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ABSTRACT 

Prostate cancer (PCa) is one of the most important health problems affecting 

men in the USA. It is estimated that one in seven men will be diagnosed with PCa in 

their lifetime. In this year alone, 220,800 new cases and 86,380 deaths were estimated. 

This makes PCa the most common cancer diagnosed and the second leading cause of 

cancer related death in men. Although early detection and treatment of localized PCa 

can increase 5-year survival rates to almost 100%, the survival rate drops dramatically, 

to around 30%, in patients with advanced metastatic PCa. Most PCa patients develop 

bone metastases causing bone pain, bone fracture and spinal cord compression, which 

ultimately reduces their quality of life and leads to the lethal phenotype of PCa. 

Hormonal therapy, in the form of androgen deprivation therapy (ADT), is given as the 

first line therapy for metastatic PCa; however, this can only suppress disease 

progression temporarily. Within 1.5-3 years after treatment began, many patients 

become resistant to the treatment and develop a more aggressive, castrate-resistant 

form of prostate cancer (CRPC). The development of CRPC bone lesions is associated 

with rapid disease progression and further reduction of patient survival. In this 

scenario, the average survival drops to less than 12 months. Bone metastasis remains 

the major cause of death in PCa patients; however, the rationale behind metastatic site 

preference or the mechanism(s) driving PCa colonization in bone is still unknown. In 

contrast to a well-known ‘seed and soil’ theory by Paget, which states that non-

random metastasis is the result of favorable interactions between the cancer and the 

target tissue, results from our lab and others have suggested possible negative 
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interactions between PCa cells and bone microenvironment. Specifically, previous 

data from our lab showed that bone marrow stromal (BMS) cells derived from marrow 

sinusoidal area called HS-5 cells secreted a soluble factor(s), which induced PCa cell 

apoptosis. While a fraction of the PCa cells underwent apoptosis, the surviving cells 

developed a neuroendocrine differentiated phenotype, which was shown to correlate 

with more aggressive behavior of PCa. Taken together, these results were contrary to 

Paget’s theory and suggested that the initial interaction between the paracrine factor(s) 

from the bone marrow environment and PCa could be negative. Furthermore, 

overcoming this condition might be a driving force for PCa cell survival and 

subsequent development into the more aggressive form. Therefore, identification of 

the apoptotic inducing factor(s) produced by bone stromal cells would be an essential 

step towards understand this initial interaction between PCa cells and the bone 

microenvironment. 

Consistent with previous research, my data also demonstrated that HS-5 

conditioned media (HS-5 CM) contained paracrine factor(s) that induce apoptosis in 

three cell lines from LNCaP human PCa progression model, namely LNCaP, C4-2 and 

C4-2B. In this study, the biochemical characteristics of an HS-5 derived factor (HS-5 

DF) that induced PCa cell death were investigated. Firstly, proteolytic enzyme 

sensitivity was tested using typsin. The results showed the apoptotic-inducing activity 

of HS-5 dropped significantly after the treatment with trypsin suggesting that HS-5 DF 

is a protein that contains at least one trypsin recognition site. Furthermore, as HS-5 

CM was pretreated with varied high temperatures, the results showed that apoptotic-

inducing activity of HS-5 CM was inversely related to the pretreatment temperature of 

the CM thereby indicating a heat sensitivity of HS-5 DF. These results also 
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demonstrated protein properties of HS-5 DF. HS-5 DF activity remained steady when 

exposed to different pHs including pH 4, 7, and 10. These data indicated that the 

activity of HS-5 DF is stable across pH 4-10. In addition, the tentative size for HS-5 

DF was studied by using size selected centrifugal filters. The data showed that the 

death-inducing activity of HS-5 CM remained in the fractions containing proteins that 

are greater than 30 kDa, but smaller than 100kDa, suggesting that the size of HS-5 DF 

is between 30 kDa and 100 kDa. To test for the requirement of disulfide bonding of 

HS-5 DF, a strong reducing agent, dithiothreitol (DTT) was used. Results from the 

more aggressive C4-2 and C4-2B lines showed lower death inducing activity of HS-5 

CM pretreated with DTT as compared to the groups treated with HS-5 CM alone. This 

strongly implies a requirement for disulfide bonding for HS-5 DF to function properly. 

