem, Schmitt et al. 2004, Montgomery, Mostaghel et al. 2008). 

Estrogen receptor family 

Estrogens facilitate their intracellular effects by acting on their targets, estrogen 

receptors (ERs). These include classical nuclear receptor superfamily receptors 

ERα (figure 1) and ERβ, and cell membrane receptors such as GPR30 (an 

orphan G-protein coupled receptor) and ER-X. While both types are involved in 

a wide spectrum of biological and tissue-specific responses, the biological events 

transduced by nuclear ERs are relatively slow (hours or even days), and those 

transduced by cell membranes receptors are fast (seconds) (Levin 2009, 

Maggiolini and Picard 2010). Only a handful of studies have been done on 

GPR30 and ER-X, and there is very limited knowledge on their expression 

profiles and biological role specifically in humans (Toran-Allerand, Guan et al. 

2002, Revankar, Cimino et al. 2005, Levin 2009). In contrast, literature 

coverage of ERα and ERβ is extensive. For one, it has been reported that ERα 

and ERβ colocalize in many cell types, including but not limited to endothelium, 

epithelium, muscle, bone, cartilage, hematopoietic cells, neurons, and glia. 

However, each receptor exhibits a distinct tissue-specific expression profile 

throughout the human body (Cui, Shen et al. 2013). More specifically, ERα has 

been reported to be highly expressed in the gonads, including prostate and 

testes, and to a lesser extent in tissues like bone, liver, kidney, adipose tissue, 

and brain. Expression of ERβ has been reported in colon, BM, vascular 

endothelium, lung, bladder, and brain (Couse and Korach 1999). 

Canonical signaling pathway 

In contrast to androgen and AR signaling pathway, four distinct estrogen and 

ER signaling pathways have been described so far: (i) ER-dependent and 

nuclear-initiated (ii) ER-dependent and membrane-initiated, (iii) ER-
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independent, and (iv) ligand-independent  pathways (Cui, Shen et al. 2013) 

(figure 4). 

Estrogen receptors in PCa 

Of the two main nuclear ERs, ERα and ERβ, the latter one is the most prevalent 

in normal human prostate, predominantly expressed in differentiated luminal 

cells. At the same time, ERα is restricted to basal and stomal cells (Bonkhoff and 

Remberger 1996, Bonkhoff, Fixemer et al. 1999, Fixemer, Remberger et al. 

2003). However, upon PCa development, ERα has been reported to be 

expressed at mRNA and protein level in about 30% and 10% of HGPIN, 

respectively (Bonkhoff, Fixemer et al. 1999). This suggest ERα involvement in 

luminal cells during the malignant transformation of prostatic epithelium. 

 



 

 

Figure 4: ER signaling pathways. Pathway 1: ER is activated by E2 binding to its LBD and leads 

to homo- or heterodimer formation of ER. The dimer is then translocated into the nucleus where it 

can bind to ERE or in complex with other transcription factors bind alternative promoters and 

lead to transcriptional activation of target genes. Pathway 2: E2 binds and activates membrane-

bound ER that in turn leads to either crosstalk with other membrane receptors, non-

transcriptional activities, or second messenger-mediated cytoplasmic signaling cascades. 

Pathway 3: E2 diffuses into the target cell and elicits antioxidant effects by inhibiting oxidative 

stress signal in an ER-independent manner. Pathway 4: ER is activated by alternative factors 

through protein kinase cascades, and lead to transcriptional activation of ERE-specific target 

genes, in a ligand-independent manner. 

Moreover, overexpression of ERα in PCa, unlike in BCa, seems to be a late event 

in disease progression. Bankhoff and colleagues reported that ERα is expressed 

in 43% and 62% of Gleason grade 4 and 5 tumors, respectively. However, the 

most significant ERα expression at both mRNA and protein level was observed 

in metastatic lesions and CRPC (Bonkhoff, Fixemer et al. 1999). A study 

conducted by Setlur and colleagues showed that the most common PCa fusion 

gene, TMPRSS2:ERG was regulated by ERα as stimulation with 17β-estradiol 

increased its expression. At the same time, stimulation with phytoestrogen, ERβ 

agonist decreased TMPRSS2:ERG expression, suggesting functional 

implications (Setlur, Mertz et al. 2008). Contrary to ERα, the anticancer 

properties of ERβ in PCa have also been documented. These include but are not 

limited to tumor suppression, inhibition of PI3K/Akt survival pathway, 

inhibition of proliferation and induction of cell cycle arrest (Klein 2002, 

Bonkhoff and Berges 2009, Dey, Barros et al. 2013). Taken together, the studies 

point toward oncogenic role of ERα and tumor suppressor role of ERβ in PCa 

(Bonkhoff 2018). 

Tamoxifen 

Tamoxifen citrate, originally sold under the brand Nolvadex, is a first-

generation nonsteroidal selective estrogen receptor modulator (SERM) that 

paved the history of hormonal manipulation therapy. It is a triphenylethylene 

family molecule that has been approved for treatment of both early and 

advanced ER-positive BCa in pre- and post-menopausal women (Jordan 1993, 

Komm and Mirkin 2014). In addition to that, it has been also recognized and 

approved as a chemopreventive agent for breast cancer in high-risk women 

(Komm and Mirkin 2014). Apart for the demonstrated antiestrogenic effects in 

breast tissue, tamoxifen was unexpectedly shown to have estrogen agonistic 

effects in bone, resulting in preservation of bone mineral density, hence 

reducing bone turnover and remodeling events in postmenopausal women 

(Love, Mazess et al. 1992, Barni, Lissoni et al. 1996, O'Regan and Jordan 2001, 

Zidan, Keidar et al. 2004). However, tamoxifen was never proposed for 

treatment of osteoporosis in postmenopausal women due it its estrogenic effect 

on endometrial tissue, resulting in an increased rate of endometrial hyperplasia 
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and increased risk of endometrial cancer (Fisher, Costantino et al. 1994, Cohen 

2004). In addition to that, development of tamoxifen resistance was also 

reported (Viedma-Rodriguez, Baiza-Gutman et al. 2014, Hayes and Lewis-

Wambi 2015). 

While knowledge about tamoxifen use in women are extensive, only a handful of 

studies report its effects in men. In general, short-term tamoxifen use in men is 

well-tolerated. Nevertheless, cardiovascular or gastrointestinal event were 

commonly reported and are advised to be evaluated on individual bases (Smith 

2014, Wibowo, Pollock et al. 2016). To date, tamoxifen has been used as an off-

label treatment for male BCa, infertility, idiopathic gynecomastia, and iatrogenic 

gynecomastia due to the use of non-steroidal antiandrogens for PCa treatment 

(Hedlund 2000, Kunath, Keck et al. 2012). More specifically, the use of second-

generation antiandrogen therapies allow for residual testosterone to be 

converted to E2 and lead to breast growth, mastalgia, and iatrogenic 

gynecomastia in men (Wibowo, Schellhammer et al. 2011, Viani, Bernardes da 

Silva et al. 2012). While iatrogenic gynecomastia can be in part prevented by 

prophylactic irradiation of breast buds, tamoxifen has been proposed and is 

being used as potent alternative to reduce these ADT-induced side effects 

(Fagerlund, Cormio et al. 2015). In addition to that, a study conducted by 

Gaudet et al. proposed that tamoxifen, 5α-reductase inhibitor, and antiandrogen 

combination therapy could be used as an alternative to GnRH agonist therapy to 

reduce prostate volume prior to brachytherapy (Gaudet, Vigneault et al. 2016). 

 

Lipid kinase PIP5K1α 

Biological function 

Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha (PIP5K1α) is a part of 

type I PIP5K family of proteins, with other two members being PIP5K1β and 

PIP5K1γ. All three family members are encoded by different genes located on 

different chromosomes. Nevertheless, they all share a conservative kinase 

domain of approximately 340 amino acids. Of the three kinases, PIP5K1α is 

encoded by PIP5K1A gene that comprises of 15 exons and is located on 

chromosome 1 (1q21.3). The gene encodes 68 kDa lipid kinase that catalyzes 

phosphorylation of phosphatidylinositol 4-phosphate (PtdIns4P or PIP) to 

produce phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2 or PIP2)(Loijens, 

Boronenkov et al. 1996, Sun, Thapa et al. 2013). Generated PIP2 is a minor 

membrane-bound phospholipid that acts as a substrate for several key signaling 

proteins, namely phospholipase C (PLC) to produce second messenger inositol 

1,4,5-trisphosphate (Ins(1,4,5)P3 or IP3) and diacylglycerol (DAG), or PI3K to 



 

 

produce phosphatidylinositol 3,4,5-bisphosphate (PtdIns(3,4,5)P3 or PIP3)(van 

den Bout and Divecha 2009). 

