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ABSTRACT  
 
The thesis addresses the impact of androgen deprivation in combination with 
gene functions in prostate cancer (PCa), as well as the development of ex vivo 
cancer models. The studies extended to assess of drug efficacies that may 
employed in future strategies for precision therapies in PCa. The patient-derived-
cells (PDCs) from kidney cancer or renal cell carcinoma (RCC) patients further 
provided opportunities to study clonal evolution pathways, and to evaluate, how 
the intra-tumor heterogeneity may influence drug resistance at subclonal level. 
 
The biology of PCa revolves around androgen receptor (AR) signaling, thus, it 
remains the key target for therapeutic strategies. However, development of 
combinatorial therapies is of critical importance, since targeting AR alone is not 
enough for long-term benefits of patients. The two projects in the thesis address 
different avenues of finding novel treatment strategies for PCa.   
 
In the first project, RNA interference (RNAi) screens with 2068 human genes, 
targeting kinases, phosphatases and epigenetic enzyme was design to 
understand the combinatorial impact of individual gene functions and 
environmental challenges posed by androgen depletion in PCa. The screen 
identified several known genes, as well as novel ones, such as heat-shock 27-
kd protein-associated protein 1 (HSPBAP1), that inhibited proliferation 
exclusively in androgen-deprived PCa cells. HSPBAP1 was found to interact 
with AR in the cell nuclei, and its inhibition led to reduced AR-mediated 
transcription. The basal level of AR activity was needed to sustain the viability of 
cancer cells at low level of androgens, and this level was further reduced upon 
HSPBAP1 knockdown. The data suggested that the AR-interacting protein 
HSPBAP1 could be a potential target for intervention in combination with 
androgen-deprivation in PCa cells. 
 
Our second approach to discover treatment avenues for PCa was to generate 
novel PCa cell models from patient-derived material for ex vivo evaluation of 
drug efficacies. The PDCs from PCa patients displayed an AR-negative 
predominantly basal/transit-amplifying phenotype. One of the cancer culture that 
was established from a castration-resistant prostate cancer (CRPC) patient 
retained cancer-specific copy number changes and exhibited a distinct drug 
response when profiled with 306 oncology compounds. The drugs included 
taxanes, bexarotene, tretinoin, oxaliplatin, mepacrine and navitoclax. 
Interestingly, these drugs function independently of AR signaling, and most of 
these have already been explored in clinical trials for treating advanced PCa. 
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The results emphasize the need to inhibit other functions than AR in PCa 
treatment and highlight the need to design combinatorial therapeutic strategies.   
   
Next, we took the strategy applied in PCa to RCC. Since RCC is well-recognized 
to be genetically heterogeneous disease, we explored the impact of intra-tumor 
heterogeneity and clonal evolution on drug efficacies based on multiple PDCs 
generated from the patients.  The PDCs generated from two RCC patients were 
derived from multi-site tumor tissue and these models retained key driver 
mutations and maintained tumor heterogeneity at the genetic level. The PDCs 
were sensitive to established drugs already applied in clinical practice for RCC 
treatment, such as the mTOR-inhibitor temsirolimus and multi-kinase-inhibitor 
pazopanib. These results highlight that ex vivo drug testing of PDC models can 
provide results with relevance to patient treatment. We also observed drug 
sensitivity to novel pathways including Bromodomain and Extra-Terminal motif 
(BET) and topoisomerase inhibitors. The individual PDC models from the same 
patient exhibited diverse drug response patterns suggesting that clonal evolution 
of cancer directly contributes to differences in drug response. Furthermore, cure 
in advanced RCC will depend on the design of combinatorial treatments that 
block each such clone. 
 
In summary, in our first project on RNAi-based functional screening in PCa, we 
established that knockdown of the HSPBAP1 gene will synergize with androgen-
depletion in inhibiting PCa cell growth. We then generated comprehensive drug 
sensitivity testing (DST) on ex vivo models of prostate and renal cancer cells 
with the aim to discover additional treatment options.  DST profiles measured 
from patient-specific cancer models could in the future pave the way for 
exploring new indications for existing drugs, to prioritize drug leads and to 
allocate individualized therapies to cancer patients. 
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ABBREVIATIONS  

ADT  androgen-deprivation therapy  
AMACR  alpha-methylacyl-CoA racemase 
AR  androgen receptor 
BET  bromodomain and extra-terminal  
BPH  benign prostatic hyperplasia 
CAIX carbonic anhydrase IX 
Cas9  CRISPR-associated nuclease 9 
cCasp-3 cleaved caspase-3 
ccRCC clear cell renal carcinoma 
CTG CellTiter-Glo 
chRCC chromophobe renal carcinoma 
ChIP chromatin immunoprecipitation 
CK  cytokeratin 
CML chronic myeloid leukemia 
CNA Copy number alterations 
COX-2 cyclooxygenase-2 
cPARP cleaved ADP-ribose polymerase 
CRCs/PDCs conditionally reprogrammed cells (prostate),  

note: both are patient-derived-cells 
CRISPR   clustered regularly interspaced palindromic repeats 
CRPC  castration-resistant prostate cancer 
CSMA  cell spot microarray  
CTCs circulating tumor cells 
CTD circulating tumor DNA 
DBD  DNA-binding domain 
DNA deoxyribonucleic acid 
DHT  dihydrotestosterone  
DST drug sensitivity testing 
EGF epidermal growth factor 
ERG  avian erythroblastosis virus E26 oncogene 
FOXA1 forkhead box A1 
GA genomic alterations 
GLUT1 glucose transporter 
HIF hypoxia inducible factor 
HTS high throughput screens 
HOXB13 Homeobox protein Hox-B13 
HREs hypoxia-response elements 
HSPs heat shock proteins 
HSPBAP1 heat-shock 27-kd protein-associated protein 1 
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ICGC International Cancer Genome Consortium 
ITH intratumor heterogeneity 
KLK3 kallikrein-related peptidase 3 
LBD  ligand-binding domain 
LHRH Luteinizing hormone-releasing hormone 
miRNAs  microRNAs 
NE  neuroendocrine  
NGS  next-generation sequencing 
NSCLC  non-small-cell lung cancer 
NSE  neuro-specific enolase 
NTD  amino-terminal domain 
PAP  prostatic acid phosphatase 
PBRM1 Polybromo 1 
PCa  prostate cancer  
PDCs patient-derived-cells  
PDH pyruvate dehydrogenase kinases 
PDXs  patient-derived xenografts 
PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 (alpha) 
PLA proximity ligation assay 
pRCC papillary renal carcinoma 
PSA  prostate-specific antigen 
PTEN phosphatase and tensin homolog 
RNA ribonucleic acid 
RNAi RNA interference  
RCC renal cell carcinoma 
ROCK RHO-associated protein kinase 
siRNAs  small interfering RNA 
SETD2 SET Domain Containing 2 
SPOP speckle-type POZ protein 
SRCs  steroid receptor coactivators 
STR short tandem repeat 
SYP  synaptophysin 
TA  transit amplifying  
TCGA The Cancer Genome Atlas 
TERT telomerase reverse transcriptase 
TG  tissue graft 
TMA tissue microarray 
TMPRSS2  transmembrane protease, serine 2 
TSC2 Tuberous Sclerosis 2 
VHL Von Hippel-Lindau Tumor Suppressor  
WHO World Health Organization 
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1 INTRODUCTION 
 
Almost every part of the human body may be affected by the family of diseases 
called cancer. Cancer acquires several common biological features or 
capabilities called “the hallmarks of cancer”, such as self-sufficiency 
in proliferative signaling, insensitivity to growth suppressors, evading apoptosis, 
replicative immortality, the sustained angiogenesis, invasion and metastasis, 
metabolic reprogramming, evading immune system, tumor promoting 
inflammation and genomic instability [1, 2]. Malignant transformation is a 
multistep process that progressively evolves through accumulation of mutations 
and epigenetic aberrations [3-5]. These alterations enable clonal proliferation of 
cancer cells by providing selective growth advantage. Decades of discovery 
have led to the discovery of two main categories of genes that are involved in 
this process, oncogenes and tumor suppressor genes [6-8]. Inactivation of tumor 
suppressor genes and hyper-activation of oncogenes contribute to cell 
proliferation and prevent apoptosis during carcinogenesis. Recent advances in 
large-scale cancer genome projects such as The Cancer Genome Atlas (TCGA) 
[9-13], the Wellcome Trust Sanger Institute's Cancer Genome Project [14], and 
the International Cancer Genome Consortium (ICGC) [15] have dramatically 
illuminated the details of cancer genomic alterations, key mutations in each 
cancer type as well as shared events across different types of cancers [16]. 
 

The application of RNA interference can silence any gene of interest and thereby 
enabled evaluation of individual gene functions in living cells [17]. Thus, loss of 
function screening has shown enormous potential in the identification of novel 
cancer drug targets [18-20]. In this thesis, we employed RNAi cell spot 
microarray (CSMA) to identify genes that contribute the cell survival in hormone 
depleted conditions. 

 

Functional studies are often done in conventional cell lines that are convenient 
for high throughput testing experiments but pose challenges in the 
implementation of the  results in patient treatment or drug development [21]. The 
thesis further describes the establishment of patient-derived primary cell models 
as valuable tools for drug repurposing, development, and for personalized or 
precision medicine. Since most precision cancer medicine efforts are based on 
the identification of oncogenic driver mutations by genome sequencing [22]. We 
believe that the discovery of therapeutic opportunities can be enhanced with 
additional profiling methods as well as cell-based ex vivo functional drug testing.  
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The development of patient-derived cells (PDCs) from multiple sites in a tumor 
can help to study the functional impact of intra-tumor heterogeneity (ITH) and 
clonal evolution pathways in cancer.  ITH is a major challenge in treatment 
failures and drug resistance [16]. Therefore, our studies were focused in 
exploring the biology of tumors at multiple sites to identify opportunities by 
combinatorial treatments with the aim to target multiple tumor subclones. 

 

 
 
Fig.1: Methods and approaches employed in the thesis to uncover the vulnerabilities of 
prostate and renal cancers.   
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2 REVIEW OF THE LITERATURE 

2.1 PROSTATE 
 
Prostate is a walnut-sized organ in the male reproductive system, positioned 
sub-peritoneally at the bladder neck, the apex at the urogenital diaphragm and 
anterior to the rectum (Fig. 2) [23-25]. The whole prostate is composed of gland 
(secretory and non-secretory epithelial cells) surrounded by fibrous, elastic, 
connective muscle, as well as nerves, vascular, lymphatic vessels [26, 27]. The 
growth and maintenance of prostate gland is maintained by male sex hormone 
testosterone, produced in the testicles. The secretion from the prostate contribute 
fluid to semen which is essential to nourish and protect the sperm during ejaculation 
[28].  

The secretion from the prostate contributes almost 30% of the semen volume [29, 
30].  Prostate cells and prostatic secretion serves several essential roles in male 
reproductive system:  

1) Prostate cells metabolize testosterone to its potent form androgen 
dihydrotestosterone (DHT) [31, 32]. 

2) The alkaline secretion form the prostate neutralize the acidity in vagina, 
and provides better protection to the sperm [32]. 

3) Prostate secretion is involved in the process of semen liquefaction and 
coagulation [33, 34]. 

4) Prostate secretion contains high level of zinc which acts as an 
antibacterial agent, and also helps to stabilize the genetic material in the 
sperm [35-37]. 

 
Fig. 2: Prostate gland and adjacent organs 
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2.2 The cell types in the prostate gland 
 
The prostate gland consists of glandular epithelium in which different cell types 
are surrounded by the stromal micro-environment (Fig. 3). These cells are basal, 
transit amplifying (TA), luminal, neuroendocrine (NE) and stem cells (SC) [38-
40]. Basal and luminal cells constitute most of the prostate and the cell type 
specific alignment as well as the expression of specific marker proteins within 
the gland are quite distinct [40]. Basal cells are androgen-independent and can 
be characterized by their expression of cytokeratin 5 and 14 (CK). The secretory 
luminal cells are terminally differentiated,  androgen-dependent, and can be 
identified by CK8, CK18, prostatic acid phosphatase (PAP), androgen receptor 
(AR) and prostate specific antigen (PSA) expression [41]. TA cells are reported 
to be differentiated from basal cells and NE cells are reported to be derived from 
stem cell progeny. Both of these cell types display heterogeneous cytokeratin 
expression in contrast to basal and luminal cell types [41]. The TA cells are 
characterized as migratory population with intermediate phenotype from basal 
to the luminal layer. They may undergo a limited numbers of cell divisions before 
differentiation into non-proliferative luminal phenotype, and during transition they 
express a combination of markers common to both cell types [38, 42, 43].  
 

 
 
Fig 3: Glandular structure representation of different cell types in prostate surrounded by 
stromal compartment. 
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NE are rare, mostly located in the basal layer and generally non-proliferative 
cells.  They may be recognized with their typical morphology and with the 
expression of specific markers such as chromogranins, synaptophysin (SYP), 
and neuro-specific enolase (NSE) [44] [45]. A small population of multipotent 
progenitor cells within the human prostate gland have self-renewing ability and 
are often described as stem cells [38, 46, 47]. Their contribution to gland 
development, homeostasis and post-castration regeneration is widely accepted 
[48-50].  

2.3 Prostate cancer  
 
Prostate cancer (PCa) is the second most common malignancy and the fifth 
leading cause of cancer related death in men worldwide [51]. The Finnish 
Cancer Registry shows that PCa comprises more than 31% of the incidence of 
male cancers, and 14% of cancer related deaths in Finland [52].   
 