When size selection experiments were performed after DTT treatment, the results 

showed an increase activity in the smaller size fractions in both 30 kDa and 100 kDa 

cutoff filters. This indicated oligomerization and/or multi-proteins interactions of HS-

5 DF. Another experiment was carried out to determine a suitable procedure to 

concentrate HS-5 CM for future experiments. It was shown that speed vacuum 

concentration could be used as a procedure to concentrate HS-5 CM without losing its 

activity.  

High levels of transforming growth factor beta 1 (TGF-β1) have been 

correlated in the serum of PCa patients with bone metastases. This led to our interest 

in the effects of TGF-β1 on HS-5 DF. Previous experiments from our group showed 

that CM collected from HS-5 cells pretreated with TGF-β1 (HS-5/TGF-β1 CM) had 

significantly lower death-inducing activity than the vehicle control pretreated group. 

Consistent with these data, my results also showed an inhibitory effect of TGF-β1 pre-
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treatment on HS-5 DF. Therefore, HS-5/TGF-β1 CM samples, which had significantly 

lower PCa death induction, were used as negative controls for proteomic approaches. 

Using high resolution one-dimensional Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE), several protein band alterations in HS-5 CM after TGF-

β1 treatment were observed. The bands that showed differential expression between 

HS-5 CM and HS-5/TGF-β1 CM were pulled followed by in-gel tryptic digestion and 

tandem mass spectrometry (MS/MS) to acquire the lists of upregulated and 

downregulated candidates. Among the down regulated HS-5 DF candidates, fibulin-1 

showed a stronge potential to be an HS-5 DF due to its characteristics and its 

specificity. Accordingly, fibulin-1 was picked for further investigation.  

My data showed a dramatically higher fibulin-1 expression in HS-5 cells 

compared to a weakly expression in PCa cells indicating a potential cancer 

suppressive role of fibulin-1 on PCa cells. Furthermore, the level of fibulin-1 dropped 

significantly in both whole cell lysates and HS-5/TGF-β1 CM after HS-5 cells were 

treated with TGF-β1. These results confirmed the MS/MS data and showed strong 

associations between fibulin-1 level in HS-5 CM and its PCa death inducing activity. 

Since opposing effects of a tumor promoting fibulin-1C and a tumor suppressive 

fibulin-1D were noted in many studies, the expressions of the two isoforms were 

determined in HS-5 cells. It was shown that both filbulin-1C and 1D isoforms were 

found in HS-5 cells. Interestingly, HS-5 cells expressed higher level of a tumor 

suppressive fibulin-1D than a tumor promoting fibulin-1C. Upon TGF-β1 treatment, 

both fibulin-1C and 1D were down regulated indicating a suppression of FBLN1 gene 

expression by TGF-β1. To further test for a probability of fibulin-1 as an HS-5 DF 

inducing PCa cells death, CMs from cell lines expressing different level of fibulin-1 
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including HS-5, HS-27a and HEK293 were used. The results showed that the higher 

expression of fibulin-1 in HS-5 CM correlated with greater PCa cell death inducing 

activity from CM as compared to cell lines with lower fibulin-1 expression. Once 

again, these data showed that fibulin-1 level in CM was associated with PCa death 

induction of the CMs. To further determine the direct involvement of fibuln-1 in HS-5 

CM and its PCa death induction, fibulin-1 was partially removed from HS-5 CM by 

immunoprecipitation (IP). The results showed that HS-5 CM that underwent IP with a 

fibulin-1 specific antibody showed significantly lower fibulin-1 level in CM compared 

to HS-5 CM underwent only the preclearing step (with protein A agarose) or the one 

underwent IP with IgG isotype antibody control. This result strongly suggested that 

fibulin-1 in HS-5 CM contributed to PCa cell death induction. As all data indicated 

strong associations between fibulin-1 and PCa cell death inducing activity from HS-5 

CM, the fibulin-1 gene was knocked down in HS-5 cells to test directly for its PCa 

death induction. The results showed that fiblulin-1 was successfully knocked down in 

HS-5 (HS-5CRISPR_fib1) cells by using clustered regularly interspaced short palindromic 

repeats (CRISPR)/ CRISPR associated nuclease (Cas) system leading to drastically 

lower level of fibulin-1 in HS-5CRISPR_fib1 CM. When the CM from HS-5CRISPR_fib1 cells 

was introduced to PCa cells, PCa cell death was reduced significantly compared to the 

