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ABSTRACT OF THE DISSERTATION 

 

Characterization of FGFR Signaling in Prostate Cancer Stem Cells and Inhibition via TKI 
treatment 

 

By 

Juyeon Ko 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2021 

Professor Daniel J. Donoghue, Chair 

 

Cancer stem cells have been extensively studied in numerous cancers, however, there is 

no clear identification of this rare subpopulation and a means for an effective therapy targeting 

these cells although they are implicated in tumor initiation, drug resistance, reoccurrence and 

metastasis. The review article in Chapter 1 emphasizes how the cancer stem cells exploit a 

ubiquitination modification in human cancers and metastasis. Ubiquitination is a type of post-

translational modification that extends the function of proteins such as stabilizing oncogenic 

signals and recruiting signaling proteins that favors the cancer progression beyond our current 

discoveries and knowledge. The studies of cancer stem cells may help us better understand the 

heterogeneous disease collectively termed cancer. 



xvi 

 One type of cancer in which the cancer stem cell theory may lead to alternative therapeutic 

options is prostate cancer. Chapter 2 presents research hypothesizing that prostate cancer stem 

cells (CSCs) take advantage of Fibroblast Growth Factor Receptor (FGFR) signaling for survival 

and proliferation among the bulk tumor and possess the ability to survive the current therapy of 

androgen deprivation but can be targeted by FGFR inhibitors. As tyrosine kinase inhibitors 

(TKIs) have shown great effectiveness for some cancers, they have shown only modest outcome 

in prostate cancer treatment. The research presented here focuses on studying the FGFR 

signaling in the rare subpopulation shown as 3-dimensional spheroids compared to a bulk tumor 

represented as monolayer cells. This study reveals that FGFR signaling in the prostate CSCs 

promote their stemness characteristics and these CSCs may possess increased metastatic 

potential shown by changes in their gene expression. This study provides a novel in vitro model 

to study FGFR signaling in prostate cancer cell lines and utilizes a novel induced pluripotent 

stem cell-derived cell line to improve our understanding of prostate CSCs at a cellular and 

molecular level. The findings from this research may assist in screening for patient subgroups 

who would benefit from the TKI treatment targeting FGFR as an alternative treatment option.  



1 

Chapter 1 

The importance of regulatory ubiquitination in cancer and metastasis 



2 



3 
 

 

Figure 1.1. The misregulated expression of E2 ubiquitin conjugating enzymes and E3 ubiquitin ligases in 

various human cancers. 
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Figure 1.2. Misregulated expression of members of the ubiquitin cascade contributes to the aberrant signaling 

of various pathways in cancer. 
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Table 1.0.1 Mutations in E3 ligases identified in cancers. 
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Table 1.1 (continued) 
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Figure 1..3  E3 ubiquitin ligases in pluripotent stem cells. 
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Figure 1.Error! No text of specified style in document. 4. Proposed model of the mechanism by which the misregulated expression of E2s, E3s and DUB’s may contribute to 
tumorigenesis and metastasis 
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Chapter 2 

Characterization of FGFR Signaling in Prostate Cancer Stem Cells and Inhibition via TKI 
treatment 

 

 

ABSTRACT 

Metastatic castrate-resistant prostate cancer remains uncurable and novel therapies are 

needed to better treat patients. Aberrant fibroblast growth factor receptor (FGFR) signaling has 

been implicated in advanced prostate cancer, and FGFR1 is suggested to be a promising 

therapeutic target along with the current androgen deprivation therapy. Three-dimensional (3D) 

spheroids of frequently studied prostate cancer cell lines, PC3, DU145 and LNCaP were 

examined to select for prostate cancer stem cells (CSCs), establishing a novel in vitro model to 

study endogenous FGFR signaling. FGFR inhibition using three different TKIs, Dovitinib, 

BGJ398, and PD166866 in 3D spheroids of PC3, DU145 and LNCaP, and induced pluripotent 

stem (iPS) 87 cells resulted in the decrease of cell survival and proliferation of these spheroids. 

Especially, the prostate CSCs in PC3 cell line were shown to have increased metastatic potential 

as EMT markers were examined, and TKIs targeting FGFR1 was shown to decrease the 

mesenchymal markers. As prostate cancer is overwhelmingly heterogeneous, this study enhances 

our understanding of FGFR signaling and its inhibition in prostate cancer at a molecular level 

through the comparison of AR-positive and AR-negative cell lines, and of the bulk population 

and CSCs, and of common cell lines and a novel iPSC-derived cell line. Collectively, the 

findings provided here may assist in screening for suitable subgroups of prostate cancer patients 

and improving their treatment options. 

 



19 
 

INTRODUCTION 

 

Prostate cancer statistics 

Prostate cancer is the second most common cancer among men in the United States 

according to the American Cancer Society (1). Worldwide, it is the second most common, and 

the most frequently diagnosed cancer among men in 105 countries. In terms of mortality, 

prostate cancer is the second leading cause of cancer deaths among men in the Unites States and 

fifth leading cause worldwide, being the leading cause of cancer death among men in 46 

countries (2). The 5-year survival rate for non-metastatic prostate cancer (stages I- III) patients is 

about 99%, however, for metastatic prostate cancer (stage IV) patients, the rate drops to about 

30% (1).  

The prostate is a part of the male reproductive system located under the bladder, 

producing prostate fluid that is added to semen. It is a walnut-sized gland surrounded by a 

capsule of connective tissue and is composed of epithelial acini arranged in a fibromuscular 

stromal network including smooth muscle cells, fibroblasts, and endothelial cells and neurons. 

The gland cells consist of luminal cells, basal cells, and neuroendocrine cells surrounded by the 

basement membrane (3). About 95% of all prostate cancers arise from these gland cells, which is 

called an adenocarcinoma. Depending on clinical and pathological characteristics, subtypes of 

the adenocarcinoma are further distinguished. Apart from the gland cells, smooth muscle cells 

surrounding the epithelial acini can give rise to prostate cancer, which is called a sarcoma, 

although it is very rare (4). 

Luminal cells produce prostate-specific antigen called PSA, and small amounts of PSA 

ordinarily circulate in the blood. However, when serum PSA levels increase to over 4.0 ng/ml, it 
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can indicate abnormal activity of the luminal cells such as infection, inflammation, or prostate 

cancer. PSA tests and digital rectal exams are useful tools utilized by doctors to determine the 

further need of needle biopsy to diagnose prostate cancer (5). 

 In the progression of prostate cancer, normal cells start displaying abnormalities, and lead 

to prostatic intraepithelial neoplasia (PIN). PIN is a precursor of prostatic carcinoma and it 

features luminal cell over-growth and a reduction in the number of basal cells. PIN lesions 

progress to invasive adenocarcinoma displaying a more luminal phenotype with loss of the basal 

cell layer and basement membrane (6, 7). In the development of advanced prostate cancer with 

varying tumor grades, genetic changes such as phosphatase and tensin homolog (PTEN) loss or 

mutation take place in addition to androgen signaling dysregulation, which promotes progression 

of prostate cancer (8, 9, 10). In a molecular level, loss of PTEN leads to overactivation of Akt 

signaling which increases tumor cell survival and proliferation promotes chemotherapy and 

radiation resistance (11). Other tumor suppressor genes, TP53, and RB1 are also frequently 

altered in prostate cancer patients, and in fact, DNA and RNA sequencing of clinically obtained 

biopsies of mCRPC tumors revealed 53.3% of TP53, 40.7% of PTEN, and 9.3% of RB1 to show 

genetic alterations mostly copy losses (12). Unfortunately, the cooperative loss of PTEN, TP53, 

and RB1 is associated with increased risk of relapse and death in prostate cancer patients (13).  

 

Androgen signaling and androgen deprivation therapy 

Androgens are male sex hormones produced primarily by the testes, which are required 

for the development of the male reproductive system, and play a role in metabolic homeostasis 

(14). Testosterone is a type of androgen and upon entering prostate cells, is converted to 

dihydrotestosterone (DHT) mediated by 5α-reductase enzymes in an irreversible manner (15). 
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Both testosterone and DHT can bind to androgen receptor (AR), which consists of a poorly 

conserved N-terminal domain, a highly conserved deoxyribonucleic acid (DNA)-binding domain 

(DBD) and a moderately conserved ligand-binding domain (LBD) (10). Upon androgen ligands 

binding to AR, it dimerizes and becomes phosphorylated and is translocated to the nucleus. 

Modulated by cofactors, AR binds to chromosomal DNA and activates target gene expression 

(16).  

AR is found to be highly expressed in the majority of cases of castration resistant 

prostate cancer (CRPC) patients which has made the AR pathway a main target in androgen 

deprivation therapy (ADT) for advanced prostate cancer patients. The understanding that 

androgen deprivation is an effective treatment for prostate cancer was first demonstrated in 1941 

(17). In 2012, A second-generation AR inhibitor, Enzalutamide, was approved by the U.S. Food 

and Drug Administration (FDA), for improving the survival of CRPC patients by about 4.8 

months compared to placebo group, which was considered a great advancement (18). 

Enzalutamide is a competitive binder of androgens, it prevents the translocation of the AR to the 

nucleus, and within the nucleus, it inhibits AR binding to DNA, which impedes further 

transcription of tumor genes (19). 

Another potent AR inhibitor, Apalutamide, was approved by FDA in 2018. It showed 

significant clinical efficacy, increasing the metastasis-free survival by 24.3 months of CRPC 

patients (20). AR inhibitors can be combined with an inhibitor of cytochrome P450 

17α−hydroxy/17,20-lyase (CYP17) enzymes, abiraterone acetate, that suppresses androgen 

biosynthesis for more effective treatment (21). 

Although ADT is effective at initial stage for “hormone naïve” prostate cancer, 

androgen-independent tumor cells eventually emerge as they adapt to the limited availability of 
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androgen. To compensate, tumor cells up-regulate androgen synthesis, or overexpress ARs, or 

make AR mutants or splicing variants with increased functional activity such as AR-V7 that 

lacks the LBD and can be activated in a ligand-independent manner (22). Total androgen 

inhibition can give rise to more aggressive AR-negative prostate cancer and most of the patients 

relapse and develop mCRPC, which is “hormone refractory”, emphasizing the importance of 

finding new therapeutic strategies (23, 24). Even in the castration-resistant state, current 

therapies rely on AR antagonists, but increasing efforts are being made to explore both AR 

pathway and non-AR pathways to intervene in the progression of CRPC (23, 24). 

 

Growth factors and their receptors in prostate cancer 

There have been numerous studies investigating the role of growth factors such as 

fibroblast growth factors (FGFs), vascular endothelial growth factors (VEGFs), and insulin-like 

growth factors (IGFs) and their receptors in promoting benign prostatic hyperplasia and prostate 

cancer. Results of these studies utilizing various prostate cancer cell lines and xenografts were 

extensively reviewed by Joy L. Ware in 1993 (25).  

Recent studies have found the involvement of FGFR in promoting prostate cancer. Of 

note, Armstrong et al. (26) reported that FGFR1 is upregulated in CRPC patient samples and is 

associated with higher risk of relapse and poor patient survival. Sahadevan et al. (27) reported 

that FGFR1 and FGFR4 were overexpressed in prostate cancer patient samples and that 

inhibition of FGFR4 via siRNA knockdown decreased cell proliferation and invasion in DU145 

cells which are one of the most frequently studied prostate cancer lines. Acevedo et al. (28) 

reported that it is the activation of FGFR1 that drives prostate cancer progression and epithelial-
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to-mesenchymal transition (EMT) using a mouse model, emphasizing the role of FGFR1 in 

prostate cancer. 

In addition, a study conducted by MD Anderson Cancer Center in 2014 (29) reported that 

FGFR1 was upregulated in clinical prostate tumor samples via RNA sequencing. They found that 

treatment with Dovitinib, an inhibitor targeting FGFR and other receptors, showed a promising 

antitumor effect depending on FGFR1 expression in their clinical study and mouse models. They 

concluded that Dovitinib showed its antitumor effect by targeting the tumor microenvironment, 

which is the interaction between the prostate cancer cells and the osteoblasts mediated by FGFR 

signaling. Dovitinib was also found to show its anti-tumor effect by reducing angiogenesis.  

 

Activation of FGFR and its downstream signaling cascade 

FGFRs are a part of the receptor tyrosine kinase (RTK) family that are essential in many 

biological responses. Humans have 58 RTKs, which are grouped into twenty subfamilies. All 

RTKs have similar overall structure with a ligand-binding extracellular domain, transmembrane 

helix, and a cytoplasmic region that contains the tyrosine kinase domain (30). 

FGF/FGFR signaling pathways includes eighteen secreted FGFs that are categorized into 

six subfamilies and four FGF receptors (FGFR1-4). The secreted FGFs along with heparin 

sulfate proteoglycans bind to immunoglobulin-like domains II and III, and the linker region 

between these domains of FGFRs, displaying different ligand binding specificity. (31).  

FGF ligand binding to the FGFRs triggers receptor dimerization and trans-

autophosphorylation of tyrosine residues in the kinase domain. The kinase domain includes an 

activation loop, masked by tyrosine residues, and phosphorylation of specific tyrosine residues in 

multiple steps within the activation loop induces a conformation change, disrupting this 
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autoinhibitory state. The activation of receptors triggers the signaling outcome of four major 

downstream signaling pathways of JAK/STAT, Ras/MAPK, PI3K/AKT, and PLC-γ, (32).  

The signal transducer and activator of transcription (STAT) proteins are components of 

signal-dependent transcription-factor pathways that are often activated by the JAK family and 

dimerize and translocate to the nucleus. Then the STATs bind to DNA, recruit coactivators, and 

induce target gene transcription. Among the STATs, STAT3 is the most over-activated in cancer 

cells, followed by STAT5. STAT3 regulates many biological functions such as cell survival, 

apoptosis, and wound healing, and STAT5 is involved in hematopoiesis and immune regulation 

(33). 

The RAS-mitogen activated protein kinase (MAPK) pathway comprises several key 

signaling components of RAS-RAF-MEK-ERK-MAPK, and regulate cell growth, 

differentiation, proliferation, apoptosis and migration functions (34). In advanced prostate 

cancer, upregulation of MAPK expression was reported to correlate with poor survival and 

relapse (35).  

Phosphatidylinositol-3 kinases (PI3Ks) constitute a lipid kinase family. Once growth 

factor receptors are activated, PI3K is recruited to the membrane or to adaptors, and 

phosphorylate phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-

trisphosphate (PIP3). PIP3 leads to the activation of Akt, a serine/threonine kinase, which then 

mediates various cellular process including cellular survival, inhibition of apoptosis, growth and 

proliferation. PTEN is a phosphatase, negatively regulating Akt activation through PIP3 

dephosphorylation (36). The PI3K/Akt pathway is frequently dysregulated in various cancers 

through deletion and mutation of PTEN gene or overexpression and overactivation of Akt, and it 
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is suggested to be responsible for chemotherapy and radiation resistance and tumor invasion and 

metastasis (36, 37). 

Phospholipase Cγ (PLCγ) is an enzyme in phosphoinositide metabolism, hydrolyzing 

PIP2, which modulates functions such as cytoskeletal reorganization, cytokinesis, and membrane 

dynamics. PLCγ is associated with tumor cell invasion including in prostate cancer (38).  

Aberrant FGFR signaling has been implicated in numerous developmental diseases and 

various solid cancers and hematological malignancies through receptor mutations and 

overexpression, chromosomal translocation, or FGF overexpression, impacting downstream 

signaling which regulates various biological functions. (31, 32). FGFR has emerged as a 

promising target in lung cancer, breast cancer and prostate cancer (40, 41, 42). As mentioned 

earlier, FGFR1 overexpression was reported in prostate cancer patient samples, and efforts have 

been made to target FGFR signaling, utilizing small molecule inhibitors (29).  

