
 
 

 

 

 

 

 

EXAMINATION OF PROSTATE CANCER STEM-LIKE CELL ASSOCIATED 

FACTORS FOR THEIR CONTRIBUTION TOWARDS THE  

DEVELOPMENT OF CASTRATION RESISTANT PROSTATE CANCER 

 

 

 

 

 

 

 

By NICHOLAS WONG, B.Sc. 

 

 

 

 

A Thesis Submitted to the School of Graduate Studies 

in Partial Fulfilment of the Requirements for the Degree Doctor of Philosophy 

 

 

 

 

 

 

 

 

 

 

 

 

McMaster University  

© Copyright by Nicholas Wong, September 2016 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

ii 
 

DOCTOR OF PHILOSOPHY (Ph.D.) (2016)                        McMaster University 

Department of Medical Sciences                                    Hamilton, Ontario, Canada 

 

 

 

 

 

 

TITLE: Examination of Prostate Cancer Stem-like Cell Associated 

Factors for their Contribution Towards the Development of 

Castration Resistant Prostate Cancer 

 

AUTHOR:  Nicholas Wong, B.Sc. (University of Waterloo) 

 

SUPERVISOR:  Dr. Damu Tang, Ph.D. 

 

PAGES:  xxvii, 279 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

iii 
 

ABSTRACT 

 

 Although early detection and treatment of prostate cancer (PC) shows 

some benefit, advanced PCs that progress despite androgen deprivation become 

castration resistant (CRPC). This stage becomes largely incurable as CRPCs are 

intimately associated with metastasis, the predominant cause of PC-related 

fatalities. Increasing evidence reveals the role of prostate cancer stem cells 

(PCSCs) in mediating PC progression. Taking advantage of our putative PCSC 

population derived from DU145 cells, we have examined a number of candidates 

for their contribution to PCSC-related PC progression and CRPC development. 

 PKM2 plays a major role in cancer cell metabolism by inducing a shift 

towards aerobic glycolysis (the Warburg effect) to convert metabolic 

intermediates into cellular building blocks. PKM2 has also been demonstrated in 

non-metabolic oncogenic functions. Here we reveal an association with higher 

Gleason PC tissues, and distinct post-translational modifications in our PCSCs. 

MUC1 is a well-known tumour associated antigen with widespread oncogenic 

effect. We demonstrate increased MUC1 expression in our PCSCs, upregulation 

following docetaxel treatment in vivo, and a unique MUC1 network gene 

signature which may be used to predict CRPC. FAM84B is a novel protein in 

cancer, and we demonstrate higher expression of FAM84B in our PCSCs and in 

two animal models of CRPC. Using gene expression databases, both MUC1 and 

FAM84B were revealed to associate with metastasis and CRPC. Lastly, CSCs are 
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widely regarded as being chemoresistant, and we have revealed elevated 

expression of a drug transporter ABCC2 in our PCSCs and in higher Gleason PC 

tissues. We also present preliminary evidence that ABCC2 may contribute to 

docetaxel resistance in DU145 sphere-derived subcutaneous xenografts. 

 Co-expression of these four factors in our putative DU145 PCSCs and 

their widespread impact on diverse mechanisms of cell proliferation and survival 

underscores the importance of PCSCs in promoting advanced prostate cancer.  
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PREFACE 

 

 This thesis is prepared in a “sandwich” thesis format as outlined in the 

“Guide for the Preparation of Master’s and Doctoral Theses” available through 

McMaster University’s School of Graduate Studies. The content within is 

composed of three individual manuscripts and a fourth set of unpublished work. 

 Chapter 1 begins by providing a general introduction and overall theme to 

the author’s Ph.D. candidacy and ends with the goals and objectives of the 

research. Chapters 2 – 4 consist of independent studies organized into complete 

manuscripts, prefaced with details about author contributions and relation to this 

thesis. The manuscript in Chapter 2 was accepted and published in 2014, while 

Chapters 3 and 4 contain manuscripts which have been submitted and are under 

revision at the time this thesis was prepared. In Chapter 5, an additional set of 

unpublished work is organized and discussed as partial data to be included in a 

future manuscript. The Ph.D. candidate is/will be the first author of all work 

contained in this thesis. Lastly, Chapter 6 includes detailed discussions, future 

work, and clinical relevance of the author’s research. 

 References cited within each manuscript are presented independently of 

one another and formatting styles are consistent with their respective journals. 

The remaining citations used throughout Chapters 1, 5, and 6 appear as a final 

Reference section following Chapter 6. Canadian spelling is used throughout the 

thesis; however American spelling is used in submitted manuscripts to comply 
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with journal standards (Chapters 2 – 4). License agreements for use of published 

work are included in the final Appendix section. 
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INTRODUCTION 

 

1.1 - Prostate Cancer and Metastasis 

 

The prostate is a walnut shaped gland surrounding the male urethra and is 

located just below the bladder. Found only in mammals, its primary function is to 

secrete enzymes, lipids, amines, and metal ions into seminal fluid which aid in 

sperm mobility and nutrition, protection from acidity and bacteria, and 

coagulation (Kumar & Majumder 1995). The prostate consists of three 

histologically distinct regions. The first is the peripheral zone (PZ) which covers 

approximately 70% of the prostate mass, and is the region from which most 

prostate carcinomas originate. The central zone (CZ) comprises 25%, and the 

transition zone encompasses the remaining 5% (Figure 1.1). To fulfill its role as a 

secretory organ the prostate is comprised of a ductal-acinar histology, which 

allows it to slowly accumulate and rapidly expel small volumes of fluid. This 

system is similar to that of larger secretory organs such as the pancreas (Abate-

Shen 2000; McNeal 1988). 
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Figure 1.1. Histology and distinct regions of the normal prostate (adapted from 

McNeal 1988) 

 

Comprising the prostatic epithelium are three major cell types which differ 

from each other on the basis of morphological characteristics, functional 

significance, and importance to carcinogenesis. They are organized into two 

separate compartments of the prostate gland; the basal layer and the luminal layer 

(Figure 1.2)(Miki 2010). The major prostate epithelial cell is the luminal cell, 

which is androgen-dependent and responsible for producing secretory proteins. 

Luminal cells have a low proliferative capacity, high rate of apoptosis, and are 

characterized by their expression of androgen receptor (AR), prostate specific 

antigen (PSA), cytokeratins 8 and 18 (CK8 and CK18), and the cell surface 

marker CD57. Forming a second layer in the prostate gland are basal cells, which 

are the second major cell type (Figure 1.2). Basal cells do not produce secretory 

proteins, but are marked by their expression of CK5, CK14, and CD44. They have 
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a high capacity for proliferation, low rate of apoptosis, and are androgen-

independent. Neuroendocrine cells thought to provide peptide growth factors to 

the luminal cells make up the last type, and are androgen-independent cells 

dispersed throughout the basal layer (Abate-Shen 2000; Kasper 2008; Lam & 

Reiter 2006). Finally, the basal lamina encapsulates the entire glandular structure 

and separates it from the stroma and rest of the prostate. 

 
Figure 1.2. Cross section depicting the major cell types and layers of a normal 

prostate gland (adapted from Abate-Shen 2000) 

 

Prostate cancer (PC) is the most often diagnosed cancer in men (Abate-

Shen 2000), and according to the Canadian Cancer Society, approximately 24000 

Canadian men were diagnosed and 4100 died from the disease in 2015. PC more 

often affects elderly men and is thus a larger concern in first-world countries. 

Three of the greatest risk factors for the development of PC are age, ethnic origin, 

and heredity, while exogenous factors such as food consumption and 

environmental exposure can also contribute. Early detection has been aided by the 
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testing of serum for increased levels of PSA (secreted by proliferating luminal 

cells) and digital rectal examination (Heidenreich et al. 2014), and treatment plans 

following diagnosis include active surveillance, local surgical excision, radiation, 

chemotherapy, and immunotherapy (Abate-Shen 2000; Gottesman et al. 2002). 

Progression of the disease and effectiveness of therapies can be tracked by testing 

for serum PSA levels or collecting prostate tissue biopsies with a small needle. 

Methods for early intervention and treatment have greatly reduced the number of 

fatalities caused by PC, but patients at advanced stages remain largely incurable 

(Abate-Shen 2000). 

 

 
Figure 1.3. Prostate cancer progression from normal epithelium to metastatic 

disease (adapted from Abate-Shen 2000) 

 

 While mechanisms leading to PC initiation and progression remain 

incompletely understood, accumulative evidence reveals a major role of genomic 

instability. From this, abnormal processes such as telomere shortening, activation 

of driver oncogenes, loss-of-function mutations in tumour suppressor genes, and 

loss of heterozygosity can occur (Gonzalgo & Isaacs 2003). Whole genome 
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sequencing studies have revealed that, compared to other solid tumour types, PC 

demonstrates very few genomic mutations and instead is caused by deletions, 

translocations, and gene fusions. Important alterations involve deletion of the 

powerful tumour suppressor, phosphatase and tensin homolog (PTEN)(Di 

Cristofano & Pandolfi 2000), and amplification of AR (Kluth et al. 2015; Grasso 

et al. 2012). Aside from these, one of the most common occurrences in PC is 

fusion of the TMPRSS2 gene with members of the large ETS family responsible 

for transcriptional regulation. Fusions frequently occur with ERG, ETV1, ETV4, 

and ETV5. 40-70% of PC cases are positive for TMPRSS2-ERG fusion making it 

the most regularly altered member, likely because both genes are located at 

chromosomal locus 21q22 (Tomlins et al. 2008; Burdova et al. 2014). Studies 

have shown that although the TMPRSS2 gene codes for an untranslated mRNA, 

its androgen-responsive elements allow for overexpression of ERG via the gene 

fusion. Androgen mediated stimulation increases ERG expression in PC cells in 

vitro and castration of mice decreases its levels in xenografts. Knockdown of 

ERG inhibits invasion and reduces expression of genes associated with PC 

(Tomlins et al. 2005; Hendriksen et al. 2006; Mertz et al. 2007; Tomlins et al. 

2008). Another genomic region that greatly impacts many cancer types including 

PC is cytoband 8q24. Classified as a gene desert because of a 1.2Mb long region 

absent of coding genes, flanking either end are the FAM84B and c-MYC (an 

important pluripotency factor discussed in Section 1.5) genes (Al Olama et al. 
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2009). Within the gene desert lies a pseudogene of OCT4 (a second important 

pluripotency factor discussed in Section 1.5), POU5F1P1/POU5F1B (Ghoussaini 

et al. 2008). Alterations in c-MYC have been well studied as contributing to PC 

tumourigenesis (Van Duin et al. 2005; Liu et al. 2008) and increased POU5F1P1 

expression has also been observed (Kastler et al. 2010), indicating this genomic 

region is important in PC progression. Further studies determined that this gene 

desert contains regulatory elements and enhancers, and contributes to 

tumourigenesis by interacting with distant target genes (Meyer et al. 2011; 

Pomerantz et al. 2009; Du et al. 2015), emphasizing its impact on PC. 

The accumulation of alterations in the prostate epithelia leads to loss of 

basal cells, the basal lamina, and ultimately metastasis. In the 1960s, a histology-

based method of assessment was developed for prostate carcinoma by Dr. Donald 

F. Gleason and his colleagues. Now the most commonly used system for 

determining pathology of the disease, the Gleason grading system categorizes 

adenocarcinomas into five different grades based on histological patterns and 

glandular differentiation. The grading stages progress in order of severity from 

Grade 1 to Grade 5. When a histological section of prostate carcinoma is 

examined for diagnosis, a Gleason Score (GS) is given which provides grades for 

the two most common cell patterns. In doing this, a more definitive diagnosis can 

be made and an overall score adding the two grades together is provided. 

Therefore, GS ranges from 2-10 with 10 being the most severe (Humphrey 2004). 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

8 
 

Gleason Grade 1 is identified by minimally differentiated glands which remain 

circular and individualized, appearing the most similar to healthy prostate. 

Throughout the stages up to Grade 5, the glands become more elongated and 

irregularly shaped, decrease in size, and begin forming chain-like structures. At 

the most detrimental stage, glands become extremely difficult to identify because 

of severe cell diffusion and decreased glandular size (Figure 1.4). At a more 

cellular level, prostate cancer progression is defined by the loss of basal lamina 

cells and proliferation/migration of luminal cells within the glands. 

 

 
Figure 1.4. Representative drawings of the five different Gleason grades used to 

determine the pathology of prostate cancer tissues (adapted from Humphrey 2004) 
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The end result of failed therapies (discussed further in Section 1.2) is 

metastatic castration resistant prostate cancer (mCRPC), which is defined as a 

biochemically or clinically progressive metastatic disease despite the loss of 

serum testosterone levels (Collins et al. 2006), and is the cause of most prostate 

cancer related fatalities. At this stage, life expectancy is only between 1-4 years 

(West et al. 2014; Scher et al. 2008), and very few treatment options are available 

due to a lack of understanding of the cancer’s progression (Watson et al. 2015). 

CRPCs may result from selection for androgen-independent cells already present 

in the heterogeneous tissue at the time of treatment, and/or an accumulation of 

genetic modifications and adaptive responses inferring survival to tumour 

initiating cells (Hadaschik & Gleave 2007). One major cause of castration 

resistance is the persistence of AR signalling despite attempts to abolish 

circulating androgen. Mechanisms include upregulation of AR expression, in situ 

steroid synthesis, point mutations in the DNA binding domain for continued 

activation of gene targets, constitutively active splice variants, and secondary 

pathways which can stimulate the AR pathway (Graham & Schweizer 2016). 

The difficulty of treating PC is that the disease often progresses to 

metastasis, and out of all newly diagnosed cases roughly 20% are metastatic. The 

most common site for metastasis is bone, but other major sites include distant 

lymph nodes, the liver, and the thorax (Gandaglia et al. 2014). Initial hormonal 

therapies such as androgen deprivation therapy (ADT) cause considerable bone 
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loss (Shahinian et al. 2005; Diamond et al. 2004; Preston et al. 2002), so the 

impact of bone metastasis on the skeleton is tremendous. Migrated PC cells can 

also induce osteoblasts to increase bone formation and osteoclasts to upregulate 

bone absorption. Such compounding factors and excessive activity cause major 

symptoms including pain, bone fractures, spinal cord compression, suppression of 

bone marrow growth, and hypercalcemia, which are all key causes of morbidity 

(Bagi 2003). It was revealed that individuals with less than six bone metastases 

had a more favourable survival outcome than those with six or more (Soloway et 

al. 1988), highlighting the impact of bone metastasis on life expectancy.  

 

1.2 – Therapeutic Approaches for Treating Prostate Cancer  

 

 
Figure 1.5. The course of prostate cancer therapies over time based on serum 

PSA concentrations (Acquired with permission from a presentation by Dr. Bobby 

Shayegan, 2014) 

 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

11 
 

 The progression of prostate cancer can be tracked by digital rectal 

examinations, tissue biopsies, and serum PSA concentrations (Figure 1.5). In the 

initial stages of development, the disease can be remedied through surgical 

excision of the tumour. More aggressive forms such as higher Gleason and 

metastatic cancer are treated using ADT, which acts to eliminate or block the 

function of testosterone in the body. Removal of testicular-derived androgens can 

be achieved through bilateral orchiectomy and/or administration of synthetic 

analogues of gonadotropin-releasing hormone or luteinizing hormone-releasing 

hormone. Adrenal glands also produce androgens which can be counteracted by 

additional anti-androgen synthetics (Eisenberger et al. 1998). The desired effect is 

apoptosis of androgen-dependent cancerous cells derived from normal androgen-

dependent prostate epithelial cells (Abate-Shen 2000). Unfortunately this therapy 

is often short-term and leads to CRPC. 

 Normally when dihydrotestosterone (DHT) binds to AR in the cytoplasm, 

it induces a conformational change in the receptor which releases it from 

stabilizing chaperone proteins and allows for the formation of a homodimer and 

translocation to the nucleus. Here, AR activates transcription of target genes such 

as PSA, KLK2, NKX3A, TMPRSS2, TMEPA1, and SPAK involved in the 

growth, survival, and differentiation of PC cells (Tan et al. 2014; Nelson et al. 

2002; Attar et al. 2009; Kahn et al. 2014). But in malignant cells, constant AR 

signalling leaves the expression of these genes unchecked.  Consistent AR 
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signalling despite ADT is a key factor in the perpetuation of CRPC development. 

Therapeutic options used to help impede AR signalling include inhibitors of the 

androgen receptor, androgen biosynthesis blockers, and blockade of the AR 

signalling pathway.  Antiandrogens such as bicalutamide, nilutamide, and 

flutamide act to block the receptor from binding testosterone. However these 

compounds provide modest benefits (Group 2000) and in the long term can 

actually act as agonists and stimulate AR signalling (Chen et al. 2004; Tran et al. 

2009). A powerful androgen synthesis blocker, abiraterone, indirectly inhibits the 

production of testosterone from not only the testes and adrenal glands if the 

patient is pre-castration, but also from the cancerous tumour itself (Schweizer & 

Antonarakis 2012). Clinical trials examining the efficacy of abiraterone in 

mCRPC patients yielded positive and promising results by improving overall 

survival (Han et al. 2015). The first approved inhibitor of AR signalling, 

enzalutamide, functions using a novel mechanism of action. By blocking the 

binding of androgens to AR, impairing nuclear translocation, and inhibiting DNA 

binding, this compound revealed positive clinical responses in multiple studies 

involving mCRPC patients (Schalken & Fitzpatrick 2016). 

 An alternative modality for treating CRPC is immunotherapy, which takes 

advantage of the host’s immune system and the concept that genetic and 

epigenetic changes in cancerous cells create new foreign antigens (Farkona et al. 

2016). One major breakthrough for the treatment of mCRPC was development of 
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the sipuleucel-T vaccine. Peripheral blood mononuclear cells are purified from 

the patient’s own blood and presented with a fusion protein of prostatic acid 

phosphatase (PAP) and granulocyte-macrophage colony stimulating factor (GM-

CSF). This promotes differentiation into dendritic cells which when reintroduced 

back into the patient will generate PAP-derived immunogenic responses (Gulley 

et al. 2016). Sipuleucel-T is an example of an ex vivo vaccine where the patient’s 

own immune cells are harvested, processed, and re-infused. On the other hand, in 

vivo vaccines act by injecting the patient with a cocktail of tumour associated 

antigens (TAAs) and targeting molecules to present the peptides to immune cells 

(Gerritsen 2012). TAAs are proteins expressed in both normal and cancer cells 

but are mutationally altered in the latter (de Paula Peres et al. 2015). The strategy 

of displaying these peptides to dendritic and other antigen presenting cells (APCs) 

can be applied to many different PC-related proteins including PAP, PSA, HLA-

A2, and MUC1 (Gerritsen 2012; Major et al. 2012; McNeel 2007). Other forms of 

immunotherapy include the use of monoclonal antibodies targeted against 

antigens on the tumour cell surface, oncolytic viruses which specifically target 

and lyse cancer cells, and the use of immune checkpoint inhibitors (Farkona et al. 

2016). 

 Following failure of ADT and immunotherapy strategies, the next line of 

defense against mCRPC is chemotherapy. One class of powerful anti-cancer 

drugs is the taxanes, derived from the bark of the yew tree but later on produced 
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synthetically. They are able to stably bind to tubulin in microtubules and prevent 

their depolymerisation, leading to a disruption in cytoskeletal dynamics, mitotic 

arrest, and eventual apoptosis (Baker et al. 2006; Abidi 2013). The first agent 

discovered was paclitaxel in 1967 (Wani et al. 1971) and approved for clinical use 

for multiple cancers in 1995 (Jordan & Wilson 2004). Clinical trials with mCRPC 

patients examining its use alone or in combination with other drugs demonstrated 

increases in overall survival and a decline in PSA levels (Solit et al. 2003; Smith 

et al. 2003; Trivedi et al. 2000). In 2004 the semisynthetic taxane docetaxel, a 

more active derivative of paclitaxel (Paller & Antonarakis 2011), was approved 

by the FDA. Several clinical trials involving men diagnosed with mCRPC 

revealed the efficacy of docetaxel treatment over paclitaxel in improving median 

survival and quality of life while reducing pain and serum PSA levels. 

Unfortunately, the survival benefit of docetaxel was found to only be 2 to 3 

months (Petrylak et al. 2004; Tannock et al. 2004; Berthold et al. 2008). In 

addition, some tumours may either develop docetaxel resistance or be entirely 

insensitive to its effects (Paller & Antonarakis 2011). For these reasons, a second-

generation taxane, cabazitaxel, was approved for clinical use in 2010. This agent 

similarly binds to microtubules and interrupts cellular dynamics, but although its 

mechanism of action is similar to paclitaxel and docetaxel, studies revealed an 

increased efficiency due to low substrate affinity to ATP-dependent drug efflux 

pumps, higher intratumoural accumulation, and targeting of its own distinct 
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molecular pathways (De Leeuw et al. 2015; de Morrée et al. 2016; Borst et al. 

2000). Early experiments in 2000 established cabazitaxel’s superior effectiveness 

in treating models of paclitaxel and docetaxel resistance (Bono et al. 2010). 

Clinical trials examining treatment with cabazitaxel revealed an improvement in 

overall survival by another 2 to 3 months for mCRPC patients who had become 

docetaxel-resistant (Bono et al. 2010; Mita et al. 2009). To this day, docetaxel and 

cabazitaxel remain the first and second lines of defense against mCRPC. 

 

1.3 - Prostate Cancer Stem Cells 

 

The severity of advanced PC owes to the extremely complex network of 

characteristics such as cell heterogeneity, adaptation to therapeutic treatment, and 

a variety of cellular events which all come together to both initiate and perpetuate 

the disease (Chang et al. 2014). One viewpoint to understand this heterogeneity is 

the stochastic model (Figure 1.6), which states that all cells of a tumour are 

biologically equivalent but can be influenced by intrinsic and extrinsic factors 

which alter their gene expression. Therefore, any cancer cell is capable of 

initiating tumour formation, and cannot be isolated based on unique traits. 

However, one of the growing cancer models widely referred to today is the cancer 

stem cell (CSC) or hierarchy model (Figure 1.6), which states that the disease can 

originate from or be re-populated by only a small percentage of cells with stem-

like characteristics and differentiation potential. In this paradigm, tumour 
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initiating cells may be isolated based on their intrinsic traits for future in vitro 

study (Dick 2009).  

By definition, a stem cell is able to differentiate into a heterogeneous 

group of cells, have the capacity for self-renewal, and maintain homeostatic 

control according to environmental signals (Dalerba et al. 2007). They are also 

known to exist in a quiescent state (Dean et al. 2005), growing slowly and only 

proliferating in times of tissue repair. It is also widely accepted that normal and 

cancer SCs possess anti-apoptotic and drug-resistant properties to ensure survival. 

In 1971 it was revealed that although mouse myelomas can arise from a single 

cell, the resulting tumour cells are not identical, providing evidence of tumour 

heterogeneity (Park et al. 1971). Additionally, serial transplantations of putative 

CSCs from mouse to mouse provided evidence of their self-renewal capacities. 

However, the question of whether CSCs are originally normal stem cells or if they 

are cancer cells with acquired stem-like traits remains to be determined 

(Regenbrecht et al. 2008). 
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Figure 1.6. The two models of tumour heterogeneity (adapted from Dick 2009) 

 

 If tumours can truly be regenerated from a small population of slowly 

proliferating CSCs, then aggressive treatment strategies which rely on targeting 

actively dividing cells such as chemotherapy and radiotherapy would prove 

ineffective. For this reason it became apparent to develop stem cell specific 

approaches, and to do that, isolation methods became imperative. One such 

approach established in the 1990s is the exclusion of Hoechst 33342, a fluorescent 

dye commonly used for DNA staining in live cells. In staining murine bone 

marrow cells, researchers observed an unusual emission pattern which led them to 

discover a small subset of cells which expressed haematopoietic stem cell surface 

markers, greater stem cell activity, and higher in vivo tissue reconstitution 
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capacity. Further examination identified an ATP-dependent drug transporter 

protein as the cause of Hoechst dye efflux (Goodell et al. 1996). This led to the 

principle of Hoechst dye exclusion in identifying CSCs, deemed the side-

population, in various cancers such as brain, breast, lung, intestine, liver, and 

ovarian (Szotek et al. 2006; Chiba et al. 2006; Komuro et al. 2007; Hirschmann-

Jax et al. 2004; Kondo et al. 2004). The exclusion of dye governed by drug-

transporter proteins implies the ability to evade anti-mitotic effects of cytotoxic 

drugs, which is one of the main causes of cancer relapse for many organ types. 

Due to the proposed similarities between normal and cancer SCs, many 

have attempted to isolate CSCs using the same cell surface markers indicative of 

their counterparts from normal tissue. Once the expression of these markers is 

confirmed, the small population of cells can be isolated in vitro as a single cell 

suspension from the bulk tumour (Dalerba et al. 2007). The first CSCs to be 

identified originated from acute myeloid leukemia, and expressed markers similar 

to normal haematopoietic stem cells (CD34
+
CD38

-
). This population possessed 

high proliferative and self-renewal characteristics, and were able to generate 

leukemia in NOD/SCID mice (Bonnet & Dick 1997). Since then, researchers have 

been able to extend these strategies to identify CSCs from a variety of other 

organs including the brain, breast, colon, pancreas, and prostate (Li et al. 2007; 

Ricci-Vitiani et al. 2007; Al-Hajj et al. 2003; Singh et al. 2003). All of these stem-

like cells displayed specific surface markers allowing for separation from the rest 
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of the heterogeneous population. Work in vitro demonstrated that these cells 

possessed self-renewal capacity and increased rates of proliferation. Studies in 

vivo in NOD/SCID mice further supported these findings, determining that fewer 

cells with these antigenic profiles were able to initiate tumours histologically 

indistinguishable from human samples while cells lacking the cell surface markers 

could not form tumours at all.   

 Once the CSC population is identified and isolated through Hoechst dye 

exclusion or cell surface marker status by fluorescence activated cell sorting 

(FACS), it can be propagated and studied in vitro under anchorage-independent 

conditions. Under serum free media (SFM) conditions CSCs can be enriched for 

and propagated as spheres in suspension (Li et al. 2007; Ricci-Vitiani et al. 2007; 

Al-Hajj et al. 2003; Singh et al. 2003), a concept that was first demonstrated for 

normal neural stem cells (Reynolds & Weiss 1992) and eventually extended to 

many cancer types such as brain, lung, ovarian, breast, prostate, and colon 

(Dubrovska et al. 2008; Dontu et al. 2003; Wei et al. 2007; Eramo et al. 2008; 

Zhang et al. 2008; Kondo et al. 2004; Ricci-Vitiani et al. 2007). One of the 

advantages to spheroid culture is its similarity to 3D tissues, allowing researchers 

to test treatment regimens on a multidimensional model. Anti-cancer strategies 

such as chemotherapy and radiotherapy act differently in single versus multi-layer 

cellular organizations, making sphere-based studies a powerful in vitro tool prior 

to animal studies (Hirschhaeuser et al. 2010). 
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In the normal prostate, a gland is separated into the basal and luminal 

layers. Luminal cells express AR and rely on androgens for growth while basal 

cells are largely negative for AR. Androgen depletion studies performed on 

murine models in the 1980s uncovered that following ADT, 90% of luminal cells 

underwent apoptosis causing involution of the gland, while the basal cells 

preferentially survived (Kyprianou & Isaacs 1988). If androgen was resupplied, 

secretory glandular structures could be restored. This cycle of cell death and 

regeneration could be repeated up to 30 times, suggesting the survival of a small 

population of prostatic epithelial stem cells (PESCs) in the basal layer capable of 

restoring tissue and function (Tsujimura et al. 2002). Throughout the years it has 

been shown that basal cells are mostly undifferentiated and retain a high 

proliferative potential while growing slowly under normal conditions, further 

supporting the existence of quiescent PESCs in the basal layer (Schalken & Van 

Leenders 2003). Using prostate basal cells as a starting point, cell surface markers 

that have been determined to identify PESCs include CD44, α2β1 integrin, and 

CD133 (Collins et al. 2001; Richardson et al. 2004; Vander Griend et al. 2008; 

Patrawala et al. 2007). CD133 was first used to identify haematopoietic and 

endothelial stem cells (Shmelkov et al. 2005), but was later extended to many 

tissue and cancer types. Studies examining the co-expression of markers 

demonstrated that this cell surface signature represents only about 1% of the 

population which agrees well with the stem cell model (Pellacani et al. 2011). 
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Cells with the CD44
+
α2β1

hi
CD133

+
 phenotype could be isolated from tumours 

with varying Gleason Grade and metastatic status, suggesting that such antigenic 

profiles may also identify prostate cancer stem cells (PCSCs). Characterization of 

these cells revealed a higher capacity for proliferation, self-renewal, 

differentiation, and invasion (Collins et al. 2005). Hoechst dye exclusion has also 

been used to isolate stem-like populations from multiple PC cell lines which 

demonstrated greater colony formation and tumourigenic potential (Chen et al. 

2012). Enrichment of stem-like cells as non-adherent spheres in SFM conditions 

has also been done for several other PC cell lines with similar observations 

(Zhang et al. 2012). 

  

1.4 - Cancer Metabolism and Prostate Cancer Stem Cells 

 

Efficient breakdown and use of energy sources is imperative for cell 

survival and proliferation, and cancer cells are no different. In normal cells, 

glucose metabolism in the presence of oxygen is primarily governed by 

mitochondrial oxidative phosphorylation (OXPHOS). In the cytoplasm, glucose is 

metabolized via glycolysis through a series of intermediates into the final product 

pyruvate, which enters the mitochondria and is further oxidized for energy 

production. Oxygen, as the final electron acceptor, is necessary for this process. 

Alternatively in the absence of oxygen, cells undergo anaerobic glycolysis in 

which pyruvate is converted into lactate. OXPHOS generates 36 mol ATP/mol of 
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glucose, making it the more efficient of the two pathways (Figure 1.7, 

left)(Heiden et al. 2009).  

Almost a century ago, Otto Warburg was the first to discover that cellular 

respiration in cancer cells was altered, revealing an accelerated process of 

glycolysis in conjunction with a decreased need for oxygen consumption (Higgins 

et al. 2009; Warburg et al. 1927; Warburg 1956). More specifically, increased 

levels of lactate were observed even in the presence of oxygen, indicating cancer 

cells were shuttling glucose through the glycolysis pathway despite 4 mol 

ATP/mol glucose produced (Figure 1.7, right)(Heiden et al. 2009). This was 

eventually termed aerobic glycolysis, or the Warburg effect (Warburg 1956; 

Warburg et al. 1927). Studies have shown that cancer cells upregulate aerobic 

glycolysis by altering pathways which enhance its activity, such as the 

PI3K/AKT/mTOR pathway, HIF-1α, and c-MYC (Porporato et al. 2011; 

Chaneton & Gottlieb 2012). All of these observations pointed towards a 

significant phenomenon occurring in tumourigenic cells. Further investigations 

established that the glycolytic intermediates could be utilized as cellular building 

blocks, acting as preliminary structures for conversion into nucleotides, amino 

acids, and lipids. With a pool of macromolecules standing by, cellular 

proliferation can continue on with fewer resource-limiting restrictions (Wong et 

al. 2013; Hsu & Sabatini 2008; Heiden et al. 2009). 
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Figure 1.7. Schematics of  the oxidative phosphorylation, anaerobic glycolysis, 

and aerobic glycolysis pathways 

 

 ADT significantly reduces blood flow to the prostate inducing a hypoxic 

environment which can alter growth and sensitivity to apoptotic signals (Ghafar et 

al. 2003). Hypoxia is the deprivation of oxygen supply, and can also arise within 

solid tumours when the speed of proliferation outpaces proper vascularization for 

oxygen delivery. Studies have shown that growth in hypoxic conditions leads to 

more aggressive and less responsive disease (Semenza 2000; Vaupel et al. 2001; 

Ghafar et al. 2003). In DU145 cells hypoxia induced higher expression of HIF-1α 

(Bourdeau-Heller & Oberley 2007), a transcription factor responsible for 

regulating anaerobic metabolism, proliferation, and metastasis (Carmeliet et al. 