CM from HS-5 cells transfected with the control plasmid (HS-5CRISPR_GFP). This also 

confirmed the association of fibulin-1 expression in HS-5 cells and HS-5 CM with 

PCa death induction of HS-5 CM. Accordingly, this study suggested a novel role of 

fibulin-1 as a BMS HS-5 DF that could potentially function as an initial defense 

mechanism of the bone microenvironment to prevent disseminating prostate cancer 

cells (DPCs) bone colonization.   
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Chapter 1 

INTRODUCTION 

The prostate gland is a walnut-sized organ in male reproductive system located 

below urinary bladder and in front of rectum. Surrounding the urethra, it is responsible 

for secreting approximately 25% of ejaculatory secretions. As a male accessory sex 

organ, the prostate secretes a solution rich in sugar, zinc and proteolytic enzymes. The 

functions of prostatic secretion are to nourish, protect and support the movement of 

spermatozoa as well as to liquefy semen by PSA [1]. Interestingly, the prostate is one 

of the most common sites to develop malignancy in United States men having with the 

highest incidence of all solid tumors since 1975 and the highest number of expected 

new cases for 2015 [2]. Like other types of cancer, prostate cancer (PCa) becomes 

more aggressive with increasing grade and metastasis to other organs. Prevalent 

metastatic sites for PCa include bone (90%), lung (46%), liver (25%), pleura (21%) 

and adrenal glands (13%) [3]. The mechanisms behind the preferential metastasis to 

and bone colonization of PCa remain elusive. Moreover, effective diagnostic methods 

and treatments that are highly effective and specific for PCa bone metastasis are still 

in need. This leads to our interest in studying the interactions between PCa and cells of 

the bone microenvironment in order to unravel the mechanism(s) behind PCa bone 

metastasis, which could potentially contribute to the better diagnostics and treatments 

in the near future. 
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1.1 Prostate Cancer Statistics and Treatment Options 

PCa is a major health problem worldwide. PCa is the second leading most 

frequently diagnosed cancer in men. Interestingly, more than 60% of cases were 

reported in economically developed countries, namely Northern and Western Europe, 

North America and Oceania [4]. In 2012 alone, over 1 million new cases of PCa were 

diagnosed making it the second most diagnosed cancer in men and fourth most 

diagnosed cancer globally. With this high incidence, PCa had more than 300,000 

estimated deaths in 2012, which made PCa the fifth most common cause of cancer 

related deaths in men worldwide [4, 5]. For United States, PCa has been the most 

commonly diagnosed cancer in men since 1975. In 2015, the estimated cases for PCa 

were higher than 230,000 cases. Despite the highest incidence, PCa is only the second 

leading cause of cancer death in American men with the estimated number of deaths 

being about 27,000 cases in 2015 [2, 6].  

The results from Digital Rectal Exam (DRE), transrectal ultrasound, prostate 

specific antigen (PSA), biopsy and bone scan are used to diagnose and determine the 

stage and grade (progression) of PCa. For the early stages, confined and regional PCa, 

standard therapies include active surveillance, radiotherapy and prostatectomy [7-9]. 

Most patients diagnosed with local PCa have a 5-year survival rate approaching 100%; 

however, the survival rate drops significantly to around 30% in patients with 

metastatic PCa. For these advance stages, androgen deprivation therapy (ADT), by 

chemical or surgical castration, is frequently given to the patients with or without 

combination with chemotherapy [10-13]. Unfortunately, ADT only leads to a decrease 

in PSA level and a temporary tumor regression. Within 1.5-3 years after ADT, many 

patients develop a more aggressive castrate resistant prostate cancer (CRPC), which 

will no longer respond to ADT [14, 15]. When CRPC takes place, the survival time 
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further decreases to approximately 9-18 months. Even more limited are successful 

response to chemotherapy at this stage. Some treatments showed a successful of 

survival to more than 30 months in clinical trails [16-18]. Standard therapy for CRPC 

is docetaxel-based chemotherapy with or without the combination of other drugs, 

which could be given during the treatment course or after docetaxel. Many of these 

drugs, such as prednisone, carbazitaxel, abiraterone acetate and enzalutamide, together 

with docetaxel showed the promising results in improving pateint survival rates in 

clinical trials [17]. However, due to the complications and side effects of 

chemotherapy, the effective treatments as well as a more efficient way for early 

detection and prediction of CRPC are still in needed.  