PCa is often slow growing and asymptomatic for many years. However, PCa 
may sometimes be aggressive, and may spread to other parts of the body. 
Earlier symptoms of the adenocarcinoma are similar to another prostatic 
disease, benign prostatic hyperplasia (BPH). The diagnostic assessment or 
surgical treatment of BPH often cause the accidental discovery of early-stage 
PCa [53]. The PCa symptoms may include difficulty and pain in urination and 
frequent and intermittent urinary flow due to obstruction in the urethra/ bladder 
neck, pain in the lower abdomen and pelvis [54 , 55]. Many patients suffer from 
sexual dysfunctions such as decreased ejaculatory volume of semen, or erectile 
dysfunction due to local invasion of neurovascular bundles [56]. 
 
PCa is diagnosed upon histological evaluation of biopsy samples. The grade of 
the tumor is classified based on the Gleason score and the stage according to 
the TNM (tumor, node, metastasis) system [57, 58].  

2.3.1 Clinical prognostic factors and molecular biomarkers in PCa 
 
The most common guideline to stratify patients into low and high-risk groups 
(indolent vs. aggressive disease) is based on three major cancer characteristics: 
the digital rectal examination, Gleason score and serum PSA concentrations and 
doubling times [59, 60]. The risk of progression of post-surgical PCa is usually 
determined by combination of multiple factors; Gleason grade, serum prostate-
specific antigen (PSA) levels, tumor volume, margin positivity, age and overall 
health [61].  
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PSA is a serum protease, primarily produced by the epithelial cells of the 
prostate gland, and it is involved in the liquefaction of seminal fluid [62]. Despite 
the substantial limitations and controversies with sensitivity and specificity of 
PSA, it has remained the primary biomarker for the diagnosis and prognosis for 
PCa more than 25 years [63, 64]. Recent research has explored the role of new 
diagnostic and prognostic biomarkers released from tissue to urine or serum 
which would be able to supplement PSA in the diagnostic setting. The overall 
aim has been to reduce redundant biopsies and to be able to better discriminate 
aggressive and less aggressive tumors. However, (despite great promise and 
extensive research) only few new markers have been accepted in clinical 
practice. Alpha-methylacyl-CoA racemase (AMACR) encodes a cytoplasmic 
protein that localized in peroxisome and mitochondria, involved in the oxidation 
of branched chain fatty acids [65]. It is a tissue-based biomarker that is 
predominantly overexpressed in the cancerous region of prostate. However, its 
expression is not only limited to PCa [66, 67]. Prostate cancer antigen 3 (PCA3) 
is a prostate specific urine biomarker that is significantly overexpressed in more 
than 95% of PCa cases [68, 69]. However, this noncoding RNA can also be 
highly expressed in patients with no evidence of cancer, and a low PCA3 score 
does not eliminate the presence of malignancy [70, 71]. Another urinary 
biomarker is a fusion gene between transmembrane protease, serine 2 
(TMPRSS2) with avian erythroblastosis virus E26 oncogene (ERG) forming 
TMPRSS2-ERG [72]. The fusion product has been shown to be cancer specific 
but is expressed in about 40-50% of PCa patients  [72-74]. The specific role of 
TMPRSS2-ERG fusion in PCa is not clear, however, the fusion leads to the 
overexpression of ERG protein in epithelial cells [72, 75]. 
 
The histopathologic assessment of prostate biopsies is still considered as the 
gold standard for diagnostic purposes. However, combinatory evaluation of 
urinary PCA3 and TMPRSS2-ERG with serum PSA levels may serve as non-
invasive additive tool for cancer detection [76, 77].  

2.3.2 Androgen receptor and androgen signaling  
 
Testosterone and its active metabolite 5α -dihydrotestosterone (DHT) constitute 
the main androgens and are 19-carbon steroids in males [78, 79]. They are 
primarily produced by the testes with a small contribution from the adrenal 
glands [80, 81]. Androgens function in a variety of physiological processes in 
normal condition including the development and maintenance of the sex 
organs and secondary sex characteristics in males [82]. Testosterone is an 
anabolic steroid, produced mainly by testis with small contribution from adrenal 
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gland [83-85]. It converts to more potent DHT by an enzyme, 5α-reductase. The 
enzyme is highly expressed within the prostate and genital tissues, and has also 
been shown to be present in the urogenital sinus at the time of prostate 
development [85]. Testosterone and DHT can bind to AR and induce 
transcriptional activity under physiological conditions [86, 87]. Due to a higher 
binding affinity of DHT with AR as compared to testosterone, a lower amount of 
DHT is able to stimulate AR (Fig. 4) [88].  
 
The human AR is a member of the steroid hormone receptor superfamily and 
acts as a nuclear transcription factor. The gene is located on the X chromosome 
(Xq11–12) and may transcribe several isoforms [89, 90]. The classical AR gene 
consist of 8 exons, over 90 kb long that encodes for a protein of 919 amino acids, 
and having a molecular weight of 110 kDa [90]. The AR protein consists of four 
distinct structural and functional domains, a hinge region, a conserved DNA-
binding domain (DBD), a ligand-binding domain (LBD) and less conserved 
amino-terminal domain (NTD) [91-93]. AR is the key mediator of androgen 
activities for development, function and homeostasis of a normal prostate. 
A basal level concentration of its ligand, androgen and AR maintain in a tight 
tissue specific regulatory manner needed for growth and survival of the prostate 
[94].  
 
The homeostasis of epithelial cells within prostate has been shown to mediate 
through AR [95, 96]. Even though, basal epithelial cells of the prostate do not 
express AR, androgen is required for the normal differentiation of the basal cells 
into secretory luminal cells and to maintain the tissue/cellular homeostasis [97]. 
The maintenance is facilitated through the support of the stromal cells that 
express AR but the survival of which is not dependent on androgens/AR [98]. In 
the absence of androgens, stromal cells do not express AR, however, remain 
viable whereas the secretory epithelial cells undergo rapid apoptosis [98]. 
 
AR primarily resides in cytoplasm in a protective form with several heat shock 
proteins (HSP), cytoskeletal proteins and immunophilin chaperones [99-101]. 
Hsp70, Hps90, Hsp27, and p23 are some of prominent components of the 
intermediate configuration that provides stabilization to inactive AR, and also 
maintain a conformational structure to facilitate higher affinity for ligand binding 
[102]. The complex dissociates upon androgen binding to AR, which leads to an 
active conformation of the transcription factor and subsequent translocation into 
the nucleus (Fig. 4) [100]. In the nucleus, priming of chromatin is executed by 
pioneering factors and components of the chromatin remodeling complex to 
allow AR binding to androgen response elements (AREs) [94, 103]. The 
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chromatin binding followed by the recruitment of additional cofactors and 
transcriptional machinery, which consequently activate the transcriptional 
network that is involved in control of cell cycle, maintenance and apoptosis [104]. 
Kallikrein-related peptidase 3 (KLK3)/PSA, prostate acid phosphatase (PAP) 
and transmembrane protease, serine 2 (TMPRSS2) are example of these genes 
that are also used as biomarkers of androgen/AR mediated activities. 
 

 
 
Fig. 4: AR localization and interactions with ligand and cofactors facilitates AR-mediated 
transcription. AR signaling mediate through androgens and regulate various cellular 
processes including survival, proliferation, apoptosis, and differentiation of epithelial cells. 

2.3.3 Role of cofactors and AR interacting proteins in androgen 
signaling 

 
AR is known to have associations and interactions with several molecules 
throughout its life cycle, from inactive form in the cytosol to an active form in the 
nucleus [100, 102]. The transcriptional regulation of AR depends on relative and 
absolute level of several regulatory factors, as is the case for any other steroid 
receptor [105, 106].  AR activity is highly influenced by the specific functions of 
these coregulatory proteins, which may increase (coactivators) or repress 
(corepressors) gene expression [102, 107]. These cofactors typically do not 
affect the basal transcription rate; however, they facilitate AR occupancy at 
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promoter and/or enhancer regions through chromatin remodeling, and recruit 
general transcription factors associated with RNA polymerase activity to 
facilitate AR-regulated gene expression [107, 108]. Numerous proteins have 
been shown to be involved in AR-mediated transcriptional network including 
p160 family proteins of steroid receptor coactivators (SRCs), NCOAs, RIP160, 
GRIP1, histone modifiers: p300, Tip60, CBP and HDAC family genes [100, 102, 
107].   
 
Most of the cofactors are known to have specific roles in the AR-mediated 
transcriptional complex at the regulatory regions of DNA in the nucleus. 
However, functional capabilities of several components have been discovered 
with different roles in AR function [109]. For example, Homeobox protein Hox-
B13 (HOXB13) is considered as a licensing factor for the recruitment of AR and 
other coregulators to chromatin, and influences transcription both positively and 
negatively [110]. Other cofactors have intermediate or transitory roles during AR 
transportation to the nucleus. These cytoplasmic components, such as heat 
shock proteins and chaperones, either retain or associate to AR in the presence 
of androgens. For example, during the nuclear transport, Hsp27 has been shown 
to retain its association with AR and to promote nuclear trafficking and binding 
to AREs on target genes [111]. Similarly, Hsp40 and Hsp70 are considered to 
resume AR interaction and to facilitate during nuclear trafficking [100].  
 
Several AR-interacting partners, including cofactors and chaperones are known 
to impact on the transcriptional activity of nuclear receptors even under low 
androgen concentrations suggesting an important contribution of such cofactors 
also in cancer progression after androgen-deprivation therapy [102, 112]. The 
overexpression of several co-regulators is frequently shown during the course 
of prostate carcinogenesis which further strengthens the hypothesis [113, 114]. 
Targeting the pool of interacting proteins to inhibit their own functions or to 
influence AR activity offers clinical potential beyond targeting the AR receptor 
directly and thus some of them (e.g. Hsp27, Hsp90) have been under 
consideration for therapeutic intervention [115, 116]. 

2.3.4 Castration-resistant prostate cancer 
 
The effectiveness of androgen-deprivation therapy (ADT) in treating PCa has 
been known for decades and this has established the importance of androgen 
signaling in this cancer [94, 117]. The goal of ADT is to reduce androgen levels 
in the body, or to prevent them from affecting cancer cells. ADT can be achieved 
by surgical (orchiectomy) or chemically (blocking AR activity through Luteinizing 
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hormone-releasing hormone (LHRH) agonists, androgen synthesis inhibitors or 
by antiandrogens) [117, 118]. After a short-term remission and reduced cancer 
volume, cancers may continue to grow and develop resistance and progress into 
the castration-resistant prostate cancer (CRPC) stage [118]. CRPC often 
metastasize to other parts of the body. At this point there are limited treatment 
options and the prognosis of the patients is poor [118]. 
However, both chemical or surgical castration eventually results in the 
recurrence of disease, in the form of CRPC [119, 120]. This is why serum 
androgen levels are not considered as sole initiators or promotors of 
carcinogenesis, but the functional status of AR is believed to have a key role in 
the development and progression of cancer [94, 121]. AR expression has been 
observed in almost all primary and the majority of recurrent CRPC cases [122, 
123]. Under androgen deprivation, AR signaling tends to be compromised 
leading to decreased growth of cancerous cells in the initial stages of the 
disease. However, mutations and aberrant expression of AR and its signaling 
partners are frequently observed in recurrent and castration-resistant PCa, 
indicating a genetic compensation for the stress of low androgen levels [124, 
125]. Several mechanisms have been attributed to the maintenance of AR 
signaling especially in CRPC setting as shown in Table I. In addition, alternate 
signaling pathways are shown to circumvent the classical AR axis in CRPC 
disease [124, 126].  
 
Additional roles for AR beyond binding to DNA, the “non-genomic role of AR”, 
have been determined through its interaction with various proteins, and 
stimulation of growth factors and cytokines, independent of androgen 
concentrations [135, 136]. Thus, almost all prostate cancers exhibit AR signaling 
at some, if not all stages of the tumorigenesis. However, loss of AR expression 
has also been observed in some tumor foci of the CRPC patients [122, 137, 
138]. This suggests a bypass mechanism that provides selective growth 
advantage under androgen-depleted condition [137, 139]. AR negative tumors 
may switch to alternative signaling pathways such as the IGF1, TGFβ, c-MYC, 
NFKB and Akt to support growth  [124]. The absence of AR signaling has also 
been suggested to activate the anti-apoptotic Bcl-2 pathway to evade 
programmed cell death [140]. Another potential mechanism of survival in 
androgen-deficient conditions for AR negative cells is to acquire stem /progenitor 
cell like features [141]. A pre-existing AR-negative stem cell population may 
differentiate into androgen-dependent progeny and repopulate the malignancy 
[142, 143].  
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AR activity maintenance  Mechanism References 
AR amplification/ 
overexpression  

Cancer cells become sensitive to 
low level of androgen, leading to 
ADT failure 

[127, 128] 

AR mutations Activating gain of function by 
allowing for a greater variety of 
ligand binding  

[129, 130] 

Intra-prostatic androgen 
production 

Maintains the prostatic 
androgen/DHT level up to 50% 
despite a >90% reduction in 
serum androgens 

[131] 

Overexpression and/or altered 
interaction of AR coregulators 

Assist to activate AR despite low 
levels of androgens 

[114, 132] 

Constitutively active AR splice 
variants 

Restore the AR mediated activity 
without androgens 

[133, 134] 

 
Table 1: List of established mechanisms acquired by PCa cells to maintain AR signaling in 
CRPC. AR: androgen receptor, ADT: androgen deprivation therapy, CRPC: castration-
resistant prostate cancer, DHT: dihydrotestosterone. 