1998; Semenza 2007). Hypoxia is also important in maintaining the tumour 
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microenvironment for CSCs by influencing self-renewal and differentiation, in 

part by upregulating stemness factors (Li & Rich 2010). Additionally, epigenetic 

modifications can promote metabolic reprogramming and induction of CSCs 

which have been found to overexpress important metabolic proteins such as 

glycine decarboxylase and pyruvate kinase M2 (Luo & Semenza 2012; Zhang et 

al. 2013; Vincent & Van Seuningen 2012; Dominy et al. 2012). Taken together, 

ADT, hypoxia, and altered metabolic pathways may create a microenvironment 

ideal for CSC maintenance and progenitor proliferation. 

 

1.5 - Prostate Cancer Stem Cells Allow for Chemoresistance and Metastasis 

 

The CSC model (Figure 1.6) states that the heterogeneity of tumours is 

due to a small sub-population of tumour-initiating cells that retain stem-like 

characteristics. These CSCs are thought to remain in a quiescent state and able to 

produce more differentiated progenitor cells when needed to constitute the bulk 

tumour mass. Accumulating knowledge now points towards PCSCs as being a 

cause of PC relapse, chemoresistance, and metastasis (Clarke & Fuller 2006; 

Gupta et al. 2009), with many mechanisms being upregulated which contribute to 

their therapeutic resistance (McCubrey et al. 2010). Thus, specific targeting of 

these pathways in CSCs has become crucial to controlling CRPC. However, 

because of the limited choice of markers which differentiate CSCs from normal 

stem cells, this remains challenging. 
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A large effort has been made to establish the possible signalling pathways 

which provide mechanisms for chemoresistance in PCSCs. The 

PI3K/AKT/mTOR pathway has been associated with both tumourigenesis and 

therapeutic resistance in many cancers owing to its control over many cellular 

functions including cell survival, proliferation, metabolism, angiogenesis, 

differentiation, and migration (Bitting & Armstrong 2013). In PC specifically, its 

activation has been strongly correlated with disease progression (Taylor et al. 

2010; Pourmand et al. 2007; Reid et al. 2010). Activity of the PI3K/AKT/mTOR 

pathway is governed by the potent tumour suppressor PTEN, which is a 

frequently mutated gene in human cancers (Di Cristofano & Pandolfi 2000), and 

in PC these alterations lead to higher Gleason Score, poorer prognosis, castration-

resistant growth, and higher incidence of metastasis (Pourmand et al. 2007; 

Mulholland et al. 2011). It has been established that PTEN mutation results in 

CSC emergence, maintenance, and tumourigenic capacity (Yilmaz et al. 2006; 

Dubrovska et al. 2008), and PTEN
-
 PC cells demonstrated greater resistance to 

doxorubicin and paclitaxel by induction of ABC transporter expression (Lee et al. 

2004). PCSCs were also found to be more resistant to etoposide and docetaxel 

treatment (Yan & Tang 2014). Inhibition of the PI3K/AKT/mTOR pathway 

reduced sphere formation capacity and chemoresistance in a population of stem-

like PC cells (Ni et al. 2014). Targeting of this pathway using a dual inhibitor 

sensitized CRPC cells to docetaxel both in vitro and in vivo (Yasumizu et al. 
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2014). Based on the considerable amount of data which exists on this topic, it is 

evident that the PI3K/AKT/mTOR pathway greatly contributes to PC progression 

and chemoresistance, which may be attributable to PCSCs. 

The Wnt/β-Catenin signalling pathway controls cell fate, proliferation, and 

migration, enhances AR transcriptional activity, and has been implicated in 

chemoresistance and CSC biology. Stimulation of Wnt/β-Catenin along with AR 

expression strongly correlated with the aggression and metastasis of PC cases 

(Truica et al. 2000; Jung et al. 2013). Activation of this pathway was found to 

promote PC progression in an animal model (Yu et al. 2011), and downregulation 

reduced stem-like characteristics in PC cells, tissues, and in vivo models (Hsieh et 

al. 2013). Wnt/β-Catenin signalling also contributes to the self-renewal of normal 

and cancer SCs from multiple organ types including prostate. In PC cell lines, 

activation of the pathway caused upregulation of sphere size and self-renewal, 

while inhibition decreased both sphere formation and sphere size (Bisson & 

Prowse 2009). In brain and liver cancer cell lines chemoresistance to 5-

fluorouracil and docetaxel was mediated by the Wnt/β-Catenin pathway (Flahaut 

et al. 2009; Noda et al. 2009), and upstream signalling may also co-activate ABC 

transporters as suggested in ovarian cancer cells (Chau et al. 2012). 

The Hedgehog and Notch signalling pathways have important roles in 

tumour progression, metastasis, and the self-renewal of CSCs. Increased 

expression of these proteins was found in CRPC cells and patient-derived 
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circulating and tumour CRPC samples, as well as in a sub-population of PCSCs 

exhibiting docetaxel resistance (Zhu et al. 2013; Shaw & Prowse 2008; Domingo-

Domenech et al. 2012). Inhibition of either pathway leads to reduced cell growth, 

apoptosis, and resensitization to taxane therapy both in vitro and in vivo. 

Additionally, inhibition of Hedgehog signalling abolished the PCSC population in 

mCRPC cells while overexpression increased it (Singh et al. 2012; Wang et al. 

2011; Ye et al. 2012; Chang et al. 2011). Taken together, there are a number of 

different molecular signalling pathways prominent in PC that can impact PCSC 

biology, induction of chemoresistance, and development towards mCRPC. To 

make matters more complicated, compounding and overlapping mechanisms 

between the pathways also exist, underscoring the importance of targeting these 

signals for clinical success. 

There are two possibilities to address the origin of CSCs. Either a pre-

existing normal stem cell is transformed into a CSC as a result of mutation, or 

differentiated tumourigenic cells acquire stem-like characteristics such as self-

renewal and therapeutic resistance. Although many biological models describe a 

unidirectional modality of stem cell to differentiated progeny, more recent studies 

have demonstrated the reverse where terminally differentiated normal epithelial 

cells are able to de-differentiate back into stem-like cells. The same was true for 

tumourigenic cells which could convert back into CSC-like cells (Chaffer et al. 

2011). Termed epithelial to mesenchymal transition (EMT), this process is 
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characterized by the conversion of an epithelial cell into a mesenchymal cell 

(Giannelli et al. 2016) and normally occurs during embryogenesis and adult tissue 

repair (Okada et al. 1997). This event is marked by downregulation of epithelial 

traits such as cell-to-cell and cell-to-extracellular matrix adhesion, and a 

corresponding increase in mesenchymal traits like greater migration, invasion, 

and anti-apoptotic characteristics (Kalluri & Weinberg 2009). Coincidentally, 

these attributes are precisely what is necessary for cancer cells to undergo 

metastasis to distant sites (Dunning et al. 2011). 

The landmark discovery that ectopic expression of just four transcription 

factors could reprogram differentiated epithelial cells into induced pluripotent 

stem cells (iPSCs) had an enormous impact on the field of stem cell biology 

(Takahashi & Yamanaka 2006). Further studies revealed that iPSCs can form 

progeny of any cell type as evidenced by the formation of teratomas in mice (Park 

et al. 2008). Since then, transduction of the four transcription factors (SOX2, 

OCT4, c-MYC, and KLF4) has successfully reprogrammed primary prostate 

stromal fibroblasts into prostatic iPSCs which could differentiate into luminal-like 

cells expressing AR and PSA (Moad et al. 2013). These observations supported 

the possibility that PC cells could also undergo EMT through activation of the 

four pluripotency factors. In support of this, OCT4 expression and activation of its 

target genes was found to be increased in a docetaxel resistant line which also 

displayed greater tumourigenicity in vivo (Linn et al. 2010). Furthermore, the 
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upregulation of SOX2 and OCT4 in PC stem-like populations has been reported 

by multiple groups, as well as greater transcript levels in PC tissues compared to 

normal prostate (Bae et al. 2010; Gu et al. 2007; Rybak & Tang 2013). From this 

it could be inferred that PCSCs initiate metastasis by upregulating pluripotency 

factors to allow for greater plasticity and EMT. Studies have shown isolated stem 

populations as being AR
-
 (Patrawala et al. 2006; Collins et al. 2005), and the cell 

surface marker CD166 which is high in CRPC cases corresponded with increased 

sphere formation in vitro (Jiao et al. 2012). Together these reveal a connection 

between PCSCs and CRPC which may provide explanation for the increased 

incidence of metastases at this stage.    

 

1.6 - Overall Objectives 

 

In recent years, our laboratory’s own research has demonstrated the 

isolation and characterization of a PC cell line with sphere-propagating 

capabilities and stem-like properties. The DU145 cell line was derived from a 

human prostatic carcinoma that had metastasized to the brain and was found to be 

androgen-independent (Mickey et al. 2007). This cell line is thus a good model 

for mCRPC, and is ideal to address the questions of androgen-independent 

metastasis. When seeded in serum free media (SFM), 1.25% of DU145 monolayer 

cells are capable of forming DU145 spheres (or prostate cancer stem-like cells, 

PCSLCs) which grow in suspension. 26% of these sphere cells are then able to 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

30 
 

initiate the formation of secondary spheres, which creates a line that can be 

passaged over 30 times without significant loss of their stem-like features (Rybak 

et al. 2011). Cell surface marker characterization of these PCSLCs indicated the 

expression of basal and luminal prostate epithelial cytokeratins as well as CSC 

markers such as CD44, CD24, and α2β1 integrin. Experimentation in vitro 

demonstrated the stem-ness of these PCSLCs. When seeded back into serum 

conditions, the spheres are able to differentiate back into the heterogeneous 

population of monolayer cells (validated by a reduction in stem cell surface 

marker expression), and can then be re-isolated back into spheres under serum 

free conditions. This aspect of our PCSLCs indicates a high capacity for 

plasticity. DU145 PCSLCs also displayed an enhanced tumourigenic capacity in 

NOD/SCID mice. 100-fold fewer cells were required to form tumours of the same 

volume compared to DU145 monolayer cells (Rybak et al. 2011). All of these 

findings have substantiated our belief that our DU145 PCSLCs represent a 

possible PCSC line.  

 Investigating the differences between our DU145 monolayer and DU145 

PCSLC lines may help to uncover the genes and mechanisms which allow for 

CSC maintenance and survival. Characteristics associated with advanced PC such 

as proliferation potential, cell plasticity, greater tumourigenicity and invasion, and 

increased chemoresistance can be inspected more closely in our DU145 PCSLCs. 

In examining these two cell populations our lab has conducted Affymetrix 
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microarray analysis, and in doing so created a list of the top twenty upregulated 

and downregulated genes in our PCSLCs compared to the parental cells. 

 The overall intent of the author’s research was to characterize as many 

candidates as possible and evaluate whether these genes are relevant in PC 

progression and clinical application. As such, this thesis is organized into 6 major 

chapters where four different candidate proteins are assessed for their contribution 

to PCSC biology and the stages of PC development. Chapter 2 discusses PKM2, 

the rate limiting enzyme of glycolysis which controls the metabolic fate of 

pyruvate. This work focuses on the differences of PKM2 in CSCs and its relation 

to PC progression. In Chapter 3 we investigate the glycoprotein MUC1 which 

apart from epithelial cell protection plays an important part in oncogene activation 

in PC. Here we examine its expression in PCSCs and its association with the 

various stages of PC. Chapter 4 attempts to shed light on FAM84B, which to date 

has had very little attention in the field of PC research. Its close chromosomal 

proximity and co-expression with pluripotency factors makes it an intriguing 

candidate in our PCSLCs and in advanced stages of cancer. Chapter 5 examines 

the possible contribution of an ATP-dependent drug transporter ABCC2 to 

docetaxel chemoresistance in PC. Lastly, Chapter 6 will discuss the overall 

significance of these candidates in CSC biology and clinical relevance for PC 

therapy. 
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CHAPTER TWO 

 

CHANGES IN PKM2 ASSOCIATE WITH  

PROSTATE CANCER PROGRESSION 
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The work here reveals that PCSLCs may be metabolically different from 

PC progenitor cells in vitro and/or in vivo on the basis of PKM2 expression, the 

rate limiting enzyme of aerobic glycolysis. This research demonstrated an 

association between PKM2 and advanced PC based on primary tissues and by 

utilizing PCSLCs as a disease model. Unique post-translational modifications 

were also identified in this population. Upregulation of aerobic glycolysis and 

protein-protein interactions with PKM2 in PCSCs may lead to altered cellular 

proliferation and/or more aggressive disease. 
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Preface 

 

Increases in PKM2 expression were found to associate with more 

advanced stages of PC (Gleason score 8-10) and DU145 PCSLC-derived 

subcutaneous xenograft tumours. Although comparable levels of PKM2 protein 

were detected in the DU145 parental and PCSLC lines, unique post-translational 

modifications were observed in the latter. These findings suggest alternative 

mechanisms of action and/or protein interactions in PCSCs that may allow for 

aggressive development of PC. As PCSCs typically grow slower than more 

differentiated cells, the possibility of alternative non-metabolic PKM2 

mechanisms is highly plausible. 
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ABSTRACT 

Pyruvate kinase M2 (PKM2) is essential for aerobic glycolysis, the 

dominant metabolic pathway utilized by cancer cells. To determine the 

association of PKM2 with prostate cancer (PC), we examined 29 primary PC and 

3 lymph node metastatic tumors; elevation of PKM2 was observed in Gleason 8--

10 tumors compared to Gleason 6-7 carcinomas. High PKM2 was detected by 

immunohistochemistry in more aggressive xenograft tumors derived from PC 

stem-like cells (PCSCs), compared to those produced from non-PCSCs. While 

PCSCs and non-PCSCs expressed comparable levels of PKM2, distinct post-

translational modifications were observed. Collectively, upregulation and specific 

modification to PKM2 associate with PC progression. 
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INTRODUCTION 

Cancer cells commonly elevate glucose uptake and increase lactate 

production concurrent with a reduction of oxidative phosphorylation in the 

presence of abundant oxygen, a phenomenon called aerobic glycolysis or the 

Warburg effect (1, 2). The increase in aerobic glycolysis together with its 

dynamic process enables glycolytic intermediates to be redirected for the 

biosynthesis of cellular building blocks (nucleotides, amino acids, and lipids) 

while also producing ATP. Therefore, aerobic glycolysis meets the demands of 

proliferating cells for both macromolecular synthesis and energy production (3, 

4). The M2 isoform of pyruvate kinase (PKM2) is an essential component in 

executing aerobic glycolysis in cancer cells, owing to its low level of pyruvate 

kinase activity, especially the dimeric form of PKM2, which controls glycolytic 

flux to direct intermediate metabolites towards the biosynthesis of cellular 

building blocks (5).  

A large body of evidence demonstrates that cancers predominantly express 

PKM2 (6). Immunohistochemical (IHC) analysis revealed the common 

expression of PKM2 in colon cancer (7), renal cell carcinoma (RCC) (8) and lung 

cancer (9). PKM2 is a potential marker for RCC (10, 11) and testicular cancer 

(12), and high levels of serum PKM2 were observed in patients with colon cancer 

(13), breast cancer (14), urological tumors (15), lung carcinoma, cervical cancer, 

and gastrointestinal tumors (16). Mass spectrometry has confirmed increases in 
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PKM2 levels, and its predominant presence in RCC, bladder carcinoma, 

hepatocellular carcinoma, colorectal cancer, lung carcinoma, and follicular 

thyroid adenoma (17). High levels of PKM2 indicate poor prognosis for patients 

with signet ring cell gastric cancer (18), and a unique pattern of four expressed 

genes, including PKM2, has predictive value on outcomes for mesothelioma 

patients undergoing surgery (19). Tumorigenic events commonly enhance 

glycolysis via regulating PKM2. The PI3K-AKT-mTOR pathway upregulates 

PKM2 (20, 21), while PTEN (which inhibits this pathway) suppresses PKM2 

expression (5, 22, 23). Collectively, accumulating evidence reveals an important 

role of PKM2 in promoting tumorigenesis via directing aerobic glycolysis.  

This is in contrast to most normal differentiated cells of the body, in which 

cells maximize the production of ATP by metabolizing glucose through the 

oxidative phosphorylation pathway in mitochondria (5). However, the prostate is 

an exception. The prostate epithelium is unique in its ability to secrete high 

amounts of citrate into the prostatic fluid (up to 180 mM) (24) which is used as a 

source of ATP for sperm (25, 26). The secretion of citrate by prostate epithelial 

cells is executed through a truncated Krebs cycle and results in lower ATP 

production, a process that shares similarities to aerobic glycolysis reported in 

cancer cells. Due to the heterogeneous co-existence of normal and cancerous cells 

in the prostate, there is an overlap of glucose utilization between the two 

populations especially during early stages of prostate cancer.  Because of this 
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overlap, 
18

F-FDG PET has very limited application as an imaging tool for 

diagnosing and staging prostate cancer (27). 

      However, this unique property of prostate epithelial cells does not exclude 

the possibility that prostate cancer cells dominantly use aerobic glycolysis to meet 

their proliferative needs. Prostate cancer (PC) is the most common cancer 

affecting men and the second leading cause of cancer-related deaths in males in 

the developed world (28, 29). The disease progresses from intraepithelial 

neoplasia or de novo, locally invasive carcinoma to metastatic cancer that 

advances to castration refractory prostate cancers (CRPCs). CRPCs contribute 

virtually to all PC associated deaths (30, 31), and the disease’s aggressiveness and 

resistance to therapy can be associated with prostate cancer stem cells among 

other factors. We have made an initial attempt to examine the changes in PKM2 

protein expression levels during PC progression using patient tissues obtained 

through prostatectomy, as well as PC stem-like cells (PCSCs) and non-PCSCs. In 

general, elevation of PKM2 expression determined by immunohistochemistry 

staining is associated with more advanced stages of PC, and in comparison to 

non-PCSCs, post-translational modifications to PKM2 were observed in PCSC-

derived xenograft tumors. 
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MATERIALS AND METHODS 

Collecting primary prostate cancer tissues 

Prostate tissues were collected from patients who underwent radical 

prostatectomy at St. Joseph's Hospital in Hamilton, Ontario, Canada following 

patient consent and approval from the local Ethics Board.  

 

Immunohistochemistry (IHC)  

IHC was performed on 29 paraffin embedded and serially cut prostate 

cancer or lymph node tissues obtained from St. Joseph’s Hospital, Hamilton, 

Ontario, Canada. Slides were deparaffinized in xylene, cleared in ethanol series, 

and heat-treated for 20 minutes in sodium citrate buffer (pH = 6.0) in a food 

steamer. Tissues were blocked for 1 hour in PBS containing 1% BSA and 10% 

normal goat serum (Vector Laboratories). Primary antibody specific for PKM2 

(Santa Cruz catalog number sc-365684, used at 0.8μg/ml) was incubated with the 

sections overnight at 4°C. Secondary antibody only was used as the negative 

control. Biotinylated goat anti-mouse IgG and Vector ABC reagent (Vector 

Laboratories) were subsequently incubated according to the manufacturer’s 

instructions. Washes were performed with PBS. Chromogenic reaction was 

carried out with diaminobenzidine (Vector Laboratories). Semi-quantitative 

assessment was performed by three individuals in a blinded fashion; the staining 
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intensity was measured using a scale of 0 to 3 (0 - negative or background 

staining, 1 – weak staining, 2 – modest staining, and 3 – strong staining); the 

percentage of cells positive for the intensity was determined; and quantification of 

staining was obtained by multiplying intensity by the respective percentage. 

 

Tissue culture and generation of PCSCs (DU145 spheres) 

DU145 cells were purchased from ATCC and cultured in MEM 

supplemented with 10% FBS and 1% Penicillin/Streptomycin (Invitrogen). 

DU145 prostate cancer stem-like cells (PCSCs or spheres) were isolated and 

propagated as we have previously published (32). Briefly, DU145 monolayer cells 

were individualized by using phenol red-free TrypLE Express solution (Life 

Technologies) and 40 μm cell strainers (BD Biosciences), and subsequently 

resuspended at a cell concentration of 5000 cells/ml in serum-free (SF) media 

(DMEM/F12 at a 3:1 mixture) (Life Technologies) containing 0.4% bovine serum 

albumin (BSA) (Bioshop Canada Inc.) and 0.2× B27 lacking Vitamin A (Life 

Technologies) in T75 flasks. Typical DU145 spheres were formed in 10 to 12 

days. 
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Xenograft tumor formation  

DU145 monolayer (non-PCSCs) and sphere (PCSCs) cells were 

resuspended in MEM/Matrigel mixture (1:1 volume), followed by implantation of 

0.1 ml subcutaneously (s.c.) into the flanks of 8 week-old male NOD/SCID mice 

(The Jackson Laboratory). 10
6
 DU145 monolayer cells and 10

4
 DU145 sphere 

cells were injected, based on our previous reports that DU145 spheres display a 

100-fold higher capacity to form xenograft tumors (32). Mice were inspected for 

tumor appearance, by observation and palpation, and tumor growth was measured 

weekly using a caliper. Mice were sacrificed when tumor volumes reached ≥ 1000 

mm
3
. All animal work was carried out according to experimental protocols 

approved by the McMaster University Animal Research Ethics Board.  

 

Western blot analysis  

Cell lysates were prepared in a buffer containing 20 mM Tris (pH 7.4), 

150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 25mM sodium 

pyrophosphate, 1mM NaF, 1 mM β-glycerophosphate, 0.1mM sodium 

orthovanadate, 1mM PMSF, 2μg/ml leupeptin and 10μg/ml aprotinin. 50μg of 

total cell lysate was separated on SDS-PAGE gel and transferred onto Immobilon-

P membranes (Millipore). Membranes were blocked with 5% skim milk and then 

incubated with the indicated antibodies at 4
o
C overnight. Signals were detected 
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using an ECL Western Blotting Kit (Amersham). Primary antibodies and 

concentrations used were: anti-PKM2 (Santa Cruz, 1:1000) and anti-Actin (Santa 

Cruz, 1:1000).  

      Two-dimensional gel separation of proteins was carried out as detailed in 

other publications (33, 34). Samples were solubilized in rehydration buffer (7M 

urea, 2M thiourea, 4% CHAPS, 0.2% biolytes, and 1% DTT) and subjected to 

rehydration with IPG strips (7cm, pH 310, BioRad) for 16 hours (50V at 20
o
C). 

IEF was carried out using Protean IEF system (BioRad) at 20
o
C with the 

following conditions; Step 1: 250V for 1 hour; Step 2: 500V for 1 hour; Step 3: 

4000V for 2 hours; Step 4: 4000V for 20000 Vhrs. IPG strips were equilibrated in 

a buffer containing 6M urea, 2% SDS, 0.375M Tris-Cl, 20% glycerol and 130mM 

DTT for 10 minutes followed by equilibration in a subsequent buffer containing 

6M urea, 2% SDS, 0.375M Tris-Cl, 20% glycerol and 135mM iodoacetamide for 

10 minutes.  

 

Statistical analysis  

Statistical analysis was performed using student t-test, with p < 0.05 being 

considered statistically significant.  
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RESULTS 

Elevation of PKM2 following prostate cancer progression  

Elevation of PKM2 levels occurs in multiple cancers including colon 

cancer (7), renal cell carcinoma (8) and lung cancer (9). To examine PKM2 

protein expression in prostate cancer, we collected 29 primary prostate cancer 

tissues consisting of 14 Gleason 6-7 carcinomas, 15 Gleason 8-10 tumors, and 3 

lymph node metastasis tissues (Table 2.1). Slides were prepared and analyzed for 

PKM2 expression using IHC. While a low level of PKM2 was detected in 

prostatic glands, high levels of PKM2 expression were observed in PIN and 

carcinomas (Figure 2.1A). In prostate glands, PKM2 signals were largely 

restricted to the basal cells. In PIN lesions, we frequently detected high levels of 

PKM2 in the basal cells and lower levels of PKM2 in the luminal cells (Figure 

2.1A), consistent with the concept that abnormalities in basal epithelial cells of 

the prostate play an initiation role in human prostate tumorigenesis (35). While 

variations in the intensity of PKM2 staining occurred in carcinomas of different 

severities, a general trend of elevated PKM2 staining from Gleason grade 3 (or 

Gleason score 3+4) carcinomas to Gleason grades 4 (or Gleason score 4+4) and 5, 

and metastatic prostate cancers was observed (Figure 2.1A). This trend can also 

be seen in Table 2.2, where an increasing number of PKM2
+
 cells associates with 

higher Gleason score. Because of our relatively small sample size, we have 

divided prostate cancers into early stage tumors (Gleason scores 6-7) and 
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advanced stage carcinomas (Gleason scores 8-10) for statistical analysis, which 

demonstrated a significant increase of PKM2 in advanced prostate carcinomas 

compared to early stage prostate tumors (Figure 2.1B). 

 

Increase in PKM2 detected by IHC in advanced xenograft prostate tumors 

We have previously demonstrated that xenograft tumors derived from 

DU145 spheres (PCSCs) displayed more characteristics associated with advanced 

prostate cancer compared to xenograft tumors generated from DU145 monolayers 

(non-PCSCs) (32), and are able to form tumors of equal size with 100-fold fewer 

cells (Figure 2.2). Specifically, xenograft tumors derived from DU145 spheres 

were composed of 85.7±1.6% CD44
+

 

cells, versus 54.2±2.5% CD44
+ 

cells (p < 

0.05) observed in tumors derived from monolayers (32). The CD44
+ 

DU145 cells 

are more tumorigenic compared to DU145 CD44
-
 

cells (36). To take advantage of 

this knowledge, we produced xenograft tumors from DU145 monolayer and 

sphere cells as a representation of PC progression to examine PKM2 protein 

expression in vivo. Following IHC staining, we found that PKM2 protein was 

readily detected in xenograft tumors produced by both cells (Figure 2.3). In 

comparison to DU145 monolayer cell-derived xenograft tumors, DU145 sphere 

cell-produced xenograft tumors exhibited in general a more intensive PKM2 

staining (Figure 2.3B). However, as DU145 sphere cell-produced xenograft 

tumors reached the end point (tumor volume ≥ 1000 mm3) slower than DU145 
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monolayer cell-derived xenograft tumors (Figure 2.2), we could not exclude the 

possibility that the low levels of PKM2 detected by IHC staining in xenograft 

tumors produced by DU145 monolayer cells was due to less time for tumor 

growth in NOD/SCID mice. On the other hand, similar sizes of DU145 monolayer 

cell and DU145 sphere cell-produced xenograft tumors were used for the IHC 

staining. Collectively, these observations support the concept that an increase in 

PKM2 expression associates with more advanced prostate cancer and its 

progression.  

 

Prostate cancer stem-like cells express PKM2 with unique post-translational 

modifications 

To further investigate PKM2 expression in DU145 monolayer and DU145 

sphere cells, we determined PKM2 levels in these cells by western blot. Although 

a marginal increase in PKM2 was observed in passages 10 and 23 DU145 sphere 

cells compared to DU145 monolayer cells, the differences were not statistically 

significant (Figure 2.4A). Similar results were also obtained in xenograft tumors 

produced by DU145 sphere and monolayer cells. In comparison to DU145 

monolayer cell-derived xenograft tumors, the sphere cell-produced xenograft 

tumors displayed a slight increase in PKM2; the differences, however, were not 

statistically significant (Figure 2.4B). These results are not consistent with the 

observed elevation of PKM2 detected by IHC in DU145 sphere cell-produced 
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xenograft tumors (Figure 2.3). It is thus possible the higher levels of PKM2 

observed by IHC staining in sphere cell-derived xenograft tumors may be 

attributable to differential PKM2 modifications in xenograft tumors generated by 

monolayer and sphere cells. 

This possibility is in accordance with PKM2 being subjected to a variety 

of post-translational modifications which impact its ability to regulate aerobic 

glycolysis (37-39). To investigate this possibility, we have examined the potential 

modifications of PKM2 in DU145 monolayer and sphere cells by two-

dimensional gel-based western blot. In comparison to PKM2 in DU145 

monolayer cells, PKM2 in sphere cells displayed a different pI distribution 

(Figure 2.5A). The major differences are the cluster of PKM2 within pI 8-9 for 

monolayer cells, and a more widely distributed pattern with a clear spot at pI 6 for 

PKM2 derived from DU145 sphere cells (Figure 2.5A). To further investigate 

unique post-translational modifications of PKM2, we also examined the potential 

modifications of PKM2 in the xenograft tumors generated. Similar to DU145 

monolayer cells, PKM2 from monolayer cell-produced xenograft tumors was 

largely present between pI 8-9 with no apparent spotting at pI 6 observed (Figure 

2.5B). In comparison, PKM2 from sphere cell-derived xenograft tumors displayed 

a wide pI distribution with a clear presence of protein at pI 6 (Figure 2.5B). While 

different pI distributions were observed between cells in culture and  xenograft 

tumors derived from them (Figure 2.5), the major differences in pI distribution 
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were preserved, suggesting that the unique post translational modifications to  

PKM2 in DU145 sphere cells play a role in prostate cancer progression.  

 

DISCUSSION 

While it has been recently reported that PKM2 is not required for the 

maintenance and growth of tumors (41), a large body of evidence clearly 

demonstrates a critical role of PKM2 in tumorigenesis and progression (5). 

However, we have no knowledge of whether PKM2 contributes to prostate 

cancer. Our investigation here that elevation of the PKM2 protein detected by 

IHC in general associates with more advanced prostate cancers compensates for 

this lack of data, and is consistent with the demonstrated oncogenic role of 

PKM2. Prostate cancers with Gleason scores 6 and 7 are regarded as early stages, 

and those with Gleason scores 8-10 are considered advanced prostate carcinomas. 

In line with this knowledge, Gleason 8-10 prostate cancer tissues were found to 

express generally higher levels of PKM2 compared to those of Gleason 6-7. This 

is supported with our understanding that more advanced prostate cancers are 

associated with increased cell proliferation. It is thus plausible that elevated 

proliferation status may demand higher levels of aerobic glycolysis and increased 

PKM2 expression may contribute to this process. This concept is in accordance 

with the observed elevation of AKT activation following increasing severity 

during prostate cancer progression (42). While our study using a limited number 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

49 
 

of lymph node metastasis cases indicates that metastatic prostate tumors do not 

express lower levels of PKM2 in comparison to local Gleason 8-10 prostate 

cancers, investigations utilizing additional metastatic cases, including bone 

metastasis, will be required to draw a firm conclusion regarding PKM2 expression 

in metastatic prostate cancer. Additionally, more cases of prostate cancer with 

individual Gleason grades of 3, 4, and 5 will be needed to dissect a correlation of 

PKM2 expression with prostate cancer severity. Nonetheless, our research 

provides initial evidence that PKM2 expression correlates with prostate cancer 

progression. Additional evidence to support that greater PKM2 expression 

associates with prostate tumorigenesis is our observation of more intense IHC 

staining in DU145 sphere cell-derived xenograft tumors compared to monolayer 

cell-derived xenograft tumors (Figure 2.3).  

      Whether the observed elevation of PKM2 in advanced PC can be 

attributable to transcription upregulation is unclear. Analysis of PKM2 expression 

using Oncomine
TM

 in prostate adenocarcinomas produced an inconsistent 

message, showing both up and downregulation in prostate cancer compared to 

normal tissue (Table 2.3). This inconsistency may be attributed to the highly 

heterogeneous nature of prostate cancer, and predominantly early stages of 

prostate cancers analyzed (early stages are well differentiated and proliferate 

slowly). These observations do not exclude the possibility of increased PKM2 

transcription in advanced prostate cancers (Gleason scores ≥ 8, and metastatic 
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disease).  

PKM2 expression may also be associated with prostate cancer initiation. It 

is widely regarded that the basal epithelial cells of the prostate gland harbour 

prostate stem cells (35), and that abnormalities in these cells contribute to the 

initiation of prostate cancer. In supporting this notion, we observed abundant 

PKM2 expression in the basal epithelial cells in PIN lesions, but low levels of 

PKM2 detected in the basal cells of normal prostate glands (Figure 2.1A). It 

cannot be excluded whether the low levels of PKM2 in prostate glands adjacent to 

PIN (Figure 2.1A, left panel) are a result of early oncogenic signals, but the 

expression is consistent with its reported presence in most of normal tissues 

(43,44). It is intriguing that although the luminal epithelial cells are the source of 

citrate secretion and associated with a truncated Krebs cycle, PKM2 is largely 

expressed in the basal layer of epithelial cells (Figure 2.1A, left panel). 