 

Small molecule inhibitors of tyrosine kinases 

Small-molecule tyrosine kinase inhibitors can be grouped into ATP-site inhibitors, as all 

kinases have a conserved activation loop or non-ATP competitive allosteric inhibitors with more 

selectivity. The ATP-site inhibitors can be further divided into type I and type II depending on 

the structure of the inhibitor-target complex. Type I inhibitors bind to the active conformation of 

the target, referred to as DFG-in conformation, the phenylalanine of the DFG motif creating a 

hydrophobic interaction. On the other hand, Type II inhibitors bind to the inactive conformation, 

referred to as DFG-out conformation with disrupted hydrophobic pocket, and hinder the 

conformation required for the transfer of ATP phosphate (43). 
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Dovitinib and BGJ398 are both Type I inhibitors, and their target include FGFRs with 

different selectivity and potency, and have been utilized in clinical trials and shown promising 

antitumor activity in cancer treatment. Dovitinib is a multi-kinase inhibitor of the 

benzimidalzole-quinolinone class found through chemical library screening and first designed 

and synthesized in 2005 (Figure 2.1). The crystal structure of Dovitinib bound to FGFR1 is 

shown in Figure 2.2 (44). Dovitinib shows an inhibitory effect on a variety of RTKs including 

FGFRs VEGFRs, and Platelet-derived Growth Factor Receptors (PDGFRs) (44, 45). These 

multi-TKIs such as Dovitinib can have beneficial effects through targeting multiple RTKs 

involved in tumorigenesis, however, they can also lead to high toxicity and various off-target 

effects. To reduce these adverse effects, efforts have been made to develop FGFR-selective 

inhibitors such as BGJ398, exhibiting high selectivity towards FGFR1-3 with nanomolar potency 

(45) (Figure 2.3). The crystal structure of BGJ398 bound to FGFR1 is shown in Figure 2.4 (45). 

 Another FGFR inhibitor, PD166866, was compared to Dovitinib and BGJ398 in this 

study to show improved potency and advancement of new generation TKI inhibitors. PD166866 

was developed through screening a compound library in 1998, displaying nanomolar potency in 

cell free assays with significantly higher activity than other tyrosine kinase inhibitor molecules 

available at the time (46) (Figure 2.5).  

 

 

 

 

 

 

 

 

 

Figure 2.1. The structure of Dovitinib. 

4-Amino-5-fluoro-3-[5-(4-methylpiperazin-1-yl)-1H-benzimidazol-2-yl]quinolin-2(1H)-one 
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Figure 2.2. The crystal structure of the FGFR1 kinase domain in complex with Dovitinib 

(PDB code: 5A46). 

 (1H-benzimidazol-2-yl)quinolin-2(1H)-one moiety of Dovitinib is shown to occupy the ATP 
binding pocket of FGFR1 through hydrophobic contacts with L484, V492, I545 (residue not 
shown) A563, V561 and L630, in DFG- in conformation and hydrogen bonds (E562 and A564) 
with the hinge region between the two lobes of FGFR1.  
 
 

 

Figure 2.3. The structure of BGJ398. 

3-(2,6-dichloro-3,5-dimethoxy-phenyl)-1-{6-[4-(4-ethyl-piperazin-1-yl)-phenylamino]-
pyrimidin-4-yl}-1-methyl-urea. 
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Figure 2.4. The crystal structure of the FGFR1 kinase domain in complex with BGJ398 

(PDB code: 3TT0). 

 The dichloro-dimethoxy phenyl moiety of the BGJ398 compound (shown in green) fits the ATP 
binding site in a rigid manner in the perpendicular orientation, conferring specific interaction 
with FGFR1-3 over other kinases such as VEGFRs. The BGJ398 inhibitor makes hydrophobic 
contacts with L484, A512, I545, V561, Y563 and L630 of FGFR1 as shown.  
Additionally, the pyrimidine nitrogen and the adjacent NH of the BGJ398 form multiple 
hydrogen bonds with A564 located in the hinge region of the ATP site and the urea carbonyl 
group forms a water-mediated hydrogen bond to K514 in the back pocket. Furthermore, the 4-(4-
Ethylpiperazin-1-yl) aniline moiety of the compound forms hydrogen bonds with A564 and E571 
in the hinge region as well as displays hydrophobic interactions with L478 and G561 (residues 
not shown).  
 

 

 

 

 

 

 

 

Figure 2.5. The structure of PD166866.  

N-[2-amino-6-(3,5-dimethoxyphenyl)pyrido[2,3-d]pyrimidin-7-yl]-N'-(1,1-dimethylethyl)-urea. 
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Treatment effect of Dovitinib targeting bone microenvironment 

Dovitinib primarily targets fms-like tyrosine kinase 3 (FLT3), Proto-Oncogene Receptor 

Tyrosine Kinase (c-KIT), FGFR1, FGFR3, vascular endothelial growth factor receptor 

(VEGFR)1, VEGFR2, VEGFR3, and PDGFRs (44). As mentioned earlier, a study conducted by 

MD Anderson Cancer Center in 2014 (29) utilized Dovitinib in their clinical study of prostate 

cancer, showing its promising antitumor effect by targeting the bone microenvironment. 

Prostate cancer metastasis is commonly found in bone by metastasizing through lymph or 

blood vessels. Bone is a type of connective tissue, which constantly undergoes remodeling of 

bone deposition and resorption by osteoblasts and osteoclasts, respectively. During the 

remodeling process, various growth factors, cytokines and chemokines are released from the 

bone matrix that can be exploited by tumor cells. Interactions of normal cells of the bone and the 

prostate cancer cells establish a positive feedback loop to favor tumor growth in bone as well as 

to boost the activity of osteoblast cells, resulting in excess of bone deposition. The disrupted 

homeostasis by the metastases of prostate cancer causes severe bone pain and fractures to 

patients. Currently, the only treatment option is to slow down the formation of bone lesions (29, 

47). Additionally, prostate tumor cells in bone promote angiogenesis, a formation of new blood 

vessels by vascular endothelial cells. Angiogenesis occurs during normal development process 

such as wound healing, however, tumor cells take advantage of the process to get access to 

nutrients and oxygen, an essential process for tumor cell growth. Angiogenic activators such as 

VEGF, FGF, and PDGF are secreted from the tumor cells to attract endothelial cells (48, 49). 

Wan et al. (29) reported that Dovitinib treatment reduced tumor burden in bone both in 

mouse models and in patients and reduced angiogenesis. Interestingly, they have only observed 

these antitumor effects with FGFR1-overexpressing models, concluding that the interaction of 
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prostate tumor cells and the osteoblasts are mediated by FGFR signaling and in part reducing 

angiogenesis through the suppression of VEGFR signaling. 

 

Cancer metastasis 

Cancer-related deaths are mostly due to cancer metastasis. However, metastasis is a rare 

and challenging process for tumor cells (49). For tumor cells to migrate to a distant location, first 

they need to be detached from their environment, which means a decrease in cell to cell 

adhesion. This process is often explained through the epithelial-mesenchymal transition (EMT) 

model (50). EMT is a biological process that occurs both in normal cells for organ development 

and maturation of immune system and in tumor cells prior to cancer metastasis (50, 51). It is 

believed that cancer cells utilize EMT mechanism to migrate to secondary sites, which allows 

tumor cells to be detached from their primary tumor. The cells undergoing EMT display 

decreased epithelial marker of E-cadherin and increased mesenchymal markers such as N-

cadherin, vimentin, fibronectin, β-catenin, and transcription factors of Snail, slug, zeb1, and twist 

(51).  

Most tumor cells undergo detachment-induced cell death when they are detached from 

the primary tumor or the surrounding tissue. Only a small population of cells can survive the 

anchorage-independent condition. Anchorage-independence is considered a characteristic of 

more tumorigenic cells (52). These circulating tumor cells (CTCs) migrate through the 

endothelial barrier to enter the bloodstream either directly or via the lymphatic system. During 

tumor dissemination, only the CTCs that survive the immune surveillance can extravasate and 

repopulate, and findings on CTCs showing increased mesenchymal markers mediated by 

transforming growth factor (TGF)-β signaling (53). 
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Then the tumor cells undergo mesenchymal-epithelial transition (MET) to anchor 

themselves in the surrounding tissue to colonize at the new location (50, 53, 54). Tumor cells 

must promote angiogenesis for their proliferation and expansion to eventually form 

macrometastases which are clinically detectable (54). Additionally, signaling crosstalk between 

the tumor cells and the microenvironment is crucial. Accumulated findings show that different 

types of cancer develop metastasis in certain organs more frequently than others. For example, 

breast cancer and prostate cancer tend to metastasize to the bones, colorectal cancer to liver and 

lungs, and lung cancer to liver and adrenal glands (55, 56, 57, 58).  

 

Cancer stem cells 

Many studies suggest that cancer stem cells (CSCs) serve as the basis of metastases. 

CSCs are a small sub-population of cells in a bulk tumor. CSCs have self-renewal abilities, 

tumor-initiating capacity, abilities to survive the anchorage independent conditions, increased 

metastatic potential, exhibit chemoresistance, and contribute to tumor heterogenicity (59). CSCs 

are also called Tumor-Initiating Cells (TICs). In fact, the term TIC better depicts the nature of 

these cells as the cell of origin as well as the definition and identification of the CSCs are elusive 

and controversial (60, 61). In prostate cancer, many studies have reported the presence of 

prostate TICs or CSCs and their role in cancer progression and recurrence and therapeutic 

resistance (62).   

Efforts have been made to identify and characterize CSCs although the CSC phenotype 

varies across types of tumor and even among cell lines from the same cancer type. For example, 

cells expressing cell surface markers of CD Molecules such as CD133, CD44, CD24, and CD166 

can be isolated (63). Also, functionally, they have the ability to exclude Hoechst dye 33342 to be 
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identified as a side population in flow cytometry analysis (64). Similarly, they have increased 

levels of aldehyde dehydrogenase (ALDH) and among 19 isoforms of the ALDH family, 

ALDH1A1 is most frequently utilized, marking CSCs in lung, pancreatic and colon cancers and 

ALDH7A1 (65, 66) in prostate cancer.  

Furthermore, CSCs can be characterized by their ability to generate spheroids (67, 68, 

69). Studies have shown for solid cancers that colony-forming cells from solid tumors such as 

lung cancer, ovarian cancer or neuroblastoma are CSCs as they exhibit the anchorage 

independent growth, high clonogenicity and tumorigenicity (61). 

Interestingly, FGFR expression has been associated with promoting stem cell-like 

properties in various cancer such as breast cancer (70), non-small cell lung cancer (71), and 

esophageal squamous cell carcinoma (72).  

 

Relevance of 3D culture models in studies of cancer metastasis and cancer stem cells 

Three-dimensional (3D) suspension culture systems are widely used to bridge the gap 

between traditional adherent 2D cultures and animal models by better recapitulating drug 

sensitivity and cell environment in vivo (73, 74, 75). Tumor spheroids growing to a diameter 

between 200 µm and 500 µm display a necrotic core as chemical gradients of oxygen and 

nutrients develop. The middle layer of the spheroid consists of quiescent cells, and the most 

outer layer of proliferating cells. Due to their 3D nature, spheroid cell clusters display preserved 

cell morphology, cell-to-cell interaction, and the cellular heterogenicity found in solid tumors. 

Drugs exerting their effect by generating reactive oxygen species cannot target the necrotic core 

effectively as little oxygen and nutrients can diffuse into the inner core. Additionally, 

chemotherapeutic agents designed to suppress proliferation do not have a great effect on the 
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slow-growing quiescent middle layer with an adapted metabolism. Moreover, 3D spheroids 

closely mimic the physical barriers found in real solid tumors, where chemotherapeutic agents 

cannot penetrate through the whole mass of cells. Thus, the spheroid cells mimic in vivo tumor 

physiology more effectively and are clinically more relevant in testing drug response and altered 

gene expression (73, 74, 75).  

3D cultures do have limitations by lacking the dynamics of the surrounding extracellular 

matrix (ECM) and blood vessels that real tumors exploit for their expansion. So, patients-derived 

xenograft models are widely utilized in clinical studies, but the effect of treatments on animal 

models may not translate into successful outcomes for human patients. Growing efforts have 

been made to develop humanized microenvironments in xenograft models and to introduce 

vascularization by co-culturing cells and utilizing different scaffold and engineering tissues. For 

example, a group of investigators developed a protocol to engineer humanized bone in a murine 

host, which can shed light on the interactions between human cancer cells and human bone 

microenvironment in vivo (76).  

Many researchers have utilized 3D culture methods such as hanging drop culture, 

microwells, Matrigel, poly 2-hydroxyethyl methacrylate (PolyHEMA)-coated dishes or special 

nonadherent conditions in serum-free medium to study various CSCs including prostate CSCs 

(77, 78). As mentioned earlier, CSCs are hypothesized to be associated with cancer metastasis, 

and possess the anchorage independent growth property to be studied in 3D cell culture models.  

 

Studying prostate CSCs in 3D cell culture 

 In the study of prostate cancer, it is difficult to access to primary patient samples or 

metastases, thus, cell lines have been frequently utilized in pre-clinical settings. PC3, DU145 and 
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LNCaP are classic prostate cancer cell lines that have been the most commonly studied (79). The 

PC3 cell line was derived from a bone metastasis of prostatic adenocarcinoma origin and exhibits 

a poorly-differentiated adenocarcinoma (80), while the DU145 cell line was derived from a brain 

metastasis and possess less metastatic potential than the PC3 cell line (81). The LNCaP cell line 

was derived from a lymph node metastasis of prostatic adenocarcinoma and shows a response to 

androgens and low tumorigenicity unlike PC3 and DU145 cells. LNCaP cells have a mutated 

androgen receptor (T877A), which alters the binding specificity of its ligands (82). 

The experimental models of prostate cancer are introduced in Table 2.1, and the 

advantages and disadvantages of each model is explained in Table 2.2. 

Table 2.1. Experimental Models of Prostate Cancer. 

 The prostate cancer cell lines are shown with their first report year and their origin. The number 
of articles on Pubmed search engine is shown with the best estimate, and it is shown for the 
purpose of providing comparison of the most frequent usage of the three cells lines of DU145, 
PC3, and LNCaP. Their sublines were not included in the list.  
 

Human PCa cell 

lines (2D culture) 

Report 

Year 
Origin 

Number of 

articles on 

Pubmed 

Reference 

DU145 1975 Brain metastasis 5,378 (81) 

PC3 1979 Bone metastasis 10,498 (80) 

LNCaP 1980 Lymph node metastasis 8522 (79) 

ARCaP 1996 Ascites fluid of a patient with advanced 
metastatic disease 

56 (83) 

MDA PCa 2a & 
MDA PCa 2b 

1997 Bone metastasis 274 (84) 

 

22Rv1 1999 CRPC derivative of CWR22 (primary 
tumor) xenograft 

775 (85) 
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Table 3.1. Experimental Models of Prostate Cancer, continued. 
VCaP (Vertebral-

Cancer of the 

Prostate) 

2001 Xenograft tumor from metastatic 

lesion to a lumbar vertebral body 

330 (86) 

KUCaP 2005 Xenograft tumor from liver 

metastasis 

10 (87) 

NCI-H660 2007 Metastatic site of an extrapulmonary 

small cell carcinoma arising from the 

prostate 

21 (88) 

  
    

3D culture 

(organoids) 

Establishment Characteristics Reference 

Patient tissue-

derived organoids 

(PDOs) 

▪ Generated from prostatectomy, 

metastasis and circulating tumor cells. 

▪ First fully characterized organoid 

cell lines introduced in 2014. 

▪ Reflect genetic mutations 

and diversity frequently 

observed in prostate cancer. 

(89) 

Stem cell (iPS)-

derived organoids 

(iDOs) 

▪ Co-culture of iPSCs with rodent 

urogenital sinus mesenchyme (an 

inductor of prostatic morphogenesis) 

in nude mice. 

▪ First demonstration of 

iDOs to generate mature 

prostate structure. 

(90) 

Cell line spheroids  

▪ Grown in non-adherent, serum-free 

conditions in suspension or in 

semisolid Matrigel.  

▪ Different from organoids; 

free-floating instead of 

embedded in ECM, and lack 

the organization seen in vivo. 

 
 

(91),  

(92), 

(77) 
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Table 4.1. Experimental Models of Prostate Cancer, continued. 

Mouse models 

 

 Establishment Characteristics Reference 

Xenograft models 

(immunodeficient) 

▪ Generated by Cell line- or patient- 

derived engraftment. LNCaP, PC3, 

and DU145 are most commonly 

used.                                                      

▪ Subcutaneous, subrenal capsular, 

orthotopic transplantation.   

▪ Human tumor 

surrounded by mice 

stroma. 

(93) 

Allograft models 

(immunocompetent) 

▪ Derived from transgenic mouse 

models                                                   

(i.e. 12T-10 transgenic prostate 

mouse model (2004, first reported 

prostate allograft model) , trp53-/-

/Pten-/- transgenic mouse tumor) 

▪ More accurate than 

xenografts; capable of 

modelling immune and 

micro-environmental 

changes. 