PIP2 in cellular functions 

Cytoskeletal reorganization 

Apart from signal transduction, PIP2 is involved in several key cellular 

functions. For one, PIP2 has been reported to be involved in actin 

polymerization process. Briefly, polymerization of actin monomers plays and 

important role in processes like migration, adhesion, morphological change and 

even vesicular trafficking. In this context, elongation of the monomers is 

controlled by capping proteins like gelsolin, which is then inhibited by PIP2 to 

allow polymerization to occur. In addition to that, binding and activation of 

neuronal Wiskott-Aldrich Syndrome protein (N-WASp) by PIP2 has also been 

reported. N-WASp activation is required for actin-related protein 2 and 3 

(Arp2/3) complex formation that in turn is involved in nucleation of branched 

actin filament network, the first step in actin filament assembly (Di Paolo and 

De Camilli 2006, Logan and Mandato 2006). 

Focal adhesion 

Cell adhesion to the extracellular matrix is achieved by formation of focal 

adhesions (FAs), large macromolecular assemblies capable of transmitting 

mechanical forces and regulatory signals. It is a vital link that is necessary for 

cell migration and response to the extracellular stimuli (Chen, Alonso et al. 

2003). More specifically, PIP2 is involved in FA formation by binding and 

inducing conformational change in vinculin, which in turn promotes 

oligomerization with talin and actin, and allows for integrin and cytoskeleton 

coupling, which is required for proper FA function (Humphries, Wang et al. 

2007, Chinthalapudi, Rangarajan et al. 2014). 

Apoptosis 

PIP2 has also been directly implicated in negative regulation of apoptosis. 

Mejillano and colleagues reported that accumulation of PIP2 leads to direct 

binding and inhibition of initiator caspases 8 and 9, and their common effector 

caspase 3 that are involved in both mitochondrial and death receptor-mediated 

apoptosis (Mejillano, Yamamoto et al. 2001). In addition to that, a later study 

conducted by Halstead and colleagues has reported that stress-induced 

apoptotic stimuli lead to caspase-independent activation of distinct signaling 

pathway to inactivate PIP5K1α and deplete PIP2, which is essential for apoptosis 

to occur (Halstead, van Rheenen et al. 2006).  
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Other functions 

Several other studies have reported PIP2 involvement in endocytosis and even 

mRNA processing. Godlee and Kaksonen have described PIP2 binding domains 

located on endocytic clathrin adaptors, which are necessary for normal 

endocytosis function. Depletion of PIP2 have led to disassembly of endocytic 

clathrin adaptors and impaired endocytosis (Godlee and Kaksonen 2013). 

Barlow and colleagues reported that PIP2 is required for mRNA splicing, 3’ end 

processing and polyadenylation (Barlow, Laishram et al. 2010). 

PIP5K1α in cancer 

PIP5K1α is overexpressed in high-grade PCa tumors and its expression is 

positively correlated with PIP2 and AR expression. Moreover, elevated levels of 

PIP5K1α have been demonstrated to predict poorer DFS marked by biochemical 

recurrence, inferring clinical relevance. In this context, in vitro studies have 

revealed that overexpression of PIP5K1α in normal-like prostate epithelial cell 

line, PNT1A have led to morphological changes, induced invasiveness, and 

upregulated PI3K/Akt survival signaling pathway. In in vivo study highly 

aggressive PCa cell line, PC-3 xenograft tumors were treated with PIP5K1α 

inhibitor and resulted in apparent tumor regression. The findings were in 

agreement with a follow-up in vivo study conducted on PIP5K1α knockdown 

PC-3 xenograft tumors. In series of treatment experiments on AR-positive and 

negative aggressive PCa cells lines, inhibition of PIP5K1α led to downregulation 

of AR and PI3K/Akt signaling pathways, proliferative as well as invasive 

markers, and induced significant degree of apoptosis-specific cell death 

(Semenas, Hedblom et al. 2014). In a later study on breast cancer models, 

Sarwar and colleagues reported similar findings where PIP5K1α expression was 

associated with poor patient outcome in triple-negative BCa. PIP5K1α gene 

amplifications were seen in 29% of the patients. In in vitro models, 

overexpression of PIP5K1α led to increase in pAkt expression, while PIP5K1α 

inhibition led to suppressed growth and invasiveness in invasive triple-negative 

MDA-MB-231 BCa cells. In in vivo study conducted on MDA-MB-231 xenograft 

mice, inhibition of PIP5K1α inhibited tumor growth and led to reduced 

expression of pAkt and its downstream effectors, cyclin D1 (cell cycle 

progression), VEGF, VEGFR1 and VEGFR2 (angiogenesis). Lastly, Sarwar and 

colleagues demonstrated that PIP5K1α  was able to act on pAkt in ER-positive 

BCa cells and formed a complex with VEGFR2, serving as a co-factor for ERα in 

regulating its target genes, cyclin D1 and CDK1 (Sarwar, Syed Khaja et al. 2019). 

ISA-2011B, selective PIP5K1α inhibitor 

Heterocyclic compounds are a group of cyclic compounds that are prevalent in a 

plethora of life science and technology areas. Within these, 1,2,3,4-

tetrahydroquinoline and 1,2,3,4-tetrahydroisoquinoline ring systems are of 



 

 

particular importance and interest, as they have been reported to be biologically 

active and show antitumor, antimicrobial and other pharmaceutically-relevant 

effects (Ferris and Guillemin 1990, Hijikata-Okunomiya, Okamoto et al. 1990, 

Oku, Matsunaga et al. 2003, Ramnauth, Renton et al. 2012, Semenas, Hedblom 

et al. 2014). The discovery of a new synthesis method for C-1 indol-3-yl 

substituted 1,2,3,4-tetrahydroisoquinoline derivatives, using Pictet-Spengler 

approach has been described and have led to development of ISA-2011B, a 

selective PIP5K1α inhibitor that showed promising anticancer effects (Rikard 

Larsson, Narda Blanco et al. 2012, Semenas, Hedblom et al. 2014). 
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Study Aims 

The overall aim of my thesis work was to study PIP5K1α inhibitor in 

combination with current drugs and asses their therapeutic potential for 

treatment of advanced PCa treatment in specific subgroups of patients. 

Specific aims  

1. To study the clinical importance of estrogen- and androgen- 

related signaling pathways in promoting homing and metastatic 

growth of prostate cancer cells in bone/BM: 

a. To identify and stratify the subgroups of patients with 

poor clinical outcome based on gene and protein 

expression signatures of key biomarkers. 

b. To identify new drug targets for targeted therapies.   

 

2. To gain deeper understanding of the underlying mechanisms with 

the focus on PIP5K1α in context of estrogen and androgen 

receptor signaling in promoting metastatic growth and treatment 

resistance in PCa. 

 

3. To investigate and characterize tumor inhibitory activity of 

PIP5K1α inhibitor in combination with anti-estrogen or anti-

androgen agents in order to improve treatment of aggressive and 

treatment-resistant PCa subtypes. 



 

 

Materials and Methods 

Materials and methods are described in papers I-IV. Below is a more detailed 

account on some of the methods that might require further explanation. 

Malmö PCa patient cohort 

Overview 

PCa patient cohort comprising of 1135 primary and metastatic PCa patient 

tissues was collected at Skåne University Hospital, Malmö, Sweden. The 

collection includes paraffin-embedded tissue section blocks from prostate, bone, 

LN, lung, liver, kidney, adrenal gland, and sleep. Tissue section slides 

corresponding to the tissue blocks were also collected, organized, and inspected 

under boar-certified pathologist supervision to mark various regions of interest, 

including BPH, primary PCa and metastatic lesions in LNs and distant organs. 

Tissue microarray construction 

In total, three tissue microarray (TMA) blocks were constructed as follows: 

• TMA 1*: primary PCa tissues (n=17) and matched metastatic PCa 

lesions from all aforementioned metastatic lesion sites (n=43) were 

constructed from metastatic PCa patient tissues (n=14). 