Collectively, these observations support the notion that basal epithelial cells are 

likely the origin of human prostate cancer.  

It has become increasingly clear that cancer stem cells (CSCs) play a 

critical role in tumorigenesis, especially in tumor progression and metastasis (45). 

While aerobic glycolysis meets the demand of biosynthesis for non-stem 

proliferating cells, the degree of aerobic glycolysis in CSCs of the tumor might 

differ, as both populations have different proliferation rates (45, 46). This 

possibility is supported by a report demonstrating that glioma CSCs may not use 
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aerobic glycolysis to the same degree as differentiated cancer cells (47); an 

intriguing idea which may also apply here regarding the unique post-translational 

modifications we have observed in prostate cancer stem-like cells. This 

knowledge is important, as prostate cancer stem cells are critical players in 

prostate cancer progression and castration-resistant prostate cancers (CRPCs) 

(48). As the development of new therapies for treating CRPC patients is an urgent 

task (49), advancing our understanding of how PKM2 associates with PCSC--

mediated CRPC pathogenesis may lead to the development of novel therapies.  

While we could not conclusively demonstrate elevated levels of the PKM2 

protein in DU145 sphere cell-derived xenograft tumors in comparison to 

monolayer cell-derived xenograft tumors (Figure 2.4), it is apparent that PKM2 in 

DU145 sphere cells is subjected to different modifications (Figure 2.5). Although 

reports indicate various post-translational modifications to PKM2 including 

phosphorylation, acetylation, and oxidation (37, 39, 50-53), PKM2 regulation 

specifically within the prostate remains unclear. One possibility is the switch from 

tetrameric PKM2 to dimeric PKM2, which has been shown to require specific 

modifications. This would allow for aerobic glycolysis and accumulation of 

glycolytic intermediates for synthesis of cellular building blocks. As nuclear 

PKM2 regulates gene expression (58-60), it is possible that nuclear PKM2 is 

important to prostate tumorigenesis. This possibility was supported by the 

observed nuclear presence of PKM2 in the xenograft tumors (Figure 2.3). It 
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would be an intriguing research avenue to identify these unique PKM2 

modifications within the pI range of 6-8 (Figure 2.5) observed in DU145 sphere-

derived xenografts, if they are in fact the changes required for the switch to 

dimeric PKM2, and whether this serves any functional purpose within only 

prostate cancer stem cells during disease progression.  
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TABLES 

 

Table 2.1. Pathological Information and PKM2 Staining Score in Prostatic 

Adenocarcinoma Patients 

Patient Age Pathology
1,2

 Gleason 

Grade 

Metastasis Average 

Score 

1 69 PA 5 No 90.0 

2 76 PA 6 No 143.33 

3 53 PA 6 No 160.0 

4 58 PA 6 No 83.33 

5 55 PA 6 No 200.0 

6 57 PA 6 No 53.33 

7 48 PA 6 No 86.67 

8 58 PA 6 No 30.0 

9 64 PA 6 No 200.0 

10 52 PA 6 No 56.67 

11 70 PA 7 No 66.67 

12 74 PA 7 No 100.0 

13 63 PA 7 No 76.67 

14 62 PA 7 No 93.33 

15 50 PA 7 No 113.33 

16 50 PA 7 No 60.0 

17 74 PA 7 No 63.33 

18 76 PA 7 No 73.33 

19 58 PA 8 Yes
*
 160.0 

20 56 PA 8 Yes
+
 140.0 

21 68 PA 8 No 76.67 

22 79 PA 8 No 186.67 

23 55 PA 9 No 50.0 

24 71 PA 9 No 53.33 

25 82 PA 9 No 110.0 

26 75 PA 9 No 116.67 

27 49 PA 9 No 146.67 

28 64 PA 9 No 220.0 

29 72 PA 9 No 80.0 

30 65 PA 9 Yes
#
 176.67 

31 60 PA 9 No 53.33 

32 80 PA 9 No 70.0 

33 77 PA 9 No 43.33 

34 86 PA 10 No 146.67 

35 68 PA 10 No 50.0 
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1 – Prostatic Adenocarcinoma, 2 – Lymph Node, *+# Matched Patient Tissues 

 

 

 

Table 2.2. Number of PKM2
+
 Cells Counted Per Area for IHC Staining 

 

a: Statistical analysis was performed by One-way ANOVA 

 

 

Table 2.3. Microarray Datasets Conducting Differential Analysis Between 

Normal Prostate and Malignant Tissue, Separated into Early Stage (Gleason 6-7) 

and Late Stage (Gleason 8-10) Prostate Cancer* 

 

Researcher Unknown 

Gleason 

Early Stage 

(Gleason  

6-7) 

Late Stage 

(Gleason  

8-10) 

Fold 

Change 

p-

value 

Reference 

Taylor 29 115 15 -1.280 6.68 

x 10
-7

 

54 

LaTulippe 12 16 7 -1.199 0.011 55 

Yu 48 42 19 -1.131 0.013 56 

Wallace 20 65 3 1.310 0.026 57 

*Oncomine
TM

 (Compendia Bioscience, Ann Arbor, MI) was used for analysis and 

visualization. 

 

 

 

36 75 PA 10 No 250.0 

      

19
*
 58 LN Metastasis N/A 270.0 

20
+
 56 LN Metastasis N/A 126.67 

30
#
 65 LN Metastasis N/A 83.33 

Gleason Score Mean PKM2
+
 Cells Per 

150000μm
2
 

p-value
a
 

6 139 ± 74  

7 227 ± 42   

8 347 ± 106 p<0.0001 

9 259 ± 94   

10 760 ± 177  



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

61 
 

FIGURES 

 

 
Figure 2.1. Increase of PKM2 protein expression following prostate cancer 

progression. (A) Prostatic gland, PIN, and prostate carcinomas with the indicated 

Gleason grades were IHC stained with anti-PKM2 antibody. Representative 

images for each Gleason score are included. Scale bars represent 200μm. The 

marked areas are enlarged 3-fold and placed underneath the individual panels. In 

the top left panel, “N” indicates normal prostate glands. (B) The IHC staining was 

quantified by three individuals based on the intensity and percentage of cells 

stained (see Materials and Methods for details). The average scores ± SDs 

(standard deviations) for the Gleason 6-7 and Gleason 8-10 tumors are graphed. 

*p < 0.05. 
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Figure 2.2. Volumes and growth curve of xenograft tumors produced using 

DU145 monolayer and sphere cells. Cells were implanted into NOD/SCID mice 

according to our published conditions (32). Tumors were followed until their 

volumes reached > 1000 mm
3
.  
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Figure 2.3. PKM2 protein expression in xenograft tumors derived from 

DU145 monolayer or sphere cells. Xenograft tumors were produced using 

DU145 monolayer cells (A) and sphere cells (B) implanted into NOD/SCID mice. 

Images in the top and bottom panels are different magnifications from the same 

xenograft tumors. Scale bars at the top and bottom panes represent 2mm and 

200μm, respectively. The marked areas are enlarged 3-fold and placed underneath 

the individual panels.  
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Figure 2.4. Comparable levels of PKM2 protein in xenograft tumors derived 

from DU145 monolayer and sphere cells. (A) PKM2 protein in cultured DU145 

monolayer and sphere cells with passage 10-11 and 23 or 27 (P10, P23) were 

analyzed by Western blot three times. Typical results from a single repeat are 

shown (top panel). PKM2 levels were normalized to actin and averages ± SDs are 

graphed (bottom panel). (B) PKM2 protein in two xenograft tumors derived from 

either DU145 monolayer or sphere cells was determined by Western blot three 

times. Typical results from a single repeat are shown (top panel). PKM2 levels 

were normalized to actin and averages ± SDs are graphed (bottom panel).  
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Figure 2.5. PKM2 is differentially modified in xenograft tumors derived from 

DU145 monolayer and sphere cells. Two-dimensional gel analysis was 

performed using strips with a pH range of 3-10, followed by Western blot 

analysis. The pH range (pI) is indicated. Results were from cultured DU145 

monolayer and sphere cells (A), and from xenograft tumors generated from these 

two cell lines (B). Two-dimensional analysis was performed on two xenograft 

tumors derived from each; typical images from each type of tumor are shown. 
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CHAPTER THREE 

 

AMPLIFICATION OF MUC1 IN PROSTATE CANCER 

METASTASIS AND CRPC DEVELOPMENT 
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Relationship to Ph.D. research 

 

This work reveals an association between PCSLCs and advanced PC on 

the basis of MUC1, a glycoprotein typically involved in epithelial cell protection 

but also demonstrated to have nuclear function. Nuclear MUC1 has been 

implicated in a wide array of cellular processes known to promote cell 

proliferation and EMT. Increased expression in our PCSLCs correlates with 

chemoresistance and metastatic features, and through computational analysis of 

PC gene expression datasets we have revealed a high association of MUC1 with 

metastasis and CRPC. 

 

Preface 

 

Affymetrix microarray analysis identified a 3.78 fold increase of MUC1 

transcript levels in our DU145 PCSLCs versus parental DU145s. This 

upregulation was confirmed through qRT-PCR and Western blotting, and also 

observed in xenograft tumours derived from each cell line. Additionally, 

treatment of these tumours with the cytotoxic agent docetaxel heightened MUC1 

expression further, creating an association with docetaxel-resistant CRPC cases.  

Further computational analysis with multiple gene expression databases 

revealed greater MUC1 transcript levels and GCNs in metastatic samples 

compared to localized PC cases. These GCNs also correlated more with CRPCs 

than metastatic PCs, and with its 25-gene network associates more highly with 

neuroendocrine prostate cancers (NEPCs), a more aggressive type of PC. As a 

whole, the MUC1 gene network may be a more effective gene signature than the 

commonly used AR-network at predicting CRPC. 
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ABSTRACT 

      We report here MUC1 upregulation in prostate cancer stem-like cells 

(PCSLCs). In comparison to DU145 non-PCSLCs, DU145 PCSLCs expressed a 

higher level of MUC1 and produced similar xenograft tumors resistant to 

docetaxel treatment. Remarkably, docetaxel robustly enhanced MUC1 expression 

in xenografts. While immunohistochemistry staining of 34 primary PCs revealed 

variability in MUC1, Nanostring technology demonstrated elevated MUC1 

mRNA levels in 4 of 7 PCs compared to their normal matched tissues. We 

subsequently obtained MUC1 mRNA data from several large datasets within 

Oncomine
TM

, and observed an increase in MUC1 mRNA in 82 metastases versus 

280 primary PCs. This increase is supported by MUC1 expression in bone 

metastases. Furthermore, an elevation in MUC1 gene copy number (GCN) in 37 

metastases over 181 primary tumors was also shown using these datasets. 

Additional detailed analyses of genomic datasets within cBioPortal revealed 

increases in MUC1 GCN in 2% (6/333) of primary PCs, 6% (9/150) of metastatic 

PCs, and 33% (27/82) of castration resistant PCs (CRPCs); in comparison, the 

respective increase in androgen receptor (AR) GCN was 1%, 63%, and 56%, 

revealing a specific increase in MUC1 GCN in CRPC. Furthermore, a 25-gene 

MUC1 network was amplified in 52% of CRPCs compared to 69% of CRPCs 

displaying GCN increases in an AR co-regulator group. While genomic 

alterations in the MUC1 network largely overlap with those in the AR group, 18 
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CRPCs (in which 66.7% were neuroendocrine PC) showed genomic alterations 

only in the MUC1 network. Moreover, genomic alterations in the MUC network 

correlated with PC relapse. 
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INTRODUCTION 

       Prostate cancer (PC) is the most prevalent male-specific cancer in the 

developed world [1]. PC progresses from high grade prostatic intra-epithelial 

neoplasia (HGPIN), to local carcinoma, to metastatic disease with bone as the 

preferential site [2]. Localized tumors can be effectively managed through a 

variety of approaches, including watchful waiting, surgical removal, and 

radiation. In contrast, options for patients with metastatic PC remain limited. 

Androgen deprivation therapy (ADT), a strategy that was pioneered by Charles 

Huggins in the 1940s [3, 4], remains the standard of care in these patients. 

However, the treatment is only palliative, as resistant tumors in the form of 

castration resistant PC (CRPC) inevitably arise. Until recently, these patients were 

commonly treated with docetaxel-based chemotherapy. Cumulative research 

efforts have revealed the dependency of androgen receptor (AR) signalling 

despite androgen deprivation for a large proportion of CRPCs [5, 6], which led to 

the recent development of abiraterone and enzalutamide for treatment [7, 8]. 

Additionally, the cell-based vaccine sipuleucel-T has recently become available 

[9, 10], a therapy that depends on tumor associated antigens (TAAs). 

      Mucin 1 (MUC1) is the most well-characterized TAA [11]. The 

glycoprotein is a transmembrane member of the mucin family, and is broadly 

expressed on the apical surface of most epithelial tissues, including the pancreas, 

breast, lung, and gastrointestinal tract [11, 12]. MUC1 is a heterodimer consisting 
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of a large N-terminal fragment (MUC1-N) that is anchored to the cell membrane 

on the extracellular side by binding to the transmembrane C-terminal MUC1 

subunit (MUC1-C). Mature MUC1 is formed from auto-cleavage of a pre-peptide 

[13-15]. MUC1-N contains a variable number of conserved tandem repeats of 20 

amino acids, which are highly glycosylated by O-linked glycans. The MUC1 

protein is expressed on the apical surface of epithelium and plays a protective role 

for the mucosal epithelial surface [16]. However, it is aberrantly expressed in 

numerous malignancies with respect to loss of polarity in cancer cells, 

overexpressed in over 70% of cancers, and differentially glycosylated [11, 17]. 

The cancer-associated MUC1 with aberrant glycosylation is highly immunogenic 

[18-20]. These properties have made the MUC1 TAA a major focus in developing 

antigen-specific immunotherapies for multiple tumor types [12]. 

      Our recent phase I/II clinical trial using a Tn-MUC1 peptide-based cell 

vaccine (dendritic cells/DC) revealed that this approach was able to delay the 

doubling of prostate specific antigen (PSA) levels in CRPC patients, 

demonstrating utility in developing MUC1-based DC vaccines in treating this 

population [21]. However there are contradictory findings in the literature, 

depending on which antibody is used, regarding the detection of MUC1 

overexpression in PC progression. Increases in the MUC1 protein and aberrant 

MUC1 glycosylation were reported in PC [22-24]. However, using a different 

antibody (anti-MUC1-N, HMFG2), increased MUC1 expression in PC 
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progression could not be demonstrated [25]. To investigate the association of 

MUC1 expression with PC tumorigenesis, we have attempted to track MUC1 

though PC progression. In our immunohistochemical examination of MUC1 

expression, we were also unable to show a MUC1 increase in PCs with Gleason 

scores (GS) ≥8 in comparison to those with GS6-7. We reasoned that the 

differences among individual investigations might be attributable to the antibodies 

used, recognizing MUC1-N which can be shed off from the cell surface [17]. 

With this in mind, we used an alternative approach and have examined increases 

in MUC1 mRNA and gene copy number (GCN) following PC progression. Our 

findings clearly demonstrate elevated MUC1 mRNA levels in metastatic PCs and 

amplification of the MUC1 gene in CRPCs. 
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RESULTS 

Association of MUC1 with prostate cancer stem-like cells (PCSLCs) and PC 

progression 

      There is accumulating evidence demonstrating an association of MUC1 

upregulation with cancer progression [26], including PC [27]. It is also clear that 

cancer consists of heterogeneous cell populations [28-30], in which cancer stem 

cells (CSCs) are critical for cancer progression [31-33]. In accordance with this 

concept, MUC1 has previously been reported to associate with and contribute to 

the development of breast cancer stem cells [34, 35]. Similarly, prostate cancer 

stem cells (PCSCs) are essential for PC progression [36], suggesting a 

relationship between MUC1 and PCSCs. By taking advantage of our recently 

established PCSLCs (sphere cells) derived from DU145 monolayer cells [37], we 

have demonstrated a significant upregulation of MUC1 in DU145 sphere cells at 

both mRNA and protein levels (Figure 3.1A, B). Prolonged film exposure also 

depicts low MUC1 protein expression in DU145 monolayer, PC3, and LNCaP 

cells (data not shown). Furthermore, an increase in MUC1 was also demonstrated 

in xenograft tumors generated from DU145 sphere cells compared to those 

produced by DU145 monolayer cells (Figure 3.1C). Taken together, the above 

observations reveal an association of MUC1 with PCSLCs. 
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      We have previously demonstrated that DU145 sphere cells possess a 100-

fold higher capability of tumorigenesis [37] and are more resistant to a genotoxic 

reagent-induced cytotoxicity [38] in comparison to DU145 monolayer cells, 

further suggesting an association of MUC1 upregulation with chemoresistance in 

PC. To examine this possibility, we produced xenograft tumors from DU145 

monolayer and sphere cells. Docetaxel treatment for 2 weeks significantly 

reduced tumor volume for monolayer cell-derived xenografts but not for sphere 

cell-derived xenografts (Figure 3.2A). Upon analysis, the latter expressed elevated 

levels of MUC1 in comparison (Figure 3.2B, mock treatment). Intriguingly, 

docetaxel treatment increased MUC1 expression in xenograft tumors produced by 

both cell types. Sphere cell-derived xenografts displayed a robust elevation of 

MUC1 in response to docetaxel when compared to monolayer cell-derived tumors 

(Figure 3.2B). These observations are in line with a recent report demonstrating 

that docetaxel treatment increased MUC1 expression in LNCaP cell-derived 

xenograft tumors [39]. Collectively, our study supports an association of MUC1 

upregulation with PC progression. 
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MUC1 increases in metastatic PCs 

      To further study the above association, we have examined MUC1 protein 

expression in 34 primary PCs consisting of 13 low grade (GS6-7) and 21 high 

grade PCs (GS8-10) (Table 3.1). By using an anti-MUC1-N antibody (BD), 

MUC1 presence was clearly detected in PC tumors (Figure 3.3A), but with 

variable levels (Table 3.1). MUC1 expression was not greater in high grade PCs 

than low grade PCs (Figure 3.3B) as we had expected. Since tumor cells can shed 

off MUC1-N [17], detection of MUC1 by immunohistochemistry (IHC) against 

this antigen may not truly reveal the status of MUC1 expression. As most anti-

MUC1 antibodies used in IHC recognize MUC1-N, we went on to investigate 

MUC1 mRNA in 7 pairs of PC and benign prostate tissues using state-of-the-art 

Nanostring technology. The PC tissues contained 60-80% carcinoma tissue. This 

was validated by demonstrating PTEN downregulation and ERG upregulation 

(indicative of TMPRSS2-ERG fusion) in 5/7 of the PC tissues (Table 3.2). In 

comparison to their respective benign prostate tissues, MUC1 mRNA was 

elevated in 4 PC cases (Table 3.2), supporting the notion of MUC1 upregulation 

in PC.  

      To thoroughly investigate the relationship of MUC1 mRNA levels and PC 

progression, we downloaded MUC1 mRNA data from four datasets in the 

Oncomine
TM

 database (Compendia Bioscience, Ann Arbor, MI); the Grasso, 
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Lapointe, Taylor, and Tomlins datasets [27, 40-42]. In the analysis of MUC1 

mRNA in 221 PCs (60+131+30) and 92 normal prostate tissues (40+29+23), 

MUC1 mRNA was actually reduced in primary PCs (Figure 3.4C, D, and E). 

However, an increase in MUC1 mRNA was observed in metastatic PCs compared 

to primary tumors in the Grasso (Figure 3.4A) and Tomlins datasets (Figure 

3.4E). This difference is particularly clear between primary and distant metastasis 

(Figure 3.4D, right panel). Additionally, this elevation differentiated metastases 

from organ-confined tumors according to ROC curves (Figure 3.4B and F). 

Collectively, these analyses suggest a general increase in MUC1 mRNA 

following PC metastatic progression. 

      The above concept is supported by increases in MUC1 gene copy number 

(GCN) in metastatic PCs compared to primary tumors (Figure 3.5A). Once again, 

this increase is able to separate metastases from primary PC via an area under 

curve (AUC) value of 0.75 (Figure 3.5B). Lastly, among 124 PC tumors and 61 

benign prostate tissues analyzed in the TCGA dataset, a significant increase in 

MUC1 GCN could only be demonstrated in GS9 PCs compared to benign prostate 

tissues (Figure 3.5C). Taken together, these results support MUC1 upregulation as 

being a late event during PC progression and in metastatic cases. 

      Finally, we also made an effort to examine MUC1 protein in PC bone 

metastasis. In four bone metastases examined, MUC1 was detected 
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heterogeneously among patients, among different tumor masses within the same 

tissue, and among different cancer cells within the same tumor mass (Figure 3.6, 

Supplementary Figure 3.1). We could not detect MUC1 expression in patient #2 

(Figure 3.6, Supplementary Figure 3.1), which might be attributable to a relative 

low level of tumor load (Supplementary Figure 3.1). For the other three patients, 

while the number of cells expressing MUC1 varied, its presence was readily 

detected in positive cells (Figure 3.6). This pattern of heterogeneous expression is 

consistent with MUC1’s association with our prostate cancer stem-like cells. 

Although it is impossible to compare MUC1 protein expression in our limited 

number of bone metastases to local PCs, bone metastases clearly express MUC1 

(Figure 3.6). 

 

Specific amplification of the MUC1 gene in CRPC 

      Advances in next-generation (second-generation) sequencing (NGS) 

technologies have made whole genome sequencing a reality. There are currently 

10 datasets of genome sequencing studies deposited into the cBioPortal database 

[43, 44], and these resources cover primary, metastatic, and castration resistant 

PC (cBioPortal/ http://www.cbioportal.org/index.do). By taking advantage of this 

rich source of PC genomic data, we have systemically analyzed alterations in 

MUC1 GCN. Among 333 prostate adenocarcinomas [45], 150 metastatic PCs 
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[46], and 107 CRPCs [47], MUC1 gene is amplified in 1.8%, 6%, and 30% of the 

patient cohorts, respectively (Table 3.3), demonstrating a unique amplification of 

the MUC1 gene in CRPCs. 

      To further study the relationship between MUC1 gene amplification and 

CRPC, we noticed a MUC1 gene network consisting of the seed node MUC1 and 

24 linker nodes, which were generated using the cBioPortal system (see 

Supplementary Figure 3.2 for details). The network contains two major 

components (see Discussion for a second major group): notably, a group of 

tyrosine kinases including EGFR and non-receptor tyrosine kinases (ABL1, 

ERBB2-4, LCK, LYN, SRC1, and ZAP70) (Supplementary Figure 3.2). These 

proteins have been demonstrated to have functional connections with MUC1-C 

[16, 17] and contribute to PC and CRPC development (Supplementary Table 3.1). 

After investigating whether this network is connected with PC progression, our 

analyses revealed that genomic alteration (amplification or deep deletion) of these 

genes occurred in 26% of primary PCs, 25% of metastatic PCs, and 52% of 

CRPCs (Figure 3.7). 
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Genomic alteration in the MUC1 network is more specific to CRPC than 

genomic changes in androgen receptor (AR) groups 

      Persistent AR signalling by alterations in AR, a pioneer factor FOXA1, 

and three steroid receptor coactivators (NCOA1/SRC-1, NCOA2/SRC-2, and 

NCOA3/SRC-3) is known to contribute to CRPC progression [5, 48]. 

Amplification of NCOA2, which activates AR signalling [5, 41], occurs in 24.3% 

of metastatic PCs. Although evidence supports that AR transcriptional activity is 

repressed by nuclear receptor corepressor 1 (NCOR1), NCOR2, and 

PLZF/ZBTB16 [49-51], genomic alterations in AR, FOXA1, and these 

corepressors were reported in a large CRPC cohort [47]. We thus analyzed 

genomic alterations (GNs) in AR and its coactivators (FOXA1 and NCOA1-3) or 

AR coregulators (FOXA1, NCOR1, NCOR2, and ZBTB16). GNs in the AR gene 

predominantly occurred in the form of amplification, in 56% of CRPCs (Figure 

3.8A). Consistent with the MUC1 gene network’s concurrent GCN increases in 

individual CRPCs (Figure 3.7), co-amplification of AR and its coregulators 

(Figure 3.8A) or coactivators (Supplementary Figure 3.3) was also observed. In 

primary PC, metastatic PC, and CRPC populations, the AR gene was altered in 

1%, 63%, and 56% of tumors, respectively (Figure 3.8). In these cohorts, the 

MUC1 gene was amplified in 2%, 6%, and 33%, respectively (Figure 3.7). 

Genomic alterations occurred in 16%, 73%, and 69% in the above cohorts for the 

AR coregulator group respectively, (Figure 3.8) as well as 14%, 73%, and 71% 
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for the AR coactivator group (Supplementary Figure 3.3). Corresponding changes 

in the MUC1 network were 26%, 25%, and 52% (Figure 3.7). Collectively, these 

analyses support the concept that genomic alterations in MUC1 and the MUC1 

network are more specific to CRPC progression compared to AR and the AR 

groups. 

 

Genomic alterations in the MUC1 network bi-associate with CRPC 

adenocarcinoma and neuroendocrine PC (NEPC) 

      We subsequently performed an analysis to compare genomic alterations in 

the MUC1 network to those in the AR gene. Genomic alterations (amplification, 

deep deletion, and mutations) in the MUC1 network display both concordant and 

independent signatures with the AR gene (Figure 3.9A). A large proportion of 

changes detected in the MUC1 network overlap with those observed in the AR 

gene (Figure 3.9A). In CRPC however, a minor proportion of genomic alterations 

to the MUC1 network occurs independently of changes in the AR gene (Figure 

3.9A, see those CRPCs lined with two dot lines). In the latter group, the JUP gene 

displays no changes (Figure 3.9A). The most interesting feature in this group is 

the enrichment of NEPC cases, which compose 66.7% (12/18) of the CRPC cases 

(Figure 3.9A), suggesting that this gene signature (AR and JUP genes are 

genomic alteration free, while there are a number of genomic changes in the 

MUC1 network) shows greater specificity towards this type of CRPC. 
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      While in the primary PC cohort independency was observed between 

genomic alterations of the MUC1 network and AR gene (Supplementary Figure 

3.4), both concordance and independency could be identified in the metastatic PC 

cohort (Figure 3.9B). Since all metastatic PCs will progress to CRPC as either 

adenocarcinoma or NEPC, it will be interesting to examine whether metastases 

with genomic alterations only in the MUC1 network will progress into NEPCs. 

 

Genomic alterations in the MUC1 network associate with a reduction in 

disease free survival (DFS) 

      CRPC is a major form of PC progression; the association of genomic 

alterations in the MUC1 network with CRPC strongly suggests a correlation of 

these changes with PC recurrence (DFS) and/or overall survival (OS). To test this 

possibility, we first performed a time-to-event analysis using a Kaplan-Meier 

curve to determine whether elevation of MUC1 mRNA associates with rapid 

kinetics of PC metastatic progression. By using the data available from the Grasso 

dataset within Oncomine
TM

 (Compendia Bioscience, Ann Arbor, MI), we could 

not observe a correlation (Supplementary Figure 3.5). 

      We subsequently examined a potential association of genomic alterations 

in the MUC1 network with DFS and OS. Among the 10 datasets related to 

genomic alteration in PC from cBioPortal [43, 44], one contained follow-up data 
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for PC relapse of 84 patients [41] and another had follow-up information for PC-

related mortality of 49 cases [40]. Consistent with a small number of cases with 

MUC1 genomic alterations in a large primary PC and metastasis population 

(Figure 3.7), MUC1 genomic alterations were also infrequently detected in these 

small cohorts [40, 41] (Supplementary Figure 3.6). To perform a meaningful 

Kaplan-Meier analysis, we thus used cases with and without alterations in the 

MUC1 network, and we are able to show that the genomic alterations 

significantly associated with a reduction in DFS (Figure 3.10A) but not OS 

(Figure 3.10B). Similar observations were also obtained for the AR coregulator 

group (Figure 3.10C, D); the detailed genomic alterations for this group are 

included in Supplementary Figure 3.7. Surprisingly, genomic changes in the AR 

coactivator group do not correlate with either DFS or OS (Supplementary Figure 

3.8). Collectively, genomic alterations in the MUC1 network or the AR 

coregulator group facilitate PC recurrence, but not patient survival following 

metastatic events. Nonetheless, by comparing the reduction curve and median 

months disease free survival (MMDFS) associated with genomic alterations in the 

MUC1 network to those in the AR coregulator group, the former is likely to have 

a greater impact on promoting PC recurrence. 
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DICUSSION 

      MUC1 is the most attractive TAA, a status that is attributable not only to 

its dramatic alterations in cancer but also to the prevalence of these changes 

across multiple tumor types [11, 12, 17]. Furthermore, the MUC1-C subunit 

promotes the actions of multiple critical oncogenic pathways, including those of 

EGFR, ERBB, non-receptor tyrosine kinases, β-catenin, NF-κB, PKM2, and 

others [16, 17, 52]. However, although there is evidence supporting an association 

of MUC1 amplification with PC tumorigenesis, this relationship seems variable 

depending on the antibodies used. As such, the relationship between MUC1 

expression and PC progression has not been thoroughly investigated or 

established. 

      By employing comprehensive experimental systems and analyses 

involving in vitro and in vivo studies, as well as examining the changes in MUC1 

protein, mRNA, and genomic DNA, our research reveals several novel 

observations: MUC1 upregulation associates with PCSLCs, MUC1 levels are 

increased in the late phases of PC progression (metastasis and CRPC 

development), there is specific copy number amplification of the MUC1 gene and 

its associated gene network in CRPC, genomic alterations in the MUC1 network 

together with non-alteration of the AR gene could be potentially utilized as an 

NEPC signature, and the correlation of genomic alterations in the MUC1 network 

with PC relapse.  
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      For the association with PC recurrence, it appears that not all MUC1 

network associated genes display genomic alterations in the primary PC cohort 

(Supplementary Figure 3.6, left panel). As expected, removal of these unchanged 

genes does not affect the network's association with DFS based on this cohort 

(data not shown). While this may suggest that the remaining 12 genes (ABL1, 

APC, CTNNB1, EGFR, ERBB2, ERBB3, ERBB4, GALNT1, GALNT2, GRB2, 

LYN, and  SOS1) are a signature of PC relapse, it should be taken with caution as 

this cohort is rather small. Future research will need to address this issue. 

      Our observed upregulation of MUC1 in PCSLCs suggests a mechanism 

underlying MUC1 overexpression in PC. It is becoming clearer that the plasticity 

of cancer stem cells is critical in cancer evolution in response to endogenous and 

exogenous selective pressures (such as therapies). This plasticity likely 

contributes to the acquisition of new properties that drive cancer metastasis and 

development of therapeutic resistance. In this regard, PCSC-associated plasticity 

may contribute to MUC1 upregulation. In support of this possibility, we have 

recently reported a new PC metastatic factor contactin 1 (CNTN1) that was also 

derived from PCSLCs [53]. In a similar manner, PCSC-derived MUC1 may be 

specifically important for metastatic progression, considering genomic 

amplification in the MUC1 gene is an infrequent event in metastatic PCs (Figure 

3.7). 
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      In CRPC however, genomic amplification is likely a major mechanism 

underlying MUC1 upregulation (Figure 3.7). While the different mechanisms for 

increasing MUC1 levels in PC metastasis over CRPC development could be 

revealed in the future, it is likely that androgen deprivation is a contributing factor 

to MUC1 gene amplification in CRPC. This concept is supported by the 

importance of persistent AR signalling in CRPC development [5] and in 

promoting genomic stability [54-56]. Additionally, this concept is also in line 

with the observed concordance between AR gene amplification and MUC1 GCN 

increases in CRPC (Figure 3.9A). However, the genomic amplifications which 

occur in MUC1 and its gene network are not merely a side effect of AR 

signalling-caused genomic instability, which can be reflected by the independent 

genomic alterations between the MUC1 network (Figure 3.7) and the AR groups 

(Figure 3.8, Supplementary Figure 3.3). 

      The MUC1 network contains 9 tyrosine kinases (ALB1, EGFR, ERBB2, 

ERBB2, ERBB4, LCK, LYN, SRC1, and ZAP70), GRB2, and SOS1 

(Supplementary Table 3.1); both GRB2, and SOS1 facilitate tyrosine kinase 

signalling [57]. Thus, proteins contributing to tyrosine kinase function compose 

45.8% (11/24) of the network’s linker nodes (Supplementary Figure 3.2). 