(94),  

(95)  

Genetically 

engineered mouse 

models (GEM) 

 ▪ Generated by using viral 

oncogenes such as the SV 40 large 

T antigen Tag 

 

(i.e. TRAMP model, Lady model, 

p53 KO and mutations, pRB KO 

and mutations, PTEN KO, Nkx3.1 

KO) 

▪ Generated for studying 

gain- or loss-of-function of 

oncogenes, growth 

factor/receptors, and etc.              

▪Better recapitulate genetic 

events occurring in human 

prostate cancer 

(96), 

 (97), 
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Table 2.2. Advantages and Disadvantages of Existing Prostate Cancer Models. 

 The comparison of advantages and disadvantages of 2D culture, 3D organoids, and mouse 
models are provided as below.  

 
2D culture 

(cell lines) 

3D culture (organoids) Mouse models References 

Advantages ▪ Capacity for 

unlimited growth 

 

▪ Low cost 

 

 

▪ Amenability to 

high throughput 

screening 

▪ Harbor copy number 

signatures of primary 

prostate cancer 

(alterations commonly 

found in CRPC including 

TP53, PIK3R1, FOXA1). 

 

▪ (iDOs) Unlimited source 

of iPSCs; Gene editing to 

introduce patient-specific 

mutations; Recapitulation 

of prostate tissue 

histology, including self-

maintaining stromal 

compartment 

 

▪ Retain features of the 

developmental stage  

 

▪ Ex vivo testing of drug 

in a realistic time frame 

High throughput drug 

screening 

▪ Able to maintain the 

histopathological 

characteristics and gene 

integrity of primary 

tumors from patients 

 

▪ Human prostate tumors 

can be propagated in vivo 

for indefinite periods of 

time  

 

▪ Intact endocrine system 

(93), 

(98),  

(99), 

(100), 

(101) 
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Table 2.2. Advantages and Disadvantages of Existing Prostate Cancer Models, continued. 
Disadvantages ▪ Lack cell-cell and 

cell-matrix 

interactions  

 

▪ Genetic drift, lack 

of annotated clinical 

data 

 

▪ Do not completely 

recapitulate the 

three-dimensional 

(3D) organization of 

cells and ECM 

within tissues and 

organs 
 

▪ Low establishment rate, 

maintained for only 1–2 

months with many cultures 

overtaken by normal 

epithelial cells present in 

the biopsy samples 

 

▪ Lack of vascular system 

and immune influence 

 ▪Discrepancy between 

the experimental and 

clinical outcomes due to 

differences in human and 

animal biology 

 

 ▪ Engraftment and drug 

validation in mice usually 

requires >6 months     

    

 ▪ Not amenable to high-

throughput screening or 

genetic manipulation 

(93), 

(98),  

(99), 

(100), 

(101) 

 
 

 

Assay for cell survival and proliferation of prostate CSCs utilizing MTT  

In analyzing the cell survival and proliferation, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay has been extensively adopted and utilized in cancer research 

since 1983 (103). This assay measures the solubilized purple colored formazan product with an 

absorbance maximum at 570 nm with a reference at 630nm using a spectrophotometer. 

Formazan is only produced by live cells with active mitochondrial activity involving NADH or 

similar reducing molecules that transfer electrons to MTT (Figure 2.6). The MTT assay provides 

a comparison of metabolically active cells to resting cells as the amount of formazan generated 
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from MTT is directly proportional to the number of cells in the range of 100 to 50,000 cells per 

well in a homogeneous cell population (104).   

Furthermore, MTT assays are commonly utilized as cell viability assays. Assuming that 

cells have a similar level of mitochondrial activity within a homogeneous cell line or a primary 

cell type, the absorbance reading is proportional to the number of viable cells because only the 

live cells can reduce MTT to formazan. Different cell types possess varying metabolic activity, 

thus, for a comparison in a given cell line, the MTT assay allows researchers to compare the cell 

viability between samples. Linearity of viable cell number with absorbance readings extends the 

applications of the assay to be suitable for measuring cytotoxic effects of drugs that eventually 

lead to cell death (104, 105). 

However, precautions need to be made when there are factors altering the metabolic 

ability in a given cell line. For example, it was reported that radiation exposed cells may have 

either hyperactive mitochondria or increased mitochondrial mass to show increased production 

of formazan so that the number of cells did not correspond to cell viability (106).  

  

 

Figure 2.6. Reduction of MTT to Formazan. 

 The structure of MTT and Formazan is shown, and the best known reduction mechanism is 
indicated.  
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RESULTS 

Expression of FGFRs and VEGFR2 in 2D monolayer cells of PC3, LNCaP and DU145 

PC3, LNCaP and DU145 cells are the most commonly used cell lines in prostate cancer 

studies and they are derived from bone, lymph node, and brain metastases respectively. PC3 and 

DU145 are highly metastatic, and AR-negative, whereas LNCaP is less tumorigenic and AR-

positive (107). Due to the heterogeneous nature of prostate cancer, we set out to investigate and 

characterize all three cells lines. Studies have indicated that fibroblast growth factor receptors 

(FGFRs) are associated with prostate cancer progression and metastasis and that targeting these 

receptors may serve as a potential therapeutic target alternative to androgen receptor (AR) 

signaling. In particular, Wan et al. (29) reported that FGFR1 was found highly expressed in 

primary tumors via RNA sequencing of patient samples and patient derived xenograft (PDX) 

models. Additionally, Sahadevan et al. (27) reported that significant overexpression of FGFR1 

and FGFR4 was found in malignant prostate samples.  

However, in our study only DU145 cells showed significant FGFR1 expression in 2D 

monolayer culture of the cell lines used (Figure 2.9. Lane 1 in first row panels). We also 

examined the presence of other FGFR isoforms and only detected expression of FGFR4 (Figure 

2.9. Lane 1 in fourth row panels). It is believed that FGFR4 is predominantly expressed in PC3, 

DU145 and LNCaP cell lines, however, expression of FGFR1 is limited to the DU145 cell line. 

Additionally, we probed for the protein expression of FGFR2 and FGFR3, via western blot, yet 

we were unable to detect expression of either (Figure 2.9. Lane 1 in second row panels and third 

row panels). We then probed for the protein expression of VEGR2, a highly active kinase among 

the VEGFR family. VEGFR2 was of our interest because it is not only associated with increased 
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malignancy modulating angiogenesis, invasion, metastasis development, and bone destruction 

(109), but is also one of the main targets of Dovitinib, a TKI which was used in this study. None 

of the 2D monolayer culture of the cell lines showed positive expression of VEGFR2 (Figure 

2.9. Lane 1 in fifth row panels). β-actin was used as a loading control (Figure 2.9. All lanes in 

sixth row panels).  

 

Spheroid Formation Assays of PC3, LNCaP and DU145 Cells 

We utilized sphere formation assays since cells grown as 3D spheroids display different 

gene expression patterns involved in cell proliferation, angiogenesis, cell interaction, and drug 

sensitivity compared to 2D monolayer cells. Increasing evidence has demonstrated that 3D cell 

culture systems are more clinically relevant since the results mimic human physiology and tumor 

biology better than traditional monolayer cell culture grown on tissue culture (110, 111). 

Moreover, anchorage-independent growth of 3D spheroids is a characteristic of stem cell-like 

properties and increased metastatic potential. (112, 113).  

Using this 3D spheroid assay, we sought to examine if FGFRs are involved in the 

formation of 3D spheroids, and if these 3D spheroids possess stem cell-like characteristics. In 

culturing the 3D spheroids, there are various experimental protocols such as different medium 

composition, cell density, and culture substrates that can differ between research groups that give 

rise to different results. We set out our investigation to establish effective culture conditions. 

First, cell growth in basal media of DMEM/F12 versus RPMI 1640 was tested. The DMEM/F12 

is routinely used for cancer stem cell (CSC) culture in various cancer cell types, and the RPMI 

1640 is used for culturing prostate cancer cell lines. Growth PC3 spheroid cells were tested in 

basal media with different nutrient supplements, and these spheroids showed better growth in 
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RPMI 1640 basal medium (data not shown). We then compared different non-adherent plates of 

ultra low attachment plates and agarose gel-coated tissue culture dishes, in order to see 

differences in growth and protein expression patterns. However, we found no differences 

between these plate varieties, and utilized agarose gel-coated tissue culture dishes in this work 

(data not shown).  

We compared growth and protein expression of PC3 spheroids using RPMI 1640 medium 

in the presence or absence of epidermal growth factor (EGF) in 40 ng/ml, and basic fibroblast 

growth factor (bFGF) in 50 ng/ml with knockout serum replacement (SR). SR is commonly used 

in culturing embryonic stem cells and induced pluripotent stem cells (114), however, to the best 

of our knowledge it hasn’t been utilized for culturing prostate cancer cell lines and our study is 

the first to report this result. We found that PC3 spheroids were not able to proliferate efficiently 

with only one growth factor present without other supplements (data not shown), thus, 2% SR 

was added as a base condition. As seen by MTT assay, (Figure 2.7A) the numbers of spheroids 

were counted from six separate field views and analyzed using ImageJ software and graphed 

using GraphPad Prism (Figure 2.7B). The results show that 10% SR in RPMI 1640 medium 

supports the growth of PC3 spheroids more efficiently when compared to adding growth factors 

in our cell culture. This result is shown by the PC3 metabolic activity and cell count; thus, we 

utilized 10% SR as the sole supplement in the basal medium of RPMI 1640 for 3D spheroids 

culture throughout the study for all three prostate cancer cell lines. 
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Figure 2.7. Proliferation of PC3 spheroids comparing culture conditions.  

 (A) MTT assay showing different metabolic activity of cells in different culture conditions. EGF 
and bFGF were used at 40 ng/ml and 50 ng/ml, respectively. (B) The number of spheroids from 
six random fields were counted using ImageJ. The error bars represent standard deviation. P 

values are from two-tailed paired t tests. *** P<0.001. 
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PC3, DU145, and LNCaP cells were cultured into spheroids, respectively, in the media 

conditions described above and they displayed different morphology and growth properties. 

Comparisons of 2D monolayer cells and 3D spheroids cells of each cell line are shown in images 

taken using a bright field microscope (Figure 2.8). PC3 spheroids appeared to have grape-like 

structures or loose clusters of cells indicating poor cell-cell contact. DU145 spheroids appeared 

to be tightly packed together indicating robust cell-to-cell adhesion and had irregular but rather 

round shape and overall smaller in size than LNCaP spheroids. LNCaP spheroids appeared larger 

but with robust cell-to-cell adhesion and formed somewhat round shape mass.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Brightfield microscope images of PC3, DU145, and LNCaP cells.  

 The top panels show cells cultured as 2D monolayer in the order of PC3, DU145 and LNCaP 
cells and the bottom panels show 3D spheroids of the cell lines at 14 days. The scale bars 
indicate 100 µm. 
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Expression of FGFRs, VEGFR2 and downstream cell signaling activation of 3D Spheroids 

of PC3, DU145 and LNCaP 

In order to observe changes in protein expression, 3D spheroids of each cell line were 

collected on days 1, 4, 7, 11, and 14 and were subjected to westernblot analysis. Strikingly, we 

found that 3D spheroids of PC3 cells exhibited an increase in FGFR1 and VEGFR2 expression 

while the expression of FGFR4 decreased (Figure 2.9. Left panel, 1st row, lane 3-6; 5th row, lane 

5, 6; 4th row, lane 1-6). DU145 spheroids maintained consistent expression of both FGFR1 and 

FGFR4, and showed an increase in VEGFR2 expression (Figure 2.9. Middle panel, 1st row, lane 

1-6; 4th row, lane 1-6; 5th row, lane 4-6). LNCaP spheroids also showed an increase in FGFR1 

expression, however expression of VEGFR2 was not detected (Figure 2.9. Right panel, 1st row; 

lane 2-6; 5th row, lane 1-6).  

 

 

Figure 2.9. Expression of FGFRs and VEGFR2 in spheroids of PC3, DU145 and LNCaP.  
 2D monolayer cells and 3D spheroids of PC3, LNCaP and DU145 cells on days 1, 4, 7, 11, and 
14 were subjected to Westernblot analysis for FGFR 1-4, and VEGFR2. Beta-actin was used as a 
loading control. M= 2D monolayer. 
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Of note, 3D spheroids of PC3 and DU145 increased or maintained FGFR1 expression, 

respectively, and both showed increased VEGFR2 expression. Despite an increase in VEGFR2 

expression, this RTK was not activated, as seen though westernblot probed for phosphorylated 

VEGFR2 (data not shown). This data suggests that FGFR1 may be involved as an anchorage 

independent hallmark of prostate cancer cells, however, it is not clear whether this selection via 

3D culture enriched for FGFR1-expressing cell population and/or the non-adherent culture 

condition promoted the survival of cells via overexpression of FGFR1.  The positive expression 

of FGFR1 and FGFR4 in the spheroids of all three cell lines led us to examine the kinase activity 

of FGFR by immunoblotting with p-FGFR antisera and downstream signaling pathways using p-

STAT5, p-MAPK, and p-AKT antisera.  
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Figure 2.10. Expression and downstream cell signaling activation of FGFR of spheroids of 

PC3, DU145 and LNCaP. 

 (1st row) FGFR activation was shown by immunoblotting for phospho-Y653/654 FGFR 
antiserum and only PC3 spheroids showed positive signal. (2nd row) STAT5 activation was 
detected by immunoblotting for phospho-Y694-STAT5, and the same membrane was stripped 
and probed for total STAT5 expression shown immediately below. (4th row) AKT activation 
was detected by immunoblotting for phospho-S473-AKT, and the same membrane was stripped 
and probed for total AKT expression shown immediately below. (6th row) MAPK activation was 
shown by immunoblotting for phospho-T202/Y204-MAPK, and the same membrane was 
stripped and probed for total MAPK shown immediately below. (8th row) Total ALDH7A1 
expression was shown significantly increasing. (9th row) OCT4 expression was shown slightly 
increasing for PC3 and LNCaP 3D spheroids and was shown maintaining for DU145 3D 
spheroids. (10th row) Beta-actin was used as a loading control. M= 2D monolayer. 
 

We found FGFR kinase activity was most significant in PC3 spheroids via up-regulated 

p-FGFR, and p-STAT5, and p-MAPK while maintaining the constitutive p-AKT levels (Figure 

2.10. Left panel, row 1,2,4, and 6). Expression of STAT5, AKT and MAPK was probed as a 

control (Figure 2.10. Left panel, row 3, 5 and 7). Compared to PC3 spheroids, DU145 spheroids 

showed modest activation of FGFR signaling pathway. Surprisingly, despite the most prominent 
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expression of FGFR1, we were not able to detect a phospho-FGFR signal from DU145 spheroids 

(Figure 2.10. Middle panel, row 1). Even with 3-fold increased amount of lysate and 2-fold 

increase in the antiserum usage, the phospho-FGFR signal was negative while non-specific 

background signal was enhanced (Data not shown). STAT5 was not found to be activated in 

DU145 spheroids (Figure 2.10. Middle panel, row 2). Although irregular, AKT was activated in 

the DU145 spheroids (Figure 2.10. Middle panel, row 3). This is surprising because AKT 

negatively regulates MAPK in prostate cancer (115), which is consistent with our findings in 

case of the monolayer cells (Figure 2.10. Middle panel, row 4 lane 1, compared to row 6 lane 1), 

suggesting that 3D spheroids may utilize FGFR signaling differently from 2D monolayer cells. 

MAPK activation was maintained throughout the 3D culture in DU145 cells (Figure 2.10. 

Middle panel, row 6). A phospho-FGFR signal was not detected in LNCaP spheroids, despite the 

increase in the protein expression of FGFR1 (Figure 2.10. Right panel, row 1).  A Four-fold 

increase of lysate amount and 2-fold increase in the antiserum usage resulted in the negative p-

FGFR signal similarly to DU145 spheroids (Data not shown). STAT5 was not found to be 

activated in LNCaP spheroids (Figure 2.10. Right panel, row 2).  LNCaP cells harbor one deleted 

allele of PTEN and one mutated allele of PTEN, thus  this cell line does not express the PTEN 

protein. Lacking this negative regulator, p-AKT was constitutively activated in both 2D and 3D 

LNCaP cells (Figure 2.10. Right panel, row 4). LNCaP monolayer cells did not activate MAPK 

as it may be negatively regulated by AKT (115), however, LNCaP spheroids showed activation 

of MAPK pathway while maintaining AKT activation (Figure 2.10. Right panel, row 6 lane 6).  