1.2 Prostate Cancer Bone Metastasis  

Among all metastatic sites for PCa, 70%-90% of PCa patients develop bone 

metastases [13, 19, 20]. The development of CRPC bone lesions is associated with 

rapid disease progression and a drastic reduction in patient survival where the average 

survival drops to 9-12 months [14, 21]. It also was shown in an autopsy study that 

80% of patients who died of PCa had bone metastases [3]. Of patients with bone 

metastases, most of them would have osteosclerotic lesions, which are mixed lesions 

of osteolytic and osteoblastic lesions. Osteosclerotic lesions lead to the deposition of 

irregular bone structure that is susceptible to bone fracture [13, 22, 23]. Many PCa 

patients with bone metastasis experience skeletal; related events including bone pain, 

bone fracture and the risk for spinal cord compression, which ultimately reduces their 

quality of life [14, 24]. As the major cause of death in PCa patients, the rationale 

behind preference for bone or the mechanisms driving PCa bone colonization are still 

unknown. To date, the famous ‘seed and soil’ hypothesis by Paget [25] is being used 
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to explain the possible mechanisms for bone metastasis in many types of cancer, 

including PCa. In this model, the growing tumor (seed) depends upon or favors the 

bone environment (soil) to grow outside its primary location [26-28]. However, a 

growing body of research is showing that this model might not be entirely true for PCa 

[29-33].  

PCa metastasis involves a multiple step process including local migration, 

invasion, intravasation, circulation, extravasation and colonization into the new 

metastatic environment [34]. The beginning step of metastasis is associated with the 

detachment of cancer cells from the primary location and migration to nearby blood or 

lymphatic vessels. Research has shown that metastatic PCa cells have decreased cell 

adhesion and underwent epithelial to mesenchymal transition (EMT) to increase their 

migratory ability. E-cadherin, a cell adhesion molecule (CAM) expressed highly in 

epithelial cells, was downregulated in metastatic PCa cells. In contrast, a 

mesenchymal cadherin, N-cadherin was upregulated in these cells. This cadherin 

switch also was correlated with high grade disease and invasiveness of PCa cell lines 

[35-38]. Moreover, β-catenin, which functions together with E-cadherin in 

maintaining cell-to-cell adhesion between epithelial cells, also was downregulated in 

high grade PCa [39]. Yet, another study showed that these proteins were re-expressed 

in metastatic PCa cells in bone [40] indicating a possible mesenchymal to epithelial 

transition (MET) in bone during PCa bone colonization. In addition to this cadherin 

switch, normal prostate epithelial α6 integrins were downregulated in biopsy samples 

corresponding to an increase of PCa migration and invasion [41, 42].   

In addition to migration on extracellular matrices (ECM), PCa invasion 

through ECM also is needed for PCa metastasis. For PCa cells to be able to invade 
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through ECM, proteolytic enzymes secreted by PCa cells are required to degrade ECM 

proteins. It has been shown that matrix metalloproteinases (MMPs), especially MMP-

2 and MMP-9, were higher in serum of metastatic PCa patients than those with non-

metastatic PCa [43]. This suggested correlations between these MMPs and PCa 

metastasis. Moreover, the ratio between MMP-2/-9 to tissue inhibitor of 

metalloproteinase-1 (TIMP-1) was increased in PCa tissues compared to normal 

tissue. This increased ratio also correlated with high Gleason score and poor prognosis 

of the patients [44-46]. In addition to MMPs, urokinase-type plasminogen activator 

(uPA) serine protease was shown to be associated with ECM degradation. 

Upregulation of uPA and its receptor was found in high tumor grade samples as well 

as PCa cell lines with high metastatic activity [47-49]. uPA could also activate MMP-

2/-9, which further drives PCa invasion by leading to degradation of basement 

membrane proteins [47]. Last but not least, prostate-specific antigen (PSA), which is 

known as a diagnostic marker for PCa, could also play a role in PCa invasion. As a 

kallikrein-like serine protease [50], PSA was shown to be able to degrade fibronectin, 

the main component in ECM. Therefore, this brought the possibility that PSA could be 

another factor facilitating PCa invasion through ECM [51]. 