2.3.5 Therapeutic options and drug targets in PCa 
 
The therapeutic options for PCa largely revolve around inhibiting androgen 
action or AR signaling [117, 144]. The role of androgen in prostatic disorders 
was first documented in the late eighteenth century through observations on size 
reduction of the prostate gland in castrated animals [145]. The systematic 
treatment of advanced prostate cancer through androgen ablation was 
established during 1940-1960s [117, 146]. After the discovery and involvement 
of AR in prostate cancer in the 1960, the concept of hormonal therapy continues 
to develop still to date. In addition to AR signaling, treatment guidelines for PCa 
are also based on the patients overall health, stage and grade of the tumor. The 
intact and localized tumor is generally treated by radical prostatectomy and 
radiation followed by active surveillance/watchful waiting [147]. However, ADT 
and/or cytotoxic drugs such as docetaxel and cabazitaxel are only applied on 
advanced stages when the tumor has penetrated the organ capsule. [148, 149].  
 
Over the last decade, several new drugs have emerged into the treatment 
landscape [150-152]. Since 2010, FDA has approved several promising 
therapeutic agents for the treatment of advanced PCa including abiraterone, 
enzalutamide, cabazitaxel, sipuleucel-T and alpharadin (Table II) [152-154]. Still, 
these drugs increased the median survival only by 4 to 5 months [155, 156] and  
resistance mechanisms for most of these agents have described [157]. For 
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example, resistance to the new AR-targeting agents including abiraterone and 
enzalutamide has been shown to be due to the AR splice variants (AR-Vs) [158, 
159]. Taxane treatments in these resistant patients showed better efficacy  [160]. 
Ongoing studies continue to evaluate combinations of these agents such as in 
order to identify synergistic efficacies, overcome and delay resistance 
mechanisms, and decrease side effects of the drugs [153].  
 

Therapeutic 
agents  

Mode of action References 

Abiraterone  A cytochrome P450 17A1 (CYP17A1) inhibitor, 
blocks both adrenal and intra-tumoral androgen 
synthesis  

[161] 

Enzalutamide A nonsteroidal, second-generation anti-
androgen and pure antagonist of AR, inhibits AR 
nuclear translocation and recruitment of co-
activators  

[162] 

Cabazitaxel A taxane based third-generation 
chemotherapeutic demonstrated efficacies 
following docetaxel treatment in 
metastatic/CRPC setting  

[148] 

Sipuleucel-T  A therapeutic cancer vaccine, that is a cell-
based immunotherapy used to program the 
immune system of patients with 
metastatic/CRPC to attack cancer cells  

[163] 

Alpharadin  (radium-223 chloride), emits short range of the 
alpha radiation after absorption by bone and kills 
cancer cells at bone-metastatic sites 

[164] 

 
Table II: FDA approved therapeutic agents since 2010 with their mechanism of inhibiting 
cancer cell growth in advanced PCa patients.  
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2.4 KIDNEY/RENAL CANCER  
 
There are over 350,000 new renal cell cancer (RCC, also called kidney cancer 
or renal adenocarcinoma) cases every year with 140,000 deaths worldwide 
[165]. A major challenge in reducing this death rate is the difficulty to diagnose 
the cancer in its early phases. As around 30% of RCC patients already have 
metastasis at the time of initial diagnosis [166]. RCCs comprises a broad 
spectrum of histopathological subtypes that are divided into three main 
classifications; clear cell (ccRCC), papillary (pRCC - type I and II) and 
chromophobe (chRCC). These three categories account for 85–90% of all renal 
malignancies and other renal cancer types comprise a variety of uncommon, 
sporadic, and familial carcinomas [167, 168]. More recently, a total of 57 different 
cancer types has been classified in RCC by the Vancouver Classification (2012).   
This new classification was done by the International Society of Urological 
Pathologist (ISUP) [168], and has subsequently been adapted in the World 
Health Organization (WHO) classification in 2016 [169].   

2.4.1 Clear cell renal cell carcinoma 
 
ccRCC is the most dominant histological subtype originating from renal tubular 
cells and constitute 65–75 % of all RCC [170, 171]. The invasion of the cancer 
to the inferior vena cava is a frequent phenomenon. The diagnosis of the tumor 
is based on tissue architecture, vascular pattern, and the cytoplasmic features 
of the cancer cells i.e. clear cytoplasm due to glycogen and lipid content. The 
carcinoma predominantly develops as a sporadic form.  However, hereditary 
diseases may also occur primarily due to alterations in the Von Hippel-Lindau 
Tumor Suppressor (VHL) tumor suppressor gene, also referred as VHL 
syndrome [172]. Due to genetic alterations in genes with key metabolic activity, 
such as, VHL, Polybromo 1 (PBRM1), SET Domain Containing 2 (SETD2), MET 
proto-oncogene (MET) and Tuberous Sclerosis 2 (TSC2), the ccRCC has been 
considered as a metabolic disease [173-176].  

2.4.2 The VHL gene in ccRCC 
 
The tumor suppressor VHL gene is located on chromosome 3p and is mutated 
(including somatic mutations, promoter hyper-methylation and loss of 
heterozygosity) in upto 90% cases of ccRCC [173].  Loss of its host 
chromosomal region 3p, is the most common genetic event in RCC, making VHL 
a classic example of a dual hit gene, where one allele is lost by deletion and the 
second one is defective through mutation or hyper-methylation [177]. However, 
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studies showing a direct link between VHL mutation and clinical outcome in 
patients with ccRCC are still lacking [178]. A functional VHL protein degrades 
the hypoxia inducible factor (HIF) transcription factor via the oxygen-dependent 
ubiquitin ligase complex, thus restricting HIF-mediated transcriptional activity 
[179]. Inactive VHL gene leads to translocation of the stable transcription factor 
into the nucleus, and expression of various downstream genes [180] through 
hypoxia-response elements (HREs) (Fig.5). HIF-responsive genes include 
vascular endothelial growth factor (VEGF), platelet derived growth factor 
(PDGF), cyclooxygenase-2 (COX-2), carbonic anhydrase IX (CAIX), epidermal 
growth factor (EGF), glucose transporter, GLUT1 and pyruvate dehydrogenase 
kinases (PDH) [181].  The concept of targeted therapy in RCC has arisen directly 
from the molecular alteration of the tumor suppressor VHL, HIF and its target 
genes (Fig. 5).   
 

  
 
Fig. 5: Potential implication of VHL mutation in signaling pathways and therapeutic targets. 
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2.4.3 Clinical prognosis and molecular biomarkers 
 
The improved understanding of RCC biology in the past few years led to the 
identification of several diagnostic and prognostic biomarkers with therapeutic 
importance [182-184]. With the increased understanding of VHL, HIF and VEGF-
axis in ccRCC, targeted therapies have been developed (Fig. 5) [185]. However, 
clinical benefits from these are not likely to be applied for all tumors due to 
several histological subtypes with distinct genetic alterations and metabolic 
properties. Additional layer of diversity that challenges the therapeutic landscape 
is the range of disease severity from indolent to aggressive and pro-metastatic.     
 
Earlier studies mainly focused on tumors harboring VHL mutations and proposed 
its association with susceptibility to VEGF-targeted therapies [186, 187]. 
However, several more recent studies have shown that the VHL mutational 
status is not necessarily relevant as predictive marker for selecting treatment 
options [188]. Other ccRCC associated mutations that are prevalent in ccRCC 
include Polybromo 1 (PBRM1), SET domain containing 2 (SETD2), Lysine 
demethylase 5C (KDM5C), BRCA1 associated protein 1 (BAP1) and Tuberous 
sclerosis 2 (TSC2) [173, 189].  These genes have been found to be associated 
with grade, invasive capabilities and advanced stages of the disease [190]. 
Multiple cohorts have indicated worse clinical outcome for ccRCC patients who 
have mutations in BAP1 and STED2 genes [191]. Similarly, therapy based on 
inhibiting Mechanistic target of rapamycin (mTOR) was found to be more 
effective for patients with advance diseases who harbor genetic aberrations 
within mTOR/ phosphoinositide 3-kinase (PI3K), TSC pathway [192]. Despite 
these discoveries, a translational gap still exists due to the lack of stratification 
of patients that are susceptible from non-responding patients.    

2.4.4 Intratumor heterogeneity 
 
The immense increase in genetic information on ccRCC has led to a deeper 
molecular understanding of intra-tumor heterogeneity (ITH) of the disease [193, 
194]. The identification of simultaneous sub-populations of tumor cells with 
distinct genetic and/or epigenetic landscapes within the same tumor and/or in 
different sites in the same patient is likely to explain at least part of the observed 
drug resistances and treatment failures [195]. These studies, reported spectrum 
of somatic mutations and copy number alterations (CNA) of tumors from multiple 
sites from a single ccRCC patient [196]. The clonal relationship between the 
cellular subpopulations was displayed in the form of a phylogenetic tree, where 
the trunk carries ubiquitous mutations and the branches show either shared or 
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private mutations from specific regions [196, 197]. These trees showed a 
branched evolution, indicating on a simultaneous development of multiple 
subclones within the individual tumors [197]. The trunk carried the most 
consistent VHL mutation and chromosome 3p deletion [197]. The subsequent 
subclonal genetic alteration included mutations in PBRM1, SETD2, KDM5C and 
BAP1 genes, and deletions of chromosome 9p and 14q [197, 198]. Clinical 
studies have shown, that it is not the truncal events e.g. VHL mutation, but the 
later branched alterations e.g. SETD2, and BAP1 mutations that have superior 
prognostic power, supporting the notion that drug resistance would be encoded 
in the subclones rather than in the trunk of the tumor [192, 195].  

2.4.5 Treatment of RCC 
 
Surgical removal has remained the standard mode of treatment for localized 
disease for decades. It includes nephron-sparing and partial nephrectomy, 
where part of the kidney is removed, and nephrectomy where the entire kidney 
is removed [199]. In metastatic disease, the genetic inter- and intra-tumor 
heterogeneity in addition to the histological subtypes pose more challenge in 
determining treatment strategies for RCC.  The fundamental strategy is 
targeting VEGFR and PDGFR and the VHL/HIF signaling pathway along with 
downstream signaling partners. Hence the front line systemic treatment option 
include small molecules such as axitinib, pazopanib, sorafenib and sunitinib and 
monoclonal antibodies directed against VEGF and/or its associated tyrosine 
kinase receptors [200]. Bevacizumab is an anti-VEGF monoclonal antibody, 
inhibiting binding to the receptor VEGFR, and thereby interrupting the associated 
signaling pathways [201]. Other approved drugs are everolimus and 
temsirolimus that inhibit the signaling pathway driven through mTOR activity in 
RCC [202, 203]. Despite the novel targeted therapies for ccRCC, the overall 
survival rate of metastatic renal cancer patients has not been increased from 
the median of up to 3 years [204, 205]. 
 
Conventional chemotherapies are generally ineffective against RCC. However, 
they are tested after the exhaustion of targeted therapies and have shown some 
efficacy in few patients [206-208]. A small group of patients have also been 
reported to respond to immunotherapy with interferon and interleukin-2 [209, 
210]. All other subtypes of RCC are a heterogeneous group of malignancies and 
the treatment strategies for these are based on ccRCC based algorithms, thus 
providing for a significantly inferior clinical outcome [211].  
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2.5 CANCER CELL MODELS 
 
Conventional cell cultures have served a long-standing and important role in the 
process of drug discovery [212, 213]. Most of the current mechanism of action 
and gene-drug association studies are executed with established cancer cell 
lines [214, 215]. However, these cells do not model appropriately the tissue-
specific organization, biochemical and mechanical signals, and often lack 
physiological cell–cell and cell–matrix interactions [216]. In addition, most tumor-
derived cell lines are genetically compromised by immortalization and have been 
obtained through xenografting and then they have undergone long-term 
evolution in in vitro culture [217, 218]. Hence conventional cell lines do not often 
represent the genetic complexity and heterogeneity observed in cancer patients.  
Establishment of suitable cancer models that better recapitulate tumors’ innate 
characteristics is of increasing importance for both basic and translational 
research and to speed up drug discovery and development.  

2.5.1 Patient-derived xenografts 
 
Patient-derived xenografts (PDXs) and/or tissue graft (TG) models generated by 
direct implantation of fresh tumor tissue into immune-deficient mice, are believed 
to represent a clinically more relevant platform for cancer research as compared 
to established cancer cell lines [219]. They have been shown to retain tissue 
architecture, substantial tumor heterogeneity and molecular characteristics of 
the original tumor and its microenvironment [220, 221]. Thus, PDXs are believed 
to recapitulate more precisely biological features of human tumor than any other 
existing models including cell line xenografts. The preclinical modelling of the 
cancer by PDX is further strengthened by the high predictive power for 
therapeutic efficacy for relevant cancer drugs [222].  
 
The challenges of PDX models included high cost of animal maintenance, quality 
of starting material, regulatory issues and the practical expertise needed [221]. 
The interpretation of treatment outcomes from PDX models may also 
compromised by the grafting of small tissue fragments that do not recapitulate 
ITH and could therefore miss the effects of regional or distant subclones. 
Another limitation is the grafting into immune-compromised mice, where the 
influence of immune cells cannot be adequately assessed. In addition,  PDX 
system offers limited opportunity  for high-throughput experiments and 
mechanistic studies, e.g. evaluation of drug efficacies, gene-drug associations 
or genetic manipulation for functional studies [221]. One major hurdle is also the 
clinically impractical timeframe, which can be up to 6 months between grafting 
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and tumor growth [220]. The time needed to complete experimental analysis for 
drug responses and molecular characterization tend to hamper the 
implementation of PDX models to the clinic. 