To the best of our knowledge, this is the first report to demonstrate that 3D spheroids of 

prostate cancer cell lines predominantly express FGFR1 compared to other FGFRs in the culture 

conditions described.   



49 
 

Cancer stem cell Markers of 3D Spheroids of PC3, DU145 and LNCaP Cell Lines 

We examined the hypothesis that anchorage independence is a characteristic of cancer 

stem cells by probing for cancer stem cell markers through westernblot.  ALDH7A1 and OCT4 

were chosen to show increased metastatic potential and stemness of the spheroids, respectively 

(66, 116, 117). ALDH7A1 detoxifies aldehyde compounds induced by chemotherapeutic agents 

to be associated with CSC markers in prostate cancer and is highly expressed in prostate primary 

tumors and matching bone metastases of those primary tumors (66). PC3, DU145 and LNCaP 

spheroid cells exhibited an increase in ALDH7A1 compared to their respective monolayer cells 

(Figure 2.10. All panels, 8th row). OCT4, an embryonic stem cell marker for self-renewal and 

maintenance of an undifferentiated state (117), was maintained throughout 3D culture with little 

increase (Figure 2.10. All panels, 9th row). The greatest increase observed was a 2-fold increase 

of the signal strength of PC3 spheroids at 14 day compared to the monolayer PC3 cells and the 

LNCaP spheroids at 14 day compared to the monolayer LNCaP cells analyzed in a semi-

quantitative manner using ImageJ software (data not shown). Beta-actin was used as a loading 

control (Figure 2.10. All panels, 10th row). 

Taken together, PC3, DU145, and PC3 spheroids may have increased metastatic potential 

in vitro, however, it is unclear if they have increased self-renewal abilities; however, there is a 

possibility that these spheroids are more progenitor-like cells. In fact, most stem cells undergo 

asymmetric cell divisions to generate one daughter stem cell and one differentiating daughter cell 

(93). To investigate the enrichment of more stem/progenitor cells more quantitative analysis 

would be required.  

Although there are other CSC markers frequently used in studying prostate cancer stem 

cells. Collins et al. (118) and other studies (77, 7) have reported that CD44+/α2β1 



50 
 

integrin+/CD133+ cells mark a stem cell-like population in prostate cancer cells and these 

markers have been frequently used to isolate or identify this rare population (0.1–0.3%). 

However, the reliability of cell surface markers remains debatable especially depending on types 

of cell line. CD44+/α2β1 integrin+ population may possess higher tumorigenic properties 

compared to CD44-/α2β1 integrin- population, however, nearly 100% of PC3 cells are 

CD44+/α2β1 integrin+ (119, 120). Indeed, we observed that approximately 100% of PC3 cells 

showed positive CD44+ expression via immunofluorescence (data not shown).  

On the other hand, the number of PC3 CD133+ cells is extremely rare, thus, making the 

protein expression analysis inefficient. Although a few studies (77, 121) have reported that when 

prostate cancer cells were cultured into spheroids, CD133+ cells showed enrichment in 

fluorescence activated cell sorting (FACS) analysis. However, Pfeiffer et al. (122) has reported 

that PC3 and LNCaP cell lines were not CD133 positive, as seen through FACS analysis, and 

only 0.01 ± 0.01% of DU145 cells showed expression for CD133. In fact, in our flow cytometry 

trials using PC3 cells, we obtained 0.4% of CD133+ PC3 cells, however, depending on gating of 

the plot in analysis, the CD133+ population may not be reliably estimated. (Figure 2.11) 

Moreover, our investigation of CD133+ population in PC3 cells of monolayer and spheroids 

through immunofluorescence and westernblot resulted in negative findings consistently by 

several antisera from different manufacturers (data not shown).   
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Figure 2.11. Flow cytometry analysis of PC3 cells.  

 Single PC3 cells were labeled with CD133 antibody conjugated with PE fluorophore. Dead cells 
were marked by high propidium iodide (PI) staining in the upper region shown in light blue. To 
the lower right, CD133+ population was identified to be 0.4 % among live cells. 
 
 

Quantification of the Anchorage-independent Cells in PC3, DU145 and LNCaP Spheroids 

using Soft Agar Colony Formation Assay 

To quantify the proportion of the anchorage-independent spheroids in the total 

population, we utilized a soft agar colony formation assay. This method allows cells to grow in a 

non-adherent semi-solid agarose matrix from the initial seeding of single cells thus, the number 

of colonies represents the number of single cells that are capable of surviving and proliferating in 

an anchorage-independent condition in a semi-quantitative manner. The colony forming 

efficiency of cells is routinely used as a measure of tumorigenicity in vitro (122, 123).  

 Cells were dissociated into single cells and then plated with agarose with varying seeding 

densities as shown (Figure 2.12). Each cell line exhibited different colony forming efficiency 

that the seeding density range was not unified. Additionally, the average size of colonies at 4 
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weeks varied from one cell line to another, so the culture period and the minimum size of 

colonies counted was dependent on the cell line. Thus, a cell line to cell line comparison of the 

colony forming efficiency was not be made from the data presented in Figure 2.12.   

The results show that there is a linear correlation between the number of cells seeded and 

the number of colonies generated from all three cell lines (Figure 2.12. A, B, C). However, the 

number of colonies at higher seeding densities showed a decreased percentage of colony-forming 

cells (Figure 2.12. D, E, F), probably due to the confined culture with limited nutrient and 

accumulated cellular waste. In conclusion, the results suggest that the anchorage independent 

population from all three cell lines are around 1%, which shows that anchorage independent 

growth, anoikis, is a rare property and these cells may be considered as a more stem cell-like 

population.  
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Figure 2.12. Anchorage independence of prostate cancer cell lines through soft agar colony 

formation assay.  

 Single cells of PC3, DU145 and LNCaP were seed into agarose mixture and the number of 
colonies and the percentage of colony forming cells were quantified using ImageJ software. The 
error bars represent standard deviation. (A) PC3 colonies that are larger than 10,000µm2 in size 
are counted. (B) DU145 colonies that are larger than 10,000µm2 in size are counted. (C) LNCaP 
colonies that are larger than 2,500µm2 in size are counted. The first and the last data point do not 
have error bars. (D, E and F) The colony forming efficiency was calculated based on the number 
of colonies for total single cells seeded for PC3, DU145 and LNCaP. The error bars represent 
standard deviation. 
  

 

Effect of FGFR Inhibition on Cell survival of 2D monolayer cells    

Prior to our investigation of the importance of FGFR signaling in 3D spheroids of 

prostate cancer cell lines, we set out to compare the association of FGFR signaling in 2D 

monolayer cells for their survival. We blocked FGFR activity using the small molecule 
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inhibitors, Dovitinib and BGJ398, which have been examined in clinical trials for several cancers 

with defined FGFR genetic alterations. We included PD166866 in our comparison as it was 

reported to be a highly selective inhibitor towards FGFR1 in addition to other RTKs such as c-

Src, PDGFR, EGFR (46). Dovitinib is a nanomolar multi-RTK inhibitor for receptors such as 

FLT3, VEGFR, and FGFR and has shown antitumor activity, reducing the bone metastasis and 

angiogenesis in PDX models and in a clinical trial for CRPC patients (29). BGJ398 is a 

nanomolar inhibitor for FGFR1-3 without significant biological effects towards other kinases. It 

has shown antitumor effects in clinical trials for patients with FGFR1-amplified squamous non-

small-cell lung cancer and patients with FGFR3-mutant bladder and urothelial cancers (124).  

We utilized an MTT assay to examine if PC3, DU145 and LNCaP cells depend on the 

FGFR signaling pathway for their survival and to determine if they were sensitive to inhibitor 

treatments. The cells were plated on to 24-well tissue culture plates in triplicate and each 

inhibitor at different concentrations was added for approximately 24 hours before the absorbance 

reading was measured. The viability of PC3 cells was reduced by all three inhibitors (Figure 2.13 

A). The results show that BGJ398 and Dovitinib decreased the cell viability of PC3 cells at high 

concentrations, however, did not show meaningful IC50 (<100 µM). PD166866 exhibited a 

limited solubility issue at high concentrations so that the IC50 derived from the assay is not 

reliable. Interestingly, DU145 cells did not show clear dose-dependent response to any FGFR 

inhibitors as shown in the graph, which resulted in ambiguous IC50 determination (Figure 

2.13B). LNCaP cells showed the best response to FGFR inhibitors among the three cell lines 

compared. The IC50 of PD166866 was not determined due to the limited solubility of the drug, 

while IC50 of BGJ398 was 5.77µM, and that of Dovitinib was 43.4µM (Figure 2.13C). Taken 

together, these data show that 2D monolayer cells of the prostate cancer cell lines do not respond 
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to FGFR inhibition in low micromolar range, suggesting that FGFR pathway is not critical 

regulating the survival of 2D cells. 

It is expected that longer treatment of 48 hours or 72 hours would lower the cell viability 

more effectively, however, considering that the protein expression of FGFR in these 2D cells and 

the kinase activity are negative or below the detection threshold via westernblot analysis as 

shown in Figure 2.8, we concluded that FGFR signaling does not play a key role in cell survival 

of the 2D cells of PC3, DU145, and LNCaP cell lines. 
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Figure 2.13. Effect of FGFR inhibitors on the cell viability of 2D monolayer cells of PC3, 

DU145 and LNCaP.  

(A) PC3 cells were treated with 0.050, 0.15, 0.45, 1.35, 4.05, 12.15, 36.45 or 109.35 µM of 
PD166866, BGJ398, or Dovitinib for 24 hours.  (B and C) DU145 and LNCaP cells were treated 
the same as described for PC3 cells. 
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Effect of FGFR Inhibition on Survival and Proliferation of 3D spheroids  

Next, we examined our hypothesis that FGFR signaling is essential in the cell survival 

and proliferation of the spheroids of PC3, DU145 and LNCaP as the FGFR1 expression had 

increased as well as its downstream signaling was shown to be activated unlike in the monolayer 

cells. We utilized MTT assay accompanied by counting of the number of cells to examine if the 

cell viability and proliferation are affected by the inhibitor treatments more favorably than the 

2D cells.  

For this experiment, the experimental conditions for the cell lines were unified because 

the spheroids of PC3, DU145 and LNCaP exhibited different growth patterns. 

First, the seeding density needed varying because DU145 and LNCaP spheroids showed very 

slow proliferation so that without the increase of the seeding density, the metabolic activity for 

showing the growth was not clearly discernable. Secondly, DU145 and LNCaP spheroids 

displayed tough physical barrier that acidified isopropanol was not able to completely lyse them 

for absorbance measurements. Thus, a measure was taken to concentrate the formazan product 

by removing supernatant by centrifuging before the lysis of the cells. These different protocols 

are described in the Figure 2.14 and Figure 2.15.  

 After modification of the protocol, growth pattern of all three types of spheroids are 

shown Figure 2.16. The spheroids of PC3 reached their maximum absorbance by MTT in 14 

days from low seeding density. On the other hand, DU145 cells exhibited noticeably lower 

capacity for anchorage-independent growth than PC3 and LNCaP cells. DU145 cells needed 

high seeding density, the initial cell death was reflected during days 1-5 through MTT assay. 

However, the surviving DU145 cells give rise to spheroids that proliferate by 17 days to reach 

the maximum absorbance that can be measured by MTT assay. Lastly, spheroids of LNCaP 
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showed modest growth in the initial stage of sphere formation, however, their growth didn’t 

show a noticeable increase after 5 days even by 17 days of prolonged culture and did not reach 

the maximum absorbance (approximately 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Schematic of MTT protocol for PC3 spheroids. 
 Single cells were seeded on agarose-coated 60mm TC plates with total volume of 3ml.  Then 
10% of the cell culture was taken out and moved to a plate where MTT reagent was added. This 
was incubated for 4 hours to allow the cells to metabolize the dye to formazan, and acidified 
isopropanol was added to lyse the cells. Then 1 hour later solution was transferred to a cuvette 
and the absorbance reading was taken at day 1. To the remaining culture, 300ul of media was 
added to make the total volume back to 3ml. For the treated groups, each inhibitor was added in 
DMSO vehicle with 300ul of media to make the total volume 3ml again. Samples from the same 
culture every 3-4 days for their growth and response to the inhibitor treatments at additional days 
indicated.  
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Figure 2.15. Schematic of the modified MTT protocol for DU145 and LNCaP spheroids. 

 Single cells were seeded in the total volume of 10 mL culture on agarose-coated 10 mL tissue 
culture plates. 1 mL (10% of the total volume) of was taken out for MTT assay, and before the 
lysis, the cells were concentrated by removing extra media by centrifugation. With the lysing 
solvent added, it was vortexed and then incubated longer for further lysis. To the remaining 
culture, 1ml of media was added to make the total volume back to 10 mL. For the treated groups, 
each inhibitor was added in DMSO vehicle with 1mL of media to make the total volume 10 mL 
again. Samples from the same culture were examined every 4 days for their growth and response 
to the inhibitor treatments at additional days indicated. 
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Figure 2.16. Metabolic activity of three prostate cancer cell lines. 

 Different growth patterns of spheroids were revealed by the MTT assay. PC3 spheroids showed 
relatively rapid increase and DU145 spheroids showed little changes in the absorbance value 
initially and showed similar increase to PC3 spheroids after 10 days. Lastly, LNCaP spheroids 
showed moderate increase in the absorbance initially and plateaued after 5 days.  
 

 

Treatment with PD166866 (2–20 µM) was not as effective as other two inhibitors for 

PC3 spheroids, however, PD166866 successfully hindered cell proliferation at much higher 

concentrations (Figure 2.17A). BGJ398 (1–5 µM) showed its inhibitory effects and at high 

(5µM) dosage, and cells seemed to undergo apoptosis (Figure 2.17B). Dovitinib (0.5–2 µM) 

demonstrated potent anti-proliferative effects, and morphology of PC3 spheroids changed 

especially at high (2 µM) dosage (Figure 2.17C). Additionally, Dovitinib treated PC3 cells 

displayed granular nucleus and were larger in size (data not shown). It is believed that PC3 

treated with Dovitinib for a prolonged period showed further differentiation into a 

neuroendocrine phenotype to show different morphology. This was not examined in our study to 

conclude if the PC3 spheroids did differentiated into a neuroendocrine phenotype.   

The number of floating spheroids with the minimum size of 1,000 µm2 was counted by 
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photographing 6 random field views under the microscope (Figure 2.18A). In addition, the 

number of single cells from the spheroids was counted by averaging the size of single cells and 

associating it with the area of spheroids measured (Figure 2.18B). It is noteworthy that although 

the number of single cells is an estimation, it shares the same trend as the number of spheroids 

by the inhibitor treatment. This data supports that FGFR inhibition results in the decrease of cell 

survival and proliferation as shown by MTT assay, the correlation of the metabolic activity has a 

linear association with the number of cells (Figure 2.19).  
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Figure 2.17. FGFR inhibitor treatment on PC3 spheroids.  

 Triplicate cultures of PC3 3D spheroids were grown in RPMI 1640 with 10% SR on agarose-
coated dishes. Samples of cultures were taken and assayed by MTT metabolic assay indicating 
the number of viable cells on days 1, 4, 7, 11, and 14 to show the proliferation over time. (A) 
2μM -20μM of PD166866 was treated. (B) 1μM -5μM of BGJ398 was treated. (C) 0.5μM -2μM 
of Dovitinib was treated. Triplicate experiment was performed, and error bars show the standard 
deviation. 
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Figure 2.18. The effect of FGFR inhibitor treatment on the number of spheroids and the 

single cells of PC3.  

 (A) The number of spheroids (>1,000 µm2) from total 6 random field views were counted using 
ImageJ software and the average number is shown. Error bars show the standard deviation. (B) 
The number of single cells were analyzed based on size of the spheroids measured and size of a 
single cell (approximately 210 µm2) to estimate the number of single cells in the field view. 
Error bars show the standard deviation. P values are from two-tailed paired t tests. * = P ≤0.05, 
** = P ≤0.01, *** = P ≤0.001, **** = P ≤0.0001. PD= PD166866, BGJ= BGJ398, Dov= 
Dovitinib. 
 

 

Figure 2.19. MTT assay as a tool for cell survival and proliferation. 