After migration, invasion and intravasation into blood/lymphatic circulation, 

PCa cells must survive through the circulation and then extravasate to the new 

metastatic environment. As the rationale behind PCa preference to bone is not known, 

chemotaxis could be one of the possible mechanisms that attracts the disseminating 

prostate cancer cells (DPCs) to bone.  Current studies showed that DPCs express 

similar surface molecules, respond to the same signals, and accordingly compete for 

the same niche as hematopoietic stem cells (HSCs) [13, 19, 52-55]. One of the most 
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well studied regulators is CXCL12, or stromal cell-derived factor-1 (SDF-1), which is 

expressed strongly by bone marrow mesenchymal cells [19, 56]. Bone marrow derived 

CXCL12 is produced primarily by bone endothelial cells and osteoblasts in the 

endosteal region of bone marrow [57]. This ligand is known to interact with the 

chemokine receptors, CXCR4 and CXCR7, on HSCs and cancer cells. Several studies 

have shown that metastatic PCa cells also express both CXCR4 and CXCR7, and 

upregulation of these receptors correlated with poor prognosis [52, 53, 58-61].  

Accordingly, CXCL12-CXCR4 (or CXCR7) potentially could serve as a strong 

chemotaxis system attracting DPCs to bone. Supporting this hypothesis, it has been 

shown that PCa cells had preferential adherence to human bone marrow endothelial 

(HBME-1) cells than endothelial cells from other sources [62, 63]. Subsequently, a 

model called “dock and lock” model was proposed to explain this interaction between 

PCa cells and bone endothelial cells [64, 65]. In this model, bone epithelial cells 

expressed adhesion molecule called P-selectin, which can interact with sialyl-Lewisx 

carbohydrate on the surface of PCa cells. It was hypothesized that this interaction 

together with integrin binding could facilitate the attachment between PCa cells and 

bone endothelial cells [64, 66-69] during extravasation. Finally, aggressive prostate 

cancer cells showed a preference to interact with and invade through bone marrow 

endothelial cells over other bone marrow derived cell types [70] 

PCa cells and osteoclasts expressed similar types of integrins that could 

potentially facilitate PCa spreading in bone [71]. It has been shown that these integrins 

mediated PCa cell migration on bone ECM proteins including osteopontin, tronectin, 

laminin and collagen I [71-76]. Another research showed that bone metastatic PCa 

highly expressed cadherin-11, osteoblast cadherin, which might play a role in PCa 
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bone colonization as well [77]. In addition, growing evidence supported the 

interactions between osteoblast and PCa cells in endosteal niche. Activation of 

CXCR4 on PCa cells resulted in the upregulation of αVβ3 integrin and CD164, which 

potentially supported the tight binding of PCa cells to osteoblasts [53, 59, 78]. The 

binding between osteoblasts and PCa cells could support cancer cell dormancy in a 

process similar to HSCs quiescence [53]. One molecule that has been proposed to play 

an important role in this reversible cell cycle arrest of both PCa cells and HSCs is 

annexin II (Anxa2). Both PCa cells and HSCs express Anxa2R receptor that can 

interact with Anxa2 expressed on osteoblasts [79, 80]. The binding of Anxa2 to 

Anxa2R on PCa induces the expression of Axl, a receptor for growth arrest specific-6 

(GAS6).  GAS6 also is expressed in osteoblast [81]. Consequently, this additional 

binding via GAS6/Axl has been shown to induce growth arrest and drug resistance of 

PCa cells possibly leading to a chemo-resistant tumor dormancy stage [53, 81].  

1.3 Bone Microenvironment and Prostate Cancer Colonization 

1.3.1 Osteoclasts/Osteoblasts and PCa Bone Colonization 

Once in the bone, bidirectional interactions between PCa cells and bone cells 

are important for PCa bone colonization and tumor growth. Two of the most important 

bone cells affecting PCa colonization are bone forming osteoblasts and bone resorbing 

osteoclasts. Osteoblast growth and differentiation is regulated by many growth factors 

and signaling molecules including bone morphogenetic proteins (BMPs), insulin-like 

growth factors (IGFs), transforming growth factor-β (TGF-β) and Wnt. During bone 

formation, osteoblasts secrete many of these factors that will be embedded in the bone 

matrix. Later, such factors can be released from the bone matrix by the activity of 
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osteoclasts. On the other hand, the differentiation of osteoclasts are regulated by the 

presence of receptor activator of the nuclear factor kappa-B ligand (RANKL) on 

developing osteoblasts and osteopotegerin (OPG) secreted by mature osteoblasts that 

can interact with receptor activator of the nuclear factor kappa-B (RANK) on pre-

osteoclasts [34, 82-84]. PCa cells stimulate osteoclast and osteoblast activity 

simultaneously. The released growth factors from the bone matrix create the ‘vicious 

cycle’ that promotes the tumor growth in the new environment [85]. Such a cycle 

leads to mixed lesions (osteosclerotic) that are partially osteolytic (bone degrading) 

and osteoblastic (bone forming). This type of lesions is a unique characteristic of PCa 

bone metastasis [53, 81].  