2.5.2 Patient-derived ex vivo models 
 
Patient-derived 2D/3D cell cultures (PDCs) have been shown to retain a 
heterogeneous population of cancer cells, genomic features and native 
characteristics of the primary tumor [223]. PDCs allow for the expansion of 
normal and tumor cells, and they can be genetically manipulated for functional 
studies and can be utilized for diagnostic and therapeutic purposes [224-228]. 
PDCs can also be adapted for high throughput screening systems and 
regenerative medicine, and the identification of patient-specific treatment 
responses [229-231]. 
 
2.5.2.1 3D culture 
 
Three-dimensional (3D) cell cultures, are believed to bridge the gap between in 
vitro monolayer (2D) grown cells and PDXs [224]. In a typical 3D culture system, 
cells are grown and maintained imbedded in a 3D matrix microenvironment. This 
interface aims to recapitulate the essence of the original tissue through the 
retention of cell–cell, cell–matrix interactions. Organoid culture is a 3D culture 
established from undifferentiated stem cells through supplementation of specific 
growth factors [232, 233]. Spheroid cultures, another form of 3D-cell culture 
system, arise from the expansion of heterogeneous tumor cells [234, 235]. 
These cultures have been successfully developed for several cancers including 
colorectal, renal, pancreatic, and prostate [236, 237].  
 
Significant efforts have been made to establish molecularly characterized 
prostate organoids/spheroid from primary and metastatic tissue [238-240]. 
These organoids facilitate the long-term propagation of androgen-responsive 
and multipotent progenitor cells with glandular compartmentalization. Creating 
ex vivo organoid models from kidney, an organ with a complex cellular and 
functional organization, has been challenging [241]. However, using pluripotent 
stem cells, kidney organoids have been successfully developed comprising 
multiple kidney cell types including segmented nephrons surrounded by 
endothelial cells and renal interstitial, tubules, loop of Henle and collecting duct 
[242]. In addition, tumor-derived organoids that recapitulate the histological and 
molecular features of tumor tissues has been develop [243].  
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However, some practical and technical challenges are associated with organoid 
cultures. For instance, 3D cultures are shown to have a range of hypoxic, 
quiescent and proliferating cells due to a gradient of nutrients, oxygen, pH, 
metabolites, and signaling component within the inner and outer core [244]. 
Moreover, the size variation of the organoid and the embedded matrix poses 
technical challenges for the standardization, for throughput in drug testing and 
for finding compatible assays with reliable readouts [245].  
 
2.5.2.2 Patient-derived cells 
 
Some limitations of conventional cell line 2D cultures may be overcome by 
primary cultures or PDCs. They exhibit the convenient features of conventional 
cell line e.g. robustness, easy adaptability for mechanistic studies and 
standardized assays for several high-throughput functional analyses, [246, 247]. 
Conditional reprogramming (CR) has enabled the development of ex vivo 
cultures directly from human tissue which has previously been very challenging 
[228]. The CR protocol involves co-culture of irradiated mouse fibroblast feeder 
cells with the human cells in the presence of a defined growth factor-enriched 
media including RHO-associated protein kinase (ROCK) inhibitor (Y-27632). 
The protocol enables cells to propagate indefinitely without genetic 
manipulation. The early reprogramming is believed to allow for culture of adult 
stem cell-like cells, due to increased levels of β-catenin, integrins, telomerase 
reverse transcriptase (TERT), integrins, p63 and CD44 [248]. The ITH of the 
original biopsy also seems to be retained, as PDCs exhibit substantial cellular 
diversity within the culture [249].  
 
Establishment of tissue-derived ex vivo models for both PCa and RCC was 
reported as challenging and may consequently yield non-cancer or normal cells 
[238, 250-252]. Recent development of CR technology for establishing 
monolayer PCa culture from malignant tissues demonstrated maintenance of 
tumor progenitor phenotype in ex vivo condition with a potential of tumorigenic 
transformation in appropriate microenvironment [240]. RCC based cell models 
often need a pre-step to enrich cancer cells based on CAIX expression, and the 
cancer-specificity established through the retention of VHL mutation or 
expression of epithelial markers, RNA expression and /or short tandem repeat 
(STR) analysis [250]. 
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2.6 FUNCTIONAL TESTING IN CANCER RESEARCH  

2.6.1 RNAi screening 
 
RNA interference (RNAi) helps to determine the roles of particular genes by 
perturbing their levels. This biological phenomenon was first described by 
Andrew Fire and Craig Mello in the worm Caenorhabditis elegans and they 
received the 2006 Nobel Prize award in Medicine and Physiology [253]. This 
discovery enabled several in vitro and in vivo studies that identified the biological 
mechanism and regulation of gene networks [254].  
 
RNAi occurs through post-transcriptional regulation of gene expression by 
different classes of endogenous non-coding RNAs including microRNAs 
(miRNAs) or through exogenously added small interfering RNA (siRNAs). 
siRNAs are a loss-of-function tool often used for target identification in drug 
discovery and development due to its capability to inhibit specific genes [254, 
255]. siRNAs inhibit gene expression through complementary targeting 
messenger RNA (mRNA) for sequence-specific degradation [256]. Genome-
wide siRNA high throughput screens (HTS) are an efficient way to discover 
critical molecular pathways or mechanisms involved in diseases including 
cancers [257, 258]. In vitro HTS applications can be performed using cell models 
in different platforms such as 96-, 384-, 1536-well plates or well-less cell spot 
microarray (CSMA) formats [259-264]. Such experiments enable simultaneously 
evaluation of thousands of genes through systemic knockdown of each gene at 
a time in the target cells and observing the functional consequences. 
Furthermore, RNAi allows the identification of genes associated with particular 
phenotypes such as cell survival, proliferation, motility, differentiation, adhesion, 
migration, invasion [265]. Several siRNA- HTS studies have been conducted 
using PCa cell lines to study androgen signaling, cancer specific cell death and 
survival in various conditions [266-269]. These studies found novel drug targets, 
PCa cell survival, role of epigenetic enzymes and AR co-regulators in the 
development, progression and resistance mechanism of PCa. 

2.6.2 Ex vivo drug testing  
 
Genetic profiling of tumors frequently identified a number of candidate gene 
perturbations and propose their target strategies. However, validation of these 
findings in the clinic is major obstacles. A significant number of genomic 
discoveries cannot be translated to the clinic [270]. Several mutated genes are 
not coding for actionable targets with small molecule drugs or cannot be reached 
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inside the cells using biological drugs. Even druggable targets often do not yield 
drug candidates that are clinically useful  [271]. Beyond genetic aberrations, 
several factors including tumor microenvironment and epigenetic changes 
influence the disease behavior and treatment response [272]. Hence, the 
challenge is to find the tools that can fill the gap between genetic changes and 
the translation to the clinic in the form of right therapies for the right patients. 
 
Patient-derived 2D/3D cell cultures (PDCs) have created novel prospects for 
basic and translational research, for drug development and potentially for clinical 
precision medicine (section 2.5.2). A number of studies evaluated drug efficacies 
in organoid-based models and identified correlations between specific drugs and 
the genomic profile of the tumor [273]. For example, colorectal cancer derived-
organoids with TP53 mutations were insensitive to MDM2 inhibiting drugs [274]. 
Similarly, RAS mutants were resistant to anti-EGFR drugs.  Another study on 
PCa-derived organoids, where AR-amplified organoids exhibited enhanced 
sensitivity to enzalutamide/MDV-3100 (AR inhibitor), in comparison with 
organoids harboring wild-type AR [275]. These observations led to the design of 
novel clinical trials to explore the clinical utility of organoids. Two studies have 
been initiated: a multicenter prospective observational study for several cancers 
(TUMOROID, trial: NL49002.031.14), and a clinical proof-of-concept study 
(SENSOR, NL50400.031.14 Eudract 2014-003811-13). The idea of these trials 
is to evaluate if patient drug responses can be modeled in patient-derived 
organoids from the same patient, and if these organoids may help in the 
selection of patients for targeted therapies [276] [273]. 
 
Another example of the translational potential of the PDCs in ex vivo drug testing 
is a case report on a patient with human papillomavirus (HPV)-induced 
respiratory papillomatosis. Ex vivo efficacy to vorinostat in the PDCs was also 
seen as a substantial response in the patient [277]. Another relevant example, 
from patients with non-small-cell lung cancer (NSCLC), on combination of ex 
vivo drug testing and genetic profiling demonstrated the resistance to tyrosine 
kinase inhibitors (TKIs) [227] where the cells retained the driver mutation and 
sustained the resistance ex vivo. The drug testing identified novel combination 
of targeted therapies, also suggested by genetic vulnerabilities, thus offer an 
effective way of direct therapeutic options for individual patient [227].   
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2.7 GENOMICS IN CANCER 
 
The effectiveness of different tyrosine kinase inhibitors in chronic myeloid 
leukemia (CML) harboring BCR-ABL1 gene fusion, and HER2-positive breast 
cancer are successful examples of translational genomics facilitating new drug 
treatments [278, 279]. The conceptual framework of targeted therapy in RCC is 
a prime example of better understanding of molecular mechanism of VHL gene 
(section 2.4.2).  
 

Gene indication in tumor types Implicated therapy 

BRCA1/2 Breast and ovarian cancers PARP inhibitor 

BCR-ABL Chronic myelogenous leukemia Imatinib, dasatinib, 

HRAS/KRAS Non-small cell lung cancer Salirasib 

BRAF Melanoma, V600E or V600K 
mutations 

Vemurafenib, 
dabrafenib 

BCL2 Leukemia, lymphoma, melanoma Venetoclax 

IDH1/2 Acute myeloid leukemia (AML) AG120, AG221, AG881 

EZH2 Lymphoma Tazemetostat 

DOT1L Mixed-lineage leukemia Pinometostat 

DNMT Breast and colon cancers, glioma, 
AML 

Azacytidine, decitabine 

HDAC Gastric, breast, colorectal cancers Vorinostat, romidepsin 

APAF1 Melanoma Doxorubicin 

MGMT Glioma Alkylating agents 

ER Breast and ovarian cancers Tamoxifen 

CD20 B-cell lymphomas Rituximab 

ERBB2 
(HER2) 

Breast, ovarian, uterine, and lung 
cancers 

Trastuzumab 

PD1 Potential target for all solid tumors Nivolumab 

CTLA4 Potential target for all solid tumors Ipilimumab 

AP-1 Colorectal cancer  Irbesartan 

PML-RAR Acute promyelocytic leukemia Retinoic acid 

 
Table III: Some precise targeted therapies against vulnerable genetic alterations in cancer 
adapted from Coyle et al., 2017 [281]. 
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The introduction of next-generation sequencing (NGS) technologies has not only 
produced detailed molecular characterizations of almost all cancers, but also 
transformed our understanding of genetic heterogeneity of cancer [280]. 
Significant contribution of large-scale cancer genome projects including TCGA 
and ICGC have enabled scientists to recognize several new driver genes and 
mutational landscapes across a broad range of cancers [9-15]. This has 
provided leads to new cancer subtypes and implicated treatment protocols 
based on specific targets or biomarkers as shown in Table III.  
 
The cBio Cancer Genomics Portal is a valuable online resource for mining, 
visualizing, and analyzing the data from several cancer genomics studies 
including 53 TCGA studies [282]. The portal hosts genomic data from 166 cancer 
studies constituting a total of more than 41,000 cancer samples from > 30 
different cancer types (http://www.cbioportal.org). The number of studies on 
prostate cancer is currently 13 and that of renal/kidney cancers is 10. 
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2.8 PRECISION CANCER MEDICINE 
 
Precision Medicine is a strategy that employs molecular diagnostic clues to 
stratify patients of similar genetic and molecular features, as well as to tailor the 
therapeutic management of each patient. Since each cancer possesses an 
individual genetic profile that is dynamic and evolves, leads to the 
development of drug sensitivity and resistance patterns during treatment 
[283]. Despite the fact that recent advances have brought new treatment 
options and major improvement in patient outcome, most patients (with the 
exception of small surgically resected tumors) eventually either relapse or 
develop resistance against most therapeutic possibilities. Thus, the idea of one 
size-fits-for-all is giving way for customization of therapy to each individual or 
so called personalized treatment regimens.  Precision oncology focuses on 
tailoring the most precise and effective treatment available to the individual 
patients, based on the genetic and /or other molecular profile of the 
patient/tumor.  

2.8.1 Precision medicine in prostate cancer  
 
Recent studies have revolutionized the understanding of molecular biology of 
PCa and identified several targetable gene/gene products [284]. However, 
extremely variable clinical behavior as well as the inter- and intra-patient 
heterogeneity of the of tumors hinder the implementation of precision medicine 
[285].  
 