 The metabolic activity measured from the spheroids PC3 correlates to the number of cells by the 
linear association.   
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DU145 spheroids were sensitive to treatment with FGFR inhibitors PD166866, BGJ398, 

and Dovitinib, respectively, as shown in Figure 2.20 A, B, and C.  These data suggest that 

although FGFR activation of DU145 spheroids was not observed via westernblot analysis, 

FGFRs may be weakly activated and the kinase activity may be critical in the cell survival and 

growth among an anchorage-independent subpopulation. Additionally, the number of floating 

spheroids with the minimum size of 500 µm2 was counted by photographing 3 separate field 

views under the microscope (Figure 2.21A). An attempt was made to estimate the number of 

single cells from the spheroids was counted by averaging the size of single cells and associating 

it with the area of spheroids measured (Figure 2.21B). As seen from Figure 2.21C, DU145 

spheroids build up a tough physical barrier that hinders the penetration of chemical reagents such 

as trypsin and other cell dissociation reagents. Furthermore, this barrier provides protection 

against mechanical impact such as vortexing, thus the estimation of single cells and single cell-

like aggregates were best analyzed by association with the total area. The result shows that 

treatment with FGFR inhibitors showed a decrease in both the number of spheroids and the 

number of single cell-like aggregates. Taken together with the decreased metabolic activity 

shown via MTT assay, we can conclude that FGFR inhibition results in the decrease of cell 

survival and proliferation of DU145 spheroids. 

 LNCaP spheroids grew slowly compared to the other two cell lines, and the treatment 

with FGFR inhibitors further resulted in reduced growth (Figure 2.22 A, B, and C). The 

inhibitory effect of PD166866 (2–20 µM) was similar to that of PC3 spheroids. Notably, LNCaP 

spheroids were less responsive to treatment with BGJ398 treatment (2.5–10 µM). It is contrasting 

to the result shown with LNCaP monolayer, which was most sensitive to treatment with BGJ398 

compared PC3 and DU145 monolayer cells. Dovitinib treatment (0.5–2 µM) resulted in anti-
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proliferative effects, and there were no noticeable morphological changes of the spheroids after 

the inhibitor treatment. Additionally, the number of floating spheroids with the minimum size of 

500 µm2 was counted by photographing 3 separate field views under the microscope (Figure 

2.23A). Similarly to DU145 spheroids, LNCaP spheroids have a physical barrier and tight 

contact between the cells that the counting of single cells was difficult. An attempt was made to 

estimate the number of single cells from the spheroids was counted by averaging the size of 

single cells and associating it with the area of spheroids measured (Figure 2.23B). The results 

show that FGFR inhibitor treatment did not effectively reduce the number of spheroids nor the 

number of single cell-like aggregates. A Student’s t-test confirmed that this difference was 

insignificant. Taken together, it was found that LNCaP spheroids require higher concentration of 

FGFR inhibitor to decrease the cell survival and proliferation, especially for the anchorage 

independent LNCaP cells. 

 Collectively, FGFR signaling is involved in maintaining cell survival and promoting 

proliferation in different degrees among PC3, DU145 and LNCaP prostate cancer cell lines. 

Interestingly, DU145 spheroids responded more sensitively to the inhibitor treatments than their 

2D cells, while LNCaP spheroids were less sensitive to inhibitor treatment compared to their 2D 

cells. This suggests that a rare subpopulation characterized as anchorage independent cells may 

not be the key factor in predicting the response to TKI treatment and the importance of FGFR 

signaling is different between cell lines. This led us to examine different aspects of FGFR 

activation and activation of downstream signaling from PC3, DU145 and LNCaP spheroids.   
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Figure 2.20. FGFR inhibition on DU145 spheroids.  

 Triplicate cultures of DU145 3D spheroids were grown in RPMI 1640 with 10% SR on agarose-
coated dishes. As described in the material and method, samples of cultures were taken and 
assayed by MTT metabolic assay indicating the number of viable cells on days 1, 5, 9, 13, and 17 
to show the proliferation over time. (A) 1μM -10μM of PD166866 was treated. (B) 0.5μM -2μM 
of BGJ398 was treated. (C) 0.5μM -2μM of Dovitinib was treated. Error bars show the standard 
deviation. 
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Figure 2.21. The effect of FGFR inhibitor treatment on the number of spheroids and the 

single cell-like of DU145.  

 (A) The number of spheroids (>500 µm2) from total 6 random field views were counted using 
ImageJ software and the average number is shown. Error bars show the standard deviation. (B) 
The number of single cells were analyzed based on size of the spheroids measured and size of a 
single cell (approximately 490 µm2) to estimate the number of single cells in the field view. 
Error bars show the standard deviation. P values are from two-tailed paired t tests.  * = P ≤0.05, 
** = P ≤0.01, *** = P ≤0.001, **** = P ≤0.0001. PD= PD166866, BGJ= BGJ398, Dov= 
Dovitinib. (C) The brightfield image of a DU145 spheroid.  
 

C 
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Figure 2.22. FGFR inhibition on LNCaP spheroids.  
 Triplicate cultures of LNCaP 3D spheroids were grown in RPMI 1640 with 10% SR on agarose-
coated dishes. As described in the material and method, samples of cultures were taken and 
assayed by MTT metabolic assay indicating the number of viable cells on days 1, 5, 9, 13, and 17 
to show the proliferation over time. (A) 2 μM -20μM of PD166866 was treated. (B) 2.5μM -
10μM of BGJ398 was treated. (C) 0.5μM -2μM of Dovitinib was treated. Error bars show the 
standard deviation. 
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Figure 2.23. The effect of FGFR inhibitor treatment on the number of spheroids and the 

single cell-like of LNCaP. 

(A) The number of spheroids (>500 µm2) from total 3 random field views were counted using 
ImageJ software and the average number is shown. Error bars show the standard deviation. (B) 
The number of single cells were analyzed based on size of the spheroids measured and size of a 
single cell (approximately 440 µm2) to estimate the number of single cells in the field view. 
Error bars show the standard deviation.  T-test analysis showed that there are no significant 
differences between the samples. Two of the lowest P values are shown. PD= PD166866, BGJ= 
BGJ398, Dov= Dovitinib.  
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Effect of FGFR Inhibition on Signaling Pathways of 3D spheroids  

FGFR1 has emerged as a promising target for prostate cancer therapeutics, due to a 

clinical trial involving Dovitinib treatment (29). However, the mechanism behind Dovitinib 

treatment has not been clearly elucidated in regard to the activation of FGFR downstream 

signaling pathways. Our findings suggest that Dovitinib treatment may result in different 

inhibitory effects depending on the cell line and cell culture conditions (i.e. 2D vs 3D).  To better 

understand the involvement of FGFR and its downstream signaling at a molecular level, we have 

compared and evaluated the effects of three TKIs, PD166866, BGJ398, and Dovitinib, on the 

signaling pathways of PC3, LNCaP and DU145 spheroids. We additionally compared the effects 

of these 3 TKIs to their respective 2D monolayer cells.  We performed westernblot analysis, 

examining receptor expression of FGFR1 and VEGFR2, examined activation of STAT5, AKT, 

and MAPK pathways, and expression of stemness markers ALDH7A1 and OCT4. 

Figure 2. 24 A shows the effects of respective TKIs on PC3 spheroids. We observed that 

PC3 spheroids were not sensitive to PD166866 (lane 3 and 4), as the activation of downstream 

cell signaling is similar to that of the negative control (DMSO) in lane 2. Although addition of 

PD166866 decreased cell survival and proliferation at high concentrations, it is speculated that 

this effect was exerted through increased cellular toxicity based on the non-FGFR signaling 

specific inhibition (lane 3 and 4).  

Next, FGFR-selective inhibitor, BGJ398, was shown to reduce the expression of 

VEGFR2 unexpectedly while not affecting the expression of FGFR1(Panel 1 & 2, lane 5 &6).  It 

effectively reduced the kinase activity of FGFR shown via reduction of p-FGFR signal and 

consequent decrease in p-STAT5 and p-AKT signal (Panel 3, 4 &5, lane 5 &6). However, p-

MAPK was shown up-regulated by high concentration treatment, possibly as compensation 
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mechanism for cell survival (Panel 6, lane 5 &6). The expression of ALDH7A1 was not affected 

by addition of BGJ398, suggesting there may not be a direct association of FGFR signaling and 

ALDH7A1 protein expression. However, the activity of ALDH7A1 may have been affected but 

this remains to be tested (Panel 7, lane 5 &6). OCT4 protein did not show changes in their 

expression (Panel 8, lane 5 &6).  

Addition of Dovitinib, a multi-RTK inhibitor, was shown to decrease the expression of 

FGFR1 while not affecting VEGFR2 expression (Panel 1 & 2, lane 7 & 8). Although treatment 

with Dovitinib showed an inhibitory effect on cell survival and proliferation, this may have not 

been due to FGFR inhibition. We speculate that the this decrease in cell survival and 

proliferation was due to a global inhibitory effect on multiple RTKs as the kinase activity of 

FGFR is moderately reduced (Panel 3, lane 7 & 8) while downstream signaling of STAT5, AKT, 

and MAPK pathways is all effectively down-regulated (Panel 4 & 5 & 6, lane 7 & 8). ALDH7A1 

expression was not affected (Panel 7, lane 7 & 8). Interestingly, OCT4 was shown ablated by 

Dovitinib treatment (Panel 8, lane 7 & 8). It is believed that Dovitinib induces further 

differentiation of PC3 cells and our previous observation of the morphology change with the 

treatment. This finding might explain why Dovitinib treatment could result in disease 

progression observed in the clinical trial (29) since differentiation into neuroendocrine phenotype 

is more aggressive. Beta-actin was used as a loading control for all samples (Panel 9, all lanes). 

Figure 2. 24B shows the effect of TKIs on DU145 spheroids. This result shows that 

although DU145 spheroids were the most sensitive to FGFR inhibition by all three TKIs, there 

were no observed effects of TKI treatment on receptor expression (Panel 1 & 2 & 3, lanes 2-8) 

and little decrease in the activation of downstream signaling (Panel 5 & 6, lanes 2-8).  

Of note, Dovitinib was shown to decrease ALDH7A1 expression, possibly suggesting 
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decreased metastatic potential in vitro (Panel 7, lane 7 & 8). It is not clear whether FGFR 

signaling is involved in this regulation since it is not the only targeted pathway by the inhibitor. 

Contrasting to the above result with PC3 spheroids that showed ablated OCT4 expression, 

Dovitinib treatment did not affect OCT4 expression, suggesting that DU145 spheroids may have 

not undergone differentiation and maintained similar level of stemness (Panel 8, lane 7 & 8).  

Taken together, despite the prominent expression of FGFR1 and the sensitive inhibitory 

response by Dovitinib treatment observed as reduced cell survival and growth, there was no 

correlation to other markers such as ALDH7A1 and OCT4. These findings suggest that 

predicting the treatment outcome of FGFR inhibition based on the profile of FGFR1-

overexpressing prostate cancer may not lead to the best treatment effect.  

Figure 2. 24 C shows the effect of TKIs on LNCaP 3D spheroids. Similar to DU145 

spheroids, p-FGFR signal was not detectable to show the direct effect of TKIs on the FGFR 

kinase activity. The result shows that there were no observed effects of TKI treatment on 

receptor expression (Panel 1 & 2, lanes 3-8). AKT activation did not seem to be affected by TKI 

treatments (Panel 3, lanes 3-8).  MAPK signaling was only affected by high concentration 

treatments of BGJ398 and Dovitinib, 5 µM and1 µM treatment, respectively (Panel 4, lanes 6 & 

8). Both ALDH7A1and OCT4 expression did not change with addition of TKIs (Panel 7 & 8, 

lanes 3-8).  

Collectively, these findings support that in order to expect significant treatment outcome 

using TKIs, prostate cancer cells need to be characterized with multiple markers, in addition to 

FGFR1. ALDH7A1 and OCT4 expression were all different as a result of Dovitinib treatment 

among all cell lines tested even though they were all expressing FGFR1 prominently. We 

hypothesized that RTKs other than FGFR may be an important target by Dovitinib to result in 
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different outcome that we examined the kinase activity of VEGFR2. VEGFR2 expression was 

observed in PC3 and DU145 spheroids and not in LNCaP spheroids. We probed for the kinase 

activation of VEGFR2, however, neither cell lines showed detectable p-VEGFR2 signal although 

the total protein expression was prominent (Figure 2. 25). This suggests that although VEGFR2 

expression was found to be significantly increasing in the anchorage independent subgroup of 

cells compared to the monolayer cells, however, the 3D cells might not be able to produce VEGF 

for autocrine/paracrine signaling for the receptor to be activated, and signal through VEGFR 

pathway. There may be other receptor signaling which is utilized by the cells in 

autocrine/paracrine manner that is targeted by Dovitinib that we have not shown. 
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Figure 2.24. The effect of FGFR TKI treatment on signaling pathways of 3D spheroids. 

 All inhibitor treatment was performed every 3-4 days during 2 weeks of culture in triplicate. (A) 
PD166866 was treated at (L) 2 µM, (H) 10 µM; BGJ398 at (L) 1 µM, (H) 3 µM; Dovitinib at (L) 
0.5 µM, (H) 1 µM for PC3 spheroids. (Panel 1, 2) Total expression of FGFR1 and VEGFR2 
were probed to show the different effect of BGJ398 and Dovitinib. (Panel 3) p-FGFR signal was 
detected using p-Y653/654 antibody. (Panel 4) p-STAT5 detected by p-Y694 antibody showed 
decreased FGFR kinase activity. (Panel 5) p-AKT was probed using p-S473 antibody and the 
signal was shown decreased by BGJ398 and Dovitinib treatment. (Panel 6) p-MAPK signal 
shown by phospho-p44/42 MAPK (Erk1/2) (T202/Y204) was largely blocked except in lane 6 
with high concentration of BGJ398. (Panel 7) Total expression of ALDH7A1 expression was 
mostly maintained. (Panel 8) Total expression of OCT4 expression was shown ablated by 
Dovitinib treatment (lane 7,8) while it was not affected by other inhibitors.  (Panel 9) Beta-actin 
was used as a loading control.  
 (B) PD166866 was treated at (L) 1 µM, (H) 2 µM; BGJ398 at (L) 0.5 µM, (H) 1 µM; Dovitinib 
at (L) 0.1 µM, (H) 0.3 µM for DU145 spheroids. (Panel 1, 2, and 3) Total expression of FGFR1 
FGFR4 and VEGFR2 were probed and showed little change. (Panel 4) p-AKT was shown 
mostly decreased by all three inhibitors. (Panel 5) p-MAPK showed little change. (Panel 6) Total 
expression of ALDH7A1 expression was shown reduced by Dovitinib treatment (lane 7, 8). 
(Panel 7) OCT4 expression was not affected. (Panel 8) Beta-actin was used as a loading control.  
 (C) PD166866 was treated at (L) 2 µM, (H) 8 µM; BGJ398 at (L) 2.5 µM, (H) 5 µM; Dovitinib 
at (L) 0.5 µM, (H) 1 µM for LNCaP spheroids. (Panel 1, 2) Total expression of FGFR1 FGFR4 
were probed and showed little change. (Panel 3) p-AKT showed little change. (Panel 4) p-MAPK 
signal was reduced by high concentration of BGJ398 and Dovitinib (lane 6, 8). (Panel 5, 6) Total 
expression of ALDH7A1 and OCT4 did not show any change. (Panel 7) Beta-actin was used as a 
loading control.  
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Figure 2.25. No phosphorylation of VEGFR2 was detected from PC3 and DU145 spheroids.  

 Top panels show p-VEGFR signal probed using p-Y1175 antibody and no signal was detected. 
Bottom panels show the total expression of VEGFR2 by PC3 and DU145 spheroids. Monolayer 
cells of PC3 and DU145 in each panel were included as a negative control for VEGFR2 
expression. PD166866 was treated at (L) 2 µM, (H) 10 µM; BGJ398 at (L) 1 µM, (H) 3 µM; 
Dovitinib at (L) 0.5 µM, (H) 1 µM for PC3 spheroids, DMSO as a negative control. PD166866 
was treated at (L) 1 µM, (H) 2 µM; BGJ398 at (L) 0.5 µM, (H) 1 µM; Dovitinib at (L) 0.1 µM, 
(H) 0.3 µM for DU145 spheroids, DMSO as a negative control. 
 