Tyrosine kinase activity is well known to promote cancer progression, which is 

likely a major attribute to the specific association of the MUC1 network and 

CRPC. The second major group of proteins in the MUC1 network are enzymes 
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(GALNT1, GALNT2, GALNT10, GALNT12, GALNT15, OSGEP, and 

SIGLEC1) that contribute to MUC1 glycosylation (Supplementary Table 3.1). 

The involvement of these proteins in tumorigenesis has not been well studied. 

Nonetheless, their co-amplification with MUC1 in CRPC suggests a contribution 

to at least the generation of MUC1 as a CRPC-associated antigen. The MUC1 

network also possesses APC1, JUP, and PRKCD genes that display tumor 

suppression functions (Supplementary Table 3.1), which are also co-amplified 

(Supplementary Table 3.1). The function of their amplification remains unclear. It 

may be a result from the prevalence of genomic amplification over deletion in the 

CRPC cohort [47]. However, it will be a challenge to reconcile their amplification 

in CRPC with their deep deletion in primary tumors (Figure 3.7). The same 

situation also applies to GALNT2 (Figure 3.7). It is a provocative thought that the 

primary PCs with these deletions are unlikely to progress to CRPC. An equally 

provocative possibility is that their amplification contributes to CRPC 

development in some way. These uncertainties may be solved in the future. 

Nonetheless, our analysis supports an intriguing connection of the MUC1 network 

with CRPC. 

      Similar ambiguities are also observed in the AR groups. While co-

amplification of the AR gene with its coactivators is in line with the importance of 

persistent AR signalling in CRPC development [5], co-amplification of AR with 

its repressors (NCOR1, NCOR2, and ZBTB16) may play a different role in the 
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process. Both NCOR1 and NCOR2 reduce agonist and antagonist-elicited AR 

activity [58], indicating a complex role of these factors in modulating AR 

function. Intriguingly, addition of NCOR1, NCOR2, and ZBTB16 to AR and 

FOXA1 empowers an association with PC recurrence (Figure 3.10C); in fact AR 

plus NCOR1, NCOR2, and ZBTB16 is almost sufficient to predict a reduction in 

DFS (Supplementary Figure 3.9). Intriguingly, the AR coactivator group does not 

possess this ability (Supplementary Figure 3.8), suggesting that co-amplification 

of AR with its repressors impacts CRPC development. 

      Considering the well-established associations of genomic alterations in the 

AR and its co-activator genes with CRPC [5, 41, 47, 48, 59], it is remarkable that 

respective aberrations in the MUC1 network are likely more specific in 

identifying CRPC. While this needs to be further examined, it is also rather 

intriguing that genomic alterations in the MUC1 network and AR largely overlap 

(Figure 3.9A), indicating a positive regulation between AR and MUC1. However, 

current evidence supports the opposite possibility of mutual inhibition [60, 61]; 

this negative feedback may contribute to the MUC1 network's unique genomic 

changes in NEPCs (Figure 3.9A), suggesting MUC1’s contribution to the 

generation of NEPC during ADT. 

       In our investigation we have uncovered a specific upregulation of MUC1 

in CRPC, which is not only novel but also implies a role of MUC1 in CRPC 
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development. In accordance with the essential contribution of PCSCs in CRPC 

progression [36], the increase of MUC1 levels in our PCSLCs (Figure 3.1) 

provides additional support to this statement. This development would suggest an 

addition of a MUC1-based immunotherapy during ADT. This combination is 

particularly appealing in view of our recent phase I/II clinical trial using dendritic 

cell-based MUC1 vaccination in treating patients with CRPC. Furthermore, a 

recent publication reported a significant survival advantage to combining 

docetaxel and ADT, compared to ADT alone, in treating patients with metastatic 

PC [62]. Based on MUC1's association with PCSLCs and upregulation of MUC1 

expression following docetaxel treatment reported here, it could be expected that 

combinational therapy involving docetaxel, ADT, and MUC1-based 

immunotherapy may provide an additional survival benefit over that of just 

docetaxel+ADT. MUC1 has already been explored for cancer immunotherapy 

strategies based on cancer-associated alterations in MUC1-N. However, a recent 

development identifying GO-203 that specifically targets MUC1-C [63] instead is 

an attractive addition to MUC1-based therapies for CRPC. 
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MATERIALS AND METHODS 

Cell culture and generation of DU145 spheres (PCSLCs) 

      LNCaP, PC3, and DU145 cells were purchased from American Type 

Culture Collection (ATCC), and cultured in RPMI-1640 (LNCaP), F12 (PC3) and 

MEM (DU145) media supplemented with 10% FBS (Sigma Aldrich) and 1% 

Penicillin-Streptomycin (Thermo Fisher Scientific). DU145 spheres were 

generated and cultured according to our published conditions [37]. Briefly, 

DU145 monolayer cells (non-PCSLCs) were individualized and seeded at a 

density of 5,000 cells/mL in serum-free (SF) media (3:1 DMEM/F12 mixture) 

(Thermo Fisher Scientific) containing 0.4% bovine serum albumin (BSA) 

(Bioshop Canada Inc.) supplemented with 0.2x concentration of B27 minus 

Vitamin A (Thermo Fisher Scientific) and 10ng/ml EGF (Sigma Aldrich), in T75 

flasks. Typical spheres were formed in 10 to 12 days. 

 

Collecting primary prostate cancer 

      Prostate biopsies and radical prostatectomy tissues were obtained at St. 

Joseph's Hospital in Hamilton, Ontario, Canada under approval from the local 

Research Ethics Board (REB# 11-3472) and with patient consent.  
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Nanostring technology 

Patient tissues were obtained as above. Formalin fixed paraffin embedded 

(FFPE) PC tissues containing 60-80% carcinoma were collected as 10μm curls, 

and RNA was isolated using the High Pure FFPET RNA Isolation Kit (Roche) 

following the manufacturer’s instructions. Purified RNA was then sent to the 

McMaster Farncombe Institute (Hamilton, Ontario, Canada) for analysis via the 

nCounter Nanostring Technologies platform. Matched benign prostate tissue was 

used as control. Gene expression of TMPRSS2-ERG fusion and PTEN were used 

as positive controls to confirm specific examination of PC tissue. A low, medium, 

and high expressing housekeeping gene were used as normalization controls 

(ABCF1, TUBB, GAPDH), by taking the total input RNA and dividing by their 

geometric mean. 

 

Xenograft tumor formation and docetaxel treatment 

      DU145 monolayer (non-PCSLCs) and sphere (PCSLCs) cells were 

resuspended in 0.1 ml MEM/Matrigel mixture (BD) (1:1 volume), followed by 

subcutaneous implantation into the flanks of 8 week-old male NOD/SCID mice 

(The Jackson Laboratory). 10
6
 DU145 monolayer cells and 10

4
 DU145 sphere 

cells were implanted, based on our previous report that DU145 spheres display a 

100-fold higher capacity to form xenografts [37]. Tumors were assessed through 
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observation and palpation, and tumor growth was measured weekly using 

calipers. Tumor volume was determined using the formula V = L x W
2
 x 0.52. 

Once tumors reached a volume of at least 100mm
3
, mice were treated with either 

DMSO control or docetaxel (Santa Cruz) at 10mg/kg once a week for three weeks 

by intraperitoneal injection. After a week of recovery, treatment was repeated 

until tumors reached a volume ≥ 1000 mm
3
, at which point animals were 

sacrificed. All animal work was carried out according to experimental protocols 

approved by the McMaster University Animal Research Ethics Board.  

 

Western blot analysis 

      Cells were lysed in a buffer containing 20mM Tris (pH 7.4), 150mM 

NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 25mM sodium 

pyrophosphate, 1mM NaF, 1mM β-glycerophosphate, 0.1mM sodium 

orthovanadate, 1mM PMSF, 2μg/ml leupeptin and 10μg/ml aprotinin. 50μg of 

whole cell lysate  was separated on SDS-PAGE gel, and transferred onto Hybond 

ECL nitrocellulose membranes (Amersham), followed by blocking with 5% skim 

milk at room temperature for one hour. Primary antibodies were incubated 

overnight at 4
o
C with agitation, and secondary antibodies incubated for one hour 

at room temperature. Signals were then developed (ECL Western Blotting Kit, 

Amersham). Primary antibodies: anti-MUC1 1:50 (BD) and anti-Actin 1:1000 

(Santa Cruz). 
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Quantitative real-time PCR analysis of MUC1 expression 

      Total RNA was isolated from DU145 monolayer and DU145 sphere cells 

with TRIZOL, and reverse transcription was carried out using Superscript III 

(Thermo Fisher Scientific) according to the manufacturer’s instructions. 

Quantitative real-time PCR was performed using the ABI 7500 Fast Real-Time 

PCR System (Applied Biosystems) using SYBR-green (Thermo Fisher 

Scientific). All samples were run in triplicate. MUC1 (Forward): 5’-

TGCCGCCGAAAGAACTACG-3’, MUC1 (Reverse): 5’-

TGGGGTACTCGCTCATAGGAT-3’. β-Actin (Forward): 5’-

ACCGAGCGCGGCTACAG-3’, β-Actin (Reverse): 5’- 

CTTAATGTCACGCACGATTTCC -3’.  

 

Immunohistochemistry (IHC)  

      IHC was performed on 34 paraffin embedded and serially cut prostate 

cancer tissues obtained from St. Joseph’s Hospital, Hamilton, Ontario, Canada. 

Slides were deparaffinized in xylene and cleared in an ethanol series. Antigen 

retrieval was performed in a food steamer for 20 minutes using sodium citrate 

buffer (pH = 6.0). Tissues were blocked for 1 hour in PBS containing 1% BSA 

and 10% normal goat serum (Vector Laboratories). MUC1 antibody (1:200, BD) 

was incubated overnight at 4°C. Secondary antibody biotinylated goat anti-mouse 
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IgG and Vector ABC reagent (Vector Laboratories) were incubated according to 

the manufacturer’s instructions. Secondary antibody only was used as negative 

control. Washes were performed with PBS. Chromogenic reaction was carried out 

with diaminobenzidine (Vector Laboratories), and slides were counterstained with 

haemotoxylin (Sigma Aldrich). Image analysis was performed using ImageScope 

software (Leica Microsystems Inc.). Staining intensity values derived from 

ImageScope were converted to an HScore using the formula [HScore = (% 

Positive) x (intensity) + 1]. The HScore was normalized through background 

subtraction and averaged amongst ≤ 5 images per tissue sample. 

 

Gene expression studies 

The specific methods of how each study obtained gene expression, gene 

alteration, and copy number variation data for deposit into Oncomine
TM

, 

cBioPortal, or Gene Expression Omnibus (GEO), can be found in their respective 

publications. In general, DNA and RNA were purified from frozen or FFPE 

tissues and analyzed via comparative genomic hybridization platforms, whole 

exome sequencing, paired-end sequencing, and cDNA microarrays. For 

examination of raw data, many groups aligned to the hg19 build of the human 

reference genome. 
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Oncomine
TM

 and GEO data was downloaded and analyzed using 

GraphPad Prism 5.0 software. Information from cBioPortal was examined using 

the online tools provided. 

 

Statistical analysis  

      Statistical analysis was performed using student t-test, with p < 0.05 being 

considered statistically significant. 
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TABLES 

Table 3.1. Patient information and MUC1 Score 

a: age at diagnosis, b: PSA at diagnosis, c: average score of stain intensity ± SD, 

d: patient also demonstrates metastasis to lymph node 

Patient # Age
a
 Gleason Metastasis PSA (μg/L)

b
 Average Score

c
 

1 76 3+3 No 12 51.79 ± 19.76 

2 55 3+3 No 5.13 44.14 ± 16.54 

3 53 3+3 No 7.3 22.55 ± 12.72 

4 52 3+3 No Unknown 39.77 ± 18.04 

5 58 3+3 No 18 130.63 ± 98.65 

6 59 3+3 No 6 8.20 ± 6.48 

7 50 3+4 No Unknown 37.03 ± 5.04 

8 - 3+4 No Unknown 113.14 ± 32.31 

9 70 3+4 No Unknown 43.76 ± 15.42 

10 78 3+4 No Unknown 24.32 ± 15.95 

11 70 3+4 No 7.7 3.64 ± 4.08 

12 50 4+3 No 714 34.01 ± 18.05 

13 74 4+3 No 14 84.61 ± 38.31 

14 79 4+4 No 39 16.81 ± 4.97 

15 56 4+4 Yes
d
 Unknown 18.76 ± 24.62 

16 58 4+4 Yes
d
 Unknown 57.89 ± 26.93 

17 60 4+4 No Unknown 12.19 ± 10.54 

18 75 4+5 No 74 13.35 ± 3.45 

19 82 4+5 No 28 6.19 ± 5.83 

20 72 4+5 No Unknown 38.36 ± 7.09 

21 55 4+5 No 22 11.41 ± 2.93 

22 49 4+5 No 61 11.61 ± 8.4 

23 64 4+5 No Unknown 4.24 ± 4.7 

24 71 4+5 No 29 4.22 ± 5.14 

25 65 4+5 No Unknown 10.06 ± 6.15 

26 81 4+5 No > 900 7.99 ± 14.96 

27 89 5+4 No Unknown 69.16 ± 29.67 

28 77 5+4 No Unknown 43.00 ± 18.93 

29 65 5+4 Yes
d
 Unknown 1.73 ± 0.73 

30 80 5+4 No Unknown 57.85 ± 22.02 

31 74 5+5 No Unknown 62.09 ± 26.33 

32 68 5+5 No Unknown 34.78 ± 47.69 

33 91 5+5 No Unknown 0.58 ± 0.96 

34 98 5+5 No Unknown 112.84 ± 14.86 
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Table 3.2. Nanostring Analysis of Gene Expression in Primary Prostate Cancer 

Tissues 

 

Genes P1
a
 P2

a
 P3

a
 P4

a
 P5

a
 P6

a
 P7

a
 

MUC1 +2 +2.4 N
c
 +3.1 N +1.4 N 

TMPRSS2-ERG
b
 +16.2 +30.2 N N +17 +25.3 +27.3 

PTEN
b
 -1.4 -1.4 N N -1.4 -1.3 -2.6 

a: patients 1-3 (GS6), patients 4-6 (GS7, 4+3 for P4,5, and 3+4 for P6), and P7 

(GS4+4). 

b: TMPRSS2-ERG and PTEN were used as positive controls for upregulated and 

downregulated genes in PC. downregulated or upregulated genes 

c: no downregulation or upregulation 

Student’s t-test was used to determine the p-values for changes in MUC1 

(p=0.044), PTEN (p=0.051), and ERG (p=0.004) 

 

 

Table 3.3. MUC1 Gene Copy Amplification in Prostate Cancer
a
 

PC Type Cases
b
 Amp Cases

c
 % References 

CRPC 77 27 35 1 

Metastatic PC 150 9 6 2 

Local PC 333 6 1.8 3 

a: data was obtained from cBioPortal 

b: total number of PC cases 

c: the number of cases with the MUC1 gene copy number amplification 
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FIGURES 

 

Figure 3.1. Upregulation of MUC1 in prostate cancer stem-like cells 

(PCSLCs). (A) Real-time PCR analysis of MUC1 mRNA in DU145 monolayer 

and DU145 sphere cells (PCSLCs). β-actin was used as an internal control. 

Experiments were repeated three times. MUC1 mRNA abundance in DU145 

sphere cells is graphed as a fold change to monolayer cells; Mean ± SE (standard 

error of the mean) are graphed. *p<0.05 by a 2-tailed Student's t-test.  (B) MUC1 

protein expression in DU145 monolayer cells (MC) and sphere cells (SC), 

LNCaP, and PC3 cells was determined by Western blot. Experiments were 

repeated three times; typical images from a single repeat are shown (inset). 

MUC1 protein levels were normalized to the respective actin; mean±SE are 

graphed. *p<0.05 by a 2-tailed Student's t-test in comparison to DU145 

monolayer cells. (C) MUC1 expression in xenograft tumors produced by DU145 

monolayer or sphere cells was determined by immunohistochemistry (IHC). The 

indicated areas are enlarged three fold and placed underneath the original panel.  
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Figure 3.2. Docetaxel upregulates MUC1 expression in xenograft tumors. (A) 

DU145 monolayer (10
6
) or sphere (10

4
) cells were subcutaneously implanted into 

9 and 7 NOD/SCID mice, respectively. When tumors reached 100mm
3
 (treatment 

starting point/TSP), mice were randomly assigned to receive DMSO or docetaxel 

(see Materials and Methods for details). Tumor volumes are expressed as fold 

change two weeks after the TSP. Statistical analyses were performed using 

Student's t-test. (B) IHC staining for MUC1 in xenograft tumors generated from 

DU145 monolayer and sphere cells. Typical images are shown. The indicated 

regions are enlarged three fold and placed underneath the original panel.  
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Figure 3.3. Detection of MUC1 in primary prostate cancers. (A) IHC staining 

for MUC1 in 34 primary PC tissues (Table 1). Typical images for Gleason score 

(GS) 7, 8, and 9 tumors are shown. Scale bars represent 200μm. (B) IHC staining 

was quantified through ImageScope software (see Materials and Methods for 

details). Average  HScores ± SDs are  included in Table 1. The average scores ± 

SDs for low Gleason score (GS6-7) and high Gleason score (GS8-10) tissues are 

graphed. Statistical analyses were performed using Student's t-test. 
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Figure 3.4. Upregulation of MUC1 mRNA in metastatic PC. Data was 

downloaded from the Grasso (A, B), Lapointe (C), Taylor (D), and Tomlins (E, 

F) datasets from  the Oncomine
TM

 database (Compendia Bioscience, Ann Arbor, 

MI), and analyzed for changes in MUC1 mRNA. Mean±SD are graphed (A, C, D, 

E). (B, F) A receiver-operating characteristic (ROC) curve of local versus 

metastatic PC was derived from the data taken from the Grasso (B) and Tomlins 

datasets (D). AUC: area under the curve. LN Met (4): lymph node metastasis 

(n=4); Dis Met (12): distant metastasis (n=12). 
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Figure 3.5. Increases in MUC1 gene copy number in advanced and 

metastatic PC. Data related to MUC1 gene copy number was downloaded from 

the Taylor (A, B) and TCGA (C) (generated by the TCGA Research network, 

http://cancergenome.nih.gov/) datasets from Oncomine
TM 

(Compendia 

Bioscience, Ann Arbor, MI); Mean ± SD (A and C) and a ROC curve of primary 

versus metastatic PC were calculated and graphed. Statistical analyses were 

performed using Student's t-test. AUC: area under the curve. 
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Figure 3.6. Expression of MUC1 in PC bone metastases. IHC staining of four 

PC bone metastases. Two typical regions from each patient are shown. The 

overall staining (low magnification) is presented in Supplementary Figure 3.1. 
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Figure 3.7. Genomic alterations of genes in the MUC1 network. The MUC1 

network (see Supplementary Figure 3.2 and Supplementary Table 3.1 for details) 

was analyzed for genomic alterations using the 3 largest and representative 

prostate cancer datasets within the cBioPortal database [43,44]. These datasets 

were deposited from studies as a result of their publications [45-47], and cover 

333 primary PCs [45], 150 metastatic PCs [46], and 107 CRPCs derived from 77 

patients [47]. (A) Analyses were performed using the tools provided by 

cBioPortal [43,44]. For the primary and metastatic population, only a proportion 

of cohorts containing the tumors with the relevant genomic alterations are 

included. Each column represents an individual tumor; red and blue slots are for 
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gene amplification and deep deletion, respectively. Gene names and their rates of 

alteration are shown on the left and right of individual rows, respectively. (B) 

Summary of genomic alterations in the MUC1 network in the primary, metastatic 

and castration resistant PC cohort. 

 

 

Figure 3.8. Genomic changes in the AR gene and its coregulators. Genomic 

alterations in the AR gene, FOXA1, NCOR1, NCOR2, and ZBTB1 were analyzed 

in the primary, metastatic, and castration resistant PC cohort within the cBioPortal 

database [43, 44]. The group rates of genomic change (GC) are provided. Red and 

blue slots are for amplification and deep deletion, respectively; green, brown, and 

black squares indicate missense, inframe, and truncating mutations, respectively. 
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Figure 3.9. Concurrent and independent genomic alterations between the AR 

gene and the MUC1 gene network. Gene amplification (red slot), deep deletion 

(blue slot), missense mutation (green square), inframe mutation (brown square), 

and truncating mutation (black square) in the AR gene and those genes in the 

MUC1 network were taken from the CRPC and metastatic PC dataset within 

cBioPortal [43, 44]. (A) The top row demonstrates pathologies for individual 

CRPC: red for CRPC adenocarcinoma (CRPC Ad); blue for neuroendocrine PC 

(NE); and orange for CRPC adenocarcinoma mixed with NEPC. CRPC cases 

bordered by the two blue lines have genomic changes only in the MUC1 network. 

(B) Genomic alterations in the AR gene and the MUC1 network in a metastatic 

PC cohort. 

 

 

 
Figure 3.10. Genomic alterations in the MUC1 network associate with a 

reduction in disease free survival (DFS). A dataset of primary PC [41] (A, C) 

and a dataset of metastatic PC [40] (B, D) within the cBioPortal database [43, 44] 

were used to assess the impact of the MUC1 network on DFS (A) and OS (B) as 

well as the effects of the AR network on DFS (C) and OS (D). Statistical analysis 

was performed using Logrank Test. Total#: total number of cases; relap#: number 

of relapsed cases; dec#: number of deceased cases; MMDFS: median months 

disease free survival; MMS: median months survival; NA: not available. 
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SUPPLEMENTARY TABLES 

 

Supplementary Table 3.1. The MUC1 Network and its Roles in PC Progression 

Gene Amp Role in PC and CRPC Ref 

ABL1 20.2% Abelson tyrosine-protein kinase 1.  

Promotes the progression of prostate cancer 

through activation of proliferation, invasion, 

tumorigenesis and metastasis. Increased 

expression observed in prostate cancer 

tissues. 

1,2 

APC 8.8% Adenomatous polyposis coli. Functions as a 

scaffold that targets β-catenin for 

phosphorylation and subsequent 

proteasomal degradation. In the presence of 

WNT ligands or APC mutation, β-catenin is 

no longer degraded and can accumulate in 

both the cytosol and nucleus where it 

activates target genes. Allelic deletion of 

APCs locus in many human cancers 

suggests it as a tumour suppressor. In PC 

cases β-catenin is found in the nucleus, 

suggesting the pathway is frequently de-

regulated. This observation corresponds 

with a decrease in APC mRNA expression. 

3,4 

CTNNB1 19.3% Catenin beta 1. Involved in cadherin-

mediated cell adhesion and is under 

regulation of the Wnt signalling pathway. It 

localizes to the nuclei in many CRPC 

tissues and may be involved with advanced 

PC pathogenesis. 

5 

CTNND1 14.9% Catenin delta 1. Increased expression is 

correlated with higher PC Gleason score. 

Overexpression in PC cell lines reduced 

cell-cell adhesion (E-cadherin) which is 

seen in PC progression. 

6 

EGFR 14.9% Epidermal growth factor receptor. Increased 

expression in PC, and is associated with 

high Gleason and advanced disease 

(CRPC). When activated, downstream 

signalling such as AKT and MAPK  

pathways leads to enhanced proliferation, 

7 
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migration and survival. 

ERBB2 18.4% Erb-B2 receptor tyrosine kinase 2. 

Overexpression of ERBB2 in androgen 

independent cells DU145 and PC3 

increased metastatic potential in in vitro 

assays. This effect was not seen in androgen 

dependent LNCaP or Myc-CaP (murine) 

cells, suggesting a collaboration with 

androgen signalling. 

8 

ERBB3 14.9% Erb-B2 receptor tyrosine kinase 3. Co-

expressed with the AKT, MAPK, and 

JAK/STAT pathways. Contributes to 

progression of castration-resistant prostate 

cancer. While typically expressed in 

cytoplasm, increased nuclear localization 

was observed in higher Gleason score and 

CRPC tissues. 

9,10 

ERBB4 8.8% Erb-B2 receptor tyrosine kinase 4. 

Approximately 30% of prostate cancer 

patients present with ERBB4 

overexpression. High levels in PC cell lines 

correlated with greater proliferation rates. 

11,12 

GALNT1 12.3% Polypeptide N-

acetylgalactosaminyltransferase 1. 

Catalyzes the initial reaction in O-linked 

oligosaccharide biosynthesis, the transfer of 

an N-acetyl-D-galactosamine residue to a 

serine or threonine residue on the protein 

receptor. Has a broad spectrum of substrates 

for peptides such as EA2, Muc5AC, Muc1a, 

Muc1b and Muc7. 

Uniprot
*,26

 

GALNT2 21.9% Polypeptide N-

acetylgalactosaminyltransferase 2. 

Catalyzes the initial reaction in O-linked 

oligosaccharide biosynthesis, the transfer of 

an N-acetyl-D-galactosamine residue to a 

serine or threonine residue on the protein 

receptor. Has a broad spectrum of substrates 

for peptides such as EA2, Muc5AC, Muc1a, 

Muc1b. Probably involved in O-linked 

glycosylation of the immunoglobulin A1 

Uniprot 
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(IgA1) hinge region. 

GALNT10 20.2% Polypeptide N-

acetylgalactosaminyltransferase 10. 

Catalyzes the initial reaction in O-linked 

oligosaccharide biosynthesis, the transfer of 

an N-acetyl-D-galactosamine residue to a 

serine or threonine residue on the protein 

receptor. Has activity toward Muc5Ac and 

EA2 peptide substrates. 

Uniprot 

GALNT12 20.2% Polypeptide N-

acetylgalactosaminyltransferase 12. 

Catalyzes the initial reaction in O-linked 

oligosaccharide biosynthesis, the transfer of 

an N-acetyl-D-galactosamine residue to a 

serine or threonine residue on the protein 

receptor. Has activity toward non-

glycosylated peptides such as Muc5AC, 

Muc1a and EA2, and no detectable activity 

with Muc2 and Muc7. Displays enzymatic 

activity toward the Gal-NAc-Muc5AC 

glycopeptide, but no detectable activity to 

mono-GalNAc-glycosylated Muc1a, Muc2, 

Muc7 and EA2. May play an important role 

in the initial step of mucin-type 

oligosaccharide biosynthesis in digestive 

organs. 

Uniprot 

GALNT15 20.2% Polypeptide N-

acetylgalactosaminyltransferase 15. 

Catalyzes the initial reaction in O-linked 

oligosaccharide biosynthesis, the transfer of 

an N-acetyl-D-galactosamine residue to a 

serine or threonine residue on the protein 

receptor. Although it displays a much 

weaker activity toward all substrates tested 

compared to GALNT2, it is able to transfer 

up to seven GalNAc residues to the 

Muc5AC peptide, suggesting that it can fill 

vicinal Thr/Ser residues in cooperation with 

other GALNT proteins. Prefers Muc1a as 

substrate. 

Uniprot 

GRB2 21.1% Growth factor receptor bound protein 2. 13 
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Indirectly targets androgen receptor through 

the MAPK pathway, promoting cell 

proliferation and survival. 

GSK3β 16.7% Glycogen synthase kinase 3 beta. While 

GSK-3 is upregulated in many cancers, 

GSK-3β was found to correlate more with 

higher Gleason score (GSK-3α correlated 

more with lower Gleason). GSK-3β 

promoted AR transcriptional activity and 

AKT activation in 22Rv1 cells. 

14 

JUP 16.7% Junction plakoglobin. An important 

component of desmosomes and adherence 

junctions. Studies demonstrate a key role in 

controlling epithelial cell motility, with low 

levels leading to higher metastatic potential. 

In PC cell lines, JUP was found to interact 

with SOX4 by promoting its nuclear export. 

In this way, SOX4s transcriptional role in 

differentiation, proliferation, and cancer 

progression may be inhibited, suggesting 

JUP as a tumour suppressor. 

15,16 

LCK 8.8% Lymphocyte cell-specific protein-tyrosine 

kinase. Aberrantly expressed in prostate 

cancer tissues with preferential expression 

in metastatic lesions. May contribute to 

neoplastic transformation. 

17 

LYN 31.6% Lck/Yes-related novel protein tyrosine 

kinase. Expressed in PC cell lines, normal 

prostate epithelia and the majority of PC 

tissues, it is involved in cell proliferation 

and anti-apoptosis. Upregulated expression 

in CRPC. Overexpression increased AR 

transcriptional activity both in vitro and in 

vivo. 

18,19 

OSGEP 17.5% O-sialoglycoprotein endopeptidase. 

Component of the EKC/KEOPS complex 

that is required for the formation of a 

threonylcarbamoyl group on adenosine at 

position 37 (t6A37) in tRNAs that read 

codons beginning with adenine. The 

complex is probably involved in the transfer 

Uniprot 
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* Protein description taken from The UniProt Consortium (http://www.uniprot.org/) 

of the threonylcarbamoyl moiety of 

threonylcarbamoyl-AMP (TC-AMP) to the 

N6 group of A37. OSGEP likely plays a 

direct catalytic role in this reaction, but 

requires other protein(s) of the complex to 

fulfill this activity. 

PRKCD 19.3% Protein kinase C delta. Involved in 

apoptosis in response to anti-cancer agents, 

its expression is decreased in PC cells. 

Overexpression in LNCaP cells reduced cell 

number by acting as a mediator for phorbol 

esters. 

20,21 

SIGLEC1 16.7% Sialic acid binding Ig like lectin 1. Acts as 

an endocytic receptor mediating clathrin 

dependent endocytosis. Macrophage-

restricted adhesion molecule that mediates 

sialic-acid dependent binding to 

lymphocytes, including granulocytes, 

monocytes, natural killer cells, B-cells and 

CD8 T-cells. Preferentially binds to alpha-

2,3-linked sialic acid (By similarity). Binds 

to SPN/CD43 on T-cells (By similarity). 

May play a role in haemopoiesis. 

Uniprot 

SOS1 12.3% Son of sevenless homolog 1. Found to be 

overexpressed in primary PC cells derived 

from African American men, who have an 

increased risk of developing PC. Expression 

correlated with Gleason score. Knockdown 

in PC3 and DU145 cells decreased 

proliferation, migration, and invasion.  

22 

SRC1 20.2% SRC proto-oncogene. Involved in androgen-

independent growth, and plays an important 

role in normal and dysregulated bone 

functioning (bone metastasis). In local 

androgen-dependent tumours, expression 

correlates with more advanced disease. 

23,24 

ZAP70 7.9% Zeta chain of T cell receptor associated 

protein kinase 70kDa. Overexpressed in PC 

cell lines and tissues, and promotes 

migration and invasion. 

25 
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SUPPLEMENTARY FIGURES 

 
 

Supplementary Figure 3.1. The overall IHC staining for MUC1 in four PC 

bone metastases. Scale bar represents 2mm. 
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Supplementary Figure 3.2. The MUC1 gene network. The network was 

generated using MUC1 as the seed node; the linker nodes were identified using 

the pathway data and interaction data from HPRD, Reactome, NCI-Nature 

Pathway Interaction Database, and the MSKCC Cancer Cell Map. The pathway 

was constructed by the system provided by cBioPortal 

(http://www.cbioportal.org/) (also see Supplementary Table 3.1). 

 

 

 

 

http://www.cbioportal.org/
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Supplementary Figure 3.3. Genomic alterations of genes in the AR 

coactivator group. The AR, FOXA1, NCOA1, NCOA2, and NCOA3 genetic 

alterations in the indicated datasets were analyzed. These datasets were deposited 

from their respective publications [45-47] into cBioPortal. For each dataset, only 

the proportions of tumors containing the indicated genomic changes are included. 