Genetic evidence has identified several specific gene or pathway dependencies 
and vulnerability of CRPC beyond the AR and AR-Vs [286]. The search for 
recurrent genetic alterations using formalin fixed archive material have led to the 
identification of alterations in PCa which include hypermethylation of glutathione 
S-transferase π (GSTP1), deletion and mutations of phosphatase and tensin 
homolog (PTEN), speckle-type POZ protein (SPOP1), and fusion gene of 
TMPRSS2 and an ETS transcription factor, most often ERG. Additional common 
alterations have been found in CRPC including mutations in tumor suppressor 
protein p53 (TP53,) forkhead box A1 (FOXA1) and phosphoinositide-3-kinase 
regulatory subunit 1 (alpha) (PIK3R1), in addition to mutations and amplifications 
of androgen receptor (AR) [72, 127, 287-292]. However, none of these 
alterations clearly point towards a treatment strategy. The current most 
promising signaling cascades and potentially actionable targets in CRPC cases 
include; AKT/PI3K, bcl-2 anti-apoptotic pathway, DNA repair defects, WNT- β-
catenin signaling, RAS–RAF–MEK signaling, HSPs as well as emerging targets 
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such as immune checkpoints and chromatin-remodeling factors [293]. The idea 
of combinatorial targeting strategies instead of blocking AR alone or any other 
signaling pathway has been frequently proposed and supported by substantial 
evidence [286, 294]. For example, genomic alterations of PTEN in CRPC cases 
are common and induce aberrations in PI3K/AKT pathway in collaboration with 
AR signaling in a reciprocal feedback mechanism [295]. Therefore, 
simultaneous targeting of AR and PI3K– AKT signaling in PTEN-defected tumors 
are suggested to have better efficacies. The concurrent targeting strategies are 
currently under clinical trials (NCT01458067, NCT01251861, NCT02121639). 
Similarly, efficacies of PARP inhibitor are investigated as single or in 
combination with abiraterone to exploited the DNA-repairing-defect of the tumor 
due to BRCA and/or ATM mutations [296]. Another interesting example is the 
elevated expression of the Bcl-2 family members in CRPC that associated with 
drug resistance [297]. Targeting Bcl-2 family members have suggested to 
increase the vulnerabilities of tumor cells [297-299].  

2.8.2 Precision medicine in renal cancer 
 
The clinical behavior of RCCs has found to be highly variable largely due to its 
range from indolent localized tumors to metastatic disease. Specific targeted 
therapies for advanced non-ccRCC are yet to be established as a clinical 
treatment strategy (section 2.4.5). However, recent genomic studies have 
significantly improved our biological and molecular understanding of non-ccRCC 
[300]. These advances are likely to exploit the underlying genomic aberrations 
for the development of precise therapies in the near future. Despite the 
significant involvement of the VHL–HIF pathway and mTOR signaling in ccRCC 
development and progression, targeted therapies do not benefit all the patient in 
the same way [301]. The responses to available option of treatment are 
temporary, inconsistent and unpredictable, and patients often acquire 
therapeutic resistance and eventually die of diseases (section 2.3.5).  
 
Genomic-marker driven studies are focusing to stratify patients on the basis of 
molecular profiling, and to predict responses for treatments. For example, 
patients with PBRM1 and KDM5C mutations are better responders to 
everolimus and sunitinib treatment respectively than those with no such 
mutations [178]. The same study showed that BAP1 mutations were associated 
with comparatively shorter survival of patients receiving the same set of drugs. 
Moreover, mutations in key genes of the mTOR pathway (MTOR, TSC1 and 
TSC2) harboring patients have shown significant response to mTOR inhibitors 
[302].  
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2.8.3 Clinical utility of precision medicine 
  
A personalized patient-centered approach to both the diagnosis and treatment 
of cancer is necessary due to the variability in disease as well as the multitude 
of treatment options. The hope is that individualized approaches may improve 
prognosis, minimize the risk of unnecessary treatment, and associated 
impairment in quality of life. Most current clinical precision medicine trials are 
designed to find biomarker-driven therapy though careful selection of patients 
based on genetic characteristics [303, 304]. Such as a non-randomized clinical 
trial named Targeted Agent and Profiling Utilization Registry (TAPUR, 
ClinicalTrials.gov Identifier: NCT02693535).  The aim is to recruit patients who 
have a potentially actionable genomic alteration and can be given commercially 
available targeted therapy, irrespective of tumor type. Furthermore, novel 
studies have initiated to uncover tumor evolution assessed by ITH and step in 
the era of precision therapies (TRACERx ClinicalTrials.gov number 
NCT01888601 [305, 306]. 

2.8.4 Challenges in the precision cancer medicine  
 
Single biomarker-driven rationalized drug treatments towards individual targets 
are not always sufficient for better outcomes. For example, identification of 
BRAF mutation act as predictive marker towards the BRAF inhibitor 
responsiveness in melanoma patients, but often acquire resistance due to 
activation of various pathways such as MAP kinase, receptor tyrosine kinase 
(RTKS) receptor, activation of phosphatidyinositol-3OH (PI3) kinase and 
epidermal growth factor receptor (EGFR) [307, 308]. Hence, the implementation 
of precision oncology still critically needs adequate experimental evidence and 
authentication. Despite the investment of money and time, the promises of 
precision cancer medicine remain unmet in terms of overall survival and better 
outcome of cancer patients according to recent clinical trial data [309, 310]. 
Lack of specific molecular-targeted drugs against the identified genomic 
variants, toxicity of drugs chosen and inability to sustain the dose chosen and 
lack of clinically qualified biomarkers impose major challenges in the 
implementation of precision medicine. Finally, there is plenty of evidence of ITH 
and clonal evolution during tumor progression, leading to drug resistance [16, 
193, 311, 312]. ITH is a result of the continuous and dynamic evolutionary 
process as a consequence of adaptive capabilities of cancer cells particularly 
under pharmacologic pressures. A parallel concept is the pre-existence of small 
population of subclones with the resistance to targeted therapy. These can be 
selected during drug treatment and rapidly lead to resistances [313].  
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3 AIMS OF THE STUDY  
 
This thesis aims to identify future therapeutic strategies in PCa and RCC. To this 
end, we have used systems medicine-based strategies, and developed ex vivo 
cancer models for drug testing. The three main aims were:  
 

1. Identify genes that impact on the survival of prostate cancer cells under 
androgen-depleted conditions  

2. Establish patient-derived cancer models from prostate cancer to pilot 
patient-specific drug sensitivity profiling.  

3. Assess the impact of genomic intra-tumor heterogeneity on the drug 
response in patient-derived cell models obtained from multiple regions of 
kidney tumors.   
 
 

   

Tumor heterogeneity 
and clonal evolution 
 
its impact in drug 
responses   

Ex vivo development 
of cancer model 
 
Characterization the 
models through 
molecular profiling 
 
Identified ex vivo drug 
efficacies 

Renal cancer  

Identify genes 
important for the 
survival PCa cells 
under stress 
 
Role of HSPBAP1 in 
AR-mediating 
transcriptional activity  

Prostate cancer  

Ap
pr

oa
ch

es
 a

nd
 s

tu
dy

 d
es

ig
n 

 

Project I Project II Project III 



 38 

4 MATERIAL AND METHODS   
 
The original manuscripts have described most of the material and methods (see 
these for more detail).   

4.1 PATIENTS AND CLINICAL SAMPLES 
 
The clinical cohort used in the tissue microarray (TMA) in study I was consisted 
of 453 PCa patients (median age at diagnosis was 63 (44 – 83) years) treated 
with radical prostatectomy (RP) during 1982 and 1998 at the Helsinki University 
Central Hospital, Finland. The local ethical committee and the Ministry of Health 
and Social affairs (Dnro HUS 442/E6/02 and STM 1352/2010) gave permission 
for the study. The contemporary regulatory guidelines were followed for sample 
collection. Patients had not received any adjuvant therapy before the surgery. 
Two experienced pathologists examined the histopathological features of the 
samples using haematoxylin and eosin or herovici stained slides. The post-
surgery follow-up median time was 13.3 years (11.3 – 25.0).  

Sixteen advanced PCa and one normal prostate tissue sample was used for the 
qPCR experiments in study I. The samples were obtained after the approval of 
local ethics committee and with the informed consent of the patients. 
 
All the tissues used in studies (II, III) were obtained from PCa and RCC patients 
who were operated at Helsinki University Hospital, and participated in the 
urological biobank initiative (Helsinki Urological Biobank, HUB), with approved 
informed consent (Dnro 263/13/03/02/2011; 379/13/03/02/2012 and Dnro § 
212). 

4.2 PATIENT-DERIVED CELLS  
 

PDC/CRC  sources  reference 
HUB. 1 Patient-derived tissue  II 
HUB. 2 benign Patient-derived tissue  II 
HUB. 2 cancer Patient-derived tissue  II 
HUB. 3 benign Patient-derived tissue  II 
HUB. 3 cancer Patient-derived tissue  II 
HUB. 5 Patient-derived tissue  II 
HUB. 7 Patient derived tissue  II 
RCC. 1 benign  Patient derived tissue  III 
RCC.1 cancer  Patient derived tissue  III 
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RCC.1 vena cava   Patient derived tissue  III 
RCC.2 benign Patient derived tissue  III 
RCC.2 cancer  Patient derived tissue  III 
RCC.3 benign Patient derived tissue  III 
RCC.3 cancer Patient derived tissue  III 
RCC.3 vena cava  Patient derived tissue  III 
RCC.3 metastatic Patient derived tissue  III 
RCC.4 benign  Patient derived tissue  III 
RCC.4 cancer  Patient derived tissue  III 

4.3 CONVENTIONAL CELL LINES 
 
The cell lines used in these studies were maintained according to the 
recommended guidelines, also described in the original articles. The 
authentication of cell lines (VCaP, LNCaP) was verified with Promega 
StemElite™ ID System (Madison, WI, USA) and identified according to ATCC 
guidelines at FIMM technology center. 
 

Cell lines sources  reference  
VCaP ATCC I 
LNCaP ATCC I 
PC3 ATCC I 
RWPE-1 ATCC I 

4.4 REAGENT AND CHEMICALS  
 

Material reference 
Drugs II, III 
Antibodies I, II, III 
siRNA I 
primers I, II, III 

4.5 METHODS 

4.5.1 Cell spot microarray (CSMA) 
 
The CSMAs included two siRNAs targeted 2,068 genes and control siRNAs with 
scrambled sequence (Qiagen siRNAs library, Hilden, Germany). The siRNA 
constructs complexed with extracellular matrix and transfection agent were 
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printed with an equal number of spots followed by the addition of cells on the 
hydrophobic polystyrene surface of microarray plate [260]. Cells were reverse 
transfected in normal medium for 24 h then the media was changed to 10% dual 
dextran-charcoal stripped FBS for an additional 48 h. After 72 h the cells were 
washed, fixed and stained with antibody-based immunofluorescence detection 
to evaluate the cell viability and apoptosis induced by the silencing of an 
endogenous target gene. VCaP cells (ATCC, Manassas, VA) were used for the 
primary screen while LNCaP (ATCC, Manassas, VA) cells were also included in 
most of subsequent analyses and validation experiments. 

4.5.2 Proximity ligation assay (PLA) 
 
Detection of in situ HSPBAP1 interaction with AR in VCaP cells was confirmed 
through proximity ligation assay (PLA) as described in [314]. Briefly, cells were 
grown in normal and androgen depleted media for 2 days before fixation. The 
samples were washed and incubate overnight with rabbit anti-HSPBAP1 (1:200, 
Abcam, Kendall Square, MA, USA) and mouse anti-AR (1:200, NeoMarkers, Lab 
Vision Corporation, Fremont, CA, USA) at +4°C.  Cells were thoroughly washed 
followed by the application of Duolink II PLA detection kit (Olink Biosciences, 
Uppsala, Sweden) to detected the primary antibodies. Anti-mouse and Anti-
rabbit PLA probes were prepared in buffer including Alexa-488-labeled 
phalloidin (Invitrogen, Eugene, OR) for 90 min incubation with cells in +37°C 
humidified chamber. The stained slides were thoroughly washed followed by 
ligation, hybridization, amplification and detection. The samples were mounted 
and imaged with Zeiss LSM710 spinning disc confocal microscope (CarlZeiss, 
Jena, Germany). ScanR image analysis software was used to analyzed the 
images (Olympus, Hamburg, Germany). 

4.5.3 Chromatin immunoprecipitation (ChIP) 
 
VCaP and LNCaP cells were maintained in charcoal stripped FBS and regular 
media with 10%FBS for 72 h for chromatin immunoprecipitation (ChIP). AR 
expression was stimulated with 1 nM R1881 or DMSO for 4 h.  Cells fixed at 
room temperature with 1% formaldehyde (Merck, Darmstadt, Germany) for 10 
min. The cells were washed with cold PBS and suspended in Farnham lysis 
buffer (0.5% NP-40, 5 mM PIPES pH 8.0, 85 mM KCl) for 5 min and centrifuged 
at 4,000 rpm then resuspended in RIPA buffer (0.5% sodium deoxycholate, 1× 
PBS, 1% NP-40, 0.1% SDS). The sample were sonicated 4x (one cycle is 30 
sec ON and 30 sec OFF) using Bioruptor UCD-300-TO (Diagenode, Liège, 
Belgium) and centrifuged for 15 min at 13,200 rpm. The supernatant was 
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incubated overnight at +4°C with protein-G magnetic beads (Dynal, Invitrogen) 
with rabbit IgG (SC-2027) (Santa Cruz Biotechnology), antibodies AR-N20 (SC-
816), HSPBAP1 (SC-374290). The beads bound with antibody-protein complex 
were washed five times in buffer (100 mM Tris pH 7.5, 1% NP-40, 1% sodium 
deoxycholate, 500 mM LiCl). Reverse cross-linking was done in 0.1 M NaHCO3, 
1% SDS. DNA was extracted and tested for negative control and regulatory 
regions of interest by qPCR. The fold enrichment of the chromatin in comparison 
to the IgG control was used to calculated the amount of ChIP DNA.  