Effect of FGFR Inhibition on Gene Expression of 3D spheroids of AR-independent 

Prostate Cancer Cell Lines 

We aimed to compare the gene expression of 2D monolayer cells and 3D spheroids of 

PC3 and DU145 and also the effect of BGJ398 and Dovitinib on the 3D spheroids. RT-qPCR 

was performed for the target genes of FGFR1, OCT4, ALDH7A1, E-cadherin, Vimentin, and 

Snail in PC3 cells and the relative mRNA expression was determined by normalizing against the 

housekeeping gene, beta-actin (Figure 2.26). First of all, FGFR1 mRNA was found increased 

about 3.8-fold in PC3 spheroids compared to 2D monolayer cells, supporting that FGFR1 

supports the anchorage independent growth of PC3 spheroids. The treatment of BGJ398 and 

Dovitinib resulted in the up-regulation of FGFR1, possibly compensating for the inhibited 

activity. PC3 spheroids also up-regulated OCT4 about 11-fold, and ALDH7A1 about 7-fold, 
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showing that the PC3 spheroids are enriched for stemness property. The treatment of BGJ398 

and Dovitinib resulted in the decrease of OCT4 to demonstrate that FGFR1 regulates stemness in 

PC3. ALDH7A1 was decreased only by BGJ398 and was not affected by Dovitinib, suggesting 

that it may regulated by FGFR1 but in combination with other kinases of Dovitinib. Taken 

together, inhibition of FGFR1 via TKI treatment may target the CSC population of PC3, 

suppressing the self-renewal ability of these tumorigenic cells. 

We examined the mRNA levels of EMT markers of E-cadherin, Vimentin, and Snail to 

find that 3D spheroids of PC3 show increased metastatic potential than 2D monolayer cells, 

which is considered highly metastatic cell line among the common cell lines used in prostate 

cancer research (Figure 2.26 D-F). The result showed that PC3 spheroids up-regulate E-cadherin, 

vimentin, and Snail, which suggests that cells maintained its epithelial characteristics but 

possessed increased motility. Notably, PC3 spheroids showed about 69-fold increase in the level 

of vimentin. Vimentin is a type of intermediate filaments, regulated by transcription factors of 

Twist, Snail, Zeb1 and Slug, which promotes cell migration and invasion. It is considered a 

potential drug target for cancer treatment for its role in EMT and metastasis (126). BGJ398 and 

Dovitinib treatment reduced the level of E-cadherin and vimentin, but not of Snail, and notably 

as a response to Dovitinib treatment, the expression of Snail increased significantly compared to 

that of negative control treated with DMSO. Taken together, the specific inhibition of FGFR 

signaling by BGJ398 showed more favorable molecular level changes than the utilization of 

multi-RTK inhibitor Dovitinib as BGJ398 was shown to target the CSCs more effectively 

indicated by reduced ALDH7A1 regulation and with less predicted adverse effect indicated by 

marginal increase in level of Snail compared to Dovitinib. Exact values in the fold changes of 

mRNA expression for all the target genes are detailed in the Table 2.3.  
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In DU145 cells, RT-qPCR was performed for the same target genes of FGFR1, OCT4, 

ALDH7A1, E-cadherin, Vimentin, and Snail (Figure 2.27). In DU145 spheroids compared to 2D 

monolayer cells, FGFR1 mRNA level was found increased about 1.7-fold, which was increased 

by TKI treatment even further, and showed almost no changes in OCT4 expression, and 

ALDH7A1 mRNA level was increased about 1.5-fold. TKI treatment didn’t seem to affect 

stemness of DU145 spheroids shown by the gene regulations. 

Next, we examined the mRNA levels of EMT markers of E-cadherin, vimentin, and Snail 

(Figure 2.27D-F). Similar to PC3 spheroids, DU145 spheroids up-regulated E-cadherin, and 

Snail, however, the level of vimentin was found decreased about 0.6-fold. The results were not 

clear to assess any changes in the metastatic potential of the DU145 spheroids. There were no 

significant changes of the EMT markers by the TKI treatment. Although it was observed that 

DU145 spheroids respond to TKI treatment sensitively at a cellular level, TKI treatment did not 

lead to any significant changes in the gene regulation shown by the RT-qPCR results. Exact 

values in the fold changes of mRNA expression for all the target genes are detailed in the Table 

2.4.  

In a conclusion, higher fold changes were observed for both CSC markers and EMT 

markers in PC3 spheroids than in DU145 spheroids compared to their 2D monolayer cells, and 

the effect of TKIs were more prominent in PC3 spheroids. The data may suggest that CSCs 

exhibit more metastatic property than the bulk population.  Both PC3 and DU145 cell lines are 

AR-negative but prostate cancer is very heterogeneous and thus it may be speculated that the 

difference in up-regulation of FGFR1 may play a role in the stemness and inclination for EMT 

process. 
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 Gene expression of PC3 2D monolayer and the spheroids cultured for 14 days and their response 
to TKI treatment of BGJ398 and Dovitinib was examined. RT-qPCR was performed for (A) 
FGFR1, (B) OCT4, a stem cell marker, (C) ALDH7A1, prostate specific CSC marker, and (D) 
the epithelial marker, E-cadherin, (E, F) the mesenchymal markers, vimentin and Snail. mRNA 
expression was normalized against beta-actin and the fold changes were evaluated. The data 
represent the average of three independent experiments and the error bars represent standard 
error of the means (mean ± SEM). 
 

 

 

 

 

 

Figure 2.26. RT-qPCR of PC3 cells treated with TKIs. 



80 
 

Table 2.3. Fold changes of the target genes in quantitative PCR of PC3 cells. 

Fold change value and the standard error of mean of each data point from the graph above was 
provided in the table below. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genes Samples  Fold changes with SEM 

FGFR1 2Dmonolayer 1.08 ± 0.18  
Vehicle (DMSO) 3.8 ± 0.7  
BGJ398 (3µM) 4.65 ± 0.16  
Dovitinib (1µM) 6.0 ± 0.6   

   
OCT4a 2Dmonolayer 1.05 ± 0.13  

Vehicle (DMSO) 11.4 ± 2.7  
BGJ398 (3µM) 7.3 ± 0.8  
Dovitinib (1µM) 4.9 ± 0.4   

   
ALDH7A1 2Dmonolayer 1.01 ± 0.05  

Vehicle (DMSO) 7.7 ± 0.6  
BGJ398 (3µM) 3.80 ± 0.27  
Dovitinib (1µM) 8.5 ± 0.5   

   
E-cadherin 2Dmonolayer 1.04 ± 0.12  

Vehicle (DMSO) 6.8 ± 1.0  
BGJ398 (3µM) 5.26 ± 0.05  
Dovitinib (1µM) 4.1 ± 0.8   

   
Vimentin 2Dmonolayer 1.03 ± 0.09  

Vehicle (DMSO) 69.3 ± 9.9  
BGJ398 (3µM) 44 ± 4  
Dovitinib (1µM) 32 ± 8   

   
Snail 2Dmonolayer 1.02 ± 0.07  

Vehicle (DMSO) 3.9 ± 0.4  
BGJ398 (3µM) 8.4 ± 0.4  
Dovitinib (1µM) 29 ± 6 
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Figure 2.27. RT-qPCR of DU145 cells treated with TKIs. 

 Gene expression of DU145 2D monolayer and the spheroids cultured for 14 days and their 
response to TKI treatment of BGJ398 and Dovitinib was examined. RT-qPCR was performed for 
(A) FGFR1, (B) OCT4, a stem cell marker, (C) ALDH7A1, prostate specific CSC marker, and 
(D) the epithelial marker, E-cadherin, (E, F) the mesenchymal markers, vimentin and Snail. 
mRNA expression was normalized against beta-actin and the fold changes were evaluated. The 
data represent the average of three independent experiments and the error bars represent standard 
error of the means (mean ± SEM). 
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Table 2.4. Fold changes of the target genes in quantitative PCR of DU145 cells. 
 

Fold change value and the standard error of mean of each data point from the graph above was 
provided in the table below. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genes Samples  Fold changes with SEM 

FGFR1 2Dmonolayer 1.02 ± 0.09  
Vehicle (DMSO) 1.76 ± 0.01  
BGJ398 (3µM) 2.80 ± 0.08  
Dovitinib (1µM) 3.7 ± 0.6   

   
OCT4a 2Dmonolayer 1.03 ± 0.09  

Vehicle (DMSO) 1.09 ± 0.05  
BGJ398 (3µM) 1.61 ± 0.07  
Dovitinib (1µM) 1.34 ± 0.14   

   
ALDH7A1 2Dmonolayer 1.00 ± 0.02  

Vehicle (DMSO) 1.48 ± 0.15  
BGJ398 (3µM) 1.76 ± 0.03  
Dovitinib (1µM) 1.89 ± 0.04   

   
E-cadherin 2Dmonolayer 1.00 ± 0.04  

Vehicle (DMSO) 3.8 ± 0.5  
BGJ398 (3µM) 5.3 ± 0.4  
Dovitinib (1µM) 5.3 ± 0.9   

   
Vimentin 2Dmonolayer 1.03 ± 0.10  

Vehicle (DMSO) 0.67 ± 0.08  
BGJ398 (3µM) 0.59 ± 0.06  
Dovitinib (1µM) 0.67 ± 0.09   

   
Snail 2Dmonolayer 1.01 ± 0.05  

Vehicle (DMSO) 2.146 ± 0.015  
BGJ398 (3µM) 2.22 ± 0.12  
Dovitinib (1µM) 2.85 ± 0.51 
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Utilization of Induced Pluripotent Stem (iPS) 87 Cells 

 

As we examined the prostate CSCs from the common cancer cell lines by selection and 

enrichment, we also aimed to investigate 3D culture of iPSC-derived cells from biopsy samples 

of prostate cancer patient (iPS87 cells). The iPS87 cell line was established recently, by 

reprogramming primary prostate tumor cells into iPSCs and was shown to possess tumor 

initiating ability in vivo. The iPS87 cells are grown as colonies on mouse embryonic fibroblast 

(MEF) feeder cell layer in ES+/+ medium (described in the Material and Method section), 

however, in the absence of the MEF layer they readily formed 3D spheroids in the same medium 

on a regular TC plate. As shown in the Figure 2.28., single cells detached from the MEF layer 

after a day were free-floating, and by 7 days, they were able to grow into a spheroid size of about 

100 µm, and by 14 days they were fully grown, and no apparent size change was observed 

passed the time point but the cell culture media became acidic, turning yellow in color.  

 

 

 

Figure 2.28. Brightfield microscope images of iPS87 cells and spheroids. 

The left panel shows single cells of iPS87 in a TC plate after 24 hours of culturing on a TC plate 
in ES+/+ medium, and the middle panel shows growth of a spheroid at day 7, and the right panel 
shows a spheroid at day 14. The scale bars indicate 100 µm. 
 

The protein expression of iPS87 single cells and the spheroids were examined via 

westernblot on days 1, 7, and 14 comparing the same amount of total protein lysates (Figure 
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2.29). It was found that the iPS87 cells initially express FGFR1, but the kinase activity is not 

detectable as shown in panels of 1 and 2. Interestingly, the spheroids express increased FGFR1 

protein and the phospho-FGFR signal was detected, as well as increased downstream signaling 

of STAT3, STAT5, AKT, and MAPK pathways shown in panels of 3-6. The CSC markers of 

ALDH7A1 and OCT4 were found increased as shown in panels 7 and 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iPS87 cells on day 1 as single cells in lane 1, and 3D spheroids on day 7 in lane 2 and day 14 in 
lane 3 were subjected to westernblot analysis. (1st row) FGFR activation was shown by 
immunoblotting for phospho-Y653/654 FGFR antiserum and only PC3 spheroids showed 
positive signal. (2nd row) Total FGFR1 expression was shown increasing as cultured into 
spheroids. (3rd row) STAT3 activation was detected by immunoblotting for phospho-Y705-
STAT3, and (4th row) STAT5 activation was detected by immunoblotting for phospho-Y694-
STAT5. (5th row) AKT activation was detected by immunoblotting for phospho-S473-AKT. 
(6th row) MAPK activation was shown by immunoblotting for phospho-T202/Y204-MAPK. 
(7th row) Total ALDH7A1 expression and (8th row) OCT4 expression was shown increasing as 
cultured into spheroids. (9th row) Beta-actin was used as a loading control. 
 

Figure 2.29. Expression and downstream cell signaling activation of FGFR of iPS87 cells. 
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We then investigated if the 3D spheroids of iPS87 require FGF/FGFR signaling for cell 

survival and growth via MTT assay over the time-course of 11 days. As the cell line is 

maintained in the ES+/+culture with exogeneous bFGF added unlike the culture condition used 

for the cell lines of PC3, DU145, and LNCaP, it was hypothesized that bFGF is essential for the 

growth of iPS87 cells and the 3D spheroids. Indeed, it was observed that in the absence of bFGF 

the proliferation was hindered to approximately 30-40% (data not shown).  

Next, to examine the effect of BGJ398 and Dovitinib, samples of cell culture were used 

for measuring metabolic activity by MTT assay on days 1, 4, 7 and 11, followed by the treatment 

with the TKIs every 3 days. Both BGJ398 (10nM-100nM) and Dovitinib (100nM-1μM) 

demonstrated their inhibitory effect reducing the metabolic activity in a dose dependent manner 

shown in Figure 2.30 A, B. The 3D spheroids of iPS87 responded to TKI treatment the most 

sensitively at nanomolar range, highlighting their dependency of FGFR signaling. The number of 

spheroids were found decreased as a result of the TKI treatment (Figure 2.30 C) and collectively 

the data support that FGFR inhibition results in the decrease of cell survival and proliferation 

combined with MTT assay. 
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Figure 2.30. iPS87 MTT and number of spheroids. 

Triplicate cultures of 3D spheroids of iPS87 were grown in ES+/+ on 12-well TC plates. 
Samples of cultures were assayed by MTT metabolic assay indicating the number of viable cells 
on days 1, 4, 7, and 11 to show the proliferation over time. (A) 10nM -100nM of BGJ398 was 
treated. (B) 100nM-1μM of Dovitinib was treated. Triplicate experiment was performed, and 
error bars show the standard deviation. (C) The number spheroids (>1,000 µm2) from each well 
of 12-well plates were subjected to counting at day 11. Error bars show the standard deviation. P 
values are from two-tailed paired t tests. ns= not significant (P>0.05), * = P ≤0.05, ** = P ≤0.01, 
**** = P ≤0.0001. 
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Figure 2.31. RT-qPCR of iPS87 cells treated with TKIs. 

 Gene expression of iPS87 single cells and the spheroids cultured for 11 days and their response 
to TKI treatment of BGJ398 and Dovitinib was examined. RT-qPCR was performed for (A) 
FGFR1, (B) OCT4, a stem cell marker, (C) ALDH7A1, prostate specific CSC marker, and (D) 
the epithelial marker, E-cadherin, (E, F) the mesenchymal markers, vimentin and Snail. mRNA 
expression was normalized against beta-actin and the fold changes were evaluated. The data 
represent the average of three independent experiments and the error bars represent standard 
error of the means (mean ± SEM). 
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Fold change value and the standard error of mean of each data point from the graph above was 
provided in the table below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Table 2.5. Fold changes of the target genes in quantitative PCR of iPS87 cells. 

Genes Samples  Fold changes with SEM 

FGFR1 2Dmonolayer 1.07 ± 0.16  
Vehicle (DMSO) 0.18 ± 0.04  
BGJ398 (3µM) 0.17 ± 0.02  
Dovitinib (1µM) 0.29 ± 0.05   

   
OCT4a 2Dmonolayer 1.08 ± 0.18  

Vehicle (DMSO) 0.593 ± 0.004  
BGJ398 (3µM) 0.58 ± 0.06  
Dovitinib (1µM) 0.52 ± 0.06   

   
ALDH7A1 2Dmonolayer 1.18 ± 0.26  

Vehicle (DMSO) 1.4 ± 0.4  
BGJ398 (3µM) 0.85 ± 0.17  
Dovitinib (1µM) 2.0 ± 0.6   

   
E-cadherin 2Dmonolayer 1.26 ± 0.27  

Vehicle (DMSO) 0.17 ± 0.03  
BGJ398 (3µM) 0.14 ± 0.03  
Dovitinib (1µM) 0.16 ± 0.04   

   
Vimentin 2Dmonolayer 1.07 ± 0.17  

Vehicle (DMSO) 0.94 ± 0.15  
BGJ398 (3µM) 0.59 ± 0.05  
Dovitinib (1µM) 1.13 ± 0.23   

   
Snail 2Dmonolayer 1.08 ± 0.17  

Vehicle (DMSO) 0.071 ± 0.005  
BGJ398 (3µM) 0.063 ± 0.006  
Dovitinib (1µM) 0.144 ± 0.009 
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Effect of FGFR Inhibition on Gene Expression of 3D spheroids of iPS87 cells 

We aimed to compare the gene expression of single cells and 3D spheroids of iPS87 and 

also the effect of BGJ398 and Dovitinib on the 3D spheroids. RT-qPCR was performed for the 

target genes of FGFR1, OCT4, ALDH7A1, E-cadherin, Vimentin, and Snail. The relative mRNA 

expression was determined by normalizing against the housekeeping gene, beta-actin (Figure 

2.31). Noticeably, FGFR1 mRNA was found decreased about 0.18-fold in the spheroids 

compared in single cells in contrast to up-regulating FGFR1 protein expression shown via 

westernblot. The spheroids also showed decrease in the level of OCT4 mRNA about 0.59-fold, 

in contrast to up-regulating OCT4 protein. We speculate that as the single cells of iPS87 

proliferate without the MEF feeder layer which prevents differentiation and maintains the 

stemness characteristics of the iPSCs, the differentiated spheroids may not be able to express 

self-renewal genes as much as the iPSCs and so to compensate they up-regulate the protein 

expression. TKI treatment did not affect the gene expression of FGFR1 and OCT4. The level of 

ALDH7A1 mRNA expression showed no significant changes as the iPS87 cells grow into 

spheroids or when treated with TKIs.  