Each column represents an individual tumor. Gene names and their rates of 

alteration are shown on the left and right of individual rows, respectively. The 

group rates of genomic changes (GC) are also provided. Red and blue slots 

represent gene amplification and deep deletion, respectively; green, brown, and 

black squares represent missense, inframe, and truncating mutations, respectively. 
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Supplementary Figure 3.4. Independent occurrence of genomic alterations in 

the AR gene and the MUC1 network. Gene amplification (red slot), deep 

deletion (blue slot), missense mutation (green square), and truncating mutation 

(black square) in the AR gene and the MUC1 network genes were downloaded 

from the largest cohort of primary PC within cBioPortal. Genomic alterations in 

the AR gene and the MUC1 network in the cohort are shown. 
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Supplementary Figure 3.5. High levels of MUC1 mRNA does not enhance PC 

metastasis. Data was taken from the Grasso dataset within Oncomine
TM

 and 

analyzed for metastasis free survival according to MUC1
+
 (with MUC1 mRNA 

upregulation) and MUC1
-
 tumors. Statistical analysis was performed using 

Logrank Test. 
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Supplementary Figure 3.6. Genomic alterations of the MUC1 network in the 

indicated patient cohorts. Genomic data of a primary PC [41] and metastatic PC 

cohort [40] within cBioPortal was used for the analyses. For each dataset, only the 

proportions of tumors containing the indicated genomic changes are included. 

Each column represents an individual tumor. Gene names and their rates of 

alteration are shown on the left and right of individual rows, respectively. Red and 

blue slots represent gene amplification and deep deletion, respectively; green and 

black squares represent missense and truncating mutations, respectively. 
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Supplementary Figure 3.7. Genomic changes in the AR coregulator group. 

Genomic data of a primary PC [41] (A) and metastatic PC cohort [40] (B) within 

cBioPortal was used for the analyses. Gene names and their rates of alteration are 

shown on the left and right of individual rows, respectively. The group rates of 

genomic changes (GC) are also provided. Red and blue slots represent gene 

amplification and deep deletion, respectively; green and black squares represent 

missense and truncating mutations, respectively. 
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Supplementary Figure 3.8. Genomic alterations in the AR coactivator group 

do not correlate with DFS and OS. A primary PC dataset [41] and metastatic 

PC dataset [40] within the cBioPortal were used to assess the impact on DFS (A) 

and OS (B). Statistical analysis was performed using Logrank Test. Total#: total 

number of cases; relap#: number of relapsed cases; dec#: number of deceased 

cases; MMDFS: median months disease free survival; MMS: median months 

survival; NA: not available. The respective genomic changes are indicated in the 

left panels. For each dataset, only the proportions of tumors containing the 

indicated genomic changes are included; the total number of cases (n) is also 

included. The group rates of genomic changes (GC) are also provided. Red slot: 

genomic amplification; green square: missense mutation; black square: truncating 

mutation. 
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Supplementary Figure 3.9. Genomic changes in AR, NCOR1, NCOR2, and 

ZBTB16 are likely associated with a reduction in DFS. A dataset of primary 

PC cohort [41] within cBioPortal was used to analyze for genetic alterations in 

these genes (left panel) and for a potential association of these changes with DFS 

(right panel). Only the proportions of tumors in the cohort containing the 

indicated genomic changes are included and the total number of cases (n) is 

indicated (left panel). The group rate of genomic changes (GC) is also shown. 

Red and blue slots represent gene amplification and deep deletion, respectively; 

green and black squares represent missense and truncating mutations, 

respectively. Total#: total number of cases; relap#: number of relapsed cases; and 

MMDFS: median months disease free survival. 
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Relationship to Ph.D. research 

 

This work investigates the increased expression of FAM84B in our 

PCSLCs which may be co-upregulated along with pluripotency factors during 

stem cell maintenance. It has also been shown to be involved with cell 

proliferation, migration, and invasion. We report here that FAM84B associates 

with both CRPC and metastasis which are widely accepted to be initiated by 

CSCs, a source of aggressive disease. 

 

Preface 

 

Through Affymetrix microarray analysis our lab has initially identified a 

2.2 fold increase of FAM84B expression in our DU145 PCSLCs versus the 

parental DU145s. This was confirmed by qRT-PCR and Western blotting. In this 

manuscript we demonstrate higher transcript levels and/or greater protein 

expression in PC versus normal adjacent tissues, bone metastases cases, and two 

different animal models of CRPC. The first model being subcutaneous LNCaP 

xenografts grown in androgen depleted (surgical castration) conditions, and the 

second being the transgenic prostate-specific Pten knockout model also under a 

castration environment. Further computational analyses revealed increases in 

FAM84B mRNA and gene copy number in PC compared to normal tissues, and in 

CRPC compared to PC cases. 

Although not mentioned in the manuscript, the transgenic Pten knockout 

line utilizing the Cre-Lox system required over one year to establish and 

represents a large investment of the author’s time. Further discussed in 

Supplementary Figure 4.7, breeding to obtain prostate-specific Pten knockout 

mice involved two starting strains and three separate crosses to obtain animals of 

the desired genotype before initiating any experiments. Development of the strain 

was originally conducted by Wang and colleagues (Wang et al. 2003) and 

appropriated for our research. These animals may be used to identify additional 

CRPC-related factors in the future. 
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ABSTRACT 

      Although the FAM84B gene lies within chromosome 8q24, a locus 

frequently altered in prostate cancer (PC), its alteration during prostate 

tumorigenesis has not been well studied. We report here FAM84B upregulation in 

DU145 cell-derived prostate cancer stem-like cells (PCSLCs) and DU145 cell-

produced lung metastases compared to subcutaneous xenograft tumors. FAM84B 

protein was detected in bone metastases and primary PCs. Nanostring 

examination of 7 pairs of tumor adjacent normal and PC tissues revealed 

elevations in FAM84B mRNA levels in all carcinomas. Furthermore, through 

analysis of FAM84B expression using large datasets within the Gene Expression 

Omnibus and Oncomine
TM

 database, we demonstrate significant increases in 

FAM84B mRNA in 343 primary PCs versus 181 normal tissues, and elevations in 

the FAM84B gene copy number (GCN) in 171 primary PCs versus 61 normal 

tissues. While FAM84B was not detected at higher levels via 

immunohistochemistry in high grade (Gleason score/GS 8-10) tumors compared 

to GS6-7 PCs, analyses of FAM84B mRNA and GCN using datasets within the 

cBioPortal database demonstrated FAM84B upregulation in 12% (67/549) of 

primary PCs and 18% (73/412) of metastatic castration resistant PCs (mCRPCs), 

and GCN increases in 4.8% (26/546) of primary PCs and 26% (121/467) of 

mCRPCs, revealing an association of the aforementioned changes with CRPC 

development. Of note, an increase in FAM84B expression was observed in 
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xenograft CRPCs produced by LNCaP cells. Furthermore, FAM84B upregulation 

and GCN increases correlate with decreases in disease free survival and overall 

survival. Collectively, we demonstrate a novel association of FAM84B with PC 

tumorigenesis and CRPC progression. 
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INTRODUCTION 

       Prostate cancer (PC) is the most frequently diagnosed cancer type in men 

in the developed world [1]. The disease likely originates from high grade prostatic 

intra-epithelial neoplasia (HGPIN) and progresses to metastatic PC with bone as 

the most common site [2]. Organ-confined tumors can be managed through 

multiple means, such as active surveillance, surgery, or radiation. Patients with 

advanced and metastatic disease can be treated with androgen deprivation therapy 

(ADT), a strategy pioneered by Charles Huggins in the 1940s [3, 4] and remains 

the current standard of care. The treatment however, is not curative, as resistant 

tumors, known as castration resistant PCs (CRPCs), inevitably develop. While 

CRPC development is likely mediated by multiple mechanisms, the best 

understood property of this progression is its dependency of androgen receptor 

(AR) signalling. Despite low serum testosterone levels following castration 

(<50ng/ml), persistent AR signalling continues, making it a critical contributing 

factor in CRPC development [5-7]. However, it appears that AR-independent 

mechanisms are also involved in CRPC acquisition, such as AR-negative 

neuroendocrine PC (NEPC) [8], an aggressive type of CRPC. ADT [9, 10] and 

inhibition of AR signalling through both abiraterone and enzalutamide [11, 12] 

induce NEPCs. Nevertheless, our understanding of mechanisms underlying PC 

progression (metastasis and CRPC development) remains incomplete. 
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      The chromosomal locus 8q24 is one of the most frequently amplified and 

altered regions in a variety of cancer types, including ovarian [13], colorectal [14-

17], breast [18-22], prostate [23-28], and others. The 8q24.21 locus specifically is 

attractive, partly because it is the location of the most commonly amplified gene 

in cancer, MYC. As expected, the 8q24.21 region is amplified in PCs [29, 30]. 

Variations in the locus associate with an increased risk of PC development [15, 

24-26, 31, 32]. The 8q24.21 locus contains a 1.2Mb gene desert bounded by 

FAM84B and MYC at the centromeric and telomeric end, respectively [15, 21, 

24, 25, 27]. A pseudogene of POU5F1, POU5F1P1/POU5F1B, lies within this 

gene desert [33] and elevations of POU5F1P1 at both the mRNA and protein 

levels were observed in PCs [34]. While alterations in MYC is well demonstrated 

during PC tumorigenesis [29, 35], changes in this locus for FAM84B in PCs 

remain unclear. 

      We demonstrate for the first time that the FAM84B gene is amplified and 

expression is upregulated during prostate tumorigenesis, and follows PC 

progression. FAM84B upregulation was observed in DU145 cell-derived prostate 

cancer stem like cells (PCSLCs) in comparison to non-PCSLCs and in prostate 

carcinoma compared to normal prostate tissues. The upregulation and FAM84B 

gene amplifications are particularly clear in CRPCs. 
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RESULTS 

Increased levels of FAM84B in PCSLCs 

      MYC resides in 8q24.21 and is one of four genes that were initially 

identified to program fibroblast cells into induced pluripotent stem cells (iPSCs) 

[36]. Considering MYC and FAM84B are located at either end of the 8q24.21 gene 

desert (Supplementary Figure 4.1), a potential association of FAM84B with 

PCSLCs was examined. We have recently established PCSLCs grown as spheres 

in suspension from DU145 monolayer cells [37]. To examine FAM84B 

expression in spheres cells versus monolayer cells, we analyzed their gene 

expression profiles by conducting three separate Affymetrix microarrays. A 

significant increase in FAM84B mRNA in spheres was observed (Figure 4.1A), 

while no changes in both MYC and POU5F1P1 were detected, suggesting that the 

upregulation of FAM84B was specific. This elevation was confirmed by real time 

PCR and Western blot (Figure 4.1B, C). In comparison to DU145 cells, PC3 and 

LNCaP cells express higher levels of FAM84B at both the protein and mRNA 

levels (Figure 4.1D). To further examine PCSLC-associated FAM84B 

upregulation, we analyzed its expression in xenograft tumors produced by either 

DU145 monolayer or sphere cells. Despite a significantly higher level of 

FAM84B expression in sphere cells in vitro (Figure 4.1A. B), there were no clear 

differences in FAM84B expression between the two types of xenograft tumors 

(Figure 4.1E, Supplementary Figure 4.2). These observations suggest that the 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

142 
 

mechanisms underlying FAM84B upregulation in DU145 PCSLCs are 

attributable to epigenetic changes instead of gene amplification, which may 

contribute to only FAM84B’s increased expression among the three genes 

(FAM84B, POU5F1P1, and MYC) in the 8q24.21 gene desert (Supplementary 

Figure 4.1). 

 

FAM84B upregulation associates with PC tumorigenesis 

      We have previously shown that DU145 sphere cells (PCSLCs) display a 

100-fold higher tumorigenic ability [37]. While we did not detect elevated 

FAM84B expression in sphere cell-derived xenograft tumors (see Discussion for 

details) (Figure 4.1E, Supplementary Figure 4.2), it remains possible that 

FAM84B upregulation associates with PC tumorigenesis and/or progression. To 

investigate this scenario, we produced subcutaneous (s.c.) xenograft tumors and 

lung metastasis (via tail vein injection) using DU145 monolayer cells [38]. 

FAM84B expression was heterogeneously detected in both tumor types 

(Supplementary Figure 4.3A); FAM84B is largely a cytosolic protein (Figure 

4.2A, enlarged images). However, FAM84B is clearly expressed at an elevated 

level in lung metastasis (Figure 4.2A, B; Supplementary Figure 4.3A). 

Interestingly, the staining showed higher levels of expression in the tumor edges 

adjacent to normal mouse lung tissue (Supplementary Figure 4.3A), suggesting a 

role of FAM84B in facilitating PC metastasis. This concept is supported by our 
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demonstration of FAM84B expression in 2 out of 4 human PC bone metastases 

(Figure 4.2C, Supplementary Figure 4.3B). Collectively, these observations 

support an association of FAM84B upregulation with PC progression. 

      To further investigate this association, we determined FAM84B mRNA 

levels in 7 pairs of PC and benign prostate tissues using Nanostring technology. 

The PC tissues contained 60-80% cancer tissue. This collection of samples 

revealed PTEN reductions and ERG increases (indicative of TMPRSS2-ERG 

fusion) in 5/7 of the PC cases (Table 4.1), which validated these tissues for 

analysis of PC-associated gene expression. Impressively, an elevation of 

FAM84B mRNA was detected in all carcinomas compared to the matched non-

tumor prostate tissues (Table 4.1; p=0.002 by a 2-tailed Student’s t-test), 

supporting FAM84B upregulation in PCs. 

      To further examine this concept, we analyzed gene expression data 

available from three major databases; Gene Expression Omnibus (GEO) 

(http://www.ncbi.nlm.nih.gov/geo/) [39], Oncomine
TM

 (Compendia Bioscience, 

Ann Arbor, MI), and cBioPortal [40, 41] (http://www.cbioportal.org/index.do). 

We downloaded FAM84B mRNA expression data from GSD2546 (dataset2546) 

(http://www.ncbi.nlm.nih.gov/sites/GDSbrowser) in GEO [42, 43] 

(Supplementary Figure 4.4). The dataset contained 17 normal prostate, 59 tumor 

adjacent normal prostate tissues (n=76), 66 primary PCs, and 25 metastases 

http://www.ncbi.nlm.nih.gov/geo/
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(lymph node, liver, kidney, and others) (Supplementary Figure 4.4). A significant 

increase in FAM84B mRNA can be demonstrated following PC progression from 

normal prostate tissues to carcinoma and to metastasis (Figure 4.3A). Elevated 

FAM84B mRNA in primary PCs over normal prostate tissues was also observed 

using the FAM84B mRNA data taken from the Taylor, Grasso, Lapointe, and 

Vanaja datasets [44] (Figure 4.3B-E) within the Oncomine
TM

 database [45-47]. 

While metastatic PCs expressed higher levels of FAM84B than the normal 

prostate tissues (Figure 4.3B-D), a significant increase in metastases over primary 

tumors can only be demonstrated in the Taylor dataset (Figure 4.3B). Together the 

five datasets contain 181 normal prostates and 343 primary PCs (Figure 4.3A-E), 

and validate the association of FAM84B upregulation with prostate 

tumorigenesis. This concept is further supported by their respective receiver-

operating characteristic (ROC) curves that separate normal prostates from primary 

PCs via an area under curve (AUC) value ranging from 0.69 to 0.9 (Figure 4.3F-

H). Nonetheless, the concept of whether FAM84B upregulation correlates with 

PC progression to metastatic disease warrants further investigations. 

      Higher levels of FAM84B in primary PCs may be in part attributable to 

increases in gene copy number (GCN). In an analysis of FAM84B GCN data 

downloaded from the TCGA dataset within Oncomine
TM

, FAM84B GCN is 

significantly increased in 171 primary PCs compared to 61 normal prostate tissues 
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(Figure 4.4A). The differences separate the two groups with an AUC value of 

0.86 (p<0.0001) (Figure 4.4B). 

 

FAM84B expression does not correlate with primary PC progression 

      Primary PCs can be divided into and analyzed as low grade (Gleason score 

6-7/GS6-7) and high grade (GS8-10) tumors [48]. FAM84B mRNA data obtained 

from the Taylor dataset [45] supports the analysis. FAM84B mRNA levels in both 

low and high grade PCs are significantly higher than in normal prostates (Figure 

4.5A). Although the number of cases with high grade PCs was limited, high grade 

PCs does not seem to display higher levels of FAM84B than low grade PCs 

(Figure 4.5A). We further examined FAM84B protein expression via 

immunohistochemistry in our limited patient cohort consisting of 4 low and 18 

high grade prostate carcinomas (Supplementary Table 4.1). The FAM84B protein 

was clearly detected in low and high grade PCs (Figure 4.5B). However, we could 

not demonstrate higher levels of FAM84B expression in high grade PCs (Figure 

4.5C). While FAM84B is largely a cytosolic protein in PC cells (Figure 4.5B), 

nuclear staining was also observed in high grade cases (Supplementary Figure 

4.5).  
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FAM84B upregulation correlates with CRPC development 

      A critical form of PC progression is the development of CRPC. To 

examine whether FAM84B upregulation associates with this, we determined 

FAM84B expression in vitro and in vivo under androgen deprivation conditions. 

Androgen free media for 24 hours robustly reduced prostate specific antigen 

(PSA) expression in LNCaP cells, as expected (Supplementary Figure 4.6A), 

however, FAM84B mRNA levels were only slightly reduced (Supplementary 

Figure 4.6B). This suggests that FAM84B transcription is not directly controlled 

by AR signaling. 

      To further investigate FAM84B expression in the process of CRPC 

development, we generated xenograft tumors using LNCaP cells in intact and 

castrated NOD/SCID mice (Figure 4.6A). Castration delayed tumor growth, 

which was followed by the generation of castration resistant tumors as indicated 

by changes in PSA levels following castration (Figure 4.6A). In comparison to 

xenograft tumors in intact mice, castration resistant tumors demonstrated 

increases in FAM84B mRNA expression (Figure 4.6B). 

      We also examined FAM84B expression in PCs generated in prostate-

specific PTEN
-/- 

mice with and without castration. Prostate specific PTEN
-/-

 mice 

were castrated at 23 weeks and euthanized after 13 weeks, and presented with 

CRPC (Supplementary Figure 4.7A, B). In comparison to hormone naive tumors, 
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prostate tumors produced in castrated PTEN
-/-

 mice exhibited an elevated level of 

FAM84B protein expression (Figure 4.6C). Interestingly, FAM84B is 

heterogeneously expressed and the positive cells can be clearly detected as cell 

clusters particularly in castrated mice (Figure 4.6C; Supplementary Figure 4.7C), 

suggesting that FAM84B-positive cells may contribute to the clonal expansion of 

CRPC cells. Additionally, they were located at the edges of tumor adjacent to 

normal prostate tissue (Supplementary Figure 4.7C, image #3). Taken together, 

the above observations support a correlation between FAM84B upregulation and 

CRPC development. 

      To continue examining this correlation, we downloaded FAM84B mRNA 

information from cBioPortal datasets and performed analyses using tools 

provided on the website [40, 41]. There are currently 5 datasets containing mRNA 

data in cBioPortal, which cover primary prostate tumors and metastatic castration 

resistant prostate cancers (mCRPCs) (cBioPortal/ 

http://www.cbioportal.org/index.do) [45, 49-52]. In two datasets with 549 primary 

PCs, increases in FAM84B mRNA were detected in 12% (11-13%) of PCs (Table 

4.2); in comparison, FAM84B upregulation occurred in 18% (9-27%) of mCRPCs 

in three datasets consisting of 412 mCRPCs (Table 4.2). The differences in the 

distribution of tumors with FAM84B upregulation in primary PCs and mCRPCs 

are statistically significant (p<0.025, Table 4.2). Collectively, our comprehensive 

analyses (xenograft tumors, PCs generated in prostate specific PTEN
-/-

 mice, and 

http://www.cbioportal.org/index.do
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primary PCs) strongly support the notion that FAM84B upregulation correlates 

with CRPC development. 

 

FAM84B gene amplification correlates with CRPC development  

      We subsequently analyzed FAM84B gene amplification and its 

association with CRPC. The Taylor dataset within Oncomine
TM

 contains GCN 

data for 181 primary PCs and 37 metastatic prostate tumors [45]. FAM84B GCN 

is significantly increased in metastatic PCs compared to primary tumors (Figure 

4.7A, left panel). The metastatic PCs consist of mCRPC and lymph node (LN) 

metastases [45]; the significant increases in FAM84B GCN observed in the 

metastatic PC population were attributed to mCRPCs (Figure 4.7B, left panel). 

Additionally, the respective ROC curves differentiate primary PCs from mCRPCs 

(distant metastases) with increased accuracy (AUC=0.82; Figure 4.7B, right 

panel) compared to all metastases including LNs (AUC=0.75; Figure 4.7A, right 

panel).  

      The association of FAM84B gene amplification was also demonstrated 

using seven large datasets within the cBioPortal database [45, 46, 50-54] (Table 

4.3). While the FAM84B gene was amplified in 4.8% (0.9-7%) of 546 primary 

PCs, an average rate of 26% (13-44%) was found in 467 mCRPCs (Table 4.3, 

p<0.0001). 
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      Persistent AR signalling though alterations in AR is known to contribute 

to CRPC progression [5], suggesting a relationship between genomic changes of 

the FAM84B and AR genes. In support of this possibility, we obtained evidence 

for a co-occurrence of AR genomic changes and increased FAM84B GCNs; co-

occurrence of the two covers a large proportion of the mCRPCs with FAM84B 

gene amplification in individual datasets (Figure 4.8A, Supplementary Figure 

4.8A) [46, 50-52]. The co-occurrence also includes AR and FAM84B mRNA 

upregulation (Figure 4.8B, Supplementary Figure 4.8B), suggesting a role of AR 

signalling in FAM84B’s genomic alterations and upregulation. 

      These changes in FAM84B also take place independently of AR signalling 

(Figure 4.8, Supplementary Figure 4.8). Intriguingly, in those mCRPCs, 58% 

(7/12) are the neuroendocrine type (NEPC) (Figure 4.8A); with FAM84B mRNA 

upregulation included, the NEPC enrichment reaches 80% (8/10) (Figure 4.8B), 

suggesting that CRPCs with changes occurring only in FAM84B are likely 

NEPCs. In the other three datasets, it would be interesting to examine how many 

NEPC cases are among the 25 mCRPCs with changes detected only in FAM84B 

(Supplementary Figure 4.8).  
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FAM84B genomic changes and mRNA upregulation associate with a 

reduction in disease free survival (DFS)  

      CRPC is a major stage of PC evolution. Our observed correlation of 

FAM84B changes (genomic alterations and mRNA upregulation) with CRPC 

development indicates a relationship with PC recurrence (DFS). Of note, by 

extracting and analyzing genomic and mRNA data from 194 prostate tumors with 

copy number alterations (CNA) from the “MSKCC, Cancer Cell 2010” dataset 

[45] within cBioPortal, we were able to show that FAM84B gene amplification 

alone and with its mRNA upregulation (Supplementary Figure 4.9A) associate 

with decreases in DFS (Figure 4.9A). As expected, similar changes in the AR 

gene (Supplementary Figure 4.9B) resulted in a rapid PC recurrence (Figure 

4.9B). Although the combination of changes in AR and FAM84B decreases the 

power of AR-associated changes in predicting PC recurrence (comparing the 

respective curves and p values in panel B and C, Figure 4.9), the combination 

covers more recurrent tumors; 7 for AR versus 9 for AR+FAM84B (left panels of 

Figure 4.9B, C) and 15 for AR vs 21 for AR+FAM84B (right panels of Figure 

4.9B, C). These analyses thus support the notion that genomic changes and 

mRNA upregulation in FAM84B contribute to AR-associated reduction in DFS, a 

concept that is in line with the aforementioned changes in FAM84B occurring 

concurrently and independently of the respective changes in AR in this patient 

cohort (Supplementary Figure 4.9C). 
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      To further investigate FAM84B gene amplification-associated reductions 

in DFS, we analyzed a cohort of 492 patients in the TCGA dataset within the 

cBioPortal database (http://www.cbioportal.org/) in which the PCs have been 

examined for copy number variations (CNVs) [49]. FAM84B CNVs (largely 

amplification) were detected in 8% (37/492) of PCs, while AR CNVs occurred in 

1% of prostate tumors (Supplementary Figure 4.10A). In this patient cohort, 

FAM84B CNVs correlate with a trend of DFS decreases (Figure 4.10A) and the 

combination of FAM84B and AR CNVs increased the prediction power 

(comparing the p values in Figure 10A to that in Supplementary Figure 4.10C). 

However, the differences do not reach the p<0.05 level of significance 

(Supplementary Figure 4.10C). 

      FAM84B has not been thoroughly studied in the current literature, which 

results in our lack of knowledge about the proteins or factors that affect FAM84B 

function. Nonetheless, the cBioPortal database indicates an interactive network 

between FAM84B and CTNNA1 (α-catenin 1) (Supplementary Figure 4.11A). In 

a mCRPC cohort of 107 tumors obtained from 77 patients [52], the CTNNA1 

gene was amplified in 21% (16/77) of patients and 15% (16/107) of mCRPCs 

(Supplementary Figure 4.11B). Importantly, CTNNA1 gene amplification 

displays co-occurrence and independence with FAM84B gene amplification 

(Supplementary Figure 4.11B). The co-occurrence is also observed with AR and 

becomes more apparent when mRNA upregulations are included in the 

http://www.cbioportal.org/
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comparisons (Supplementary Figure 4.11C). These observations together with the 

different chromosomal locations for FAM84B (8q24.21) and CTNNA1 (5q31.2) 

collectively support a network relationship between the two proteins. Of note, we 

noticed that although CTNNA1 genomic alterations were detected in 1% of the 

TCGA cohort of 492 patients (Supplementary Figure 4.10A), genomic alterations 

in the network are likely associated with DFS reductions (Figure 4.10B). 

Furthermore, the combination of AR genomic changes with those of the network 

associates with a decline in DFS (Figure 4.10C). Taken together, evidence 

supports an association of FAM84B genomic alterations with decreases in DFS in 

PC patients.  

 

FAM84B genomic alterations correlate with a reduction in overall survival 

(OS) 

       We examined a potential association of FAM84B genomic alterations with 

OS. Among the 11 datasets related to genomic alteration in PC from cBioPortal 

[40, 41], two have follow-up data for OS, one for mCRPC patients [46] and 

another for primary PCs (n=492) with CNVs determined (TCGA, 

http://www.cbioportal.org/) [49]. Genomic changes in AR, FAM84B, and 

CTNNA1 individually or in any combination have no relationship with OS in 

mCRPC patients (data not shown). In the primary PC patient cohort, the 8% of 

genomic alterations in the FAM84B gene significantly associate with a reduction 

http://www.cbioportal.org/
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in OS (Figure 4.11A). Although the number of cases associated with PC-caused 

fatality is small (n=6), a third (3/9) of these deaths occurred in patients with 

prostate tumors in which the FAM84B gene has been altered (Figure 4.11A). 

Combination with either CTNNA1 or AR does not enhance the association 

(Figure 4.11B, C). In fact, all fatalities in patients with PC harboring either AR or 

CTNNA1 genomic alterations were observed in patients with tumors containing 

FAM84B genomic alterations. Taken together, evidence suggests that genomic 

alterations in the FAM84B gene correlate with poor prognosis in patients with 

primary prostate tumors. 

 

DICUSSION 

      The chromosome locus 8q24 is one of the most frequently modified loci in 

cancer and these alterations are associated with the development of PC and other 

cancer types [27, 33]. The tumorigenic functions conferred by the 8q24 regions 

can be attributable to the changes in a gene desert at 8q24.21 that is flanked by 

FAM84B and MYC [27, 28, 33, 55, 56]. While it has been puzzling as to why the 

non-coding region is frequently targeted during tumorigenesis, a recent 

development revealed the gene desert as being a regulatory hub in causing 

genomic alterations in other chromosome loci, including CD96 at 3q13, during 

prostate tumorigenesis via physical interaction [57]. While this research sheds 

light on the functional consequences of those alterations in the gene desert, 
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genomic changes of MYC have been well demonstrated in promoting 

tumorigenesis. However, the association of FAM84B, another major component 

of the gene desert at the 8q24.21 locus, (Supplementary Figure 4.1) with 

tumorigenesis remains unclear. 

      This research is the first attempt to thoroughly investigate the correlation 

of FAM84B with PC tumorigenesis and progression. By using comprehensive 

experimental systems involving tissue culture, xenograft tumors, and transgenic 

mice, by examining the alterations in the FAM84B gene and mRNA levels, as 

well as by analyzing multiple large datasets, this investigation reports several 

novel observations: FAM84B upregulation occurs in PCSLCs, FAM84B 

expression is elevated in primary PCs compared to normal prostate tissues, and 

there is a significant increase in FAM84B mRNA and gene amplification in 

CRPC development. 

      The significant upregulation of FAM84B in primary prostate tumors over 

normal prostate tissues suggests a contribution of FAM84B in PC initiation. 

However, the mechanisms underlying these changes in FAM84B are likely 

complex. Nonetheless, our observed FAM84B upregulation in DU145 cell-

derived PCSLCs suggests PCSLC-associated plasticity as being a contributor to 

FAM84B upregulation during PC initiation. This is a possibility that is well in 

line with the concept of how PCSLCs are also referred to as prostate cancer 
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initiating cells. The contribution of PCSLCs to FAM84B upregulation is also 

supported by the heterogeneous expression of FAM84B protein in xenograft 

tumors (Figures 4.1E, 4.2A) and CRPCs produced in PTEN
-/-

 mice (Figure 4.6C). 

PCSC-mediated FAM84B upregulation during PC tumorigenesis is also in 

accordance with an elevation of FAM84B mRNA during CRPC development. It 

is now well-regarded that the plasticity of cancer stem cells drives therapeutic 

resistance in response to therapies. This plasticity likely contributes to the 

acquisition of new properties underlying CRPC development. Thus, PCSC-

derived plasticity is likely a contributing factor to FAM84B upregulation. 

      The functional impact of FAM84B on tumorigenesis in general and 

prostate oncogenesis in particular remains to be explored. Nonetheless, evidence 

suggests an important role of FAM84B in PC progression. We noticed a high 

level of FAM84B protein in the edge regions of DU145 cell-derived lung 

metastasis (Supplementary Figure 4.3A), indicating a possible role of FAM84B in 

mediating PC cell invasion. This concept is supported by recent observations in 

which knockdown of FAM84B reduced esophageal squamous cell carcinoma cell 

invasion in vitro and from forming xenograft tumors in vivo [58, 59]. Whether 

FAM84B performs a similar function in PC tumorigenesis, particularly in PC 

metastasis, will be examined in the future. 
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      A possible role of FAM84B in PC progression lies in its potential 

contributions to CRPC. This possibility is supported by the specific FAM84B 

upregulation mentioned here (Table 4.2); this increase occurred uniquely in 

CRPC and was observed in several independent and large cohorts (Table 4.2). 

Furthermore, in a xenograft model for CRPC and a transgenic CRPC mouse 

model, CRPCs exhibited elevated levels of FAM84B compared to hormone naïve 

tumors (Figure 4.6). It is thus tempting to propose a role of FAM84B in 

promoting CRPC development. This hypothesis is supported by a robust elevation 

in the rate of FAM84B gene amplification from an average 4.8% among 546 

primary prostate tumors to 26% in 467 mCRPCs (Table 4.3). 

      While detailed mechanisms leading to FAM84B gene amplification 

specifically in CRPC remain to be investigated, it is likely that the gene desert, 

which is bounded by FAM84B at the centromeric side, plays a role. The genomic 

regulatory elements within the 8q24.21 gene desert were reported to physically 

associate with FAM84B in a region from 266-440kb away from the 3’ end of the 

FAM84B gene in multiple PC cell lines [57]. It is also likely that AR signaling 

during androgen deprivation also contributes to FAM84B gene amplification. 

This is in accordance with the importance of persistent AR signalling in CRPC 

development [5] and in causing genomic instability [60, 62]. Furthermore, this 

possibility is supported by the observed concordance between AR gene 

amplification and that of FAM84B (Figure 4.8).  
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MATERIALS AND METHODS 

Cell culture and generation of DU145 spheres (PCSLCs) 

      LNCaP, PC3, and DU145 cells were purchased from American Type 

Culture Collection (ATCC), and cultured in RPMI-1640 (LNCaP), F12 (PC3) and 

MEM (DU145) media supplemented with 10% FBS (Sigma Aldrich) and 1% 

Penicillin-Streptomycin (Thermo Fisher Scientific). DU145 spheres were 

generated and cultured according to our published conditions [37]. Briefly, 

DU145 monolayer cells (non-PCSLCs) were individualized and seeded at a 

density of 5,000 cells/mL in serum-free (SF) media (3:1 DMEM/F12 mixture) 

(Thermo Fisher Scientific) containing 0.4% bovine serum albumin (BSA) 

(Bioshop Canada Inc.) supplemented with 0.2x concentration of B27 minus 

Vitamin A (Thermo Fisher Scientific) and 10ng/ml EGF (Sigma Aldrich), in T75 

flasks. Typical spheres were formed in 10 to 12 days. 