• TMA 2: PCa (n=24) and matched adjacent BPH (n=24) tissues were 

constructed from primary PCa patient tissues (n=24). 

• TMA 3: PCa (n=24) and matched adjacent BPH (n=24) tissues were 

constructed from primary PCa patient tissues (n=24). 

All cores were produced as duplicate pairs. Resulting TMA blocks were cut into 

4μm sections and mounted onto glass microscope slides in preparation for 

upcoming immunohistochemical analysis. 

*Three exact copies of the TMA block were produced. 

Immunohistochemistry 

Antigen retrieval was achieved by heating the precut TMA slides in a pressure 

cooker, together with target retrieval buffer (DAKO) or high pH buffer using a 

PT-link module (DAKO). The slides were stained for the primary antibody in 

Autostainer Plus system (DAKO) using Envision Flex reagents. Dako REAL 

EnVision™ detection system was used for the secondary antibody staining and 
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visualization. Nuclei were counterstained with hematoxylin dye. The stained 

TMA slides were scanned in ScanScope® CS system (Aperio, Vista, CA). 

Evaluation 

Evaluation and staining intensity scoring of the stained slides was performed by 

three scientists and a board-certified pathologist. Representative/dominant 

staining intensities for each core were performed in a semiquantitative 

approach, by scoring the staining intensity as 0 (negative), 1 (weak), 2 

(moderate), and 3 (very strong). Alternatively, fraction of stain-positive cells per 

field of view (FoV) were recorded in form of percentage-positive cells. 

 

External databases 

Genomic profile data was retrieved from cBioPortal and TCGA publica 

databases. Putative copy-number alteration (CNA), mRNA expression, 

mutation, and protein expression profiles for several PCa cohorts, as well as 

respective clinical variables were available for download. Primarily, two PCa 

cohorts were used to carry out the analysis: 

MSKCC 

Prostate adenocarcinoma cohort, GEO accession GSE21032 (MSKCC, Cancer 

Cell 2010) contains a total of 240 patient samples. The cohort comprises of 

samples from both primary (n=157) and metastatic (n=37) patients, 126 of 

which have complete data from mutation, putative CNA, and mRNA expression 

profiles. The clinical data variables include but are not limited to time to 

progression and DFS status (Taylor, Schultz et al. 2010). 

TCGA 

Prostate adenocarcinoma cohort (TCGA, Firehose Legacy) contains a total of 

499 patient samples. The cohort comprises of samples from primary (n=496) 

and metastatic (n=3) patients, 491 of which have complete data from mutation, 

putative CAN, mRNA expression, and protein expression profiles. The clinical 

data variables include but are not limited to time to progression, time to death, 

DFS status, and OS status. A smaller subset of the same cohort has already been 

described (Cancer Genome Atlas Research 2015). 

 



 

 

Mouse model of PCa distant metastases 

To generate a PCa mouse model for bone metastasis, intracardiac injection 

technique was used. In comparison to tail vein injection, injecting into the left 

ventricle of the heart allows the cells direct access into the systemic circulation 

without having to pass through lungs and liver first. 

Briefly, animals were sedated using isoflurane chamber and kept under 

sedations throughout the remainder of procedure with the help of a nose cone 

(1% isoflurane). Anesthetic depth was constantly monitored by the animal’s 

respiratory pattern and reflex response to pinching of the foot. The animal was 

laid dorsal side down on an operating desk and its limbs were gently taped down 

to the desk so that the chest was fully exposed. Before injection, 70% ethanol 

was rubbed gently on the chest and surrounding area to prevent infection. 

Approximately 1x105 cells/mouse in a total of 100µL PBS were injected into the 

left ventricle using 26G needle and a 1cc syringe. To inject the cells, the needle 

was inserted directly into the chest, between the animal’s sternum and third 

intercostals space, slightly to the anatomical left side. To guide the injection, 

small mark was drawn on the chest using a simple marker. In addition to that, a 

stopper was added on the needle to prevent from penetrating through the heart. 

Once the needle was properly inserted, the solution was injected at a slow pace 

(approximately 30 seconds for 100 μl). The needle was then taken out by a quick 

movement straight upwards. 

After injection was complete, the isoflurane cone was removed, and the animal 

was kept on a heating pad to allow for recovery. Once the animal started to 

recover, it was placed back into the cage and its health was closely monitored 

throughout the remainder of the experiment. The weights of mice were regularly 

measured throughout the experiment. The imaging of the mice was done using 

an in vivo imaging system (IVIS imaging system, PerkinElmer, Massachusetts). 

The end point was reached at 33 days. 

 

Macrophage depletion and spheroid formation assay 

PC-3 xenograft tumors were generated by subcutaneously injecting 2x106 PC-3 

cells/mouse, in a total 100 μl/injection (90% PBS, 10% Matrigel), at the right 

flank. 25 x 5/8G needle and 1ml syringe was used for the injection. The tumors 

were monitored and allowed to grow to an average of 400 mm3. The mice were 

then randomized into 3 groups (8 mice/group); control, tamoxifen, and ISA-

2011B. The three groups were randomized further (3-4 mice/group) to receive 

either Encapsome® or Clodrosome®. Mice were treated with Encapsome® or 
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Clodrosome® intratumorally in between the treatments with vehicle control, 

tamoxifen (40 mg/kg), or ISA-2011B (40 mg/kg), which was administered 

intraperitoneally. The treatments were administered for 2 weeks. 

For single cell suspension, excised tumors were cut into small pieces and placed 

in a solution containing  300 U/ml of collagenase, 100 U/ml of hyaluronidase, 5 

mg/ml of dispase, and 1 mg/ml DNase I (Stem Cell Technologies, Vancouver, 

British Columbia, Canada). The suspended mass was incubated on a shaker for 

8 hours, at 37 ºC. After incubation, the cells were filtered through a 75 μm cell 

strainer (BD biosciences) and then washed in RMPM-1640 complete growth 

medium supplemented with 10% fetal bovine serum (FBS) to yield a single cell 

suspension. 

Cell counts were determined using standard hemocytometer. From thereon, 

5×103 cells/group were cultured in suspension, in modified tumor-spheroid 

semisolid medium containing DMEM F-12, 3.151 g/L Glucose, L-Glutamine 

(Lanza, USA), 2x B27 (Thermo Fischer Scientific, USA), 20 ng/ml EGF (Sigma 

Aldrich) and 20 ng/ml FGFβ (Sigma Aldrich) for 20 days. Formed tumor 

spheroids were counted under a standard benchtop inverted phase contrast 

microscope. 

 

Colony-forming unit assay 

Methylcellulose-based colony-forming assay was performed by following 

manufacturer’s instructions (MethoCult™ GF M3434, Stem Cell Technologies, 

Vancouver, British Columbia, Canada). Briefly, single cell suspensions of BM 

cells were prepared from mice femurs. The excised bones were placed in a in 1X 

PBS and crushed using mortar and pestle, and subsequently pass through an 80 

μm pore size cell trainer (BD biosciences). The filtered cells were resuspended in 

1 ml Ham’s F-12 medium, supplemented with 50% FBS (PAA Laboratories, 

Pasching, Austria) and 8% DMSO (Sigma-Aldrich, Stockholm, Sweden). The 

colony-forming unit (CFU) assay was setup by plating 5x104 isolated cells, in a 

total of 2 ml/35mm culture dish of semisolid methylcellulose-based medium, 

supplemented with stem cell factors, IL-3, IL-6, and erythropoietin. Each group 

was seeded in duplicated. After 14 days, spherical cell clusters containing ≥30 

cells were counted as colonies. Colony images were taken every 3 days. 

 



 

 

Coculture and estradiol measurements 

ALDHlow and ALDHhigh cells were cultured in serum-free RPMI-1640 medium, 

supplemented with 50% BM extract that was prepared from femurs of NMRI 

Nude mice. The cells were cultured for 48 hours and then subjected to MTS-

based proliferation assay (CellTiter 96® AQueous, Promega, USA). 

For estradiol measurement in culture supernatants, the cells were cultured in 

phenol red-free PRMI-1640 medium, supplemented with 10% FBS. ALDHhigh or 

BM cells were monocultured or cocultured at a 6:1000 ratio (ALDHhigh cells:BM 

cells) for 24 hours and their supernatants extracted. The cell culture 

supernatants from each sample were measured using an immunoassay from 

Roche Diagnostics (Estradiol III), on a Cobas 6000 Analyzer (Roche 

Diagnostics, USA). 