We examined the mRNA levels of EMT markers of E-cadherin, vimentin, and Snail as 

before (Figure 2.31 D-F). The results showed that E-cadherin and Snail were significantly 

down-regulated in the spheroids but were not affected by TKI treatment. Vimentin level was not 

changed growing into spheroids and was only affected when treated with BGJ398, being 

decreased by about 0.59-fold. Overall, FGFR inhibition didn’t seem to result in any significant 

changes of the EMT markers, and although FGFR inhibition reduces the survival and 

proliferation of the spheroids, no apparent molecular level changes occurred to indicate for 

favorable outcome caused by suppression of FGFR signaling.   
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DISCUSSION 

Current prostate cancer therapies focus on the targeting of AR signaling. However, a 

majority of patients eventually develop progressive disease, eventually becoming AR-negative 

and castration independent. Thus, androgen deprivation therapy (ADT) is no longer a plausible 

treatment option for these patients. This highlights the need for the development of therapeutic 

options to treat CRPC patients. It has been particularly challenging to find a new target due to the 

overwhelming heterogeneity of prostate cancer in contrast to many other solid tumors. Efforts 

have been made to find non-AR related targets that can be clinically utilized for prognostic 

purposes, and FGFR1 has been shown to be a promising alternative target (26, 27, 28, 29). 

In this study, it was hypothesized that there is a rare population of prostate CSCs with 

stemness properties that are AR-independent, and these cells may promote cancer progression to 

more aggressive phenotype via FGFR1 and its downstream signaling pathways. It was 

investigated if inhibition of FGFR signaling utilizing TKI treatment would lead to any changes at 

a molecular and cellular level that may be favorable for CRPC patients. Additionally, the study 

aimed to provide a comparison of utilizing FGFR specific inhibitor versus multi-RTK inhibitor 

as the multi-RTKs commonly show excellent efficacy but adverse off-target effects, by using 3D 

culture system of human cancer cell lines and of human iPSC-derived cells from biopsy samples 

of a prostate cancer patient (iPS87 cells) (126). 

First of all, the study presented here reports for the first time that FGFR1 expression is 

up-regulated in PC3 and LNCaP spheroids and is maintained in DU145 spheroids in a culture 

condition supporting stem cell growth in the absence of serum and of exogeneous addition of 

bFGF, establishing a new 3D in vitro model to study the involvement of FGFR1 using the 
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common cell lines. Although FGFR1 has been shown to be overexpressed in prostate cancer 

patient samples through sequencing and FGFR1-overexpressing PDX models have been 

developed (29), prostate cancer cell lines used in pre-clinical research do not show sufficient 

detectable FGFR1 expression to be suitable for studying the role of FGFR signaling. This issue 

hinders efforts of researchers to examine endogenous FGFR signaling without exogenous DNA 

transfection. For example, previous research by Feng et al. (127) has examined the effect of 

AZ8010, an ATP-competitive FGFR tyrosine kinase inhibitor, on prostate cancer cells 

overexpressing FGFR1 or FGFR4 to suggest that targeting FGFR signaling inhibits prostate 

cancer progression. However, because FGFRs and its downstream pathways are artificially 

hyperactivated, the usage of FGFR-transfected cell lines stimulated with FGF may not provide 

an accurate understanding of the involvement of FGFRs, which limits clinical relevance unless 

supported by findings from mouse models. Thus, the in vitro model utilizing 3D spheroids is 

expected to provide significant values to other researchers who do not have access to suitable 

patient samples or PDX models for investigation of FGFR in prostate cancer.  

As 3D culturing of cells select for the cells which possess anchorage-independent 

properties, it was hypothesized that 3D spheroids would be enriched for stem/progenitor like 

cells from the bulk population. This study demonstrates the role of FGFR signaling in prostate 

CSCs which require FGFR signaling for their survival and proliferation. Both FGFR specific 

inhibitor and multi-RTK inhibitor effectively suppressed the growth of prostate CSCs in PC3, 

DU145 and iPS87 cell lines that are AR-negative. FGFR1 has been shown to promote stemness 

in malignant subpopulations in lung cancer (71) and breast cancer (128), and here, this study 

provides evidence for the first time that FGFR1 supports the CSC population in prostate cancer 

not only at a cellular level but also at a molecular level. 
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The previous report by Wan et al. (29) has shown an antitumor effect of Dovitinib 

targeting FGFR1 in prostate cancer in vivo, however, the authors were not able to clarify the 

molecular mechanism as they were not able to observe any effects of Dovitinib on FGFR 

downstream signaling pathways of STAT, AKT, and MAPK. This study presented here provides 

the result of FGFR inhibition in prostate CSCs with up-regulated FGFR1 by both BGJ398 and 

Dovitinib. All three prostate cancer cell lines of PC3, Du145, and LNCaP showed different 

activation of the STAT, AKT, and MAPK pathways as they were selected for 3D spheroids, but 

consistently TKI treatment by both BGJ398 and Dovitinib decreased the activation of the 

downstream signaling.  

Of note, the spheroids of LNCaP cells didn’t seem to respond significantly to FGFR 

inhibitors at a cellular level despite the up-regulation of FGFR1, which may be due to the 

inefficient inhibition of Akt signaling shown by immunoblotting. Moreover, LNCaP cells are 

AR-positive which may activate an unidentified compensatory signaling mechanism. A study by 

Bluemn et al. (129) has shown that AR-null/NE-null LNCaP cells which survived AR 

antagonists exhibited increased FGF signaling and were more sensitive to FGFR inhibition than 

AR-positive LNCaP cells. They identified activation of the MAPK pathway as the main 

mechanism allowing AR-independent signaling pathway and which supports proliferation and 

survival of the double negative prostate cancer cells in vitro and in vivo. Taken together, the 

results from this study and of Bluemn and colleagues strongly support the concept that 

FGFR/MAPK inhibition may be a promising strategy for the treatment of AR-negative prostate 

cancer but less effective for AR-positive prostate cancer. 

Furthermore, the differential activation of FGFR and its downstream signaling between 
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2D and 3D cell culture provide evidence that FGFR signaling is involved in maintenance of 

prostate cancer stem cells enriched by one of the characteristics of anchorage independence, and 

not of the bulk population. Numerous research articles have emphasized that cells grown in 2D 

conventional method may not recapitulate gene/protein expression and thus drug response in 

human tumor physiology (73-75, 110, 111). This study demonstrates that the 3D spheroids of 

PC3, DU145 and iPS87 show different activation of FGFR as well as up-regulation of OCT4, a 

stem cell marker, and ALDH7A1, a CSC marker in prostate cancer examined via RT-qPCR. 

ALDH7A1 has been shown by other studies (66, 116) to be utilized as a CSC marker in prostate 

cancer that progresses to metastasis.  

As CSCs are considered to be responsible for drug resistance in many cancer types 

including prostate cancer, this study aimed to examine if TKI treatment targeting FGFR would 

show signs of drug resistance suggested via ALDH7A1 expression. This study demonstrated that 

both gene and protein expression of ALDH7A1 in the 3D spheroids of PC3, DU145 and iPS87 

increased when treated with Dovitinib. The result suggests that Dovitinib treatment may have an 

adverse effect and that utilizing TKIs with greater specificity for FGFR may have more favorable 

outcomes in clinical setting. Further investigation is needed to assess the direct correlation of 

ALDH7A1 levels to TKI treatment as FGFR-specific TKI treatment using BGJ398 decreased its 

expression in 3D spheroids of PC3 and iPS87 cells. Interestingly, a study by Yadav et al. (130) 

has provided findings regarding the effect of Dovitinib in prostate cancer treatment; they found 

that PC3 cells and LNCaP cells differentiated into a neuroendocrine phenotype, which is a more 

aggressive prostate cancer. The authors examined 2D cell culture which certainly affected their 

outcome; nevertheless, the negative off-target effect of Dovitinib in promoting neuroendocrine 

differentiation was observed. With its greater specificity, it may be predicted that BGJ398 will 
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likely have more beneficial effects based on the findings from PC3 and iPS87 spheroids that 

ALDH7A1 was decreased.  

Nevertheless, long-term assays taking about 3-18 months are required to accurately 

assess the drug resistance of cells in vitro (131). Further assessment is required to utilize 

ALDH7A1 as a prognostic marker as it remains unclear if FGFR1 regulates ALDH7A1 activity 

in prostate cancer, and the extent to which other kinase receptors that are targeted by Dovitinib 

are involved in modulation of ALDH7A1 activity. In fact, it was examined in this study if 

VEGFR2 is involved since it is one of the main targets of Dovitinib and it plays an important 

role in angiogenesis and cancer progression. However, kinase activation of VEGFR2 was not 

detected, although we found increased expression of VEGFR2 in PC3 and DU145 spheroids. It 

would be worth investigating if the specific inhibition of FGFR signaling would benefit prostate 

cancer patients regardless of their response to ADT therapy, decreasing the probability of cancer 

metastasis and drug resistance through regulation of ALDH7A1. 

This study also examined whether prostate CSCs would possess increased metastatic 

potential as CSCs are considered to be responsible for cancer metastasis in numerous cancer 

types (61, 63). It effects of TKI treatment on EMT markers was examined via RT-qPCR to 

provide information at a molecular level. 

The results show that the spheroids of PC3 cells significantly up-regulate Vimentin and 

Snail, which are critical mesenchymal markers in the EMT process indicating increased 

metastatic potential of the cells enriched for their stemness property via 3D culture. The 

epithelial–mesenchymal transition (EMT) refers to the developmental process whereby epithelial 

cells acquire mesenchymal features. In cancer biology, EMT is correlated with tumor initiation, 
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invasion, and metastasis. Interestingly, the spheroids of PC3 cells show increased level of E-

cadherin, which may seem to contradict the typical EMT process, where the loss of the cell 

adhesion molecule, E-cadherin, occurs as the initiation of EMT process prior to acquisition of 

enhanced cell mobility. The result from this study is in line with findings by De Marzo et al. 

(132), describing re-expression of previously downregulated E-cadherin in tumor samples of 

advanced prostate cancer patients, showing its potential to be used as a biomarker of disease 

progression. Another study by Bae et al. (133) showed that the E-cadherin-positive 

subpopulation in PC3 and DU145 cell lines compared to E-cadherin-negative cells exhibited 

highly invasive properties, significant tumor formation in mouse models, and higher expression 

of stem cell markers. Taken together, the results support that the 3D culture system may select 

for prostate CSCs that possess increased metastatic potential and ultimately support the notion 

that CSCs are responsible for cancer re-occurrence and metastasis suggested by many 

researchers and reviewed here (61).  

3D spheroids of DU145 showed increased E-cadherin and Snail, suggesting a similar 

trend in PC3 spheroids; however, the level of vimentin decreased, displaying the heterogeneous 

characteristics of prostate cancer cell lines. Further examination of mesenchymal markers such 

as ZEB, Twist, and N-cadherin may provide a more complete understanding of EMT and 

metastasis for this cell line. As for iPS87, the gene expression of single cells of iPS87 (126), 

which as an induced pluripotent cell line with stem cell-like properties exhibit greater stemness 

and self-renewal properties in comparison with 3D spheroids, which consist of a necrotic core, 

proliferating zone, and the outer layer, which requires cellular differentiation. Interestingly, not 

only did iPS87 cells exhibit a decrease in stemness markers such as OCT4 and ALDH7A1, but 

E-cadherin and Snail were also observed to decrease. Although the 3D spheroids of iPS87 may 
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appear to have decreased stemness property compared to the single cells based on the reduced 

gene expression of OCT4 and ALDH7A1, the protein expression of these markers were 

significantly elevated. Therefore, despite the decreased gene expression of E-cadherin and Snail, 

further examination of these markers would provide us with a more complete understanding of 

their metastatic potential of the spheroids. 

Collectively, FGFR inhibition by BGJ398 and Dovitinib did not induce any significant 

changes of EMT marker expression of the 3D spheroids of PC3, Du145, and iPS87, but it is clear 

that they compensated for the decrease in FGFR activity by up-regulating FGFR1 expression 

when treated with Dovitinib more than BGJ398. It is speculated that long term assays may be 

needed to accurately assess the effect of FGFR inhibition on the gene expression of the 3D 

spheroids and to assess the benefit of BGJ398 as it seems to result in less compensatory 

mechanism in the prostate cancer cells. 

It has been addressed by many researchers that the lack of patient-specific in vitro 

prostate cancer models that accurately reflect the diversity of human prostate cancer has 

hampered the development of effective treatment. Thus, utilizing patient-derived organoids 

(PDOs) and iPSC-derived organoids (iDOs) has been emerging as a promising strategy in a 

disease modeling and drug development.  

This study investigated if 3D culture of iPSC-derived cells from biopsy samples of 

prostate cancer patient (iPS87 cells) may provide a useful platform for other researchers to study 

prostate cancer stem cells with restored tumor initiating property in vivo (126). It was 

hypothesized that iPS87 spheroids may be utilized as iDOs for their characteristics of self-

organizing free-floating cell aggregates with higher order tissue complexity. To begin with, the 
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term organoids in prostate cancer study is not well defined in literature as there hasn’t been any 

successful generation of a fully mature organoid that truly recapitulating the human prostate 

tissue until July 2020 by Hepburn and colleagues (134). These authors demonstrated that human 

iPSC-derived cells that are co-cultured with rodent urogenital sinus mesenchyme for 12 weeks 

can comprehensively generate prostate tissue with epithelial architecture, containing cells at 

different differentiation stages of basal and luminal cells as well as neuroendocrine cells (134). 

The iPS87 spheroids in this study were not cultured embedded within extracellular matrix 

(ECM) such as Matrigel nor co-cultured with other cells; they were also not examined for their 

composition of cells at different stages similarly to primary tissue. Yet, these spheroids are not 

generated merely from tumor biopsies but from iPSCs to be categorized as organoids, and the 

images of these iPS87 spheroids shown here resemble organoids more than spheroids. Moreover, 

when the spheroids were compared to the single cells of iPS87 for their gene expression via RT-

qPCR, the stem cell marker OCT4 was down-regulated, suggesting cell differentiation of iPSCs 

into mature epithelial cells. Further studies such as frozen sectioning of the aggregates and 

staining with prostate epithelial markers would be required to examine the aggregates and 

determine if they are comprised of cells at different stages of cellular differentiation, similar to 

early stages of organoids, and whether they can grow into mature organoids that can accurately 

recapitulate human prostate tissue. If experimentally demonstrated, such findings would allow 

iPS87 cells to function as a valuable in vitro model that might become more generally utilized. 

Whether these iPS87 spheroids are termed iDOs or not in this study, utilizing iPS87 

spheroids has significant practical implications for drug testing for prostate cancer treatment, not 

only investigating FGFR1 as a molecular target. High-throughput screening utilizing organoids is 

shown to be more successful with greater physiological and clinical relevance (135). Evaluation 
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of thousands of compounds/drugs can be done more efficiently using iDOs than using primary 

tumor cells which are difficult to maintain or propagate when propagated as conventional 2D 

cultures that may have lost the parental tumor’s characteristics as reflected by significant 

changes gene/protein expression (73-75, 110, 111). 