 

Collecting primary prostate cancer 

      Prostate biopsies and radical prostatectomy tissues were obtained at St. 

Joseph's Hospital in Hamilton, Ontario, Canada under approval from the local 

Research Ethics Board (REB# 11-3472) and with patient consent.  

 

 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

158 
 

Nanostring technology 

Patient tissues were obtained as above. Formalin fixed paraffin embedded 

(FFPE) PC tissues containing 60-80% carcinoma were collected as 10μm curls, 

and RNA was isolated using the High Pure FFPET RNA Isolation Kit (Roche) 

following the manufacturer’s instructions. Purified RNA was then sent to the 

McMaster Farncombe Institute (Hamilton, Ontario, Canada) for analysis via the 

nCounter Nanostring Technologies platform. Matched benign prostate tissue was 

used as control. Gene expression of TMPRSS2-ERG fusion and PTEN were used 

as positive controls to confirm specific examination of PC tissue. A low, medium, 

and high expressing housekeeping gene were used as normalization controls 

(ABCF1, TUBB, GAPDH), by taking the total input RNA and dividing by their 

geometric mean. 

 

Xenograft tumor formation 

      DU145 monolayer (10
6
), DU145 sphere (10

4
), or LNCaP cells (5x10

6
) 

were resuspended in 0.1 ml culture media/Matrigel mixture (BD) (1:1 volume), 

followed by subcutaneous implantation into the flanks of 8 week-old male 

NOD/SCID mice (The Jackson Laboratory). Tumors were assessed through 

observation and palpation, and tumor growth was measured weekly using 

calipers. Tumor volume was determined using the formula V = L x W
2
 x 0.52. 
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Animals were sacrificed once tumors reached a volume ≥ 1000 mm
3
. For the 

generation of lung metastasis, 10
6
 DU145 cells were resuspended into 0.3mL of 

PBS and injected through the tail vein of NOD/SCID mice. Lungs were harvested 

at 16 weeks post injection. All animal work was carried out according to 

experimental
 
protocols approved by the McMaster University Animal Research 

Ethics Board. 

 

Generation of castration resistant prostate cancer in vivo 

      LNCaP cells (5x10
6
) were s.c. implanted into NOD/SCID mice. Tumor 

growth was monitored by measuring serum PSA levels (PSA kit, Abcam) and 

physically with calipers as described above. When tumor volume approached 

100-200mm
3
, mice were surgically castrated. Serum PSA was measured prior to 

and following castration. CRPC was defined when serum PSA rose while tumors 

continue to grow. Animals were sacrificed once tumors reached a volume ≥ 1000 

mm
3
.  

      PTEN
loxp/loxp 

mice (C;129S4-Pten
tm1Hwu

/J) were obtained from The Jackson 

Laboratory, and PB-Cre4 mice (B6.Cg-Tg(Pbsn-cre)4Prb) were obtained from the 

NCI Mouse Repository. Prostate specific PTEN
-/-

 mice were produced by crossing 

the two strains. Surgical castration was performed when PTEN
-/-

 mice were at 23 

weeks old for 13 weeks before sacrificing. 
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Western blot analysis 

      Cells were lysed in a buffer containing 20mM Tris (pH 7.4), 150mM 

NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 25mM sodium 

pyrophosphate, 1mM NaF, 1mM β-glycerophosphate, 0.1mM sodium 

orthovanadate, 1mM PMSF, 2μg/ml leupeptin and 10μg/ml aprotinin. 50μg of 

whole cell lysate  was separated on SDS-PAGE gel, and transferred onto Hybond 

ECL nitrocellulose membranes (Amersham), followed by blocking with 5% skim 

milk at room temperature for one hour. Primary antibodies were incubated 

overnight at 4
o
C with agitation, and secondary antibodies incubated for one hour 

at room temperature. Signals were then developed (ECL Western Blotting Kit, 

Amersham). Primary antibodies: anti-FAM84B 1:1000 (Proteintech) and anti-

Actin 1:1000 (Santa Cruz). 

 

Quantitative real-time PCR analysis of FAM84B expression 

      Total RNA was isolated from prostate cancer cell lines and xenograft 

tissues with Isol-RNA Lysis Reagent (5 PRIME), and reverse transcription was 

carried out using Superscript III (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Quantitative real-time PCR was performed using the 

ABI 7500 Fast Real-Time PCR System (Applied Biosystems) using SYBR-green 

(Thermo Fisher Scientific). All samples were run in triplicate. FAM84B 
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(Forward): 5'-GACCCACCTAAGTTACAAGGAAG-3', FAM84B (Reverse): 5'- 

GTAGAACACGGAGCATTCCAC-3'. β-Actin (Forward): 5’-

TGAAGGTGACAGCAGTCGGT-3’, and β-Actin (Reverse): 5’-

TAGAGAGAAGTGGGGTGGCT-3’.  

 

Immunohistochemistry (IHC)  

      IHC was performed on 22 paraffin embedded and serially cut prostate 

cancer tissues obtained from St. Joseph’s Hospital, Hamilton, Ontario, Canada, 

and on the various human xenograft tissues and PTEN
-/-

 prostates. Slides were 

deparaffinized in xylene and cleared in an ethanol series. Antigen retrieval was 

performed in a food steamer for 20 minutes using sodium citrate buffer (pH = 

6.0). Tissues were blocked for 1 hour in PBS containing 1% BSA and 10% 

normal goat serum (Vector Laboratories). FAM84B antibody (1:350, Proteintech) 

was incubated overnight at 4°C. Secondary antibody biotinylated goat anti-rabbit 

IgG and Vector ABC reagent (Vector Laboratories) were incubated according to 

the manufacturer’s instructions. Secondary antibody only was used as negative 

control. Washes were performed with PBS. Chromogenic reaction was carried out 

with diaminobenzidine (Vector Laboratories), and slides were counterstained with 

haemotoxylin (Sigma Aldrich). Image analysis was performed using ImageScope 

software (Leica Microsystems Inc.). Staining intensity values derived from 

ImageScope were converted to an HScore using the formula [HScore = (% 
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Positive) x (intensity) + 1]. The HScore was normalized through background 

subtraction and averaged amongst > 5 images per tissue sample. 

 

Gene expression studies 

The specific methods of how each study obtained gene expression, gene 

alteration, and copy number variation data for deposit into Oncomine
TM

, 

cBioPortal, or Gene Expression Omnibus (GEO), can be found in their respective 

publications. In general, DNA and RNA were purified from frozen or FFPE 

tissues and analyzed via comparative genomic hybridization platforms, whole 

exome sequencing, paired-end sequencing, and cDNA microarrays. For 

examination of raw data, many groups aligned to the hg19 build of the human 

reference genome. 

Oncomine
TM

 and GEO data was downloaded and analyzed using 

GraphPad Prism 5.0 software. Information from cBioPortal was examined using 

the online tools provided. 

 

Statistical analysis  

      Statistical analysis was performed using Student's t-test, with p < 0.05 

being considered statistically significant. 
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TABLES 

Table 4.1. Nanostring analysis of gene expression in primary prostate cancer 

tissues 

 

Genes P1
a
 P2

a
 P3

a
 P4

a
 P5

a
 P6

a
 P7

a
 

FAM84B +1.3 +3 1.2 +2.6 +1.6 +2.7 +2.1 

TMPRSS2-ERG
b
 +16.2 +30.2 N

c
 N +17 +25.3 +27.3 

PTEN
b
 -1.4 -1.4 N N -1.4 -1.3 -2.6 

a: patients 1-3 (GS6), patients 4-6 (GS7, 4+3 for P4,5, and 3+4 for P6), and P7 

(GS4+4). 

b: TMPRSS2-ERG and PTEN were used as positive controls for upregulated and 

downregulated genes in PC. downregulated or upregulated genes 

c: no downregulation or upregulation 

 

 

Table 4.2
a
. Upregulation of FAM84B mRNA following PC progression 

 

Dataset PC Type Cases
b
 Upregulation

c 
(%) Ref 

CGARN Primary PC 333 11% (38/333) Cell 163, 1011-

25, 2015 

Taylor et al Primary PC 216 13% (29/216) Cancer Cell 18, 

11-22, 2010 

Total  549 12% (67/549)  

Kumar et al mCRPC
d
 176 9% (16/176) Nat Med 22, 

369-28, 2016 

Robinson et al mCRPC 118 22% (26/118) Cell 161, 1215-

28, 2015 

Beltran et al mCRPC 114 27% (31/114) Nat Med 22, 

298-305, 2016 

Total  412 18% (73/412)*  

a: data was downloaded from cBioPortal 

b: number of cases 

c: upregulation was defined by zscore ≥ 2; 

d: metastatic castration resistant prostate cancer;  

*p<0.025 in comparison to the average rate of FAM84B upregulation by Fisher’s 

Exact Test. 
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Table 4.3
a
. FAM84B gene amplification in CRPCs 

 

Dataset PC Type Cases
b
 Upregulation

c 
(%) Ref 

Barbieri et al Primary 

PC 

109 0.9% (1/109) Nat Genet 44, 

685-9, 2012 

Hieronymus et al Primary 

PC 

104 2% (2/104) PNAS 111, 

11139-44, 2014 

Taylor et al Primary 

PC 

333 7% (23/333) Cancer Cell 18, 

11-22, 2010 

Total  546 4.8% (26/546)  

Kumar et al mCRPC
c
 149 30% (44/149) Nat Med 22, 

369-28, 2016 

Robinson et al mCRPC 150 13% (20/150) Cell 161, 1215-

28, 2015 

Grasso et al mCRPC 61 16% (10/61) Nature 487, 

239-43, 2012 

Beltran et al mCRPC 107 44% (47/107) Nat Med 22, 

298-305, 16 

Total  467 26% (121/467)*  

a: data was downloaded from cBioPortal 

b: number of cases 

c: metastatic castration resistant prostate cancer  

*: p<0.0001 in comparison to the average rate of FAM84B gene amplification by 

Fisher’s Exact Test. 
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FIGURES 

 
 

Figure 4.1. Upregulation of FAM84B in prostate cancer stem-like cells 

(PCSLCs). (A) Affymetrix profiling of gene expression in DU145 monolayer and 

sphere cells. The profiling was carried out three times with duplicates for each 

repeat. FAM84B mRNA is expressed as fold change compared to monolayer 

cells. Mean ± SD (standard derivation) are graphed. Statistical analysis was 

performed using 2-tailed Student's t-test.  (B, D) Real-time PCR analysis of 

FAM84B mRNA in DU145 monolayer, DU145 sphere cells (PCSLCs), and the 

indicated PC lines. β-actin was used as an internal control. Experiments were 

repeated three times. FAM84B mRNA abundance is graphed as a fold change to 

DU145 monolayer cells; mean ± SD are graphed. *p<0.05 by a 2-tailed Student's 

t-test.  (C) Western blot examination of FAM84B protein expression in DU145 

monolayer and sphere, PC3, and LNCaP cells. Experiments were repeated three 

times; typical images from a single repeat are shown (inset). FAM84B protein 

levels were normalized to actin; mean ± SD are graphed. *p<0.05 by a 2-tailed 

Student's t-test in comparison to DU145 monolayer cells. (E) FAM84B protein 

expression in xenograft tumors produced by either DU145 monolayer or sphere 

cells. The overall patterns of FAM84B expression at low magnification are 

presented in Supplementary Figure 4.2.  
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Figure 4.2. Upregulation of FAM84B in metastatic PC. DU145 subcutaneous 

(s.c.) xenograft tumors and lung metastasis were produced in NOD/SCID mice (5 

mice per group). (A) Typical IHC staining for FAM84B in s.c. tumors and lung 

metastasis (see Supplementary Figure 4.3 for overall staining). The indicated 

regions are enlarged three fold and placed on the side of the original panel. (B) 

IHC staining was quantified through ImageScope software. Average  HScores ± 

SDs are graphed. *p<0.05 by a 2-tailed Student's t-test. (C) IHC staining for 

FAM84B was performed on four human bone metastases; two tumors with 

positive staining are shown here (see Supplementary Figure 4.3 for additional 

images). Indicated regions are enlarged 2.5 fold and placed beneath the original 

panel. 
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Figure 4.3. FAM84B upregulation associates with PC tumorigenesis. Data 

was downloaded from GDS2546 (Gene Expression Omnibus) (A), and 

Oncomine
TM

 (Compendia Bioscience, Ann Arbor, MI) datasets Taylor (B), 

Grasso (C), Lapointe (D), and Vanaja (E) for analysis of changes in FAM84B 

mRNA. Mean ± SD are graphed. *p<0.05 by a 2-tailed Student's t-test in 

comparison to Normal; #p<0.05 in comparison to primary PC (2-tailed Student's 

t-test). (F-H) A receiver-operating characteristic (ROC) curve of primary prostate 

tumors versus metastatic PCs was derived from the indicated datasets. AUC: area 

under the curve. 
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Figure 4.4. FAM84B gene amplification in prostate tumors. FAM84B gene 

copy variation data was downloaded from the TCGA dataset within the 

Oncomine
TM

 database. (A) Mean ± SD are graphed. Statistical analysis was 

performed using 2-tailed Student t-test. (B) A ROC curve of primary PC versus 

normal prostate tissues was calculated. 

 

 
Figure 4.5. FAM84B upregulation does not associate with Gleason score (GS) 

advancement. (A) FAM84B mRNA expression data was taken from the Taylor 

dataset in the Oncomine
TM

 database, and was analyzed as low Gleason score 

(GS6-7) or high Gleason score (GS8-10) PCs. *p<0.05 and **p<0.01 in 

comparison to normal prostate tissues (2-tailed Student's t-test). (B) IHC staining 

for FAM84B in 22 primary PC tissues (Supplementary Table 4.1). Typical images 

for tumors with the indicated GS are shown. Scale bars represent 200μm (see 

Supplementary Figure 4.5 for additional images). (C) IHC staining was quantified 

through ImageScope software. Average HScores ± SDs are graphed (for detailed 

scores, see Supplementary Table 4.1). Statistical analyses were performed using 

Student's t-test. 
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Figure 4.6. Alterations of FAM84B expression in animal models of castration 

resistant PC. (A) PSA levels in NOD/SCID mice bearing LNCaP cell-derived 

xenograft tumors prior to and after castration. (B) Real time PCR analysis of 

FAM84B mRNA in hormone naive and castration resistant PC (LNCaP xenograft 

tumors). *p<0.05 by a 2-tailed Student's t-test in comparison to hormone naive 

xenograft tumors. HS PC: hormone sensitive prostate cancer. (C) IHC staining of 

FAM84B in prostate tumors produced in intact and castrated PTEN
-/-

 mice (see 

Supplementary Figure 4.7 for the production of prostate specific PTEN
-/-

 mice). 

Indicated regions are enlarged 2.5 fold and placed beneath the original panel. 
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Figure 4.7. FAM84B is increased in metastatic castration resistant prostate 

cancer (mCRPC). Data related to FAM84B gene copy number was downloaded 

from the Taylor dataset within Oncomine
TM 

(Compendia Bioscience, Ann Arbor, 

MI). (A) Mean ± SD (left panel) and a ROC curve (right panel) of primary versus 

metastatic PC were calculated and graphed. Statistical analyses were performed 

using Student's t-test. (B) The same data was analyzed by separating out distant 

metastasis (Dis met)/mCRPC from lymph node metastases (LN met). An ROC 

curve for this arrangement is also shown.  
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Figure 4.8. Genomic alterations of the AR and FAM84B genes. Data was 

downloaded from the Beltran dataset within the cBioPortal database [40, 41]. The 

dataset covers 107 CRPCs derived from 77 patients [52]. The indicated genomic 

alterations without (A) and with the respective mRNA upregulations (B) in 77 

CRPC patients are shown. The percentages of alterations were based on the 

patient population (n=77). CRPC tumor types are also indicated. Red bars: 

adenocarcinoma; Blue bars: neuroendocrine prostate cancer (NEPC); Orange 

bars: adenocarcinoma mixed with NEPC. Symbols for genomic mutations and 

mRNA upregulation for the AR and FAM84B genes are indicated. 
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Figure 4.9. Genomic alterations in the FAM84B gene associate with a 

reduction in disease free survival (DFS). A dataset of primary PCs [45] (within 

the cBioPortal database [40, 41]) was used to assess the impact of FAM84B (A), 

AR (B), and FAM84B+AR (C) genomic changes on DFS without (left panels) 

and with the respective mRNA upregulation (right panels). The detailed 

alterations are documented in Supplementary Figure 4.9. Statistical analysis was 

performed using Logrank Test. Total#: total number of cases; relap#: number of 

relapsed cases; MMDFS: median months disease free survival; NA: not available. 

Censored individuals are indicated; the number of censored individuals is the total 

individuals minus relapsed patients. 
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Figure 4.10. Genomic alterations in the FAM84B network genes associate 

with a reduction in DFS. The TCGA dataset within the cBioPortal database [40, 

41] contains 492 primary prostate tumors with copy number variation determined. 

The detailed genomic alterations in the FAM84B, CTNNA1, and AR genes are 

presented in Supplementary Figure 4.10A. The effects of these changes with 

respect to the FAM84B (A), FAM84B+CTNNA1 (B) or 

FAM84B+CTNNA1+AR (C) are calculated. Statistical analysis was performed 

using Logrank Test. Total#: total number of cases; relap#: number of relapsed 

cases; MMDFS: median months disease free survival; NA: not available. 

Censored individuals are indicated; the number of censored individuals is the total 

individuals minus relapsed patients. 
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Figure 4.11. Genomic alterations in the FAM84B gene associate with a 

reduction in overall survival (OS). The TCGA dataset within the cBioPortal 

database [40, 41] contains 492 primary prostate tumors with copy number 

variation determined. The detailed genomic alterations in the FAM84B, 

CTNNA1, and AR genes are presented in Supplementary Figure 4.10A. The 

effects of genomic alterations involving the FAM84B (A), FAM84B+CTNNA1 

(B) or FAM84B+CTNNA1+AR (C) are calculated. Statistical analysis was 

performed using Logrank Test. Total#: total number of cases; dec#: number of 

deceased cases; MMS: median months survival; NA: not available. Censored 

individuals are indicated; the number of censored individuals is the total 

individuals minus relapsed patients. 
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SUPPLEMENTARY TABLES 

 

Supplementary Table 4.1. Patient information and FAM84B IHC score 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a:age at diagnosis; b: average score of stain intensity ± SD 

 

 

 

 

 

 

 

 

 

Patient Age
a
 Gleason Score Average Score

b
 

1 56 3+3 97.55 ± 15.03 

2 70 3+3 64.17 ± 27.47 

3 60 3+4 80.54 ± 10.14 

4 76 4+3 28.76 ± 6.28 

5 79 4+4 52.63 ± 11.52 

6 60 4+4 41.33 ± 13.89 

7 56 4+4 30.84 ± 6.95 

8 58 4+4 34.37 ± 11.77 

9 64 4+5 40.81 ± 15.75 

10 82 4+5 45.59 ± 10.39 

11 66 4+5 12.06 ± 10.83 

12 64 4+5 107.24 ± 18.83 

13 54 4+5 19.10 ± 14.31 

14 82 4+5 88.90 ± 14.25 

15 64 4+5 24.66 ± 10.23 

16 89 5+4 11.57 ± 7.13 

17 68 5+5 94.08 ± 14.55 

18 74 5+5 65.38 ± 9.42 

19 91 5+5 61.37 ± 25.27 

20 98 5+5 75.04 ± 13.86 

21 75 5+5 72.74 ± 48.46 

22 86 5+5 81.97 ± 33.09 
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SUPPLEMENTARY FIGURES 

 

 
Supplementary Figure 4.1. A schematic representation of the 8q24.21 locus 

containing the gene desert. The gene location information was obtained from the 

NCBI Resources (http://www.ncbi.nlm.nih.gov/gene). 

 

 

 
Supplementary Figure 4.2. FAM84B protein expression in prostate cancer 

xenograft tumors. Overall immunohistochemistry staining for FAM84B in 

DU145 cell-derived s.c. xenograft tumors. 
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Supplementary Figure 4.3. FAM84B protein expression in metastatic 

prostate cancer tissues. Overall immunohistochemistry staining for FAM84B in 

DU145 cell-derived s.c. xenograft tumor and lung metastases (A) and in four 

human bone metastases (B). 
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Supplementary Figure 4.4. FAM84B mRNA levels in normal prostate, 

primary PCs, and metastatic PCs. The illustration was downloaded from the 

GDS2546 dataset (Gene Expression Omnibus). The composition of the 25 

metastases is also included. 
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Supplementary Figure 4.5. FAM84B protein expression in primary prostate 

cancer tumors. FAM84B staining in two Gleason score 10 prostate tumors. 

 

 

 

 
Supplementary Figure 4.6. Examination of FAM84B expression under 

androgen free conditions. LNCaP cells were cultured in normal or androgen free 

conditions for 24 hours, followed by real-time PCR examination for PSA (A) and 

FAM84B mRNA (B). PCR reactions were carried out in triplicate; experiments 

were repeated once. 
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Supplementary Figure 4.7. Generation of castration resistant prostate cancer 

(CRPC) in prostate specific PTEN
-/-

 knockout mice. (A) Prostate specific 

PTEN
-/-

 mice were produced by crossing PTEN
loxp/loxp

 mice with PB-Cre4 

(prostate specific expression of Cre) mice. Genotyping of six mouse progeny for 

the PTEN locus (top panel) and the Cre transgene locus (bottom panel) using tail 

genomic DNA. Pten
loxp/loxp 

(Forward): 5'- CAAGCACTCTGCGAACTGAG -3', 

Pten
loxp/loxp

 (Reverse): 5'- AAGTTTTTGAAGGCAAGATGC -3', PBCre4 

(Forward): 5'- CTGAAGAAT GGGACAGGCATTG -3', PB-Cre4 (Reverse): 5'- 

CATCACTCGTTGCATCGACC -3'. (B) PTEN
-/-

 mice were castrated at 23 weeks 

old for 13 weeks. Typical images of age-matched partial urogenital systems 

(bladder, prostatic lobes, seminal vesicles) from an intact and a castrated mouse 

are shown. (C) Different images from castrated mice. 
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Supplementary Figure 4.8. Genomic alterations in the AR gene and FAM84B 

gene. Genomic changes alone (A) and with mRNA expression alterations (B) in 

the AR and FAM84B genes in the indicated datasets from the cBioPortal 

database. 
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Supplementary Figure 4.9. Genomic alterations and mRNA expression 

changes in the AR and FAM84B genes. Data was downloaded from the 

"MSKCC, Cancer Cell 2010" dataset within the cBioPortal database. 

 

 
Supplementary Figure 4.10. The relationship of genomic changes in the AR, 

FAM84B, and CTNNA1 genes with disease free survival (DFS). Data for a 492 

patient cohort with gene copy number variations determined was downloaded 

from the TCGA dataset within the cBioPortal database. (A) Only the proportion 

of patients with the indicated genomic alterations is shown. Number of patients 

and the rates of genomic changes for the indicated genes are included. Symbols 

for individual color bars are provided. “no alterations”: no change at either 

genomic level or mRNA expression. (B, C) The association of AR or 

AR+FAM84B with DFS is shown. Statistical analysis was performed using 

Logrank Test. 
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Supplementary Figure 4.11. The FAM84B gene network. (A) The network 

was generated using FAM84B as the seed node; the linker node was identified 

using the pathway data and interaction data from HPRD, Reactome, NCI-Nature 

Pathway Interaction Database, and the MSKCC Cancer Cell Map. The pathway 

was constructed by the system provided by cBioPortal 

http://www.cbioportal.org/). (B, C) Gene amplifications with and without mRNA 

upregulation in the FAM84B network alone (B) and with AR (C) are shown. Data 

was downloaded from the "Trento/Cornell/Broad 2016" dataset within the 

cBioPortal database. Symbols for individual color bars are provided. “no 

alterations”: no change at either genomic level or mRNA expression. 
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CHAPTER FIVE 

CONTRIBUTION OF ABCC2 TO DOCETAXEL CHEMORESISTANCE 

IN CASTRATION RESISTANT PROSTATE CANCER 
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Relationship to Ph.D. research 

 

 Resistance to cytotoxic agents is an important mechanism for cell survival, 

especially in stem-like populations, and this function can be mediated by ATP-

dependent drug transporters. The ATP-binding cassette (ABC) superfamily of 

transporters are integral to normal detoxification of the body but have been widely 

implicated in a number of cancers, promoting chemoresistance to various anti-

cancer agents. We have identified an upregulation of ABCC2 in our DU145 

PCSLCs, which has shown substrate affinity for docetaxel, a common therapeutic 

for advanced PCs which can potentially develop docetaxel resistance. Here we 

explore whether ABCC2 confers docetaxel chemoresistance and if this can be 

associated with PCSCs. 

 

Preface 

 

 Through characterization of our DU145 PCSLCs in comparison to DU145 

parental cells we have demonstrated that this population is more resistant to 

docetaxel treatment both in vitro and in vivo. In our Affymetrix microarray 

analysis, we discovered a 9.1 fold increase of ABCC2 mRNA levels in our 

DU145 PCSLCs, which was confirmed by Western blotting and 

immunocytochemistry. A correlation of ABCC2 with higher Gleason Score was 

established using a small cohort of patient PC tissues. Knockdown of ABCC2 in 

DU145 PCSLCs as well as in A549s demonstrated little effect on survival 

following docetaxel treatment, in vitro. However, generation of subcutaneous 

PCSLC shABCC2-derived xenografts and systemic treatment with docetaxel 

exhibited possible resensitization. Attempts to overexpress ABCC2 in DU145 

parental cells were unsuccessful but will be addressed in future experiments. The 

work discussed in this chapter is incomplete but will be included in a future 

publication. 
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Contribution of ABCC2 to Docetaxel Chemoresistance 

in Castration Resistant Prostate Cancer 

 

INTRODUCTION 

 

For patients with metastatic castration resistant prostate cancer (mCRPC), 

the primary method of treatment is the chemotherapeutic drug docetaxel either 

alone or in combination with other anti-cancer agents such as prednisone and 

estramustine, with varying success (Qi et al. 2011; Fukuta et al. 2015; Kuramoto 

et al. 2013; Tannock et al. 2004; Petrylak et al. 2004). During clinical trials, 

individuals experienced reduction in PSA levels and increases in overall survival, 

but unfortunately treatment only improved life expectancy by a marginal few 

months (Hadaschik & Gleave 2007). Docetaxel is administered on a per square 

meter of body surface ratio, as a 30 minute or 1 hour intravenous infusion 

throughout varying weekly regiments (Tannock et al. 2004). Tissue uptake occurs 

throughout the body but primarily in the liver and kidneys, and tumour site 

retention has been shown to be much longer than in normal tissues. Docetaxel is 

predominantly metabolized by the cytochrome P450 member CYP3A4 (Kruijtzer 

2002) and eliminated through the hepatobiliary route, with over 80% excreted in 

feces (Belvisi 2004).  

Belonging to the taxane family of drugs along with paclitaxel and 

cabazitaxel, docetaxel binds to microtubules within a cell and stabilizes their 

structure, preventing depolymerisation. This disruption in cytoskeletal dynamics 
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leads to suppression of AR nuclear translocation which prevents downstream 

signalling, and cell cycle arrest during the mitotic phase leading to eventual 

apoptosis (Ganju et al. 2014).  Studies have shown that chemotherapeutic 

treatment with taxanes also inactivates the anti-apoptotic factor Bcl-2 commonly 

upregulated in cancers, allowing for cell death. Prostate cancer cell lines that do 

not express Bcl-2 are unaffected by taxanes (Mahon et al. 2011; Haldar et al. 

1996).  

Impact on the patient’s body must also be taken into consideration, 

especially since PC patients are predominantly elderly men. In fact, some medical 

oncologists are reluctant to administer docetaxel-based treatment to the very 

elderly, concerned about possible cytotoxicity intolerance which could be life 

threatening (Italiano et al. 2009). As treatment with docetaxel effects all rapidly 

dividing cells and not just cancerous ones, side effects of docetaxel treatment can 

include neutropenia, alopecia, nausea, vomiting, diarrhea, and peripheral edema 

(Tannock et al. 2004). Therefore there is much room for improvement in 

docetaxel chemotherapy not only to minimize adverse effects on the patient but 

also to combat the development of chemoresistance. Once this occurs many 

patients succumb to the advanced stages of PC. 

Only about half of all patients respond to docetaxel chemotherapy (Mahon 

et al. 2011), and although the mechanisms which lead to docetaxel resistance 

remain unclear there are many theories currently in existence. A large variety of 
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factors may play a role in chemoresistance, such as epigenetic alterations, poor 

absorption of the drug, tumour size, and decreased blood flow due to tumour 

vasculature (Gottesman et al. 2002; Jain 2001). In terms of cellular pathways that 

may explain docetaxel resistance in CRPC, possibilities include altered apoptosis 

mechanisms, changes in tubulin isotype, and mutations in signalling pathways 

which regulate growth (Mahon et al. 2011). But of particular interest to us is the 

family of ATP-binding cassette (ABC) transporters also known as multidrug 

resistance proteins (Crea et al. 2011). 

The ABC superfamily consists of 49 different transporters that can be 

divided into 7 separate sub-families based on their domain organization and 

sequence homology (Hlavac et al. 2013; Dean et al. 2001). They are often found 

lining cells of the biliary tract, liver, intestine, and the blood-brain barrier, and 

play a natural part in detoxification (Bradshaw & Arceci 1998). By binding to 

compounds and releasing them back out of the cell through an ATP-dependent 

mechanism, these pumps can reduce intracellular drug accumulation and render 

cytotoxic agents ineffective (Hyde et al. 1990). Within this family, many 

members have been identified as contributing to the chemoresistance of cancers 

like breast, lung, prostate, and pancreas. Three of the most commonly studied 

members include P-glycoprotein (P-gp/ABCB1), ATP-Binding Cassette sub-

family C member 1 (ABCC1), and Breast Cancer Resistance Protein 

(BCRP/ABCG2). These transporters have been shown to enable the efflux of 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

197 
 

numerous anti-cancer agents following treatment, allowing for chemoresistance 

and cancer cell survival (Sparreboom et al. 2003; Hinoshita et al. 2000).  

Another member, ABCC2, is most abundantly found in the bile canicular 

membrane of the liver, but is also located in other areas of the body such as the 

small intestine, kidney, and brain (Gottesman et al. 2002; Huisman et al. 2005). It 

consists of 17 transmembrane domains with one ATP-binding site in its interior 

and another on the carboxyl terminus. For transport to occur, two separate ATP 

hydrolysis events are required for one molecule of substrate to be exported 

outside of the cell (Gottesman et al. 2002). Given its substrate specificity and 

main localization within the tubules of the liver, intestine and kidney, it is 

apparent that ABCC2 plays a large role in systemic detoxification (Chan et al. 

2004). It has been found to localize to the apical side of polarized cells, which is 

also consistent with its bodily function. Absence of ABCC2 from the canicular 

membrane as a result of genetic mutation leads to Dubin-Johnson syndrome, 

characterized by a defect in the ability to transport anionic conjugates from 

hepatocytes into the bile (Cui et al. 1999; Kartenbeck et al. 1996). Due to its 

sequence homology with related family members, investigations into ABCC2 

have demonstrated its ability to confer resistance to doxorubicin, cisplatin, 

paclitaxel, vincristine, and etoposide in nasopharyngeal, hepatocellular, and 

ovarian cancer cell lines. By utilizing anti-sense and RNAi constructs designed 

against the ABCC2 transcript, researchers have reversed chemoresistance and 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

198 
 

illustrated a decrease in mRNA and protein levels as well as an increase in 

cellular retention of the various agents (Huesker et al. 2002; Xie et al. 2008; 

Materna et al. 2006). Among many family members, ABCC2 gene expression 

was revealed to be upregulated in PC versus normal prostate tissues (Karatas et al. 