4.5.4 Primary culture 
 
PDCs from prostate and renal cancer patients were established using 
conditional reprogramming technology [228, 246]. Cells were isolated from the 
tissue after cutting it into small pieces followed by collagenase (40 units/ml) 
incubation for 2-4 hours. The suspension with remaining small pieces was put 
into culture dishes containing irradiated Swiss 3T3 fibroblast feeder cells (J2 
strain, 30-50% confluent). The co-cultures were maintained in F-medium (3:1 
(v/v) constituted F-12 nutrient mixture (Ham) - DMEM (Invitrogen), 5 µg/mL 
insulin, 5% FBS, 8.4 ng/mL, cholera toxin, 0.4 µg/mL hydrocortisone, 10 ng/mL 
EGF, 24 µg/mL adenine), and 5-10 µM ROCK inhibitor (Y-27632, Enzo Life 
Sciences, Lausen, Switzerland). Cells were also tested for growth in the absence 
of ROCK inhibitor/3T3-cells but the rate of growth was found to be higher in the 
presence of ROCK inhibitor/3T3-cells (I, Fig 1D). The 3T3 cells were separated 
from the PDCs during passaging by differential trypsinization. The cells were 
subjected to drug testing during 2-6 weeks after the culture establishment at the 
same passage samples were collected for characterizations and other 
experiments e.g. exome/whole genome sequencing, RNA sequencing, western 
blot, immunological staining. The duration of culture of each PDCs and passage 
numbers at the time various experiments are described in the original articles. 

4.5.5 3D culture 
 
The established PDCs of different passage number (8 to 18) were used for 3D 
culture system with some modifications in Human Organoid Medium as 
described in [275]. The media constitutes: R-Spondin-1 (1 μg/ml, Peprotech, 
London, UK), Noggin (100 ng/ml, Peprotech, London, UK), R1881 (1nM, 
Steraloids Inc., Newport, Rhode Island, USA) and penicillin/streptomycin (1%, 
Life Technologies, Paisley, UK). The cells were grown on top of a thin layer of 
Matrigel (BD Biosciences, Franklin Lakes, New Jersey, USA) of tissue-culture 
treated polystyrene 24-well plates. The medium was exchanged every 2-3 days. 
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4.5.6 Exome sequencing 
 
Genomic characterization of the patient’s tissue and PDCs was conducted by 
analysis of copy number alterations (CNA) and somatic point mutations. The 
DNA was extracted from parental tissues, PDCs and whole blood with the 
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany). DNA from blood was 
used as a germline control, The Nimblegen Agilent SureSelect v5 capture kit 
(Agilent Technologies, Santa Clara, CA, USA) was used to capture exome. 
1×108 and 4×107 2×100-bp paired-end reads were sequenced for the 
tissues/PDCs and blood germline control per sample, respectively. 

4.5.7 Phylogenetic analysis of tumor and PDC 
 
In the III study, phylogenetic trees were constructed using the computational 
method LICHeE (Lineage Inference for Cancer Heterogeneity and Evolution) 
[315]. The cell lineage visualizations were generated with somatic point 
mutations of all the samples. Since the cells were expanded in co-culture 3T3 
mouse fibroblast cells, the nodes containing mutations from potential mouse 
DNA, were removed from the final visualization. Following parameters were 
used for the reconstructions, maxVAFAbsent 0, minVAFPresent 0.00001, 
maxVAFValid 0.9, minClusterSize 2 and maxClusterDist 0.2. 

4.5.8 Drug sensitivity testing 
 
The PDCs established from the prostate (study II) and renal patient (study III) 
samples were cultured for 2-6 weeks before testing the drugs with five different 
concentrations (normally within 1nM – 100uM concentration range) with a drug 
library covering a wide-range of molecular targets and FDA/EMA approved and 
investigational oncology drugs [246, 316]. The PDCs were incubated with drug 
containing plates for 72 h followed by measuring the cell viability with CellTiter-
Glo (CTG, Promega, Madison, WI, USA). The raw data was further processed 
to calculate drug efficacies of individual drugs through normalizing with negative 
control containing DMSO only and toxic 100 μmol/L benzethonium chloride as 
positive control that effectively kills all the cells. 

4.5.9 Data and statistical and analysis 
 
Disease-specific survival differences in the I study was analyzed using the log 
rank tests and survival curves were calculated with Kaplan-Meier. The time from 
diagnosis till death due to PCa was defined as disease-specific survival, while 
those patients who died of intercurrent causes were removed. After this a total 
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of 352 out of 371 patients with Gleason grade and follow-up data were available 
for the final survival analysis. The statistical software STATA was used to 
correlate the maximum cytoplasmic HSPBAP1 staining score of all tumor cores 
of a patient with the clinical end-point 

In the II-III studies, drug efficacies were evaluated through data points obtained 
from dose-response percent inhibition was fitted into a four-parameter (IC50, 
slope, top and lower asymptotes). A logistic model that takes and integrates the 
multi-parametric dose-response relationships into a single metric to quantify 
the drug response called drug sensitivity score (DSS) [317].   
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4.6 LIST OF METHODS USED 
 

Methods reference  
Cell spot microarray (CSMA) I 
siRNA transfections I 
Immunofluorescence I, II 
Western blot I, II, III 
qRT-PCR I, II, III 
Cell culture I 
Gene expression data Normalization I 
Immunohistochemical staining I, II, III 
Immunoprecipitation I 
Proximity ligation assay (PLA) I 
Chromatin immunoprecipitation (ChIP) I 
Sub-cellular fractionation I 
PCa cell line dataset I 
Cell viability assay I, II, III 
TMA construction I 
Tissue processing II, III 
Primary culture II, III 
3D culture II 
Exome sequencing II, III 
Somatic mutations II, III 
Copy number analysis II, III 
RNA sequencing II 
Image analysis II, III 
Drug sensitivity testing II, III 
Statistical analysis  I, II, III 
Cytoblock preparation II, III 
Phylogenetic analysis of tumor and PDC II 
Otsu’s thresholding II, III 
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4.7 EQUIPMENT AND SOFTWARE  
 

Equipment/Software Manufacturer, developer  
96-channel liquid handling robot Hamilton Robotics 
Advanced Cell Classifier Horvath P et al., [318] 
Agilent Bioanalyzer RNA nano chips Agilent, Santa Clara, CA, USA 
Aroma.Affymetrix (version 1.3.0) R package 
Automated TMA instrument TMA Master, 3DHISTECH, Hungary 
AxioImager.Z2 Zeiss, Germany 
Benchmark XT Ventana Medical Systems, France 
Bioruptor UCD-300-TO Diagenode, Liège, Belgium 
CellProfiler Kamentsky L et al., [319] 
CIDRE software Smith K et al., [320] 
CoolCube1 CCD camera MetaSystems, Germany 
Cufflinks Trapnell C et al., [321] 
HiSeq 2500 instrument Illumina, San Diego, CA, USA 
HiSeq2500 technology  Illumina 
HTseq Anders S et al., [322] 
Image server software Erdas Inc, Atlanta, Georgia 
LabVision AutoStainer Thermo Fisher Scientific, MI, USA 
MATLAB MathWorks, Natick, MA, US 
Microarray printer PointTechnologies 
Microm 355S microtome Thermo Scientific, MA 
Multidrop Combi Reagent Dispenser Thermo Scientific 
Nikon microscope Eclipse 90i Kanagawa, Japan 
NIS-Elements Nikon imaging software 
PHERAstar microplate reader BMG LabTech, Germany 
Prism 6 GraphPad 
R language The R packaging system 
Random Forest Breiman L et al., [318, 323] 
RankProd Bioconductor packages 
ScanR image analysis software Olympus, Hamburg, Germany 
Sony DFW-X710 camera Sony Corporation, Tokyo, Japan 
STATA StataCorp 
Tophat2 alignment tool Kim D et al., [324] 
virtual microscopy software WebMicroscope, HUCH, Helsinki 
WEKA package Hall M et al., [325] 
Zeiss LSM710  confocal microscope CarlZeiss, Jena, Germany 
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5 RESULTS 

5.1 HSPBAP1 SUSTAINS THE GROWTH OF PROSTATE CANCER CELLS 
IN ANDROGEN-DEFICIENT CONDITIONS (I) 

 
Androgen signaling and AR play key role in the development and progression of 
PCa, thus, representing central targets for therapeutic strategies against the 
cancer. Since the cancer is not cured alone by ADT, we sought to identify genes 
that enable PCa cells to survive in the absence of androgens. We applied cell 
spot microarray (CSMA) technology to perform a comparative siRNA screen for 
the identification of genes that effect the PCa cells survival under androgen-
deprived conditions (summarized in Fig. 7). The library consisted of two siRNAs 
targeting 2,068 human genes, including kinases, phosphatases and epigenetic 
enzymes coding genes [259, 260] (Study I: Fig. 1). The cells were grown, in the 
presence and absence of androgen, on siRNA and transfection reagent-
containing extracellular matrix spots (~200 µm diameter, ~50 cells) printed on a 
glass slide.  After 72 h, spots were fixed and stained for proliferation (Ki-67) and 
apoptosis (cleaved ADP-ribose polymerase, cPARP) markers, followed by 
automated fluorescence microscopy, image and statistical analysis (Study I: Fig. 
1F).  
 
Our analyses nominated 39 candidate genes whose silencing under androgen-
deficient conditions induced apoptosis or constrained proliferation of PCa cells 
(I, Fig. 1). The screen identified several genes of previously known significance 
in PCa, thus validating the biological relevance of the experimental design. 
These genes included AR, AKR1C3, ATAD2, IRS2, CLDN3, JMJD1C, COX2/ 
PTGS2, SRD5A2, NOV and SVIL. The analysis also suggested few genes that 
were not previously associated with PCa or androgen signaling, such as 
HSPBAP1 and CDC2L6 (CDK19). The relevance of top hits (AR, AKR1C3, 
CDC2L6, HSPBAP1 and NOV) was further verified through the evaluation of 
expression profile in the PCa tissue samples. The mRNA expression was 
analyzed by qRT-PCR with 16 primary PCa tissues (Gleason grade 3–5) (Study 
I: Fig. 2). The analysis showed a higher expression of mRNA in tumor tissue as 
compared to healthy prostate sample for HSPBAP1 (43%, 7/16) and CDC2L6 
(62%, 10/16). mRNA expression data of 333 clinical samples, derived from 
TCGA study indicated HSPBAP1 as the most altered (27%) gene in comparison 
to the matched normal samples among the top candidates. A simultaneous 
elevated expression of AR and HSPBAP1 (56/333) was also noticed in a subset 
of tumor tissues (Study I: Fig. 2). 
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Fig. 6: Result summary of the study: HSPBAP1 chose to study in detail after being nominated 
in high-through siRNA screening. Left panel representing in vitro experiments to show AR-
HSPBAP1 interactions leading towards a functional impact in AR-mediated transcriptional 
activity. Right panel shows the clinical implication of simultaneous strong expression of AR 
and HSPBAP1 in cancerous regions. 
PLA: proximity ligation assay, Co-IP: co-immunoprecipitation. siH: siHSPBAP1 
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Next, we analyzed the protein expression of HSPBAP1 by IHC in a large primary 
PCa cohort of patient with comprehensive clinical data and representative 
tissues (Study I: Fig. 3). The samples from 371 patients who underwent radical 
prostatectomy were collected on a tissue microarray (TMA) with one core from 
a benign area, and three cores from the cancer areas. A stronger staining 
intensity of HSPBAP1 was exhibited in a sizeable number of cancerous cores in 
comparison to the adjacent benign cores. In addition, a significant positive 
correlation between Gleason scores of each TMA spot and increased intensity 
of HSPBAP1 staining was also observed (Study I: Fig. 3). Moreover, a 
substantial number of samples displayed stronger staining intensities of both 
HSPBAP1 and AR antibodies. We also analyzed Kaplan–Meier estimator to 
identify impact of HSPBAP1 expression on the survival period of PCa patients 
and found a reduced life expectancy associated with stronger HSPBAP1 staining 
(Study I: Fig. 3). Furthermore, the simultaneous strong expression of AR and 
HSPBAP1 was linked to poorer disease-specific survival of the patients.  
 
The physical association of HSPBAP1 with AR was established through in vitro 
co-immunoprecipitation experiment, performed with endogenous proteins of 
VCaP cells (Study I: Fig. 4). The evidence of direct interaction was further 
strengthened by another antibody-based proximity ligation (PLA) assay, where 
HSPBAP1-AR interaction in the nuclei of VCaP cells was quantified 7-fold 
greater in the absence of androgens (Study I: Fig. 4A-B). The increased nuclear 
interaction of HSPBAP1 with AR was further investigated for its role as AR co-
factor in multiple cell lines (VCaP and LNCaP) through knockdown experiments. 
A time course qRT-PCR experiment was design to measure mRNA levels of AR 
target genes e.g. PSA and TMPRSS2 upon single and simultaneous knockdown 
of HSPBAP1 and AR (Study I, Fig. 4).  Importantly, we checked that HSPBAP1 
and AR knockdowns alone had no significant effect on the mRNA level of each 
other (Study I, Supplementary Fig. SIII). The qRT-PCR results show up to 50% 
reduced PSA and TMPRSS2 mRNA expression with siHSPBAP1 alone both in 
the presence and absence of androgen. These results suggested a 
transcriptional activator role of HSPBAP1 in androgen-mediated gene regulation 
(I: Fig. 4D). The chromatin binding of HSPBAP1 at the regulatory regions of AR 
target genes was investigated through chromatin immunoprecipitation (ChIP) 
experiments. Occupancy of HSPBAP1 regardless of the quantity of androgens 
was observed at the enhancer region of PSA and TMPRSS2 in VCaP and 
LNCaP cells (Study I: Fig. 4E). Taken together, these results suggested a 
functional consequence of AR-HSPBAP1 interaction in the nuclei particularly 
under androgen depleted conditions that play a regulatory role in AR-mediated 
transcriptional activity.  
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5.2 ESTABLISHMENT OF PATIENT-DERIVED CELLS FROM PROSTATE 
CANCER PATIENTS FOR EX VIVO DRUG TESTING (II) 

 
The II study addresses the cellular model systems, how they reflect the biological 
properties of cancer and application of them for identification of new therapies 
for advanced PCa (Fig. 7).  