 

RNAseq analysis of  

Sample preparation 

Prior to RNA extraction, PCa cells were collected using standard trypsinization 

protocol, centrifuged at 400g for 4 minutes, and washed in in 1x PBS. After 

repeated centrifugation step, the supernatant was aspirated, leaving the cell 

pellet as dry as possible and kept at room temperature henceforth. Used 

RNeasy® Mini kit (Qiagen, #74104) and followed manufacturer’s instructions 

to extract total RNA. Used RevertAid First Strand cDNA Synthesis kit (Thermo 

Fisher Scientific, #K1622) and oligo(dT) primer, and followed manufacturer’s 

instructions to produce cDNA. Resulting cDNA was stored at -80 °C until 

further use. 

Sequencing 

A total of 1 μg of cDNA/sample were used for library preparation. RNA library 

preparation and sequencing were performed by Novogene (Beijing, P.R. China), 

using Illumina PE150 sequencer. Briefly, samples with ≥ 8.8 RIN were used for 

constructing 250~300 bp insert cDNA library and then sequenced using pair-

end sequencing technology. Generated sequence reads were trimmed, filtered, 

and delivered as fastq format files, two files/sample, with an average of 27.7M 

reads per file. 

Mapping and read counts 

Raw reads were quality-checked and summarized using FastQC/0.11.8 and 

MultiQC/1.7 packages, respectively. Mapping of the raw reads was done using 
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HISAT2/2.1.0 on default parameters, and the resulting output sam format files 

were sorted, converted to bam format files and indexed using samtools package. 

Reference genome for HISAT2 was built using human genome assembly, 

hg38.p12 that was acquired from University of California Santa Cruz (UCSC) 

genome browser gateway. Read counts were generated using htseq package with 

-t flag set to “gene”. 

Analysis 

The resulting read counts were uploaded and analyzed using RStudio, v1.1.4, 

running R-3.5.1. Analysis was primarily done using DESeq2 package. Briefly, 

counts ≤10 were filtered out before running compiling the DESeq2 object. 

Principle component analysis and unsupervised clustering using average 

method were carried out to confirm adequate replicate clustering. Once 

confirmed, differential expression profiles were generated and exported as raw 

text files for upcoming gene set enrichment analysis. Log2 fold change of gene of 

interest were exported for visualization. 



 

 

Results and Discussion 

To summarize my PhD thesis work, I included three published papers and one 

submitted first author manuscript that will be summarized and discussed in the 

following order: 

Paper I: Targeted Inhibition of Estrogen Receptor Alpha Signaling and 

PIP5K1α/Akt Pathways in Castration-Resistant Prostate Cancer. 

Paper II: Cyclin A1 and P450 Aromatase Promote Metastatic Homing and 

Growth of Stem-like Prostate Cancer Cells in the Bone Marrow 

Paper III: Targeted Suppression of AR-V7 Using PIP5K1α Inhibitor Overcomes 

Enzalutamide Resistance in Prostate Cancer Cells 

Paper IV: The functional interlink between AR and MMP9/VEGF signaling axis 

is mediated through PIP5K1α/pAkt in prostate cancer 

 

Paper I 

Subgroup of primary PCa patients with upregulated ESR1 and 

downstream targets has poorer prognosis 

As described in the Background part of this thesis, ERα is expressed in 43% and 

62% of Gleason grade 4 and 5 tumors from PCa patients. Further, the most 

significant ERα expression at both mRNA and protein level was observed in 

metastatic lesions and CRPC (Bonkhoff, Fixemer et al. 1999). However, it is not 

known whether expression of estrogen-associated factors may be elevated in 

large numbers of patients, and whether elevated expression profiles of genes 

related to estrogen signaling may be associated with poor patient outcome in 

PCa. 

We therefore examined expression profiles of large numbers of genes including 

ESR1 encoding ERα, and its related genes controlling proliferation, survival and 

invasion of PCa. To this end, we studied prostate adenocarcinoma cohort from 

TCGA public database (TCGA, Firehose Legacy) that predominantly comprised 

of primary PCa samples (n=498). These TCGA data sets are routinely updated 

and contain data from several different platforms, including whole-exome 

sequencing, somatic copy-number alterations, DNA methylations, mRNA and 

miRNA sequencing, RPPA, and WGS, as well as additional, although limited, 
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clinical information. Next-generation clustered heat map (NGCHM) of 

normalized RNAseq read counts was acquired from TCGA NGCHM Heat Map 

Viewer, 2.16.1. In addition to that, mRNA expression profiles of relevant genes, 

DFS status, respective time variable, and iCluster variable were also extracted. 

The heatmap revealed 4 distinct subgroups and their mRNA expression profiles, 

with subgroup 1 showing significantly differentially expressed and higher ESR1 

expression (p<0.001). Moreover, MMP9 (p<0.05), AR (p<0.001), PGR 

(p<0.001), AKT3 (p<0.001), VEGFA (p<0.001), and CCND1 (p<0.001) showed 

significantly higher expression in this subgroup as well. Lastly, subgroup 1 had 

poorer DFS (p<0.05). Collectively the data revealed that ERα signaling might be 

upregulated in certain subtypes of PCa, already at an early stage, and that 

upregulation of the said pathway was clinically relevant. 

While the data indeed revealed some intriguing findings, one should note that 

the available TCGA PCa cohort comprised mostly of primary PCa patients, with 

rather incomplete treatment records. As such, it was not possibility to study the 

expression profiles in context of castration-resistance and/or treatment 

response. Whereas a CRPC patient cohort of similar magnitude would allow for 

evaluating ERα and its pathway status, and whether it could assist in predicting 

treatment response among the subgroups. 

ERα is positively correlated with PIP5Kα protein expression in PCa 

patient cohort 

Based on the bioinformatic data, we hypothesized that ERα may be functionally 

linked with PIP5K1α/pAkt and AR, which are key players in PCa progression. 

Herewith, we next examined their and ERα protein expression profiles in 

primary and metastatic PCa patient cohort, comprising of (i) BPH and PCa 

tissues from 48 primary PCa patients, and (ii) primary PCa tissue (n=17) and 

metastatic PCa lesions from lymph node, lung, and bone (n=43), from 14 

metastatic PCa patients. Positive expression of all listed markers was noted in 

most of the examined primary and metastatic lesions. Most importantly, 

positive ERα expression in these tissues was in agreement with previous 

literature and further confirmed its potential clinical involvement. 

While analyzing the expression of the various markers, we also noted that 

expression of PIP5K1α and ERα was positively correlated (p<0.001), already in 

primary patient PCa lesions, which drew potential parallels with findings from 

TCGA dataset. Unfortunately, since no follow-up records for these patients were 

available, DFS or OS analysis could not be performed. 



 

 

ERα stimulation in PCa cells leads to increase in proliferation, 

survival, and invasion signal that is mediated by PIP5K1α 

We next carried out series of in vitro experiments to first investigate whether 

PCa cells with CRPC phenotype would respond to 17β-estradiol stimulation. For 

this purpose, we chose to use VCaP cells as good castration-resistant preclinical 

model, as the cells were derived from a vertebral metastatic lesion of a 59 year 

old Caucasian male with CRPC (Korenchuk, Lehr et al. 2001). Proliferation 

assay of 17β-estradiol-stimulated VCaP cells showed increased proliferation 

rate, in a dose dependent manner, already at 1 nM concentration (p<0.01), 

suggesting a good stimulatory response, which was comparable to ER-positive 

BCa cell lines. Immunoblot analysis revealed that 17β-estradiol stimulation led 

to upregulation of ERα and its downstream targets, cyclin D1 (p<0.05) and pAkt 

(p<0.05). In addition to that, PIP5K1α (p<0.01), MMP9 (data not shown), and 

VEGF (p<0.05) were also upregulated, possibly suggesting stimulation of 

invasive phenotype. To exclude the potential role of AR and its signaling 

pathway, we overexpressed ERα in AR-negative PC-3 cells. Immunoblot and 

dual-luciferase ERE-reporter assay confirmed functional overexpression that 

led to increase of cyclin D1 (p<0.01) and MMP9 (p<0.05) protein expression in 

these cells. Lastly and to our surprise, immunoprecipitation analysis revealed 

that ERα formed protein-protein complex with PIP5K1α, specifically in the 

nuclear compartment of PC-3 cells. Taken together, the findings showed that 

elevated ERα levels in PCa cells was associated with increased proliferation, 

survival, and invasion phenotype.  