2016). Interestingly, ABCC2 was found to efflux docetaxel as well as other 

taxanes in an ABCC2 overexpression MDCKII cell line (Huisman et al. 2005). 

Taken together, it is possible that ABCC2 contributes to CRPCs ability to resist 

docetaxel chemotherapy.  

We report here the upregulation of ABCC2 expression in prostate cancer 

stem-like cells (PCSLCs) derived from the mCRPC cell line DU145. Utilized as a 

suitable in vitro model for advanced CRPC progression, our PCSLCs exhibited 

increased resistance to docetaxel treatment in vitro and in vivo, and we have 

attempted to elucidate ABCC2s contribution to this chemoresistance. 

Observations made here may be extended to patient CRPC cases to help 

circumvent docetaxel chemoresistance and improve chemotherapy strategies in 

clinical settings. 
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RESULTS 

 

ABCC2 expression is increased in DU145 PCSLCs 

 

We have previously isolated and characterized a sub-population of 

prostate cancer stem-like cells (PCSLCs) from the DU145 PC cell line with 

sphere-propagating capabilities, stem-like properties, and increased 

tumourigenicity (Rybak et al. 2011). Affymetrix microarray analysis comparing 

our DU145 PCSLCs versus parental DU145s revealed a 9.1 fold increase of 

mRNA levels in the stem-like population. Both Western blotting and 

immunocytochemistry were performed to confirm protein expression. As 

expected of an ABC transporter, distinct staining was visualized along the outer 

membrane of cells (Figure 5.1). 

 

ABCC2 associates with primary prostate cancer progression 

 

 To help determine whether ABCC2 associates with the progression of 

primary prostate cancer, tissues can be divided into low Gleason Score (6-7) and 

high Gleason Score (8-10) cases. Here we examined a small patient cohort of 13 

low Gleason and 12 high Gleason prostate cancer tissues for ABCC2 expression 

(Table 5.1). The ABCC2 protein was more clearly detected in high Gleason 

cancers, and based on our analysis and final HScores the association with 

advanced cases is significant (Figure 5.2).  
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DU145 PCSLCs are more resistant to docetaxel than parental DU145s (non-

PCSLCs) 

 

We have previously demonstrated increased resistance to docetaxel in our 

DU145 PCSLCs compared to parental DU145s (Yan & Tang 2014), grown in 

serum-containing conditions where stemness is retained for up to 4 passages 

(Rybak et al. 2011). When dosing between 0-15nM for 6 hours, a significant 

difference between the two lines could be observed at a final docetaxel 

concentration of 10nM and 15nM (Yan & Tang 2014). Based on this data, a final 

concentration of 10nM docetaxel was used for the remaining in vitro experiments. 

To examine this chemoresistance further, subcutaneous xenograft tumours were 

generated for both lines in NOD/SCID mice and treated with docetaxel (see 

Materials and Methods). While weekly treatment was effective at reducing 

tumour growth of DU145 monolayer-derived xenografts (Figure 5.3A), DU145 

PCSLC-derived xenografts continued to increase in volume (Figure 5.3B). It is 

also important to differentiate the proliferative rates of these tumours. When 

examining docetaxel treated monolayer and PCSLC-derived xenografts side by 

side as fold change in tumour volumes (Figure 5.3C), it becomes evident that our 

PCSLCs are also more resistant to docetaxel in vivo. Although monolayer-derived 

xenografts were able to reach 2-fold their initial size with treatment, PCSLC-

derived xenografts reached 5-fold their initial volume. Taken together with our in 
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vitro results, DU145 PCSLCs display increased resistance to docetaxel-mediated 

cytotoxity. 

 Although there are hundreds of differentially expressed genes between the 

two DU145 populations, ABCC2 is amongst the top candidates with the greatest 

change in expression and provides a logical explanation for resistance to 

docetaxel administration. The presence or absence of ABCC2 in the xenograft 

tumours was confirmed via IHC staining (Figure 5.4A). In DU145 monolayer-

derived xenografts, only 1 out of 9 tissues stained positive for ABCC2. This 

finding may be a false artifact from staining, but also suggests possible 

upregulation acquired for chemoresistance. It may also indicate a cluster of stem-

like cells induced in such environmental conditions. As for the DU145 PCSLC-

derived xenografts, there was a consistent trend where all 9 of the tumours stained 

positive for ABCC2 (both DMSO and docetaxel treated groups)(Figure 5.4B). 

This indicates expression may not be induced by docetaxel administration, but 

rather is initially highly expressed. As such, expression of ABCC2 may prime 

cancer cells for chemoresistance. Interestingly, positive cells could be visualized 

in distinct clusters throughout the tissue, supporting the notion that our DU145 

PCSLCs represent a stem cell population. When grown in vivo, they may establish 

stem cell niches, while producing ABCC2
-
 differentiated progenitors which 

constitute the bulk of the tumour. 
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Knockdown of ABCC2 does not sensitize DU145 PCSLCs to Docetaxel in 

vitro 

 

 To evaluate whether ABCC2 contributes to docetaxel chemoresistance in 

our DU145 PCSLCs, we generated a knockdown line using a shABCC2 lentiviral 

vector (along with a shCTRL line) (Figure 5.5A). To ensure stemness was not 

affected following successful infection, sphere formation capacities were 

determined for the DU145 shCTRL and shABCC2 PCSLCs (Figure 5.5B). 

 Individualized PCSLCs were treated with 10nM docetaxel for 2, 4, or 6 

hour time points in SFM conditions, and left to form spheres in fresh media. 

However, despite increased docetaxel resistance in our DU145 PCSLCs (in vitro 

and in vivo) and ABCC2s association with advanced cases of primary prostate 

cancer, we could not demonstrate re-sensitization to docetaxel treatment upon 

ABCC2 knockdown (Figure 5.5C). On the contrary, shABCC2 PCSLCs displayed 

slightly higher sphere numbers following treatment, although these differences 

were not significant at any time point. Based on these findings, it is possible that 

ABCC2 is not responsible for chemoresistance to docetaxel in our DU145 

PCSLCs. 

 We have previously shown that DU145 PCSLCs can be proliferated as 

adherent cells in 10% FBS media conditions and maintain the same level of 

stemness until passage four (Rybak et al. 2011). To examine DU145 shABCC2 

PCSLCs in this format of cell organization, cells were treated in 10% serum 
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conditions. In comparison to the shCTRL line, there was again no difference 

between the percentages of surviving cells (Figure 5.5D). These findings further 

support that ABCC2 may not confer chemoresistance to docetaxel in PC. We also 

attempted this experiment in A549 cells, an adherent lung carcinoma line obtained 

from a 58 year old Caucasian male in 1972 (Lieber et al. 1976). Previous pilot 

studies indicated an increased resistance to docetaxel treatment in A549s 

compared to DU145 monolayers, and this characteristic is supported by a study 

examining docetaxel resistance in lung carcinoma cell lines (Feng et al. 2012). 

A549s also exhibit high protein expression of ABCC2, so we determined whether 

knockdown would sensitize these cells to docetaxel cytotoxicity. If true, then the 

ability to confer chemoresistance could be extended to our DU145 PCSLCs and 

PC. Knockdown of ABCC2 was conducted the same way (Supplementary Figure 

5.1A), and cells were dosed for 2, 4, or 6 hours with 10nM docetaxel. However, 

again we saw almost no difference in cell survival between the A549 shCTRL and 

shABCC2 cell lines (Supplementary Figure 5.1B). From these results it could be 

concluded that ABCC2 does not play an important role in docetaxel 

chemoresistance in DU145s or A549s, in vitro. 
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Knockdown of ABCC2 may not sensitize DU145 PCSLCs to Docetaxel in vivo 

 

As mentioned above, DU145 PCSLC-derived xenografts exhibited an 

increased resistance to docetaxel treatment in comparison to DU145 monolayer 

tumours (Figure 5.3). This was not surprising as CSCs are widely regarded as 

possessing chemoresistant attributes. Although the in vitro data suggests that 

ABCC2 is not responsible for docetaxel-related chemoresistance, it was necessary 

to examine DU145 shCTRL and shABCC2 PCSLCs in vivo. 

Following the same experimental design as before (Figure 5.3), we generated 

subcutaneous xenograft tumours using the two PCSLC lines. We observed that 

weekly docetaxel treatments did delay tumour growth for both groups in 

comparison to the DMSO vehicle control, but xenograft volumes continued to 

increase each week (Figures 5.6A and 5.6B). Assessing the shCTRL and 

shABCC2 figures side by side, it is tempting to conclude that knockdown of 

ABCC2 does in fact sensitize the xenografts to docetaxel treatment as tumour 

volumes did not increase as drastically in the shABCC2 group. However, when 

analyzing the weekly proliferation rates as either tumour volume or fold change in 

tumour volume (Figures 5.6C and 5.6D), none of the differences are statistically 

significant. Fold change in tumour size is valid in examining proliferation as all 

tumours were first treated at the same volume (~200mm
3
). Although difficult to 

control, the large p-values are likely due to individual variations in tumour 

growth. Looking more closely at the differences in fold change of tumours treated 
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with either docetaxel or DMSO control after 3 weeks (Figure 5.6E), these 

observations are statistically significant providing evidence of docetaxel’s 

cytotoxicity in PCSLCs and/or their progenitors. However, knockdown of 

ABCC2 does not appear to sensitize tumours to treatment, as seen at weeks 3 or 5 

(Figures 5.6E and 5.6F). Taken together, this work in vivo agrees with the in vitro 

findings that ABCC2 is not important for docetaxel resistance in PCSLCs. 

However this conclusion should be taken with caution as the animal data at first 

glance appears to contradict this finding, if not for the inter-individual variations 

in tumour growth. Further experiments will be required before this work can be 

submitted for publication. 

 

DISCUSSION 

 

 ABCC2 expression and its mechanistic function have not been well 

reported for PC in the literature, in part to the development of a newer class of 

taxanes with greater efficacy in delaying tumour growth. Cabazitaxel possesses 

similar tubulin-binding characteristics to docetaxel (Bono et al. 2010) but was 

synthetically designed to reduce its substrate affinity to ABC transporters, 

reducing the need to examine drug-efflux mechanisms. It is also able to penetrate 

the blood-brain barrier much more than the classical taxanes, demonstrated 

greater intratumoural accumulation, and specifically alters separate molecular 

pathways (Mita et al. 2009; De Leeuw et al. 2015; de Morrée et al. 2016), making 
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it a good candidate for multiple cancer types. In vitro studies demonstrated anti-

cancer effects against models of paclitaxel and docetaxel resistance, and clinical 

trials revealed greater overall survival for patients with CRPC (some with 

acquired docetaxel resistance) (Mita et al. 2009; Bono et al. 2010). 

Despite this, cabazitaxel is typically used as a second line of defense 

following failure of docetaxel treatment, making research into drug-efflux 

mechanisms still valid to determine the cause of docetaxel resistance. The ABC 

family of transporters is known to contribute to the development of 

chemoresistance in many cancers. Three of these members, ABCB1, ABCC1, and 

ABCG2, have been well established as major determinants of drug resistance. 

Studies have demonstrated the expression of ABCB1 in the gastrointestinal tract 

which may eliminate docetaxel before reaching systemic circulation, and 

expression within PC cells themselves allows for docetaxel chemoresistance and 

survival (Ganju et al. 2014; Kato et al. 2015; Abdulla & Kapoor 2011; Van 

Zuylen et al. 2000). 

 Here we provide limited evidence of ABCC2s contribution to docetaxel 

resistance in PC. We have identified increased expression in our DU145 PCSLCs 

over the parental population specifically along the cell membrane, which 

correlates well with a CSCs ability to evade cytotoxic effects. Although docetaxel 

has been shown to be a substrate for ABCB1, our microarray analysis did not 

identify this family member as being significantly upregulated in our PCSLCs. In 
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a small patient cohort of tissues we were able to demonstrate a connection 

between ABCC2 protein expression and advanced primary PC cases. To our 

knowledge, there has yet to be any evidence to establish ABCC2s contribution to 

chemoresistance in PC despite its presence in prostate carcinomas. As high grade 

cancers possess a greater propensity to metastasize, our observations suggest a 

possible correlation with ABCC2 and metastasis. Aggressive cancers may 

upregulate ABCC2 expression to evade chemotherapeutic treatment and continue 

their progression. Although not attempted here, it would be intriguing to 

determine whether ABCC2 expression is also upregulated in response to 

docetaxel treatment by examining docetaxel resistant PC tissues. Notably though, 

examination in recurrent vs non-recurrent PC tissues revealed no difference in 

gene expression (Karatas et al. 2016). 

 Both our in vitro and in vivo data indicate that the DU145 PCSLC 

population is able to resist docetaxel treatment much better than the parental 

DU145s. This is to be expected of a CSC population, but the precise mechanism 

must be elucidated so enhanced therapeutic methods can be developed. Attempts 

at ABCC2 overexpression in the DU145 parental cells failed. The ABCC2 cDNA 

was successfully sub-cloned from the provided vector (pCR-XL-TOPO, Open 

Biosystems) into pcDNA3.0-Nflag so that the final translated product could be 

flagged at the N-terminus. This would have facilitated future cell sorting if needed 

and detection of ectopic expression. Subsequent sub-cloning of this sequence into 
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the retroviral vector pBABE-puro was also successful. For infection, 293T cells 

were used for retroviral packaging where increased expression of ABCC2 was 

confirmed via Western blotting. However, overexpression could not be detected 

following infection and selection of DU145 monolayer cells (Supplementary 

Figure 5.2). Survival of these cells after antibiotic selection suggests that the large 

Nflag-ABCC2 sequence (~5kb) could not be integrated into the retroviral vector. 

Knockdown of ABCC2 in DU145 PCSLCs (and also A549s) did not 

reveal any changes in sensitivity to docetaxel in vitro. In fact, shABCC2 PCSLCs 

actually exhibited slightly increased (although not significant) sphere formation 

following treatment. It is possible that the absence of ABCC2 stimulated the 

activation of other chemoresistance mechanisms. In treating the DU145 

shABCC2 PCSLC-derived subcutaneous xenografts, at first glance there does 

appear to be delays in tumour growth during treatment, indicative of re-

sensitization. However, because of individual animal variations in xenograft 

growth rates, these results were not statistically significant when compared to 

shCTRL xenografts. One method to overcome this variability would be the 

elimination of endogenous circulating murine testosterone by surgical castration, 

and subcutaneous implant of a time-release (slow absorption) hormone pellet. 

This strategy, similar to one taken with breast cancer xenografts (Harrell et al. 

2006; Sartorius et al. 2003; Yang et al. 2013), would allow for a more uniform 

supply of androgen available for tumour growth. This methodology has been used 
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in studying patient derived transurethral resections of prostates (TURP) from 

CRPC patients in NOD/SCID mice. Co-implantation of a testosterone pellet 

stimulated xenograft growth, implying the tissues were androgen responsive 

despite being castration-resistant (Lawrence et al. 2015). This approach may also 

work for DU145s, which are a castration resistant cell line (Zhang et al. 1996). 

Future attempts may also need to involve a larger cohort in order to achieve 

statistically significant findings. 

 The possibility of additional docetaxel resistance mechanisms in our 

PCSLCs cannot be ruled out. This includes alterations in apoptosis pathways, 

tubulin isotypes, and signalling pathways involved with growth and proliferation. 

One further option is the presence of other ABC transporter family members such 

as ABCB1 which are also able to bind docetaxel. Although we did not detect any 

significantly upregulated members in our initial microarray analysis which would 

account for the increased resistance in our PCSLCs, it is feasible that there could 

be pre-existing transporters allowing for innate resistance in the DU145 PC line. 

This is suggested by our in vivo results which demonstrated that DU145 

monolayer-derived xenografts continued to grow during docetaxel treatment, 

albeit slowly. Unfortunately, expression of additional ABC members in the 

parental line has not yet been thoroughly examined. An intriguing study by van 

Waterschoot and colleagues investigated the in vivo functionality of ABCC2 in a 

model organism. Using ABCC2
-/-

 mice, the authors were able to demonstrate that 
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upon either oral or intravenous administration, the bioavailability of docetaxel 

was no different than in wild-type mice. These findings correspond well with our 

own xenograft study using DU145 shABCC2 PCSLCs. Further experimentation 

by additionally knocking out ABCB1 and CYP3A (involved in docetaxel 

metabolism (Baker et al. 2006)) together with ABCC2 revealed a significant 

systemic increase in docetaxel exposure compared to double knockout mice 

(Cyp3a
-/-

/Abcb1
-/-

) (Van Waterschoot et al. 2010). These observations suggest that 

rather than being an independent factor for chemoresistance, ABCC2 operates in 

concert with other proteins involved in docetaxel metabolism creating an additive 

effect. Studies also show that ABCC2 activity can be upregulated by chemical 

stimulation of agents co-administered during chemotherapy rather than only by 

increased gene expression (Huisman et al. 2005). Based on these findings it 

appears the determination of ABCC2s contribution to docetaxel resistance 

requires a more complex and widespread experimental approach in order to 

elucidate any chemoresistant attributes in PC xenografts. It may very well be that 

factors such as ABC transporters, drug metabolism, and intratumour accumulation 

all operate collectively to facilitate docetaxel chemoresistance in CRPC. 
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MATERIALS AND METHODS 

 

Cell culture and generation of DU145 spheres (PCSLCs) 

 

DU145 and A549 cells were purchased from American Type Culture 

Collection (ATCC), and cultured in MEM (DU145) and RPMI-1640 (A549) 

media supplemented with 10% FBS and 1% Penicillin-Streptomycin (Thermo 

Fisher Scientific). DU145 spheres were generated and cultured according to our 

published conditions (Rybak et al. 2011). Briefly, DU145 monolayer cells (non-

PCSLCs) were individualized and seeded at a density of 5,000 cells/ml in serum-

free media (3:1 DMEM/F12 mixture) (Thermo Fisher Scientific) containing 0.4% 

bovine serum albumin (BSA) (Bioshop Canada Inc.) supplemented with 0.2x 

concentration of B27 minus Vitamin A (Thermo Fisher Scientific) and 10ng/ml 

EGF (Sigma Aldrich), in T75 flasks. Typical spheres were formed in 10 to 12 

days. 

  

Sphere formation capacity 

 

Individualized DU145 PCSLCs were seeded in 96-well plates (1 cell/well) 

in SFM conditions. Seeding was visually confirmed under the microscope. Cells 

were given 10-12 days to grow, and the number of intact spheres formed was 

counted. Replicates were carried out in duplicate. 
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Knockdown of ABCC2 in DU145 PCSLCs and A549s 

Lentiviral particles were packaged in 293T cells using shCTRL or 

shABCC2 lentiviral plasmids (Santa Cruz). Briefly, gag-pol, rev, and envelope 

expressing vectors (Stratagene) were co-transfected with the short hairpin 

plasmids. Virus containing media was harvested 48 hours later, concentrated by 

centrifugation at 20000rpm for 2 hours, and used to infect A549s or 

individualized DU145 PCSLCs.  

 

Dosing of cells in vitro 

 

 For treatment of DU145 PCSLCs in SFM media conditions, individualized 

cells were seeded at a density of 5000 cells/ml. Following immediate treatment 

with docetaxel or DMSO vehicle control for the stated time points, cells were 

washed and allowed to grow for 11 days in fresh SFM. The number of spheres 

formed was determined under the microscope. 

 For treatment of adhered DU145 PCSLCs (remonolayer), individualized 

cells were seeded at 30000 cells/well in 6-well plates, and given 48 hours to fully 

attach. Cells were then treated with docetaxel or DMSO vehicle control for the 

stated time points, washed, and allowed to grow for 4 days in fresh 10% FBS 

media. Cells were fixed with a 2% formaldehyde solution and stained with crystal 
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violet before quantifying. A549 treatment was similarly carried out, but cells were 

only given 24 hours to fully adhere. 

 

Collection of primary prostate cancer tissues 

 

Prostate biopsies and radical prostatectomy tissues were obtained at St. 

Joseph’s Healthcare Hamilton in Hamilton, Ontario, Canada under approval from 

the local Research Ethics Board (REB# 11-3472) and with patient consent. 

Additional tissues were obtained from the Ontario Tumour Bank, which is funded 

by the Ontario Institute for Cancer Research. 

 

Preparation of DU145 PCSLCs for Immunocytochemistry 

 

DU145 spheres were washed and fixed with 10% neutral buffered 

formalin for two hours at room temperature. After washing, spheres were then set 

in 1% agar and paraffin embedded. Sections were stained as per the IHC method 

below. 
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Immunohistochemistry (IHC) 

 

IHC was performed on 25 paraffin embedded and serially cut prostate 

cancer tissues, and on human xenograft tissues. Slides were deparaffinized in 

xylene and cleared in an ethanol series. Antigen retrieval was performed in a food 

steamer for 20 minutes using sodium citrate buffer (pH = 6.0). Tissues were 

blocked for 1 hour in PBS containing 1% BSA and 10% normal goat serum 

(Vector Laboratories). ABCC2 antibody (1:400, Enzo Life Sciences) was 

incubated overnight at 4°C. Secondary antibody biotinylated goat anti-mouse IgG 

and Vector ABC reagent (Vector Laboratories) were incubated according to the 

manufacturer’s instructions. TSA
TM

 Biotin System (Perkin Elmer) was used as 

per manufacturer’s instructions for signal amplification. Secondary antibody only 

was used as negative control. Washes were performed with PBS. Chromogenic 

reaction was carried out with diaminobenzidine (Vector Laboratories), and slides 

were counterstained with haemotoxylin (Sigma Aldrich). Image analysis was 

performed using ImageScope software (Leica Microsystems Inc.). Staining 

intensity values derived from ImageScope were converted to an HScore using the 

formula [HScore = (% Positive) x (intensity) + 1]. The HScore was normalized 

through background subtraction and averaged amongst multiple images per tissue 

sample. 
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Western blot analysis 

 

Cells were lysed in a buffer containing 20mM Tris (pH 7.4), 150mM 

NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 25mM sodium 

pyrophosphate, 1mM NaF, 1mM β-glycerophosphate, 0.1mM sodium 

orthovanadate, 1mM PMSF, 2μg/ml leupeptin and 10μg/ml aprotinin. 50 or 

100μg of whole cell lysate  was separated on SDS-PAGE gel, and transferred onto 

Hybond ECL nitrocellulose membranes (Amersham), followed by blocking with 

5% skim milk at room temperature for one hour. Primary antibodies were 

incubated overnight at 4
o
C with agitation, and secondary antibodies incubated for 

one hour at room temperature. Signals were then developed (ECL Western 

Blotting Kit, Amersham; Immobilon ECL Reagent, Millipore). Primary 

antibodies: anti-ABCC2 1:50 (Santa Cruz) and anti-Actin 1:1000 (Santa Cruz). 

 

Xenograft tumour formation and docetaxel treatment 

 

DU145 monolayer (non-PCSLCs) and sphere (PCSLCs) cells were 

resuspended in 0.1 ml MEM/Matrigel mixture (BD) (1:1 volume), followed by 

subcutaneous implantation into the flanks of 8 week-old male NOD/SCID mice 

(The Jackson Laboratory). 10
6
 DU145 monolayer cells and 10

4
 DU145 PCSLCs 

were implanted, based on our previous report that DU145 PCSLCs display a 100-

fold higher capacity to form xenografts (Rybak et al. 2011). Tumours were 
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assessed through observation and palpation, and tumour growth was measured 

weekly using calipers. Tumour volume was determined using the formula V = L x 

W
2
 x 0.52. Once tumours reached a volume of at least 100mm

3
, mice were treated 

with either DMSO control (Sigma) or Docetaxel (Santa Cruz) at 10mg/kg once a 

week for three weeks by intraperitoneal injection. After a week of recovery, 

treatment cycle was repeated until tumours reached a volume ≥ 1000 mm
3
, at 

which point animals were sacrificed. All animal work was carried out according 

to experimental protocols approved by the McMaster University Animal Research 

Ethics Board. 
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TABLES 

 

Table 5.1. Patient information and average IHC scores 

 

Patient # Age Gleason Score Average Score 

1 52 3+3 -0.73 ± 0.40 

2 48 3+3 36.73 

3 53 3+3 35.22 

4 76 3+3 28.16 

5 57 3+3 27.49 

6 63 3+4 11.63 ± 10.40 

7 62 3+4 8.79 ± 8.33 

8 67 3+4 62.60 ± 10.84 

9 52 3+4 32.23 ± 4.43 

10 - 3+4 24.82 ± 10.97 

11 78 3+4 49.56 ± 21.55 

12 70 3+4 11.80 

13 - 4+3 71.14 ± 10.15 

14 60 4+4 110.21 ± 35.07 

15 68 4+4 19.55 ± 22.96 

16 56 4+4 67.88 ± 6.41 

17 58 4+4 83.96 ± 8.36 

18 77 4+5 121.26 ± 2.99 

19 54 4+5 90.2 ± 27.64 

20 81 4+5 98.75 ± 10.55 

21 55 4+5 95.12 ± 31.39 

22 68 5+5 34.18 ± 19.02 

23 75 5+5 84.69 ± 10.14 

24 91 5+5 40.36 ± 9.46 

25 86 5+5 11.39 ± 8.15 
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FIGURES 

 

 
 

Figure 5.1. ABCC2 expression is higher in DU145 spheres (PCSLCs). (A) 

Confirmation of ABCC2 expression by Western blot in DU145 monolayer and 

sphere cells. (B) ICC staining for ABCC2 in DU145 spheres demonstrates cell 

membrane-specific protein expression. Scale bar represents 100μm.  

 

 
Figure 5.2. ABCC2 expression associates with primary prostate cancer 

progression. (A) IHC was performed on 13 low Gleason score (GS 6-7) and 12 

high Gleason score (GS 8-10) primary prostate cancer tissues. Representative 

images of low and high grade staining are shown here. Scale bars represent 

200μm. (B) ABCC2 protein expression is significantly increased in high grade 

primary prostate cancers. See Table 5.1 for the full list of patient information. p < 

0.05 by Student’s t-test. 
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Figure 5.3. Generation of DU145 monolayer and sphere (PCSLC) 

subcutaneous xenografts, and treatment with Docetaxel. (A) Tumour volumes 

for DU145 monolayer-derived xenografts treated with docetaxel at 10mg/kg, or 

DMSO vehicle control. 4-5 mice per group. p < 0.05 by Two-way ANOVA. (B) 

Tumour volumes for DU145 sphere-derived xenografts treated with docetaxel at 

10mg/kg, or DMSO vehicle control. 3-5 mice per group. p > 0.05 by Two-way 

ANOVA. (C) Tumour volumes of docetaxel treated DU145 monolayer and 

PCSLC-derived xenografts presented as fold change from initial week of 

treatment. p < 0.05 by Two-way ANOVA. 
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Figure 5.4. ABCC2 expression in DU145 monolayer and sphere-derived 

xenografts. (A) Representative IHC staining for ABCC2 in DU145 monolayer-

derived (top) and DU145 sphere-derived (bottom) xenografts. Scale bars represent 

200μm. (B) Total number of ABCC2
+
 tumours in 9 xenograft tissues per cell line. 

p = 0.0001 by Chi-squared test. 
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Figure 5.5. Generation of DU145 shCTRL and shABCC2 spheres (PCSLCs), 

and treatment with 10nM Docetaxel. (A) Knockdown of ABCC2 was carried 

out using lentiviral plasmids. Confirmation was performed by Western blotting, 

and Actin was used as loading control. (B) Sphere formation capacity was 

determined for each cell line. Percentage of spheres formed is in comparison to 

the total number of cells seeded. p > 0.05 by Student’s t-test. (C) 10nM docetaxel 

dosing was performed at 2, 4, and 6 hour time points along with a 6 hour vehicle 

control. Percentage of spheres formed was determined in comparison to the 

DMSO control. Cells were dosed individually immediately after passaging in 

SFM. Spheres were counted after 11 days. p > 0.05 by Student’s t-test for all time 

points. (D) DU145 shCTRL and shABCC2 spheres were seeded in 10% FBS 

media conditions. 10nM docetaxel dosing was performed at 2, 4, and 6 hour time 

points along with a 6 hour vehicle control. Percentage of surviving remonolayer 

spheres was determined by quantifying the amount of crystal violet stain in 

comparison to the DMSO control. p > 0.05 by Student’s t-test for all time points. 
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Figure 5.6. Generation of DU145 shCTRL and shABCC2 sphere (PCSLC) 

subcutaneous xenograft tumours, and treatment with Docetaxel. Weekly 

measurements on the x-axis start from when the first injection was given, at a 

tumour volume of 100-200mm
3
. (A) Weekly tumour volumes of the DU145 

shCTRL sphere-derived xenografts treated with either docetaxel (10mg/kg) or 

vehicle control. The interaction is significant by Two-way ANOVA, p = 0.0371. 

With a docetaxel-treated outlier included, p = 0.0137. *p < 0.05. (B) Weekly 

tumour volumes of the DU145 shABCC2 sphere-derived xenografts treated with 

either docetaxel (10mg/kg) or vehicle control. The interaction is significant by 

Two-way ANOVA, p = 0.0099. With a DMSO-treated outlier included, p = 

0.0910. *p < 0.05. (C) Comparison of the shCTRL and shABCC2-derived 

docetaxel treated tumours. The interaction is not significant by Two-way 
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ANOVA, p = 0.9315. (D) Fold change in tumour volumes of all xenografts 

compared to tumour size before docetaxel treatment (Week 0). The interaction is 

not significant by Two-way ANOVA, p = 0.9272. (E) Tumour volumes of 

shCTRL and shABCC2 xenografts after 3 weeks of treatment with either DMSO 

or docetaxel. *p < 0.05 by Student’s t-test. #p > 0.05 by Student’s t-test. (F) 

Tumour volumes of shCTRL and shABCC2 xenografts after 5 weeks of docetaxel 

treatment. p > 0.05 by Student’s t-test. 
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SUPPLEMENTARY FIGURES 

 
Supplementary Figure 5.1. Generation of A549 shCTRL and shABCC2 cells, 

and treatment with 10nM Docetaxel. (A) Knockdown of ABCC2 was carried 

out using lentiviral plasmids. Confirmation was performed by Western blotting, 

and Actin was used as a loading control. (B) 10nM docetaxel dosing was done at 

2, 4, and 6 hour time points along with a 6 hour vehicle control. Percentage of 

surviving cells was determined by quantifying the amount of crystal violet stain in 

comparison to the DMSO control. p > 0.05 by Student’s t-test for all time points. 

 

 

 
Supplementary Figure 5.2. Overexpression of ABCC2 in DU145 monolayers. 

Attempts were made to sub-clone an Nflag-tagged ABCC2 cDNA sequence into 

the pBABE-puro retroviral vector. 293T cells were used for retroviral packaging. 

A549 cell lysate acts as the positive control. 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

225 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER SIX 

DISCUSSION AND CLINICAL RELEVANCE 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – Nicholas Wong McMaster University, Medical Sciences 

226 
 

DISCUSSION 

 

6.1 - Prostate Cancer Stem Cells are a Source of Metastatic Prostate Cancer 

 

With growing acceptance of the hierarchical (or CSC) model as an 

explanation for the heterogeneity of PC tissues, an expanding amount of research 

supports the notion of a small population of stem-like cells as being a major 

source of tumour initiation and regeneration (Reya et al. 2001; O’Brien et al. 

2009; Dick 2009). Under this model it should be possible to separate tumour 

initiating from non-tumour initiating cell populations based on either their cell 

marker profiles or unique characteristics. Altered biological mechanisms may 

induce expression of distinct cell surface markers, while stem-like traits such as 

self-renewal, differentiation potential, proliferative capacity, and anti-apoptotic 

processes could be used for isolation and identification of CSCs (Jordan et al. 

2006). Since the discovery of single-cell derived mouse myelomas composed of 

heterogeneous cell types almost 50 years ago (Park et al. 1971), many tumour 

initiating populations have been isolated. The first to be studied were of acute 

myeloid leukemia (Bonnet & Dick 1997), and now numerous possible CSC 

populations have been discovered in solid tumours including brain, breast, colon, 

pancreas, prostate, lung, liver, ovarian, and colorectal (Choi et al. 2014; Galli et 

al. 2004; Hermann et al. 2007; Curtis et al. 2010; Liao et al. 2014; M. F. Shi et al. 

2010; Yeung et al. 2010; Brien et al. 2007; Li et al. 2007; Ricci-Vitiani et al. 