Other researchers have utilized different approaches to isolate and investigate the rare 

prostate CSCs. For example, Bhatt et al. (136) isolated putative prostate CSCs using a modified 

Hoechst 33342 dye efflux assay to isolate what they referred to as side-populations from human 

prostatic epithelial cells. They demonstrated that approximately 1.4% of epithelial cells were 

identifiable as the side-population. This approach offered the advantage of allowing further 

examination of the selected cells by flow cytometry, examining cell surface marker expression 

and cell cycle status, given that stem cells are mostly quiescent, residing predominantly in the G0 

phase of the cell cycle (137). Furthermore, the side-population cells were examined by xenograft 

tumor assay and shown to possess significantly increased tumor-initiating ability (138, 139, 140). 

Mice injected with side-population cells developed tumors more effectively, and required the 

injection of a lower number of cells, compared to control mice injected with the non-side-

population cells. This clearly demonstrated the increased tumorigenic ability of the CSCs 

isolated in this manner (141, 142).  

Other studies have reported that prostate CSCs may be identified and isolated using cell 

surface markers such as CD44+/α2β1 integrin+/CD133+ (118), or ALDHhigh /CD44+/α2β1+ (143) 

when using primary tumor samples from patients, based on the exhibited self-renewal ability of 

these cells. However, the reliability of these cell surface markers remains unclear when using cell 

lines. A study examining prostate CSCs have reported that expression of CD133 was not 

observed in DU145 cells (77), and another study examining PC3 cells suggested 
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FAM65Bhigh/MFI2low/LEF1low cells represent the relevant CSC population rather than 

CD44+/α2β1+ cells (144).  

Another strategy to examine the prostate CSCs is through the forced expression of human 

telomerase reverse transcriptase (hTERT), which has the ability to induce immortalization in 

primary tumor cells (145, 146). Immortalization represents an important property of tumor cells, 

and refers to the ability of these cells to replicate indefinitely as a result of acquired mutations; 

this in in contrast to normal, noncancerous cell lines, which undergo cellular senescence after a 

fixed number of divisions, after which they are incapable of further propagation. These hTERT 

transformed cells were shown to express embryonic stem markers of Oct4, Nanog, and Sox2 and 

early progenitor cell markers of CD44 and Nestin, as well as display acquired anchorage-

independence and unlimited lifespan. However, the tumorigenicity of these immortalized, 

putative CSCs will require further study as Gu et al. (145) demonstrated tumor formation by 

these cells when grafted under the renal capsule of male SCID mice, while, in contrast, Yasunaga 

et al. (146) failed to observe tumor formation after injection of telomerase-immortalized cells 

subcutaneously into the mid-dorsal interscapular region of SCID mice.  

CSCs play important roles in cancer progression, metastasis and tumor recurrence, and in 

the development of drug resistance (61). Although conventional chemotherapeutics can eliminate 

the bulk of a tumor, they frequently fail to eliminate CSCs. This represents a major challenge in 

cancer treatment whereby cancer re-emerges sometimes long after treatment, due to the presence 

of latent CSCs which are resistant to various chemotherapeutics by virtue of their different 

biological properties. Thus, understanding the properties of CSCs and the relevant signaling 

pathways that are involved in maintaining self-renewal ability and increased tumorigenicity may 

provide valuable findings in advancing cancer treatment.  
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In fact, FGFR signaling pathway is not the sole signaling axis reported as promoting 

stemness of CSCs in various cancers including breast cancer, non-small cell lung cancer, and 

esophageal squamous cell carcinoma (70,71,72); Wnt/β-catenin pathway has been reported to 

play a significant role in the maintenance of CSCs in hepatocellular carcinoma and breast cancer. 

Pandit et al. (159) demonstrated that CSCs enriched by 3D spheroid culture exhibited up-

regulated β-catenin and these spheroid cells yielded tumors in immunocompetent mice unlike the 

control cells. Silencing β-catenin reversed the spheroid phenotype, suggesting that β-catenin 

conferred the tumorigenic ability of the CSCs. Along with the aberrant expression, mutations in 

the β-catenin gene are frequently observed in hepatocellular carcinoma (160), and it has been 

suggested that the Wnt/β-catenin pathway represents a promising target for developing novel 

therapies for hepatocellular carcinoma (161). Similarly, blockade of Wnt/β-catenin signaling via 

small-molecule inhibitor treatment or shRNA-mediated Wnt knockdown was shown to suppress 

breast cancer metastasis by inhibiting CSC-like phenotype (162).  

The PTEN/mTOR/STAT3 pathway has also been reported as critical for CSCs in breast 

cancer. Zhou et al. (163) showed that CSCs enriched as side-populations had higher in vivo 

tumorigenicity in NOD/SCID mice, and inhibition of STAT3 or knockdown of the STAT3 gene 

led to the loss of the side-populations and thus, tumorigenicity as demonstrated in vivo. 

Similarly, JAK/STAT signaling was found to be constitutively activated in CSCs isolated from 

patients with acute myeloid leukemia, and the inhibition of STAT signaling via treatment with a 

JAK inhibitor resulted in the loss of the tumorigenicity, demonstrated in vivo (164).  

Hedgehog signaling is yet another pathway reported to promote self-renewal properties in 

CSCs in multiple myeloma through ligand-driven constitutive activation, leading to the 

suggestion that inhibition of Hedgehog signaling may reduce proliferation of multiple myeloma 
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cells (165). Moreover, Hedgehog signaling is reported to up-regulate the stem cell marker and 

EMT markers in colon cancer CSCs, and inhibition of the signaling via cyclopamine treatment 

resulted in decreased expression of the stem cell markers and EMT markers, and thus, it was 

suggested that targeting the Hedgehog signaling in CSCs may be a novel approach for colon 

cancer therapy (166). Hedgehog signaling is heavily involved in cellular differentiation, 

embryonic development, regulation of pluripotency genes including Nanog, Sox2 and Bmi1, 

EMT process protein trafficking, and post-translational modifications of a protein among other 

functions (167, 168). Nanog plays a major role in Hedgehog signaling by promoting proliferative 

potential and self-renewal in embryonic stem cells and re-programming of differentiated mature, 

somatic cells to pluripotency (169). Thus, it is not surprising that inappropriate activation of 

Hedgehog signaling in mature cells may contribute to initiation of cancer.  

Lastly, NF-κB signaling has been reported to be increased in CSCs in prostate cancer 

(170), and has also been described to promote breast CSCs to metastasize to lungs (171). It has 

been reported that NF-κB signaling regulates stem cell markers of Nanog and Sox2 to expand 

CSC population as well as EMT markers in a Her2 mouse model in breast cancer (172). Another 

study found that NF-κB activity caused expansion of cancer stem cell populations via Notch 

signaling and conferred tumorigenicity of CSCs in triple-negative breast cancer (173). The NF-

κB transcription factor pathway is a key regulator in inflammation, cytokine production, immune 

responses, cell survival, and growth, which is heavily associated with CSC function and cancer 

progression (174). 

Collectively, there is abundant evidence from multiple convergent approaches suggesting 

that the targeting of signaling pathways exploited by CSCs will prove to be a promising strategy 

in finding alternative therapeutic options (175, 176).  In conclusion, the study presented here 
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shows that targeting FGFR by TKI treatment represents a promising strategy for AR-independent 

CRPC patients, utilizing iDOs/3D spheroids established from iPS87 cell line and prostate CSCs 

enriched by 3D in vitro system. Establishing proper in vitro models to study the CSC population 

is critical in order to properly assess the biological properties of CSCs; results from in vitro 

studies would then allow subsequent examination in animal models. This study provides 

evidence for the first time that signaling dependent upon FGFR1 plays a fundamental role in 

supporting the maintenance and proliferation of prostate CSCs, which are believed to underlie 

prostate cancer progression and metastasis at a molecular and cellular level.  
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MATERIALS AND METHODS 

Cell Lines and Culture 

DU145 cells and LNCaP cells were obtained from American Type Culture Collection and 

PC3 were obtained from Leonard Deftos at UCSD, and were maintained in RPMI 1640 media 

supplemented with 10% fetal bovine serum and 1x pen/strep and in 5% CO2 at 37°C. For 

spheroids assay, cells were maintained in RPMI 1640 media supplemented with 10% Gibco™ 

KnockOut™ Serum Replacement (KnockOut™ SR) from ThermoFisher Scientific. For the 

comparison of basal media for culturing PC3 spheroids, DMEM-F12 (Gibco) was used, and 

either DMEM-F12 or RPMI 1640 media cultures were supplemented with 40 ng/μl EGF (R&D), 

and/or 50 ng/μl bFGF (R&D). 

Induced pluripotent stem (iPS) 87 cells (iPSC87) were generated as previously described 

(126, 177). Briefly, prostatectomy samples were collected from patients at Stage I and II prostate 

cancers, and iPS 87 cells were generated by using the retroviral vector plasmids pMXs-hOCT4, 

pMXs-hSOX2, pMXs-hKlf4, pMXs-hc-Myc (Yamanaka factors). The iPS87 cells were grown 

on Mitomycin-C inactivated MEF feeder cells and maintained in KnockOut DMEM (Gibco) 

supplemented with 0.125% Bovine Serum Albumin (Sigma), 2% L-glutamine, 1% non-essential 

amino acids, 1% Fungizone/0.5% gentamycin, 10% serum replacement (Gibco), 6.25 ng/mL 

bFGF (Peprotech), referred to as “ES++,” 5% CO2, 37°C. 

 

Flow cytometric analysis  

PC3 cells were harvested and dissociated into single cells using versine/EDTA treatment 

and washed with 2%BSA/PBS. Samples were prepared with 1 X 107 cells, and were incubated 

with anti-CD133-phycoerythrin (PE) (Miltenyi Biotec Ltd., Surrey, UK) in 0.1% 
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NaN3/2%BSA/PBS for 30 min on ice, and washed and resuspended to be the final concentration 

of cells at 1 X 106 cells/ml with 0.5 µg/ml final concentration of propidium iodide (Thermo 

Fisher Scientific) to analyze live cells. PC3 cell samples were subjected to flow cytometry 

analysis at the Flow Cytometry Shared Resource at UC San Diego Moores Cancer Center. 

 

Soft agar colony formation assay 

Experiments were carried out in 60 mm plates coated with 3ml volume of a base layer of 

RPMI 1640 containing 0.6% agar, and single cells of PC3, DU145 and LNCaP were seeded at 

densities indicated per plate with 3ml volume in RPMI 1640 supplemented with 10% SR 

containing 0.3 % agar. 1ml of media was added on top to prevent dehydration, and plates were 

placed in 5% CO2 at 37°C for about 4-6 weeks. Colonies were stained with 0.005% crystal 

violet (Sigma)/10%EtOH/1XPBS overnight and were de-stained with 1XPBS and plates were 

scanned or photographed, and the number of colonies were analyzed using ImageJ software. 

 

Spheroids Assay and Images of Spheroids 

Single cells of PC3, DU145 and LNCaP were obtained by dissociating them with VE 

incubation and seeded onto 1% agarose-coated TC plates in 10% SR/RPMI 1640 media with 1X 

pen/strep with following densities: PC3 at an initial density of ~6.6 x 103 cells/ml, DU145 at 

~3.3x 104 cells/ml, and LNCaP at ~3.3 x 104 cells/ml. iPS87 spheroids were cultured in ES++ 

media as mentioned above without MEF feeder cells to readily grow into spheroids from single 

cells in 12-well TC plates a density of 8.0  x 104 cells/ml.  
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Images of spheroids (and monolayer cells) were acquired using an inverted microscope 

(Carl Zeiss Microscopy GmbH, Germany) with a 20x objective. Image processing was done in 

Fiji/ImageJ.  

 

MTT Metabolic Assays and Addition of Inhibitors 

From the initial plating of single cells onto the non-adherent substrates, measurements 

were taken after 1, 4, 7, 11, and 14 days for PC3 cells or after 1, 5, 9, 13, and 17 days for DU145 

and LNCaP. PC3 cells were plated on 60mm plates with total 3ml volume of media, at each time 

point 300 μl of cell cultures were transferred to a 24-well TC plate with additional 200 μl of 

media and incubated with 50μl of 5 mg/mL of thiazolyl blue tetrazolium bromide (MTT) 

(Sigma) at 37°C in 5% CO2 for 4 h, after which 500 μl of 0.04 M HCl in isopropanol was added 

and incubated again for at least 30 min. Absorbance was measured at 570 nm. The protocol (103) 

was generally followed. DU145 and LNCaP cells were plated on 10cm plates with total 10ml 

volume of media, at each time point 1ml of cultures were transferred to a 24-well TC plate and 

incubated with 100μl of 5 mg/mL of thiazolyl blue tetrazolium bromide (MTT) at 37°C in 5% 

CO2 for 4 h, and cells were concentrated by centrifuging and removing 770 μl of the 

supernatant, after which 300μl of 0.04 M HCl in isopropanol was added and incubated again for 

at least 30 min. Absorbance was measured at 570 nm. Inhibitors (Dovitinib, BGJ398, PD166866) 

were added to the cell culture with 300μl (for PC3) and 1ml (for DU145 and LNCaP) of same 

media to maintain the total volume consistent. Experiments were performed in triplicate. 

From the initial plating of single cells iPS87 onto 12-well TC plates, measurements were 

taken on days 1, 4, 7, and 11 and the inhibitors (BGJ398, and Dovitinib) were added to the cell 
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cultures every 3 days (on days 1, 4, and 7). Experiments were performed in triplicate with 

technical duplicate. 

 

Immunoblotting, antibodies and additional reagents 

Lysates were collected in RIPA lysis buffer containing inhibitors 10 ng/ml Aprotinin, 1 

mM PMSF, and 1 mM Na3VO4, and 25μg or 30μg of total proteins were separated by 10% or 

12.5% SDS-PAGE followed by transfer to Immobilon-P membrane. Immunoblotting reagents 

were from the following sources: antibodies against p-FGFR (Tyr653/654), FGFR1 (D8E4), 

FGFR4 (D3B12), p-VEGFR (19A10), VEGFR2 (55B11), p-AKT (D9E), AKT (9272), p-MAPK 

(D13.14.4E), p44/42 MAPK (Erk1/2), OCT4 (2750), CD133 (D2V8Q), Androgen Receptor 

(D6F11), and β-actin (4967) antibodies from Cell Signaling Technology; FGFR2 (C-8), FGFR3 

(B-9) and STAT5 (C-17) from Santa Cruz Biotechnology; ALDH7A1 (CAT:ABO11656) from 

Abgent; HRP anti-mouse, HRP anti-rabbit, and Enhanced Chemiluminescence (ECL) reagents 

from GE Healthcare. Other reagents included: Dovitinib, BGJ398, PD166866 from Selleckchem.  

 

  RT-qPCR reagents and primers 

Cells were collected and washed with 1x PBS (chilled) and then RNA was extracted 

using Trizol reagent (Invitrogen) according to the manufacturer’s protocol. Total RNA 

concentration was measured using nanodrop. 100 ng of total RNA was used to prepare cDNA 

using ProtoScript II Reverse Transcriptase (NEB #M0368) with oligo(dT) primers (Cat# 51-01-

15-01, IDT) following the manufacturer’s protocol. qPCR was performed using a SYBR green 

assay system with Phusion® High-Fidelity DNA Polymerase on Stratagene Mx3000 qPCR 
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machine (Agilent Technologies, CA, USA). The mRNA levels were normalized to beta-actin 

abundance, and the fold change between samples was calculated by a standard ∆∆Ct analysis. 

Following primers were used; FGFR1; forward 5’-TAATGGACTCTGTGGTGCCCTC-

3’, reverse 5’-ATGTGTGGTTGATGCTGCCG-3’ (71), OCT4; forward 5’-

GCAATTTGCCAAGCTCCTGAA-3’, reverse 5’-GCAGATGGTCGTTTGGCTGA-

3’          (178),    ALDH7A1; forward  5′-CAACGAGCCAATAGCAAGAG-3′, reverse 5′- 

GCATCGCCAATCTGTCTTAC-3 ′ (116), E-cadherin; forward  5 ′ -

CGGGAATGCAGTTGAGGATC-3′, reverse 5′-AGGATGGTGTAAGCGATGGC-3′  

(179), vimentin; forward 5 ′ -AGATGGCCCTTGACATTGAG -3 ′ , reverse 5 ′ -

TGGAAGAGGCAGAGAAATCC-3 ′ (180) , Snail; forward  5 ′ -

GAAAGGCCTTCAACTGCAAA-3′ , reverse  5′ -TGACATCTGAGTGGGTCTGG-3′

(179), beta-actin; forward 5’-AGAGCTACGAGCTGCCTGAC-3’  ,  reverse 5’-

AGCACTGTGTTGGCGTACAG-3’ (181).  
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