Tamoxifen alone or in combination with ISA-2011B suppresses 

tumor growth 

Our data suggests that ERα may serve as an ideal and druggable and actionable 

target for treatment of PCa. As mentioned in the background part of my thesis, 

tamoxifen is currently used for inhibiting ERα and is an effective endocrine 

therapy for treatment of ERα-positive BCa. Since we found that PCa have 

elevated level of ERα, we therefore wanted to test whether inhibition of ERα 

using tamoxifen would in turn inhibit PCa cell and tumor growth. Proliferation 

assay experiments on VCaP and PC-3 cells showed positive growth-inhibitory 

effect of tamoxifen, in a dose depended manner. In in vivo treatment 

experiments on PC-3 xenograft tumor-bearing mice, both tamoxifen and ISA-

2011B monotherapies showed potent tumor-inhibitory effects. The inhibition 

was even more pronounced when combination of tamoxifen and ISA-2011B at 

half doses were applied. Interestingly, complete or partial tumor regression in 

the combination treatment group was observed and hinted towards a potential 

synergistic effect with no apparent adverse or toxic effects. Lastly, 

immunohistochemical analysis of the excised tumors showed that ERα, 

PIP5K1α, pAkt, VEGF, and VEGFR2 were all dramatically decreased following 
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the treatments. Notably, excised tumors from the treatment groups were often 

scarce in cancer cells, were stroma-enriched, and were generally highly 

heterogeneous. Moreover, combination treatment tumors were relatively small 

and few. Consequently, accurate evaluation of the tissue was somewhat 

rendered. To tackle this limitation and to better-reflect heterogeneity within the 

treated groups, the scoring technique involved first choosing a dynamic range of 

representative areas and then evaluating the tissues to generate a more accurate 

prediction of the average scores. 

Tamoxifen alone or in combination with ISA-2011B leads to 

apoptosis-mediated PCa cell death 

Having established that tamoxifen and/or ISA-2011B treatments lead to potent 

inhibition of tumor growth, we next carried out series of in vitro treatment 

experiments on PC-3 and VCaP cells in order to study the molecular 

mechanisms that underly the inhibitor effects. For this end, we applied RNA 

sequencing, holographic imaging, apoptosis assay, and standard 

immunoblotting techniques. The analysis showed that tamoxifen treatment 

alone induced potent inhibition of ERα and its downstream targets but failed to 

inhibit PIP5K1α in PC-3 cells. Similar trend was also observed in VCaP cells. 

Meanwhile, ISA-2011B inhibited PIP5K1α and its downstream targets but failed 

to inhibit ERα in PC-3 cells. Once again, a similar trend was observed in VCaP 

cells as well. As expected, combination treatment led to a potent inhibition of 

both ERα and PIP5K1α in PC-3 cells, and was concomitant with apparent cell 

death, as seen in holographic images of the treated cultures. Apoptosis assay of 

revealed a significant increase in early and late apoptotic populations in 

tamoxifen-treated (p<0.05) and ISA-2011B-treated (p<0.05) PC-3 cells. 

Following combination treatment of PC-3 cells, the percentage of early and late 

apoptotic cells was dramatically increased (p<0.05), once again hinting towards 

synergistic effect. Lastly, mRNA sequencing data of tamoxifen- and/or ISA-

2011B-treted PC-3 cells was in agreement with immunoblot results and showed 

superior effect of combination treatment. Gene expression comparison plot 

revealed distinct gene sets that were deregulated in mono- as well as 

combination treatments. Nevertheless, what cellular functions or pathways were 

specifically affected remain to be analyzed, possibly using gene set enrichment 

analysis (GSEA) or gene ontology (GO) enrichment approaches. 

Depletion of tumor-associated myeloid cells sensitizes tumor 

initiating PCa cells to tamoxifen treatment 

As it will be discussed in paper II, specific population of bone marrow cells from 

male mice may produce estrogens and express ERα. Moreover, tumor-

associated stromal cells such as macrophages were reported to produce 

estrogens and express ERα as well. This in turn may provide a supportive milieu 



 

 

for tumor growth and progression. In this context, an anti-inflammatory drug, 

clodronate has been shown to effectively deplete macrophage population and 

was reported to inhibit BCa tumor growth and bone metastasis (Coleman 2006, 

Li, Xu et al. 2016). Given this context, we wanted to investigate whether 

intratumoral tumor-associated macrophage depletion alone or in combination 

with tamoxifen would affect tumor growth. To this end, we once again treated 

PC-3 xenograft tumor-bearing mice; vehicle control, tamoxifen, or ISA-2011B 

were administered via intraperitoneal injection, where clodronate and its 

vehicle control were administered intratumorally. One or the other regimens 

were interchangeably administered every second day. After two weeks, the 

treatments were concluded, and the tumors were excised and use in the 

upcoming spheroid formation assay. We observed that there were significantly 

less tumor spheroids being formed from tumors that were treated with either 

tamoxifen (p<0.001) or ISA-2011B (p<0.001). At the same time, clodronate 

alone also reduced tumor spheroid counts (data not shown). However, the most 

striking difference was observed in tamoxifen and clodronate combination-

treated group, as virtually no tumor spheroids were formed in that group 

(p<0.01). Taken together, our findings suggest that tumor-associated 

macrophages may be important players in promoting and supporting PCa tumor 

progression and growth. Given that tumor-associated myeloid cells produce 

estrogen and its receptors, it is likely that clodronate treatment results in 

depletion of estrogen-producing macrophages, thus leading to the decreased 

estrogen levels. In this context, depleting the estrogen producing stromal cells 

may help to expose and sensitize PCa cells for concomitant tamoxifen 

treatment, leading to reduction in tumor-initiating cell counts, and possibly 

complete tumor regression. 

 

Paper II 

As previously discussed, aromatase-mediated upregulation of estrogen 

biosynthesis and ERα expression upregulation were implicated in driving cancer 

progression and bone metastasis. In this context, our major aim in this study 

was to gain deeper understanding of the molecular mechanisms that promote 

homing of PCa cells to the bone/BM. Cyclin A1, an important cell cycle regulator 

has been shown to be upregulated in PCa, where together with AR acts to 

promote vascular endothelial growth factor (VEGF) expression (Wegiel, Bjartell 

et al. 2005, Wegiel, Bjartell et al. 2008). Lastly, cyclin A1 is also required for 

hematopoietic stem and progenitor cells (HSPC) to home to their bone marrow 

niche (Miftakhova, Hedblom et al. 2015). Therefore, our hypothesis was that 

cyclin A1 may be a key regulator that promotes the homing of PCa cells to the 
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bone/BM and that this may be achieved by utilizing aromatase, which is the key 

enzyme catalyzing androgen to estrogen conversion.  

Cyclin A1 and aromatase expression is upregulated in primary PCa 

lesions and aromatase alterations correlate with poorer prognosis 

Herewith, we first performed immunohistochemical analysis of three PCa 

patient cohort TMAs comprising of (i and ii) two separate sets of PCa and 

matched BPH tissues from 48 PCa patients, and (iii) primary PCa tissue (n=17) 

and metastatic PCa lesions from lymph node, lung, and bone (n=43), from 14 

metastatic PCa patients. The analysis revealed nuclear cyclin A1 and cytoplasmic 

aromatase expression. The expression of both cyclin A1 (p<0.001) and 

aromatase (p<0.01) were significantly upregulated in primary PCa lesions as 

compared to their matched adjacent BPH tissue and were in agreement with 

literature findings in PCa and BCa, respectively (James, McNeill et al. 1987, 

Miller and O'Neill 1987, Esteban, Warsi et al. 1992, Sasano, Nagura et al. 1994, 

Wegiel, Bjartell et al. 2005, Wegiel, Bjartell et al. 2008). Moreover, protein 

expression of cyclin A1 was also significantly higher in metastatic lesions as 

compared to primary PCa sites (p<0.05), while aromatase levels stayed 

relatively high in both. 