2007; Singh et al. 2003; Al-Hajj et al. 2003). While similar to normal stem cells in 
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most aspects, the key features of CSCs is their high plasticity, ability to evade 

cytotoxic therapies, and regeneration of the bulk tumour, resulting in cancer 

relapse and metastasis. Ideally, therapeutic treatments should target this small 

population of stem-like cells rather than the bulk tumour to completely eradicate 

disease. 

Persistent AR signalling despite ADT can be detrimental as it leads to 

CRPC, the cause of most PC-related deaths. There are several mechanisms which 

contribute to the elevation of AR activation and transcription of AR-responsive 

genes. Studies have shown that CRPC tissues display intratumoural retention of 

androgens, and higher expression of genes which code for androgen synthesizing 

enzymes, allowing for stimulation of AR (Gregory et al. 2001; Mohler et al. 2004; 

Stanbrough et al. 2006; Montgomery et al. 2008; Holzbeierlein et al. 2004). 

Stabilization of AR in recurrent disease may also permit transcriptional activation 

of targets in response to low circulating levels of androgen following ADT. 

Additionally, hypersensitivity can also be mediated by AR gene amplification or 

mutations in the ligand binding domain which can promote binding and activation 

by progesterone or first-generation AR antagonists (flutamide, bicalutamide, 

nilutamide) (Hobisch et al. 1995; Visakorpi et al. 1995; Newmark et al. 1992; 

Taplin et al. 1995; Chen et al. 2004). As observed in multiple studies using PC 

cell lines, phosphorylation by tyrosine kinases also upregulates AR activity. Two 

kinases Ack1 and Src have been shown to phosphorylate at Tyr-267, and are 
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induced upstream by HER2 (a tyrosine kinase in the same family as EGFR). 

Inhibition of this pathway at several points can inhibit AR recruitment and 

transcription of AR-responsive genes, resulting in slower cell proliferation and 

decreased tumour growth. AR activity can also be stimulated by phosphorylation 

at Tyr-534 by EGF and IL-6 (Yeh et al. 1999; Mahajan et al. 2007; Mellinghoff et 

al. 2004; Liu et al. 2010; Xu et al. 2009). Additionally, the AKT pathway 

important in cell survival and proliferation has been implicated in phosphorylating 

AR at Ser-213 and Ser-791. In a PC cell line this interaction activated a PSA 

reporter and promoted cell survival, which was found to again be stimulated 

upstream by HER2 (Wen et al. 2000). Most interestingly are the numerous AR 

splice variants which are constitutively active due to the lack of their ligand 

binding domain at the C-terminal end. Increased nuclear expression of these 

mutants have been demonstrated in androgen-independent PC cell lines, CRPC 

tissues, and PC metastasis (Dehm et al. 2008; Hu et al. 2009; Li et al. 2012; 

Zhang et al. 2011; Hörnberg et al. 2011; Watson et al. 2010; Sun et al. 2010). 

Together the above mechanisms allow for continued activation of AR-responsive 

genes involved in cell survival and growth, promoting the development of more 

advanced disease despite treatment with ADT.  

Overexpression of AR in PC cell lines leads to the induction of EMT and 

stem cell signatures (Kong et al. 2015). Research has shown that the gain of a 

mesenchymal phenotype can be associated with stem-like characteristics, slower 
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proliferation, therapeutic resistance, and plasticity for adaptation to secondary 

sites following metastasis (Smith & Bhowmick 2016). Treatment of PC with ADT 

may actually bring on the acquisition of an EMT phenotype, which has been 

associated with the recurrence of CRPC and eventual metastasis. In support of 

this, studies have observed EMT characteristics in normal mouse prostate and PC 

cell-derived xenografts under androgen-depletion conditions, as well as in 

castration-resistant patient tumours and circulating tumour cells (Kong et al. 

2011; Chen et al. 2013; Armstrong et al. 2011; Sun et al. 2012). Furthermore, the 

four transcription factors SOX2, OCT4, c-MYC, and KLF4 (the latter two can be 

substituted with Nanog and Lin28 (Okita et al. 2008)) able to convert somatic 

cells into iPSCs are expressed in poorly differentiated tumours (Ben-Porath et al. 

2008) and in PCSC populations isolated from androgen-independent PC cell lines. 

These PCSCs expressed classical stem cell markers, demonstrated self-renewal, 

and were more invasive and tumourigenic (Klarmann et al. 2009; Kong et al. 

2010; Rybak et al. 2011). The process of EMT and cell migration occurs in 

multiple steps, starting with the induction of several EMT-driving transcription 

factors such as ZEB1/2, Twist, Snail, and Slug which have also been correlated 

with poor patient prognosis (Blanco et al. 2002; Savagner et al. 1997; Wellner et 

al. 2009; Yang et al. 2004). These factors are direct repressors of E-cadherin, an 

important mediator of cell-cell adhesion and a marker of epithelial cells (Hay & 

Zuk 1995; Van Roy & Berx 2008). During EMT the expression of E-cadherin is 
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reduced and upregulation of mesenchymal markers such as vimentin and N-

cadherin occurs, which aid in cellular migration and stress-resistance (Satelli & Li 

2011; Zeisberg & Neilson 2009). Ectopic expression of E-cadherin is enough to 

inhibit tumour cell invasion and migration, while knockdown induces tumour 

proliferation and metastasis (Vleminckx et al. 1991; Derksen et al. 2006; Onder et 

al. 2008). Expanding on this, the activation of EMT involves hundreds of genes 

including signal transduction pathways known to be involved in cancer and CSC 

chemoresistance (refer to Introduction, Section 1.5). The PI3K/AKT/mTOR 

pathways result in activation of Snail-1 which represses E-cadherin expression. 

The pathways are also involved in stimulation of matrix metalloproteinases which 

alter the extracellular matrix, and interaction with integrins and the Rho family of 

GTPases which control cytoskeleton rearrangement (Grotegut et al. 2006; Berrier 

et al. 2000; Grille et al. 2003; Xia et al. 2008; Zamir & Geiger 2001). The Wnt/β-

Catenin pathway, stimulated by EGF, disrupts E-cadherin mediated cell-cell 

interactions and decreases E-cadherin expression via Snail-1 (Lu et al. 2003; 

Klymkowsky 2005; Nusse 2004). β-Catenin expression levels were also increased 

in PC cells overexpressing HIF-1α, establishing a correlation between this 

pathway and hypoxia which can lead to more aggressive disease (Jiang et al. 

2007). Notch signalling and hypoxic conditions (via HIF-1α) also promote EMT 

by activating Snail-1 transcription and stabilizing its structure (Sahlgren et al. 
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2008). It appears that in cancer, these pathways involved in stimulating 

chemoresistant properties coincide with EMT inducing mechanisms. 

Accumulating evidence points towards EMT as being a critical step in the 

generation and maintenance of CSCs, which can then go on to metastasize. The 

metastatic process is quite similar to tissue repair mechanisms where stem cells 

leave their resting place (such as haematopoietic stem cells from bone marrow), 

enter circulation, and proliferate at secondary sites, which would require a highly 

plastic cell type (Kondo et al. 2003). Furthermore, analysis of PC bone metastases 

demonstrated increased expression of EMT markers such as vimentin and Notch-

1. Staining patterns of these proteins exhibited distinct invading fronts and 

intratumour cell clusters, supporting the concept of EMT and its reverse process 

mesenchymal to epithelial transition (MET) respectively. The latter is a critical 

step in the establishment of metastases at secondary sites where cells regain an 

epithelial phenotype to allow for attachment and proliferation (Sethi et al. 2010). 

Cells that have undergone EMT are able to grow as spheres in suspension and 

possess an increased capacity for xenograft tumour formation, two identifying 

traits of CSCs (Tiwari et al. 2012). Induction of EMT in non-tumourigenic cells 

by ectopic expression of EMT transcription factors results in the acquisition of 

mesenchymal traits, expression of stem cell markers, and ability to grow as 

spheres in culture. Additionally, stem-like cell populations isolated from tumours 

express EMT markers (Mani et al. 2008; Morel et al. 2008). Transition to a 
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mesenchymal phenotype also correlates with increased expression of drug 

transporters and signalling pathways (discussed above) allowing for greater 

chemoresistance and evasion of cytotoxic agents (Tiwari et al. 2012). Taken 

together, the notion that a differentiated cell can acquire stem-like traits and 

develop aggressive characteristics through EMT is an appealing explanation for 

the occurrence of PCSCs and severity of mCRPCs.  

The work presented in this thesis has largely been based on our own 

population of PCSLCs isolated from the DU145 mCRPC cell line. Our initial 

characterization studies determined that the pluripotency transcription factors 

SOX2, OCT4, and Nanog are all expressed in this subpopulation (Rybak et al. 

2011), suggesting the possibility of EMT traits in PCSCs. Adding to this, we 

found that stimulation of growth with EGF promoted self-renewal and increased 

expression of SOX2 (Rybak & Tang 2013), which may be mediated by the 

Wnt/β-Catenin pathway as discussed above. By examining unique genes only 

expressed in our PCSLCs, we may be able to elucidate proteins and/or 

mechanisms critical for CRPC development and metastasis based on the CSC and 

EMT models. Additionally, it might be possible to identify antigens of interest 

only in PCSCs for targeted immunotherapy. 
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6.2 - Potential Mechanisms of PKM2 in Prostate Cancer Stem Cells and 

Castration Resistant Prostate Cancer 

 

In this thesis we demonstrated that the final enzyme of glycolysis, PKM2, 

associates with more advanced stages of PC as observed in tissues with high 

Gleason Score and in DU145 PCSLC-derived xenografts (Chapter 2). We also 

revealed a dissimilar pattern of post-translational modifications in our PCSLCs 

which may indicate alternative functions, protein interactions, or mechanisms of 

action. As PCSCs are well accepted to be a cause of cancer relapse and 

metastasis, investigation of these differences may provide new insights into CSC 

biology. 

There are actually four isoforms of pyruvate kinase (PK); PKL, PKR, 

PKM1, and PKM2. Expressed in almost all cells except the muscle, brain, and 

liver, PKM2 has been found to be the most predominant form in tumour cells. It is 

also the only isoform that can exist as a tetramer to direct energy production 

through the mitochondria (OXPHOS), or as a dimer to stimulate aerobic 

glycolysis (Wong et al. 2013). As our methods of detection did not differentiate 

between dimeric or tetrameric PKM2, it would be interesting to determine its 

form in our DU145 PCSLCs and whether this is altered in subcutaneous 

xenografts which proliferate more quickly. Notably, studies have shown that the 

tetrameric form acts as a pyruvate kinase while the dimeric form acts as a protein 

kinase. Furthermore, PKM2 has been observed in the nucleus and demonstrated to 
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regulate expression of many genes. HIF-1α, which is stimulated under hypoxic 

conditions, induces expression of dimeric PKM2 and translocation to the nucleus. 

Acting as a protein kinase, PKM2 can then phosphorylate STAT3 which aside 

from its gene targets also increases HIF-1α expression, creating a feedback loop 

to amplify the rate of aerobic glycolysis. EGFR activation can also cause PKM2 

to bind to β-Catenin and stimulate cyclin D1 and c-MYC, major contributors to 

tumour cell proliferation and tumourigenesis. These events have been observed in 

numerous cancers and are associated with poor prognosis (Demaria & Poli 2012; 

Yang et al. 2011; Gao et al. 2012; Yang et al. 2012). Interestingly, 

chemoresistance to Gefitinib, an inhibitor of the EGFR pathway, in colorectal 

cancer is mediated by PKM2 stimulation of STAT3 (Li et al. 2015). This suggests 

that PKM2 may be involved in additional chemoresistant pathways. 

Although we (Chapter 2) and others have established increased PKM2 

expression as associating with more advanced disease, it is clear that aside from 

its metabolic mechanism there is an oncogenic function as well. To this point, 

specific nuclear localization of PKM2 was found to be associated with higher 

Gleason Score (Giannoni et al. 2015). With its correlation to more advanced 

disease, a relationship with EMT is also possible. Induction of EMT in 

gastrointestinal cancer cells led to increased expression of PKM2 and higher 

incidence of nuclear translocation. Greater expression in metastasis tissues was 

also observed (Konno et al. 2015). In colorectal cancer, elevated levels of secreted 
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PKM2 can be detected in plasma and feces making it a possible biomarker for 

diagnosis. Treatment of cells with PKM2 induced migration and upregulation of 

EMT markers, which was found to be mediated by the PI3K/AKT/mTOR and 

Wnt/β-Catenin pathways (Yang et al. 2015). In addition, PKM2 was found to bind 

OCT4 in embryonic carcinoma lysates. Overexpression of PKM2 enhanced the 

transcriptional activation of OCT4 responsive genes involved in pluripotency and 

maintenance of a mesenchymal phenotype (Lee et al. 2008). On the other hand, 

combinational treatment of lung cancer cells in vitro and in vivo with PKM2 

shRNA increased intracellular accumulation of docetaxel and cisplatin or 

sensitized cells to ionizing radiation, which led to cell death (H. shan Shi et al. 

2010; Guo et al. 2011; Meng et al. 2015). Taken together these studies provide 

support that PKM2 is not only involved in glucose metabolism but also cell 

proliferation, EMT, chemoresistance, and radioresistance. This suggests a critical 

role within PCSC-derived development of CRPC and metastasis. Therapeutic 

targeting of dimeric PKM2 to prevent transcription of target genes may aid in 

delaying the progression of PC. Investigations into the mechanism of nuclear 

translocation will also prove useful for treatment approaches. For example, 

phosphorylation of PKM2 at Thr-454 is one such post-translational modification. 

Experiments using a T454A mutant caused higher mitochondrial respiration 

(OXPHOS), reversal of chemoresistance, and reduced tumourigenicity in A549 

lung cancer cells (Yu et al. 2016; Yu et al. 2013). It would be worthwhile to 
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investigate the function of each unique post-translational modification observed in 

our DU145 PCSLCs to determine their contribution to disease progression. 

Discovery of any protein interactions with PKM2 will also help broaden our 

knowledge of its role in PC development. 

Furthermore, the progression of PC is clearly associated with changes in 

cancer cell biology, which includes alterations in proliferative capacity and 

resistance to cell stress brought on by various therapies. Conceptually, adaptive 

responses to treatments such as ADT inevitably involve changes in cellular 

metabolism, a process in which PKM2 plays a major role. Along these lines it 

would not be surprising to observe a critical function of the PKM gene (which 

codes for both PKM1 and PKM2 (Wong et al. 2015; Wong et al. 2013)) in PCSC-

associated plasticity in response to androgen deprivation, essential for PC 

development. Future experiments can investigate whether survival adaptation to 

ADT is mediated by PKM2 and enhanced cellular metabolism. Knockout of 

PKM2 in PC cell lines and growth in androgen depleted conditions, both in vitro 

and in vivo, will indicate whether PKM2 is necessary for CRPC development. 

Should this be the case, PKM2 inhibitors may be tested for their efficacy 

alongside ADT strategies in preventing progression towards CRPC. 
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6.3 - MUC1 is a Critical Factor in the Progression of Metastatic Castration 

Resistant Prostate Cancer 

 

Chapter 3 reports the upregulation of MUC1 in our DU145 PCSLCs in 

vitro and in vivo, and elevation in both DU145 parental and PCSLC-derived 

xenograft tumours in response to docetaxel treatment. Computational analysis 

using numerous genomic expression datasets revealed amplification of mRNA 

and gene copy number (GCN) in CRPC and metastasis cases. This analysis also 

revealed a possible utility for MUC1 and its 25 gene network in predicting CRPC 

more efficiently than AR and its gene network. Currently, persistence of AR 

signalling is the best predictor of PC progression. 

MUC1 is the most well studied mucin glycoprotein for its role in cancer. 

Translated as a pre-peptide, an autocleavage event produces a heterodimer 

consisting of a large extracellular N-terminal fragment (MUC1-N) and a smaller 

C-terminal fragment (MUC1-C) which spans extracellular, transmembrane, and 

cytoplasmic regions (Macao et al. 2006; Levitin et al. 2005; Ligtenberg et al. 

1992). Both components play their own part in the progression of cancer, making 

MUC1 a powerful influencer of tumourigenesis.  

MUC1-N contains the conserved variable number of tandem repeats 

which are the sites of glycosylation, with different patterns demonstrated in a 

number of cancers. In most normal secretory epithelial cells this high 

glycosylation serves as a physical barrier to protect the organ from abrasion, 
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microorganisms, and toxic chemicals (Singh & Hollingsworth 2006). In 

transformed cells however, loss of polarity causes MUC1 to be overexpressed all 

over the cell surface (Kufe et al. 1984). This increased expression of MUC1-N 

has been associated with the interference of cell-cell interactions, which may 

contribute to EMT and disease progression (Pillai et al. 2015). The N-terminal 

subunit can also be shed off from the cell by cleavage at the SEA domain, often in 

response to environmental signals (Brayman et al. 2004). High serum levels of 

MUC1 are associated with progressive disease, and can be used as a biomarker of 

cancer progression (Moreno et al. 2007). There are also mRNA splice variants 

that generate a secreted form which lacks the transmembrane and cytoplasmic 

domains, emphasizing a biological role of the N-terminal subunit alone (Brayman 

et al. 2004). One study revealed secreted MUC1 as having the capacity to 

suppress T-cell proliferation and function, implying tumour cells can mediate 

immune suppression via MUC1-N (Chan et al. 1999). To be heavily glycosylated, 

MUC1 is translocated and recycled several times between the cell membrane and 

trans-golgi. Secreted isoforms can be differentiated from membrane-bound forms 

on this basis, as they are only glycosylated once. In cancer, MUC1 can also be 

more extensively glycosylated (Hilkens & Buijs 1988; Engelmann et al. 2005; 

Storr et al. 2008). These factors provide the basis for the variety of 

immunotherapeutic approaches using antibodies and vaccines against unique 

MUC1 glycosylation patterns in cancer and CSCs (Vassilaros et al. 2013; 
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Pichinuk et al. 2012; Sanchez et al. 2013; Danielczyk et al. 2006; Dreicer et al. 

2009; Curry et al. 2013; Major et al. 2012). High levels of extracellular MUC1-N 

also increase chemoresistance to cytotoxic agents. By using a glycosylation 

inhibitor to reduce the amount of cell surface mucins, cytotoxicity by treatment 

with 5-fluorouracil was significantly increased in pancreatic cancer cells (Kalra & 

Campbell 2007). As a whole, these studies provide evidence that the amplification 

of extracellular MUC1-N enables the evasion of chemotherapeutics and 

progression of disease in PC. 

The C-terminal subunit of MUC1 is divided into 3 distinct regions, each 

with their own functions. The extracellular domain can be glycosylated like 

MUC1-N and indirectly interacts with EGFR and other tyrosine kinase receptors 

(Li et al. 2001; Schroeder et al. 2001). The transmembrane region’s function is to 

relay environmental stimulation to the intracellular domain. The cytoplasmic 

portion of MUC1 arguably has the largest impact on cancer development. This 

region contains 7 tyrosine phosphorylation sites which permit binding of other 

proteins to promote proliferation, invasion, and chemoresistance (Pillai et al. 

2015). MUC1-C has been shown to activate the PI3K/AKT pathway leading to 

tumour cell proliferation and anti-apoptosis mechanisms in response to cytotoxic 

agents and oxidative stress (Yin et al. 2004; Woo et al. 2012; Ren et al. 2004; Yin 

et al. 2003; Raina et al. 2004). Additionally, research has shown that MUC1-C 

directly binds to PKM2 and increases both glucose uptake and lactate production 
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indicative of aerobic glycolysis (Kosugi et al. 2011). These findings link Chapters 

2 and 3 of this thesis together and provide some explanation for their co-

expression in our DU145 PCSLC population. Phosphorylation of MUC1 by 

EGFR causes the cytoplasmic domain to bind the tyrosine kinase Src, which when 

activated can phosphorylate AR and upregulate its activity. This connects 

elevated MUC1 expression with AR signalling in PC cells. MUC1 also binds β-

catenin (Li et al. 2001), creating a correlation with all of its downstream 

signalling pathways involved in EMT and cancer progression. These processes 

are mediated by MUC1-Cs CQC domain which allows for dimerization and 

translocation to the nucleus for activation of target genes. In renal and pancreatic 

cancer cells, overexpression of MUC1 was found to trigger the process of EMT 

by binding β-catenin and activating transcription of Snail and Slug, two major 

EMT transcription factors. Blocking MUC1-C translocation to the nucleus 

prevented transcription of these genes associated with EMT and metastasis 

(Gnemmi et al. 2014; Roy et al. 2011). MUC1-C has also been shown to induce 

upregulation of ZEB1, another EMT transcription factor, in lung and breast 

cancer cells. Inhibition of nuclear translocation again reduced proliferation, 

invasion, and self-renewal capacity (Kharbanda et al. 2014; Rajabi et al. 2014). 

Lastly, in PC cells MUC1-C was found to both directly bind AR and activate a 

miRNA mechanism, suppressing AR function. This process allowed for the 

induction of EMT, which led to increased invasion, growth in androgen-depleted 
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medium, and resistance to bicalutamide (an antiandrogen). On the other hand, AR 

was found to bind to the MUC1 promoter, suppressing its function. 

Reintroduction of AR into androgen-independent PC cell lines reduced MUC1 

expression, indicating an inverse relationship between the two (Rajabi et al. 2011; 

Rajabi et al. 2012). This also implies that the widespread effects of MUC1-C do 

not occur until after androgen-independence has been established. Together these 

studies provide strong evidence of MUC1s involvement with EMT and therefore 

CSCs. 

As a whole, the MUC1 protein has a major impact on the progression and 

severity of cancer. The N-terminal subunit is involved in physical barrier 

protection and chemoresistance, while the C-terminal subunit participates in cell 

proliferation, EMT signalling pathways, regulation of AR activity, and even cell 

metabolism. The observation that MUC1 expression is increased in our DU145 

PCSLCs, CRPC cases, and PC metastases fits perfectly with these characteristics 

that work in concert to promote cell survival and disease progression. Future work 

will need to determine whether the findings discussed above are relevant in PC 

before similar therapeutic approaches can be attempted. Applications including 

the GO-203 inhibitor which blocks MUC1-C dimerization (Raina et al. 2015), and 

combinational therapy involving ADT, docetaxel, and MUC1-based 

immunotherapy are currently appealing options. Based on the known functions of 
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MUC1, these methodologies may very well target PCSCs and halt disease 

progression. 

 

6.4 - FAM84Bs Mechanism of Action in the Development of Castration 

Resistant Prostate Cancer  

 

Chapter 4 explores a candidate identified in our PCSLCs and its 

association with advanced PC. The FAM84B gene resides at the chromosomal 

locus 8q24, and together with c-MYC flanks a 1.2Mb gene desert characterized 

by little transcriptional activity. However it has been discovered that this region is 

frequently modified in many cancers and imparts tumourigenic effects by 

physically interacting with other chromosomal loci (Du et al. 2015; Ghoussaini et 

al. 2008; Haiman et al. 2007). Mechanistically, knockdown of FAM84B in 

esophageal cancer cells was demonstrated to reduce proliferation, migration, and 

invasion in vitro (Cheng et al. 2016), suggesting a possible role in cancer 

metastasis. 

In our study we revealed FAM84B protein expression in PC bone 

metastases tissues and upregulation in our DU145 PCSLCs. Computational 

analysis using gene expression datasets demonstrated increases in mRNA levels 

and GCN in primary PC vs normal, and mCRPC vs primary PC, which is in 

agreement with the functionality of FAM84B observed in esophageal cancer cells. 

We were able to provide additional evidence of its importance in PC disease 
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progression by observing increased expression in DU145 xenograft lung 

metastasis, particularly in the edge regions, and in two different animal models of 

CRPC. Upregulation of FAM84B also correlated with reduced overall survival in 

patient datasets. 

As there is very little information in the literature about FAM84B, its 

contribution to PC progression remains speculative. One study demonstrated high 

FAM84B expression in esophageal cancer but lower levels of circulating mRNA 

transcript following chemoradiation, suggesting its potential as a possible 

biomarker for pathological response (Hsu et al. 2015). Another group 

demonstrated the elevation of FAM84B in 66% of esophageal cancers, versus c-

MYC in 9% of esophageal cancerous nests, suggesting FAM84B as the primary 

target of 8q24 locus amplification (Huang et al. 2006). Elevation of protein 

expression has also been associated with breast cancer cells (Adam et al. 2003). 

FAM84B upregulation in our PCSLCs and association with CRPC also suggests 

possible relations with EMT. In esophageal cancer increased FAM84B expression 

coincided with the Notch signalling pathway important in tumour progression, 

metastasis, CSC self-renewal, and EMT as discussed above (Discussion, Section 

6.1) (Cheng et al. 2016). The FAM84B gene itself is also in close proximity with 

c-MYC, one of the four classical pluripotency factors and well known to be 

associated with PC tumourigenesis. Although the enhancer and other regulatory 

elements within the 8q24 gene desert are known to physically interact with c-
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MYC, there have been no studies demonstrating that any come in contact with 

FAM84B (Du et al. 2015; Ghoussaini et al. 2008). However the significant gap in 

knowledge of this region means the possibility of co-expression cannot be ruled 

out.  

Future work will need to investigate the exact function of FAM84B in PC 

cells and whether these mechanisms associate with disease progression. One 

prospective research avenue is to determine whether FAM84B possesses any 

nuclear activity, a notion supported by its widespread effects in esophageal cancer 

cells. Additionally, through our IHC analysis of high Gleason primary PC tissues 

and in the prostate-specific PTEN
-/-

 animal model, we noticed a greater amount of 

nuclear staining. As a potential explanation for this observation, one group 

discovered the fission yeast analog, Nse2, as being involved in DNA repair. Two 

members of the structural maintenance of chromosomes (SMC) superfamily, 

SMC5 and SMC6, form a heterodimer and are important for repair of double 

stranded breaks. Nse1 and Nse2 both complex with this heterodimer and together 

these proteins engage in homologous recombination repair. Mutation of Nse1 and 

Nse2 produced DNA damage-sensitive cells. Furthermore, these two proteins are 

conserved from yeast to humans, which taken together provides a possible 

function for FAM84B in aggressive cancers (Pebernard et al. 2004; McDonald et 

al. 2003). Examination of nuclear fractions via Western blotting as well as 

chromatin immunoprecipitation may help to determine whether FAM84B 
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localizes to the nucleus. Further experiments will then need to determine whether 

the same mechanism of DNA damage-resistance occurs in humans. Protein 

interaction studies should also be performed to investigate whether FAM84B 

binds with any SMC family members or components of signalling pathways 

important in tumourigenesis or EMT. 

 

6.5 - ABCC2 May be an Indicator of Advanced Prostate Cancer and 

Chemoresistance 

 

The CSC model attributes the aggressiveness and therapeutic resistance of 

mCRPC to the small population of cells with self-renewal, anti-apoptotic, and 

chemoresistant properties. Although the bulk of the tumour may be eliminated 

through various treatments, it is these cells that are hypothesized to survive and 

recapitulate the tumour tissue, going on to metastasize. The process of EMT 

appears to be a critical step during the later stages of PC development, and among 

a multitude of mechanisms inferring chemoresistance there are numerous studies 

in breast cancer demonstrating upregulation of ABC drug transporters as a result 

of its activation. Induction of EMT by introducing Twist or Snail-1 into non-

tumourigenic immortalized mammary cells increased expression of CSC surface 

markers, self-renewal capacity, and sphere formation. In breast cancer cell lines 

overexpression of Twist allowed for Hoechst dye exclusion indicative of high 

ABCC1 expression. Silencing of Twist abrogated these effects. Similar findings 
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were observed in colorectal cancer cells, where overexpression of Twist led to 

greater migration, invasion, and sphere formation concomitant with upregulation 

of ABCB1 expression (Deng et al. 2016). Adding to this, treatment of breast 

cancer cells with cytotoxic agents increased expression of ABC transporters and 

EMT markers, which could be reversed by knockdown of Twist and ZEB1. These 

findings suggest that chemotherapy with anti-mitotics such as doxorubicin or 

docetaxel may actually contribute to the development of chemoresistance. EMT 

transcription factors such as Snail-1, Twist, and Slug have also been shown to 

bind to and activate ABC transporter promoters, adding to the list of mechanisms 

involved in therapeutic resistance that this process influences in advanced cancers 

(Mani et al. 2008; Vesuna et al. 2009; Saxena et al. 2011). 

In Chapter 5 of this thesis we report the possible contribution of ABCC2 

to PC progression and chemoresistance. Increased expression of ABCC2 in our 

DU145 PCSLCs is in agreement with the literature demonstrating stimulation of 

chemoresistant mechanisms during CSC development. We were also able to 

establish a correlation between ABCC2 expression and PC progression, where 

tissues of higher Gleason Score were found to have higher protein levels. This 

again is in agreement with the concept of PCSCs and their contribution to 

therapeutic resistance and metastasis in advanced stages of PC. Unfortunately, 

attempts to investigate whether ABCC2 plays a part in docetaxel resistance in 

vitro were not successful when using our DU145 PCSLCs or A549 lung cancer 
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cells. Experiments in vivo provided promising results, where DU145 shABCC2 

PCSLC-derived xenografts appeared to exhibit resensitization to docetaxel 

treatment. However, these observations were not statistically significant due to 

individual animal variations. 

The notion that ABCC2 may take part in docetaxel chemoresistance is in 

agreement with the function of CSCs and the ABC transporter family. However, 

studies have suggested that rather than being an independent factor, ABCC2 

works collectively with other docetaxel-related mechanisms (Van Waterschoot et 

al. 2010). Future work will need to address factors such as systemic docetaxel 

metabolism, intratumour accumulation, and the possibility of additional ABC 

transporters at play. Additionally, establishment of ABCC2 overexpression in the 

DU145 parental line and use of labeled docetaxel (radiolabeled, GFP tag, etc.) 

will strengthen the in vitro experiments performed. Based on our current findings, 

ABCC2 could be used as a biomarker in PC tissues for acquisition of EMT and 

chemoresistant attributes. 

 

6.6 - Clinical Relevance 

 

Prostate cancer affects many men world-wide and there is no single cause 

of the disease. Many risk factors such as age, ethnicity, genetic predisposition, 

food consumption, and environmental exposure can all play a part in its 

development. Early detection and treatment of prostate cancer has meant that 
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many individuals never progress to advanced stages. However, for those that do, 

relapse and further development of the disease despite various aggressive 

treatment strategies inevitably leads to poor quality of life, painful symptoms, and 

fatality. Typically, locally confined prostate tumours do not pose much risk to the 

individual’s health. It is those that progress to castration-resistant and metastatic 

status that are difficult to treat and frequently result in death. For this reason it is 

important to understand the mechanisms in which prostate cancer progresses to 

these stages, and whether targeted therapies can be designed to slow or prevent 

the disease. 

This thesis presents experimental data collected on four different 

candidate genes all identified in a prostate cancer stem-like cell population; 

PKM2 (Chapter 2), MUC1 (Chapter 3), FAM84B (Chapter 4), and ABCC2 

(Chapter 5). The cancer stem cell model provides an appropriate explanation for 

the perpetuation of prostate cancer despite an arsenal of therapeutic strategies 

employed. Rather than eradicating the bulk of the tumour consisting of 

differentiated progeny, treatments should be designed to target this small 

population of cells with self-renewal, anti-apoptotic, and chemoresistant 

properties to prevent tumour recapitulation and relapse. The cancer stem cell 

model goes hand in hand with the process of epithelial to mesenchymal transition, 

which is an appealing justification for a tumour cell’s ability to develop 

chemoresistance, and migrate to and invade secondary sites of the body. 
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Coincidentally, the four candidate proteins discussed in this thesis have been 

demonstrated by others to be involved in increased cellular proliferation, the 

process of epithelial to mesenchymal transition, and/or chemoresistance to 

cytotoxic chemicals. The observation that they were all identified in our DU145 

prostate cancer stem-like cells fully supports the cancer stem cell model in the 

development of metastatic castration resistant prostate cancer. Fortunately, 

therapeutic approaches for some of these candidates have been studied and tested. 

However, because the development of advanced prostate cancer is multifactorial, 

it is likely that combinational treatment to specifically target many aspects of 

prostate cancer stem cells will be required to successfully combat the progression 

of prostate cancer. 
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