 
 
Fig: 7: Schematic work flow to describe study II: Establishment of patient derived cancer cells 
from PCa patients for molecular characterization and ex vivo drug sensitivity assays.  
 
We generated ex vivo models derived from six PCa patients that present a 
variety of disease stages, reaching from localized disease to castration 
resistance. Both benign and cancer tissue from two patients, and 2 cancer 
cultures from a single patient were available. Altogether seven cancer and two 
benign tissues were employed for the establishment of PDCs using CR 
technology [228, 246]. The PDCs were identified as mainly basal/ transit 
amplifying phenotype with the simultaneous expression of prostatic basal 
(CK5/p63) and luminal (CK18) markers (Study II: Fig. 2). All the PDCs were AR 
and PSA negative in contrast to their original tissue, which was confirmed by 
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western blotting, RNA-sequencing and qPCR analysis. However, in a 3D 
spheroid environment, progenitor HUB.1 PDCs were shown to differentiate and 
restore the expression of AR (Study II: Fig. 2). The comparison of genetic profiles 
between parental tissue and most of PDCs revealed no shared somatic 
mutations or CNAs in the paired samples suggesting that the cells in culture are 
derived from the benign regions of cancer tissues. However, the treatment-
resistant patient derived PDC of HUB.5 exhibited deletions at similar regions in 
chromosome 1p, 2q, 7p, 7q, 8p, 15q and 16p, (Study II: Fig. 2), with exact break 
point matches observed at chromosome 1p(del) and 16p(del). Copy number 
gains of similar regions between the tumor tissue and HUB5 was observed at 
chromosomes 7p and 14q (Study II: Fig. 2). HUB.5 PDC also harbored 
chromosome 8p(del) which is known as recurrent deletion in high-grade and 
metastatic PCa [284, 326]. In the case of HUB.7 tumor tissue and PDC culture 
displayed similar deletions at chromosome 1p, 2q, 9q, 10q, 15q, 16p, 17q and 
Xq (Study II: Supplementary Fig. 2), but no exact breakpoint matches. We found 
only two PCa associated driver mutations i.e. PIK3C3 and BRCA2 in the tumor 
tissues of patients HUB.1 and HUB.7 and none of these mutations were found 
in the corresponding PDCs (Study II: Supplementary Table. 3). 
 
The sensitivity profiling of the cells was generated using 306 oncology drugs as 
early as possible after PDC establishment. Drug sensitivity pattern of HUB.5 
exhibited distinct drug response comprising navitoclax (Bcl-2 family inhibitor), 
bexarotene (activator of retinoid X receptor), tretinoin (retinoic acid), and 
mepacrine (anti-malarial), in addition to substantial efficacies were achieved with 
chemotherapeutic drugs gemcitabine, oxaliplatin, paclitaxel and docetaxel 
(Study II: Fig. 3). Interestingly, out of these, docetaxel has been recommended 
to advanced stage PCa patients, also the other cytotoxic drugs identified, 
oxaliplatin, mepacrine and gemcitabine have been investigated for efficacies in 
CRPC-related clinical trials (clinicaltrials.gov; NCT00260611, NCT01487720, 
NCT00417274, NCT00417274) [327]. Navitoclax, remained the focus of our 
interest due to the high impact on sensitizing the PDCs of the treatment-resistant 
patient HUB5. The drug has been shown to prevent Bcl-2/Bcl-xL from binding 
the apoptotic inducers Bax and Bak, which triggers the apoptotic pathway [328]. 
Our validation experiment confirmed the induction of apoptosis via an increased 
expression of cleaved caspase-3 upon navitoclax exposure in HUB.5 PDC 
(Study II: Fig. 4). Moreover, both PDCs and the parental cancer tissue displayed 
increased expression of Bcl-2 family members, such as Bcl-xL, which is known 
as a major target of navitoclax.   
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5.3 PATIENT-DERIVED CELLS FROM RENAL CANCER, IS THERE A 
NEED FOR SUBCLONE-SPECIFIC PRECISION CANCER MEDICINE? 
(III) 

 
RCC has been used as a proof of concept disease to study intra-tumor genomic 
heterogeneity and clonal evolution of solid tumors. In this study, we established 
multiple PDCs from individual patients to understand genomic clonal evolution 
pathways in cancer, and to explore variability of drug response across 
heterogeneous tumors (Fig. 8). 
 

 
Fig. 8: Overview of sample flow and experimental design of study III: Towards subclone 
based therapeutically approach for renal cancer patients.   
 
Altogether eleven PDCs were generated [228, 246] from four RCC patients who 
underwent nephrectomy. Three patient’s samples were histologically identified 
as ccRCC (RCC.1, 3-4), while RCC.2, was identified as poorly differentiated and 
mixed histology of collecting-duct-carcinoma and ccRCC (Study III: Fig. 1). The 
sequencing analysis revealed several shared cancer-specific and recurrent 
genomic alterations (GA) including CNAs and mutations, thus verifying the 
tumor-related clonal relationship between PDCs with parental tissues (Study III: 
Fig. 2). The CNAs carried by the both malignant PDCs from RCC.1 and 
metastatic clone of RCC.3 constitutes several known genetic aberrations 
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identified in RCC e.g. 3p(del) and 14(del), EGFR amplification and CDKN2A/B 
deletion. These models in addition to RCC.2 cancer PDC also retained somatic 
mutation in VHL gene that carried from the original cancer tissues. Interestingly, 
frequencies of cells harbored VHL mutation were increased in most of PDCs that 
showed ability of the method to enrich the driver clones from the cancer tissues 
(Study III: Fig. 2). The pattern of increased mutation frequencies were also 
noticed in other driver genes including PBRM1, TSC2, KDM5C and PIK3C2A 
(Study III: supplementary Fig. 3). 
 
PDCs from RCC.1 and RCC.3 made it possible to study the clonal evolution 
since they were established from multiple regions of the same patients (Study 
III: Fig. 3). We found ITH between the regions following a branched evolution 
pattern which also displayed how PDCs recapitulated the evolution of the 
disease. With the construction of phylogenetic trees, we observed the gain of 
diverse and additional mutations in the distant sites in comparison to the primary 
cancer highlighting early- and late-stage events in the cancer evolution.  
 
Comprehensive drug testing of the PDC exhibited drug efficacies towards 
several drugs from VEGF and PI3K/mTOR pathways (Study III: Fig. 4). The 
approved RCC drugs included temsirolimus, pazopanib, tivozanib and 
gemcitabine, while other approved drugs with potential for repurposing included 
afatinib, gefitinib, erlotinib, dasatinib and regorafenib. In addition, several 
investigational drugs from these pathways also showed efficacy in PDC, 
representing the applicability of cultured cells for ex vivo drug evaluation for 
discovery purposes (Study III: Fig. 4).  
 
We also integrated the genomic vulnerabilities and drugs efficacies in RCC.1 
and RCC.3 PDC models using phylogenetic tree visualization (Study III: Fig. 5). 
The PDC clones from different tumor regions exhibited common sensitivities to 
some drugs, as well as unique response profiles to others. Our results suggested 
that the presence of truncal mutations introduced vulnerabilities to certain drugs 
in all PDCs, but the specific drug sensitivities are likely to developed due to 
distinct genetic feature of individual clones (Study III: Fig. 5). Genomic 
alterations (GA) were observed in several partners of the VEGF signaling 
pathway such as VHL, VEGFA, EGFR and HIF, and for the mTOR/PI3K pathway 
such as TSC, MTOR, PIK3C2A [176, 329, 330]. qPCR analysis confirmed the 
mRNA of mutated VHL was significantly lower expressed in RCC.3 metastatic 
PDCs in comparison with primary cancer and vena cava derived PDCS (Fig. 9). 
Consequently, a higher HIF-induced activity was observed with elevated 
expression of its target genes including VHL, VEGF, EGFR and HIF [181, 331]. 
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The analysis further highlighted the efficacies of BET inhibitors in the PDCs 
carried mutations in BRD-containing proteins (BRD1/BRD4, PBRM1) genes. 
These proteins regulate the transcriptional activities, are frequently dysregulated 
in cancers, and can be targeted with BET-inhibitors [332].  BRD4 is a major 
target for BET-inhibitors and therefore suggests a potential link with the putative 
genetic vulnerabilities and drug dependencies in malignant PDCs. 
 
 

 
 
Fig.9: Expression of candidate genes form HIF/VEGF pathway. Quantitative RT-PCR 
analysis run on RCC.3 metastatic PDCs for few HIF induced genes. Average of two 
housekeeping genes (HK) 18S and RPLP0 was using to normalized the expression of all 
mRNA. Error bars are representing the ±SD of at least two independent technical replicate 
experiments.  
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6 DISCUSSION  

6.1 FUNCTIONAL TESTING AND ANDROGEN SIGNALING IN PROSTATE 
CANCER  

 
The understanding of the cellular response to ADT is crucial for the development 
of improved combinatorial therapeutic strategies for advanced PCa. High-
throughput RNAi screens are an efficient way to identify genes that sensitize 
PCa cells in the state of reduced androgen. The assay identified genes with 
known associations with PCa or with androgen signaling, as well as several 
novel genes. Some of these genes have been investigated by other groups for 
their mechanistic role in PCa, such as cyclin-dependent kinase 19 (CDK19) and 
inhibitor of growth protein 3 (ING3) [333, 334]. siRNA mediated knock-down of 
these genes reproduced the growth inhibitory function in prostate cancer cell line 
experiments, but also inhibit the cell migration and invasion. The aggressiveness 
and poor prognosis of patients with PCa were shown to be associated with 
increased expression of both proteins. In addition, ING3 has been shown to 
stimulate expression of androgen-mediated genes and ARE-driven reporters as 
well as to facilitate tumor growth [333].  
 
In our study, we showed that HSPBAP1 is a potential AR co-regulator that binds 
and participates in the AR-mediated transcriptional activity. The regulatory 
complex sustained cell viability by maintaining basal level of AR signaling at low 
concentration of androgens. It is well known that treatment strategies targeting 
AR signaling often achieve initial success in reducing tumor burden. However, 
tumor relapse and treatment resistance often occur due to the activation of 
adaptation response of PCa cells to low concentrations of androgens. These 
compensatory mechanisms involving increased expression of heat shock 
proteins, and cells often develop resistance to endocrine treatments. Several 
AR-interacting proteins have extensively studied for their role in the 
transcriptional activity of AR after androgen deprivation therapy, also supported 
an influential impact of HSPBAP1 in context of  AR signaling showed in study I 
[102, 112] [106, 335, 336]. Heat-shock protein Hsp27 is one of such 
cytoprotective chaperones that interacts with AR, and also has been shown to 
interact with HSPBAP1 [337, 338]. Hsp27 expression is frequently upregulated 
after ADT or chemotherapy, and its suppression enhances apoptosis of the 
cancer cells particularly under androgen deprivation. Its role has been 
extensively investigated in association with AR transportation to cell nuclei, and 
the binding of AR transcriptional complex to the chromatin. Thus, Hsp27 
recognized to promote survival, proliferation and progression of androgen-
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independent PCa cells [111, 339, 340]. The blocking of Hsp27 via antisense 
oligonucleotide Apatorsen (OGX-427), has been tested in clinical trials in 
patients with advanced cancer [341]. Similarly, Hsp90 is an ATPase-dependent 
chaperone interacts with several growth and transcription factors including AR 
[342, 343]. Its main functions are linked to folding, conformational maturation 
and stabilization of client proteins such as AR. Inhibition of Hsp90 lower the 
expression level of AR and PSA due to AR degradation, and also inhibited the 
tumor growth in mice [343]. However, despite exhibiting promising antitumor 
activity in preclinical models, HSP90 inhibitors have shown little activity in 
clinical trials [344]. Considering the role of AR-interacting proteins in context of 
androgen/AR signaling in PCa and apoptosis-inducing effects seen after 
HSABAP1 knockdown, it will be intriguing to speculate that HSABAP1 
expression act as one potential escape route under stress conditions. The 
combinatorial impact of ADT/anti-androgens and inhibition of HSPBAP1 function 
provides therefore a new therapeutic paradigm.  
 