The upregulated and persistent protein expression of cyclin A1 and aromatase 

indeed hinted towards potential clinical relevance. Herewith, we explored the 

expression of cyclin A1 and aromatase on mRNA level as well. To this end, we 

interrogated cBioPortal open access database to extract mRNA expression 

profiles and respective clinical data from prostate adenocarcinoma patient 

cohort (MSKCC 2010) comprising of primary (n=157) and metastatic (n=37) 

patient samples. Firstly, we noted that there was no significant difference in 

mRNA expression levels when comparing primary and metastatic PCa patient 

samples. Nevertheless, Kaplan-Meier survival estimate revealed poorer DFS in 

patients that had aromatase alterations (p<0.001), all of which were z-score-

based mRNA upregulations (2% of all cases, n=5). Taken together, the findings 

showed that expression of cyclin A1 and aromatase had potential clinical 

implications, with elevated aromatase expression relating to poorer DFS. 

Cyclin A1 promotes tumor initiation and growth of tumor spheres 

One could argue that mRNA expression profiles of bulk tumor mass are too 

crude and fail to address expression patterns on single-cell bases. Herewith, 

expression of a scarce population of CSC are completely overlooked. For this 

reason, we applied FACS technique using ALDEFLUOR assay to purify 

populations of ALDHlow and ALDHhigh PC-3M cells. Immunoblot analysis 

confirmed protein expression of cyclin A1 and aromatase in these population of 

cells. To asses the effects of cyclin A1 in promoting tumor-initiation we carried 



 

 

our 3D spheroid formation assay on control and cyclin A1-overexpressing PC-

3M cells. The assay revealed that cyclin A1-overexpressing PC-3M cells were 

forming larger tumor sphered as compared with control, which was also 

confirmed by share cell counts (p<0.05). Interestingly, we noted that cyclin A1-

overexpressing PC-3M cells had 3-fold higher ALDHhigh subpopulation, 

suggesting increased fraction of CSC. Collectively, the results suggested that 

cyclin A1 may promote tumor initiation, which can be explained by increased 

population of tumor-initiating cells. 

Cyclin A1 enhance metastatic potential of ALDHhigh stem-like cancer 

cells to metastasize in the bone 

Since cyclin A1 expression led to increased population of tumor-initiating cells, 

we next wanted to investigate whether overexpression of cyclin A1 in ALDHhigh 

population would facilitate metastatic events in the bone. For this purpose, we 

once again overexpressed cyclin A1 in PC-3M cells and purified ALDHhigh 

population. Intriguingly, immunoblot analysis of cyclin A1-overexpressing 

ALDHhigh PC-3M cells show higher aromatase and ERα expression. Prior to 

implantation, mice were irradiated with sublethal doses of γ-rays to inhibit host 

immune response. Once done, the sorted ALDHhigh populations of PC-3M cells 

were grafted into the mice via intravenous injection. We sued human-specific 

tumor antigen, HLA-ABC to track the metastasizing cells. To this end, follow-up 

HLA-ABC-based bioluminescence imaging of grafted mice and HLA-ABC-based 

flow cytometry analysis of isolated whole bone marrow populations confirmed 

metastatic events in the bone. Moreover, flow cytometry analysis revealed cyclin 

A1-overexpressing ALDHhigh cells homed to the bone marrow at a higher rate 

(p=0.076). This trend was further elucidated and confirmed to be significant by 

immunohistochemical analysis, showing higher cytokeratin- (p<0.05) and Ki-67 

(p<0.001) positive populations in the bone marrow of mice that received cyclin 

A1-overexpressing ALDHhigh PC-3M cells. 

We followed-up our findings by grafting unsorted population of control or cyclin 

A1-overexpressing PC-3M cells into Nude mice, via intracardiac injection. The 

chosen injection route allowed the cells a direct access to system circulation, and 

therefore increased the chance of metastatic events in the bone. After 33 days 

the metastatic growth was confirmed in both groups by using bioluminescence 

imaging and flow cytometry techniques as previously described. Similar to the 

earlier finding, immunohistochemical analysis showed increased cytokeratin 5- 

(p<0.05) and 20 (p<0.01) positive populations in the bone marrow of mice that 

received cyclin A1-overexpressing PC-3M cells. Herewith, the data conclusively 

showed that cyclin A1 was able to promote CSC metastasis in the bone. 
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Cyclin A1 overexpression in ALDHhigh promotes stemness and leads 

to aromatase and ERα expression in the bone marrow 

Having established that ALDHhigh PC-3M cells are able to form distant 

metastasis, we next wanted to investigate whether the metastasizing ALDHhigh 

cells would retain their self-renewal and tumor-initiating properties. To this 

end, we performed CFU assay on the entire bone marrow cell population 

extracted from mice bearing control or cyclin A1-overexpressing ALDHhigh PC-

3M bone metastasis. The isolated bone marrow populations were indeed able to 

form colonies and were partly derived from ALDHhigh PC-3M cells, as confirmed 

by positive HLA-ABC and cyclin A1 co-expression. Moreover, we also noted that 

this co-expression was enhanced in cyclin A1-overexpresing group and there 

were significantly higher number of PCa cells in CFUs that were derived from 

bone marrow samples of mice bearing metastatic lesions with elevated level of 

cyclin A1 (p<0.001). Immunoblot analysis of the isolated CFUs revealed a sharp 

and specific upregulation of ERα and aromatase expression in CFUs derived 

from metastatic lesions initiated by cyclin A1-overexpressing ALDHhigh PC-3M 

cells. Aromatase upregulation in the bone marrow was also confirmed by 

immunohistochemical analysis showing increase in aromatase-positive cells 

(p<0.001) as well protein expression (p<0.05). In addition to that, MMP9 

expression in cyclin A1-overexpressing group was also documents based on both 

immunohistochemical and immunoblot evidence (p<0.05). In contrast, protein 

expression of AR in these CFUs was completely suppressed. Taken together, the 

findings suggest that cyclin A1 may promote self-renewal and tumor-initiation 

capacity of CSC. In this context, the upregulation of MMP9, ERα, and aromatase 

would fit the model of PCa bone metastasis where estrogen-rich milieu and ERα 

signaling may stimulate the surround cells to start forming a pre-metastatic 

CSCN, where CSC may eventually give rise to a heterogenous bulk of tumor cells 

comprising the metastatic lesion (Kaplan, Riba et al. 2005, Berish, Ali et al. 

2018). 

ALDHhigh tumor cells stimulate tumor/host estrogen production 

and acquire a growth advantage in presence of host bone marrow 

cells 

To elucidate the mechanisms that would allow ALDHhigh stem-like cells to 

initiate metastatic growth in the metastatic site, we first carried out a 

proliferation assay. The results showed that ALDHhigh PC-3M cell population 

had higher proliferative capacity (p<0.05), which was even more pronounced 

when cyclin A1 was overexpressed (p<0.05). In contrast, ALDHlow population 

did not benefit from cyclin A1 overexpression and were slower to proliferate, 

suggesting growth advantage of cyclin A1-overexpressing ALDHhigh PC-3M cells. 

Since both ALDHhigh and ALDHlow PC-3M cells expressed aromatase, we 

subjected the cells to aromatase inhibitor (AI) treatment. The assay showed that 



 

 

only ALDHhigh PC-3M cells were sensitive to AI treatment and decreased in 

proliferation (for control group, p<0.01; for cyclin A1 group, p<0.001). While 

significant, the growth inhibitory effect of AI was only marginal, suggesting that 

the aromatase role might be relevant to the microenvironment rather that the 

cancer cells themselves. Herewith, the different populations of PC-3M cells were 

first cocultured with bone marrow (BM) extracts isolated from femurs of mice. 

MTS proliferation assay showed that ALDHhigh PC-3M cells had higher 

proliferative capacity, which was significantly enhanced when cyclin A1 was 

overexpressed (p<0.01). Moreover, production of 17β-estradiol in the co-culture 

of ALDHhigh and BM cells was significantly increased (p<0.001) and once again 

was even more pronounced when cyclin A1 was overexpressed (p<0.05). In this 

context, AI significantly inhibited 17β-estradiol production in ALDHhigh cells 

only when cyclin A1 was overexpressed, thus suggesting an intimate relation 

between aromatase and cyclin A1 activities. 

 

Paper III 

Treatment resistance is one of the major clinical challenge in successfully 

treating CRPC. Throughout disease progression, PCa may acquire resistance to 

ADT, antiandrogens and even chemotherapies. Enzalutamide, formerly referred 

to as MDV3100, is a second-generation antiandrogen that was licensed by 

Medivation (San Francisco, CA, USA) and recommended for treatment of 

docetaxel-resistant and mCRPC. The drug exerts its effect by binding to full-

length AR ligand binding domain, in turn inhibiting AR ligand-dependent 

activation, with no reported agonistic effect (Semenas, Dizeyi et al. 2013). 

However, several studies have reported that enzalutamide resistance may occur 

and may be due to the accumulations of AR-V7 as a result of selective pressure 

during antiandrogen treatment (Li, Chan et al. 2013, Antonarakis, Lu et al. 

2014). We have already reported the role of PIP5K1α and its link to AR signaling 

pathway in PCa context (Semenas, Hedblom et al. 2014). Herewith, in this 

study, we wanted to investigate whether PIP5K1α would be correlated with AR-

V7 and could be targeted to help overcome enzalutamide resistance. 

PIP5K1α correlates with AR-V7 expression in PCa patients 

We carried out immunohistochemical analysis of four PCa patient cohort TMAs 

comprising of (i, ii, and iii) three separate sets of BPH and PCa tissues from 48 

PCa patients, and (iv) primary PCa tissue (n=17) and metastatic PCa lesions 

from lymph node, lung, liver, and bone (n=43), from 14 metastatic PCa patients. 

We found that PIP5K1α expression was positively correlated with expression of 

AR-V7 (p<0.05) in both the primary and metastatic cohorts, and that both 

PIP5K1α (p<0.05) and AR-V7 (p<0.001) were commonly upregulated in 
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metastatic lesions as compared to matched primary PCa tissues. We further 

analyzed mRNA expression profiles of PIP5K1α and PTEN in prostate 

adenocarcinoma cohort from TCGA database that primarily comprised of 

primary PCa samples (n=333). In addition to that, AR-V7 status for those 

samples was also extracted. The analysis revealed that PTEN mRNA expression 

was significantly lower in PIP5K1α high (p<0.05) as well as AR-V7 positive 

(p<0.05) samples. Since PTEN is commonly downregulated or lost towards the 

more advanced disease stage, this would suggest that both PIP5K1α and AR-V7 

might be involved in disease progression. The role of AR-V7 in disease 

progression and development of treatment resistance has already been reported 

and discussed. The positive correlation between PIP5K1α and AR-V7 therefore 

points to a potential link and suggests a clinical relevance of PIP5K1α as well. Of 

noteworthy is the fact that 24% of the primary PCa patients in TCGA cohort 

were AR-V7 positive, suggesting castration-resistant profile. Unfortunately, 

clinical data relating to treatment history or outcome was incomplete or not 

available. 

AR-V7 overexpression increases proliferative and invasive 

phenotype of PCa cells, possibly through upregulation of PIP5K1α 

Accumulation of AR-V7-positive PCa cells may occur as a result of selective 

pressure during antiandrogen therapy. To recapitulate this clinical situation, we 

induced AR-V7 overexpression in enzalutamide-resistant 22Rv1 cells. Increase 

in PIP5K1α protein levels following overexpression was observed (p<0.01). In 

addition to that, cyclin E (p<0.001) and A2 (p<0.01) were also upregulated. We 

next generated 22Rv1 xenograft tumor models with or without AR-V7 

overexpression and followed them up for 22 days. We observed that AR-V7-

overexpressing 22Rv1 cells formed larger tumors compared to controls 

(p<0.05). Moreover, immunohistochemical analysis of the excised tumors 

revealed enhanced nuclear expression of PIP5K1α, increased expression of 

matrix metallopeptidase 9 (MMP9) (p<0.05), and higher number of 

proliferation marker, ki-67-positive cells (p<0.001) in AR-V7 overexpressing 

group. Taken together, these findings showed that AR-V7 may further-stimulate 

tumor growth and invasiveness, and induce expression of PIP5K1α in the 

nucleus, suggesting a functional link. 

ISA-2011B inhibits AR-V7-positive tumor growth and overcomes 

enzalutamide resistance 

In both in vivo and in vitro treatment series, we assessed the effects of ISA-

2011B and enzalutamide on AR-V7-positive 22Rv1 cells. Our in vivo study on 

AR-V7-overexpressing 22Rv1 xenograft tumor mice showed significant 

inhibition of tumor growth following ISA-2011B treatment (p<0.05). 

Furthermore, both immunoblot and immunohistochemical analysis of the 



 

 

excised tumors revealed downregulation of AR-V7 (p<0.001), MMP9 (p<0.05), 

complete ablation of mesenchymal marker, vimentin, and dramatic reduction of 

CDK1. In vitro treatment studies on 22Rv1 cells revealed a similar trend 

following ISA-2011B treatment, whereas enzalutamide treatment failed to 

reduce homogenous AR-V7 and CDK1 expression, and had minimal growth-

inhibitory effects. Taken together the treatment studies revealed that ISA-2011B 

is able to inhibit tumor growth and overcome enzalutamide resistances. 

PIP5K1α forms complex with AR-V7 and CDK1 

We next performed subcellular fractionation and immunoprecipitation analysis 

on protein samples extracted from AR-V7-positive 22Rv1 cells. The protein 

lysates were precipitated with PIP5K1α antibody and then blotted against full-

length AR, AR-V7, and CDK1. The immunoblot results showed that PIP5K1α 

formed protein-protein complexes with all the listed markers in nucleus and 

cytoplasm, in turn linking our previous findings of AR and CDK1 complex in 

normal-like prostate epithelium, PNT1A cells (Semenas, Hedblom et al. 2014). 

In this regard, we next performed ISA-2011B and enzalutamide combination 

treatment experiments on both 22Rv1 and PTEN-mutated PC-3 cells. We chose 

22Rv1 cells as a model due to its AR-V7-psotive status. On the other hand, AR-

V7 had to be induced in PC-3 cells, as the cell does not express any form of AR. 

To this end, PC-3 was a well-suited model to study the relationship between 

PIP5K1α and AR-V7, as PTEN deficiency renders PIP5K1α and its downstream 

PI3K/Akt signaling pathway to be constitutively active. As expected, 

immunoblot analysis of treated 22Rv1 cells revealed that monotreatment with 

enzalutamide was ineffective, while monotreatment with ISA-2011B 

significantly reduced the relevant markers, including AR-V7, PIP5K1α, CDK1, 

and even PSA. Moreover, combination treatment effect on AR-V7 (p<0.05) and 

PIP5K1α (p<0.05) was even greater than ISA-2011B alone. In combination 

treatment experiment on AR-V7-overexpressing PC-3 cells, enzalutamide once 

again failed to show any significant effect, whereas ISA-2011B alone or in 

combination with enzalutamide led to apparent downregulation of PIP5K1α, 

pAkt, and CDK1, event in AR-V7 overexpressing setting. Interestingly, 

overexpression of AR-V7 in PC-3 cells led to marked upregulation of PIP5K1α 

and its downstream targets. Taken together, these results showed a clear 

functional link between AR-V7 and PIP5K1α and further-reinforced the clinical 

data findings. 

ISA-2011B inhibits both PI3K/Akt and AR signaling axes 

Building on the observed functional link between PIP5K1α and AR-V7, one 

might argue that inhibition of PI3K/Akt by ISA-2011B might deregulate other 

proteins as a secondary effect caused by induced cell death. To investigate 
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whether that might be the case, we compared the inhibitory effects of PI3K-

specific inhibitor LY294002 and ISA-2011B on PIP5K1α/PI3K/Akt and AR in 

androgen-sensitive and AR-positive LNCaP cells. As expected, immunoblot 

analysis following LY294002 treatment showed a potent inhibition of pAkt and 

cyclin D1. However, the treatment failed to induce cell death and had no effect 

on AR or PSA levels. In contrast, ISA-2011B inhibited both PI3K/Akt and AR 

signaling axis and induced cell death in caspase-dependent manner. Taken 

together, the treatment study demonstrated that ISA-2011B may act as 

PI3K/Akt inhibitor similar to LY294002, but also has a distinct role as an 

inhibitor of AR signaling complexes, further fortifying the previous findings. 