Another aspect of treatment failures and acquired resistance to ADT can be 
explore from the role of low AR/PSA expressing cells within tumors. These cells 
are suggested to escape apoptotic pathways under ADT, and harbor potentially 
longer capacity for tumor repopulation [345-347]. In the study II, we established 
ex vivo models of PCa derived tissue from the patients with different histological 
(Gleason grades) and pathological conditions. Since the PDCs were grown as 
AR-negative cells, thus they do not maintain AR-mediated transcriptional 
activities. Interestingly, CRPC derived cancer model (HUB.5) was sensitive for 
non-AR related drugs such as taxanes, mepacrine, oxaliplatin and navitoclax 
(Bcl-2 family inhibitor). Despite that the mechanisms of action of these drugs are 
not related to AR signaling, they are used either in the clinical practice, or have 
been undergone clinical trials in combination therapy for advance PCa (section 
5.2). Interestingly, a phase II clinical trial instituted to evaluate the efficacies of 
navitoclax in combination with abiraterone in progressive metastatic treatment 
refractory PCa patients was recently terminated without conclusive results 
(NCT01828476).  
 
The navitoclax response in HUB.5 was further investigated due to the fact that; 
1) HUB.5 PDCs was gnomically characterized as representative cancer culture, 
2) navitoclax is a potent anti-cancer drug which recently underwent clinical trial 
for CPRC-PCa, 3) Bcl-2 family members are overexpressed in these cells. 
Activation of pro-survival Bcl-2 family pathway in advanced PCa has been shown 
to induce development of drug resistance to chemotherapeutics [297]. The data 
supports the significance of such pathways that are activated in a subset of 
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cancer patients who do not respond to ADT therapy, may provide auxiliary 
avenues for drug repositioning in CRPC stages.  Thus, targeting activated 
pathways in combination with AR signaling may eliminate the bulk of androgen-
responsive tumor cells together with silent clones with potential to repopulate the 
malignancy [297-299]. 

6.2 PATIENT-DERIVED MODELS AS PROMISING TOOL IN CANCER 
RESEARCH  

 
Establishment and maintenance of long-term cultures from patient-derived PCa 
tissue samples is been challenging for many decades  [252].  However, in the 
past few years some research groups have shown data of tissue-derived PCa 
ex vivo culture in both 2D and 3D systems [228, 275, 348]. In study II, majority 
of the PDCs generated through CR technology were identified having a 
basal/transitory amplifying (TA) phenotype [248]. The reprogramming of PDCs 
promotes stem-like phenotype in these cells which has also been shown in other 
studies [248]. The expression of AR was not seen in 2D monolayer culture in 
contrast to the parental tissue. The potential of these cells to differentiate into 
luminal cells under appropriate culture conditions was confirmed in 3D spheroid 
culture as HUB.1 PDCs were able to re-express AR (study II, Fig.2). The ability 
of basal/TA phenotype to differentiate into luminal like cells or even become 
tumorigenic in SCID mice has been shown in the recent studies [240].  
 
A low success rate in establishing cancer cultures highlighted the challenges 
posed by the heterogeneity in prostate tumor tissue, which usually also contains 
benign cells. This points to the fact that the CR technology is powerful in 
reprogramming both benign and cancer cells and should therefore be used with 
care to validate the nature of established culture [240]. Hence, we were focused 
on recruiting high grade cancer patients with high tumor burden tissue for the 
study. The cancer tissue was identified by the finding of less than 10-15% of 
benign cell (with the exception of HUB.5) (study II, supplementary table I). 
However, most of the PDCs were observed without shared mutations/CNAs with 
the matching parental tissue, suggesting that they may have enriched from a 
small populating of contaminating benign cells. Subsequent overgrowth of 
normal/benign cells in different culture system is repeatedly reported as a 
consistent challenge in the establishment and maintenance of cancer culture 
[238, 251, 349]. Though the growth advantage of benign over cancer cells in ex 
vivo condition is not clear, but a rapid induction of apoptosis in cancer cells has 
been proposed, likely due to their unstable genetic makeup [350].  
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The establishment of only one CRPC patient-derived cancer culture reflected 
the experiences of other groups. As most cancer specific models (organoids) 
were developed only from the advanced/ metastatic tissue of PCa patients or 
from the liquid biopsies i.e. circulating tumor cells (CTCs), but not from primary 
tissues samples [238]. Another important fact is that the starting material of 
HUB.5 was histologically evaluated to have only cancer cells (tumor tissue) 
without any benign cells. This kind of optimal starting situation facilitates cancer 
cell growth without the competition of faster growing benign cells.  
 
Since PCa has been well recognized as a highly heterogenous diseases, and 
majority of tumors are multifocal. Tendency to miss clinically relevant cancer foci 
(index tumors) consequently implicates in the diagnosis, treatment stratification 
and resistance [351]. The subclonal spread to the metastatic sites as well as 
metastasis form one site to another site exhibited a complex pattern of 
heterogeneity. However, data showed that the metastatic tumors retain 
substantial clonal imprint from the primary cancer [312]. Ex vivo drug testing on 
multiple PDCs derived from several foci incorporated with molecular profiling of 
tumors suggested an opportunity to design clinical settings for better 
understanding the tumor heterogeneity as well as to assess prediction of 
sensitivity to specific drug. 
 
PDCs generated from RCC patients in study III through CR technology retained 
genomic architecture similar to the parental tumor tissue, and also recapitulated 
the phenotypic expression of key protein/mRNA that are often lost in monolayer 
cultures (study III, supplementary Fig 1-2) [250]. Overgrowth of minority of 
normal cells from cancer tissue was also noticed in RCC PDCs as in the case of 
RCC.4, emphasizing a careful consideration to be taken to ensure cancer-
specific culture since non-cancer cells can also be enriched (study III, Fig.2). 
None of the benign but all the malignant tissues included in our study carried 
somatic mutation in VHL which is mutated in up to 90% of the RCC patients 
[173]. Considering VHL as a truncal and founder mutation in ccRCC, it should 
retain in all the subclones along with additional mutations acquired by 
subsequent subclones that branch away from the primary tumor [193]. However, 
cancer-specificity of RCC.3 primary cancer and vena cava PDC is questionable 
due to absence of so called ubiquitous VHL mutation in these cultures. However, 
both of these cells retained few shared mutations with their respective cancer 
tissues as shown in (Study III, Fig. 2, 5)  
 
The drug profiling of RCC derived PDCs identified several drugs (e.g. pazopanib, 
temsirolimus, tivozanib, gemcitabine) with known targets and clinically relevant 
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drug for RCC (Study III, Fig. 4-5). In addition, revelation of cancer drugs that are 
approved for other indications such as dasatinib, afatinib, gefitinib, erlotinib, 
regorafenib, topoisomerase-inhibitors as well as emerging inhibitors, such as 
BET-inhibitors demonstrated the need to explore such drugs in RCC patients in 
preclinical models and future clinical trials. Taken together these developments 
offer unique avenues for cancer research as well as bring hope for personalized 
medicine where these patient-derived models could be in the future incorporated 
into drug discovery processes as well as into the clinical practice to guide clinical 
treatment decisions. 

6.3 IMPACT OF GENOMIC HETEROGENEITY AND CLONAL EVOLUTION  
 
The driver/truncal mutations are important for tumor initiation, and thus seem like 
ideal therapeutic targets. However, after clonal diversification at later stage of 
the disease, dynamic subclones may determine the cancer progression through 
accumulating of new mutations that may impact on the drug response of the 
founder mutations  [352]. Our study on establishment of representative PDCs 
from benign and (multiple) cancerous RCC tumor regions highlighted the impact 
of genomic heterogeneity on the drug-responses of the variant clones (Fig. 10, 
Study III). As in the case of RCC.1, drugs acting on the trunk were identified 
predominantly from mTOR/PI3K pathways, while branched clones were 
exhibiting sensitivities against drugs with less-known efficacies for RCC (Fig. 10, 
Study III, Fig. 4). These subclones with unique drug response patterns reveal 
the complexity of genomic ITH in RCC and also indicated that distinct mutational 
landscape impact on drug response are unlikely to be encoded to the trunk of 
phylogenetic trees, also suggested by Crusz, S.M et al, 2016 [195]. Notably, 
sensitization with BET-inhibitors supported by the genomic evidence (Study III, 
Fig. 5: mutation in PMRM1, BRD1 and BRD4) observed from the PDCs 
established from both RCC.1 and RCC.3. The prooncogenic role of BRD4 is also 
recently evaluated in RCC through in vitro and in vivo experiments [353]. 
Therefore, the gene-drug association between BRDs suggested a potential new 
treatment rationale for RCC patients, and should be further explored in 
customized clinical trials.  
 
Thus, multiple isogenic subclones from a single patient can be a powerful 
method to discover potential pharmacogenomic associations.  The analysis of 
isogenic variants from a single patient provides more power for the 
pharmacogenomics analyses as compared to studies between multiple diverse 
cancers with a different genetic background. In summary, establishment of 
multiple PDCs from cancers may help to study clonal evolution pathways in solid 
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tumors, tailoring of drugs, explore pharmacogenomics associations as well as 
help to define combinatorial treatments needed to target multiple subclones in 
cancer. 
 
A     B  

 
 
Fig. 10: Genomic intra-tumor heterogeneity linked to the drug response profile. The 
visualizations were adapted from the phylogenetic tree constructed by LICHe plot (Study III, 
Fig. 3). Clonal hierarchy of (A) RCC.1 and (B) RCC.3 PDCs exhibited drug efficacies and 
retention of mutations indicated in the circle reflect the number of variants. Specific responses 
exhibited by subclone PDCs are indicated in the rectangle boxes.  
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6.4 CHALLENGES AND LIMITATIONS  
 
Study II and III presented a proof-of-concept to highlight the cancer specific drug 
responses in ex vivo setting and could provide insights for drug repositioning and 
possibly in the future for individualized treatment options. Beside the challenges 
and limitations of establishing the representative models form PCa and RCC 
tumors described in section 6.2, other important avenues should also be keep in 
consideration. For example, studies with a higher number of patients and 
heterogeneous material is needed to confirm such interpretations. Since the 
primary cancer, vena cava infiltration and even the adrenal metastatic tumor can 
be treated by surgical methods, key question is actually distant metastatic sites 
that are missing in our studies. Obtaining samples from (distant) metastatic sites 
are largely restricted due to clinical opportunities and ethical permits. CTCs may 
provide such information in the future. 
 
Drug responses in ex vivo setting may not able to recapitulate the in vivo 
scenarios for major targeted drugs such as antiandrogens in PCa and anti-
VEGFR in RCC cancer.  One reason is lack of the AR expression in most PCa 
derived PDCs and absence of microenvironment/endothelial cells in the RCC 
models. Drugs acting on VEGFR/PDGFR axis are assumed to primarily act on 
endothelial cells but not the RCC tumor cells [354]. Indeed, several VEGFR 
inhibitors (axitinib or sunitinib) did not show any noticeable responses in the 
PDCs, while pazopanib had little impact, which can be explained due to its multi-
kinase inhibitory action and/or off-target effect (Study III, supplementary table 5). 
Successful in vivo validation of emerging drugs (e.g. navitoclax in PCa PDCs, 
and BET/topoisomerase inhibitors in RCC PDCs) identified could further be 
explored to authenticate the ex vivo responses. Despite the limitation of the 
studies presented here, the PDC models have provided a platform to test a 
number of emerging drugs and have led to hypotheses that could be further 
validated in prospective preclinical and clinical studies. 
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6.5 FUTURE PROSPECTIVE 
 
Obtaining metastatic samples from the distant sites are practically challenging 
as well as inter- and intra-tumor heterogeneity pose additional limitations of 
tumor evaluation from a single biopsy. Hence, CTCs, circulating tumor DNA 
(CTDs), exosomal profiling and urine based molecular analysis have been 
proposed [355]. CTCs have also applied to start patient-derived organoid 
cultures [238, 356]. In the future, the application of patient-derived-models could 
be used to identify the most appropriate therapeutic algorithms through 
integration of molecular profiles with the ex vivo drug dependencies of individual 
patients (Fig. 11; section 2.6.2). Implementation of improved culture methods in 
early phase of drug discovery could enable better assessment of drug efficacy 
and toxicity in PDCs before its entry into the clinical trials [230, 357]. This would 
have implications for cancer diagnosis, tailoring of drugs, designing of effective 
drug combinations and precision cancer medicine. 
 

Precision cancer medicine 
 

 
 
Fig.11: Schematic design of approach towards precision medicine. The addition of 
establishing cancer models and ex vivo drug efficacies may predict treatment response 
beyond genomic marker.  
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7 CONCLUDING REMARKS 
 
Targeting AR signaling alone in PCa is not sufficient and we need to revise the 
treatment strategies towards combinatorial therapies. Towards this aim, we 
sought to identify genes that sensitize PCa cells during androgen-deprivation 
and pointed out the escape routes of cancer cells in androgenic stress. The data 
suggested that survival of androgen dependent cancer cells can be inhibited by 
the simultaneous inhibition of androgens and novel AR-interacting protein 
HSPBAP1 (Study I).  
 
The thesis also addresses another critical challenge in PCa studies i.e. that of 
representative cell models. Drug profiling of these cells highlighted the 
dependencies of AR-negative transit amplifying PDCs towards the targets 
beyond AR signaling such as taxanes and Bcl-2 family inhibitor navitoclax. 
These findings emphasize the value of newly generated cancer model cell lines 
along with clinical data and molecular profiling for the study of disease 
mechanisms, biomarkers and associated drug sensitivity (Study II).  
 
The study was extended towards renal cancer to seek clonal evolution 
pathways, explore pharmacogenomics associations as well as help to define 
combinatorial treatments needed to target multiple subclones present in cancer 
(Study III). The application of these ex vivo cultures do not only provide relevant 
models for drug sensitivity profiling, but has also the potential to provide tools for 
drug discoveries and development as well as possibly in the future for 
individualized treatment options.  
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