 

Paper IV 

MMP9 upregulation correlates with AR expression and poorer 

prognosis 

Androgen and AR signaling remains an important player in progression and 

metastatic dissemination of PCa cells. However, the mechanisms by which 

malignant cancer cells may utilize AR signaling in promoting these events are 

poorly characterized. To address these questions, we first assessed protein and 

mRNA expression profiles of AR and MMP9 in primary and metastatic PCa 

patient cohorts. Protein expression analysis was carried out on TMAs containing 

primary PCa tissues (n=17) and matched metastatic lesions of lymph nodes, 

bone marrow, and lung (n=43) that were constructed at the Department of 

Clinical Pathology and Cytology, Skåne University Hospital, Malmö. The 

analysis revealed that AR expression was significantly upregulated in metastatic 

lesions when compared to matched primary sites (p<0.001). Intriguingly, AR 

and MMP9 protein expression was positively correlated already at the primary 

PCa lesions (p<0.001) pointing towards a potential link. 

To determine whether expression of MMP9 might have any clinical relevance, 

mRNA expression profiles and respective clinical data from prostate 

adenocarcinoma patient cohort (MSKCC 2010) comprising of primary (n=157) 

and metastatic (n=37) patient samples were extracted from cBioPortal open 

access database. Kaplan-Meier survival estimate revealed a trend in poorer DFS 

in patients that had MMP9 alterations (p=0.078), all of which were mRNA 

upregulations (11% of all cases, n=13). Indeed, the results were not significant, 

which may be due to a small sample pool, particularly in the MMP9-upregulated 

group. Nevertheless, it suggested that patients with higher MMP9 expression 

might have a higher risk of recurrence, further suggesting a clinical and 

functional link. 



 

 

AR activity leads to MMP9/VEGF and invasive phenotype 

upregulation 

To investigate the potential link between AR and MMP9, we used two PCa cell 

models; AR-positive, VCaP cells and AR-negative, PC-3 cells. The cells were 

transfected with full-length AR and concomitantly treated with 5 nM DHT for 

24 hours in media containing 10% charcoal stripped serum. Immunoblot 

analysis revealed successful AR overexpression in both VCaP and PC-3 cells 

(p<0.001). Moreover, DHT stimulation increased AR expression even further, 

confirming a functional overexpression (p<0.001). 

In both VCaP and PC-3 cells, AR overexpression and further DHT stimulation 

have led to moderate although significant MMP9 and VEGF protein 

upregulation (p<0.05). To assess the functional implications of the upregulated 

markers, a migration assay showed more migrated VCaP cells when AR was 

overexpressed (p<0.05). These results therefore indicated that AR activity leads 

to upregulation of MMP9/VEGF signaling pathway to gain increased 

migratory/invasive potential in PCa cells and provides some explanation for the 

trends observed in the clinical data. 

AR regulates PIP5K1α and its downstream targets on protein level 

We have earlier reported a link between PIP5K1α and AR in PCa cells, where 

alteration in PIP5K1α would affect AR expression (Semenas, Hedblom et al. 

2014). In this context, immunoblot analysis revealed that overexpression and/or 

DHT stimulation of AR led to upregulation of both PIP5K1α and pAkt in VCaP 

and PC-3 cells (p<0.05). Nevertheless, RT-PCR of PIP5K1A in DHT-treated 

and/or AR-overexpressing VCaP cells did not show any difference when 

compared to respective controls. These findings therefore suggested that AR 

ability to regulate PIP5K1α is mediated on protein and not on transcriptional 

level, hinting towards potential protein stabilization. 

PIP5K1α forms complex with AR and MMP9 

Our previous studies showed that PIP5K1α activity play and important role in 

PCa progression and is involved in proliferation and invasion of PCa cells 

(Semenas, Hedblom et al. 2014). Nevertheless, further elucidation of the 

findings was required. Herewith, we carried out subcellular fractionation to 

extract nuclear and cytoplasmic protein fractions from VCaP cells. The resulting 

fractions were then precipitated with PIP5K1α antibody and blotted against AR 

and MMP9. The immunoblot results revealed that PIP5K1α formed protein-

protein complex with MMP9 in the cytoplasm. PIP5K1α also formed protein-

protein complex with AR, in same manner as was already discussed in paper III. 

In addition to that, we carried out immunofluorescence analysis of VCaP cells 

stained against PIP5K1α and MMP9. The merged images revealed colocalization 
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of PIP5K1α and MMP9 proteins in the cytoplasm, thereby supporting 

immunoprecipitation findings. 

ISA-2011B therapeutic effect on PIP5K1α/Akt and AR/MMP9/VEGF 

signaling pathways 

Similar to our previous published findings on other cell lines and findings 

discussed in the previous papers of this thesis, ISA-2011B significantly 

decreased PIP5K1α (p<0.05) and pAkt (p<0.01) protein expression in VCaP 

cells (Semenas, Hedblom et al. 2014, Sarwar, Syed Khaja et al. 2019). To that 

end, expression of AR (p<0.01), MMP9 (p<0.01), and VEGF (p<0.01) was 

significantly downregulated as well. To assess the functional implications of the 

downregulated markers, a migration assay showed significantly less migrated 

VCaP cells following ISA-2011B treatment (p<0.01). Taken together, these 

results extended our understanding on how ISA-2011B exerts its inhibitory 

effects in CRPC setting. 

MMP9 and AR regulate downstream target of Cyclin A1 

 

As discussed in paper II and in other publications, cyclin A1 is implicated in PCa 

proliferation and metastasis. Moreover, it has been shown to interact with AR as 

well (Wegiel, Bjartell et al. 2008). In this regard, we analyzed the potential link 

between AR, MMP9, and Cyclin A1 transcriptional regulation. PC-3 cells were 

transfected with reporter vectors containing cyclin A1 promoter-containing 

luciferase gene (Luc) or blank Luc control. In addition to that, the cells were co-

transfected to overexpress AR, or AR+MMP9. Protein lysates of the transfected 

cells were extracted and analyzed in dual luciferase reporter assay by following 

manufactures’ protocol (Promega, Madison, WI). The results showed that AR 

alone increased transcriptional activation of cyclin A1 and co-overexpression 

with MMP9 increased the transcriptional activity even further. Conclusively, the 

study has demonstrated how AR and MMP9 may regulate transcriptional 

activation of cyclin A1 and in turn may explain the underlying mechanisms that 

may facilitated the oncogenic progression in PCa. 



 

 

Conclusions 

In my thesis work we showed that elevated expression of ERα, its downstream 

targets and estrogen biosynthesis has clear clinical implications in PCa and are 

associated with poor PCa patient outcome. In this context, we demonstrated 

that elevated levels of ERα or its stimulation promote PCa cell proliferation and 

survival, and may lead to increasingly aggressive phenotype. Moreover, cyclin 

A1-mediated upregulation of estrogen biosynthesis plays an important role in 

the context of tumor microenvironment and CSCN, and in turn may facilitate 

tumor-initiating CSC in driving PCa progression and metastatic disease. To this 

end, tamoxifen may be an potent therapy for targeting the skewed estrogen 

signaling axis and effectively inhibiting PCa growth.  

We yet again demonstrated and confirmed that PIP5K1α is clinically relevant in 

the context of treatment-resistance and advanced disease. While PIP5K1α 

signaling is indeed important for PI3K/Akt survival signaling cascade, our 

results also showed that PIP5K1α is pivotal for stabilization and activity of 

steroid hormone receptors, AR and AR-V7. Herewith, PIP5K1α is a key factor 

that may contribute to AR- and AR-V7-mediated treatment resistance in CRPC 

setting. In this context, specific PIP5K1α inhibitor, ISA-2011B is a promising 

drug candidate that selectively targets PI3K/Akt-mediated PCa cell survival and 

invasiveness. Thus, using ISA-2011B to inhibit PI3K/Akt signaling axis may in 

turn destabilize the steroid hormone receptors and their activity, ultimately 

overcoming treatment-resistant phenotype and inhibiting PCa growth. 

Moreover, combination therapy using ISA-2011B together with enzalutamide or 

tamoxifen could be used to target CRPC and poor treatment response of PCa 

cells that harbor AR-V7 clones or show elevated ERα signaling. Whereas 

combining tamoxifen and clodronate may help to prevent metastatic events. 

From all in all, there are many factors that may contribute to PCa progression, 

metastatic growth and treatment resistance, and finding what exactly causes the 

observed phonotype may not always be a straight forwards answer. In this 

context, applying multilayers genomic profiling techniques to study large 

patient cohorts might bring us one step closer towards precision therapy and 

assist in eradicating the lethal disease. 
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