Bone resorption could contribute many growth factors to facilitate PCa cell 

growth and survival in the new environment. Accordingly, metastatic PCa cells secrete 

cytokines and factors activating osteoclast maturation and activity. One of the factors 

produced by PCa cells is soluble RANKL [86-89]. In typical bone remodeling process, 

RANKL is expressed by osteoblasts and interacts directly with RANK on pre-

osteoclasts. This binding activates TGF-β activated kinase 1 (TAK1) and tumor 

necrosis factor receptor-associated factor binding adaptor protein 2 (TAB2). TAK1 

then activates nuclear factor kappa-B (NF-κB) and AP-147 resulting in the 

transcription of genes needed for osteoclast maturation [84]. Similarly, The binding of 

RANKL to RANK mediates osteoclast induced bone resorption leading to osteolytic 

lesions or regions of active bone remodeling in PCa bone metastasis [13, 90]. It has 

been shown that therapy targeting on RANK-RANKL interaction, such as RANKL 

antibody, reduces skeleton related events (SREs) and bone pain, prolongs the bone 

metastasis-free period and delays the time to develop bone metastasis in PCa patients 
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[91, 92]. Even though one study showed that a recombinant RANKL antagonist, 

RANK-Fc reduced osteolytic lesions and PCa growth in vivo [87], most studies 

showed that inhibiting RANK-RANKL disrupts the vicious cycle rather than affecting 

tumor proliferation itself [87]. In addition to factors secreted from PCa cells, factors 

released from bone resorption by osteoclasts also played an important role in PCa 

bone colonization. One of the factors is TGF-β. The dual role of TGF-β on tumor 

progression, which change from tumor suppression in normal epithelial cells and early 

tumor to tumor supportive in the more advance stage, were noted [32, 93, 94]. TGF-β 

was activated by the cleavage of TGF-β precursor by osteoclast-derived protease as 

well as PCa cell-derived PSA and uPA [95, 96]. It was shown in xenograft model that 

BMP-7, an antagonist for TGF-β signaling, inhibited osteolytic metastases in a bone 

specific manner [97]. This suggested the potential role of TGF-β in PCa bone 

colonization via osteolytic support.  

While osteolytic activity can be found in PCa metastases, osteoblastic (bone 

forming lesions) or osteosclerotic (mixed lesions with the total bone gain) activity is a 

hallmark for PCa bone metastasis. PCa cells were shown to produce parathyroid 

hormone-related protein (PTHrP), which could enhance osteoclast differentiation in 

vitro and in vivo [98]. PTHrP induces osteoclast differentiation by upregulating 

RANKL in osteoblasts and downregulating OPG, a decoy ligand inhibiting osteoclast 

differentiation [98]. On the other hand, the direct effects of PTHrP on osteoblasts were 

noted in many studies. It has been shown that PTHrP induces osteoblast differentiation 

leading to the increase of osteoblast population and activity [53, 98, 99] as well as 

protecting osteoblasts and PCa cells from apoptosis [53, 99, 100]. Indeed, PTHrP 

administration to mice increases bone colonization of prostate cancer cells in vivo 
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[101-103]. These data suggested the roles of PTHrP in supporting both osteolytic and 

osteoblastic bone metastases. However, it has been shown that PTHrP could be 

cleaved by PSA leading to a decrease in bone resorption but increase in osteoblast 

activity. These studies indicated that during PCa progression, the rising level of PSA 

could regulate the switch of PTHrP functions from osteolytic to an osteoblastic 

process in PCa bone colonization [104, 105].  

However, PTHrP is not the only factor affecting osteoblasts during PCa bone 

colonization. Canonical Wnt signaling via Frizzled-Dishevelled-β-catenin axis was 

shown to stimulate osteoblast differentiation and bone formation [106]. In PCa bone 

metastasis, Wnt secreted by PCa cells also stimulated osteoblast differentiation and 

cancer cell proliferation leading to osteoblastic lesions in PCa colonization [107]. Wnt 

signaling could be regulated by the expression of the Wnt antagonist, DKK1, which 

was shown to be expressed in early stages of PCa, but the expression was decreased in 

bone metastatic PCa [108]. It has been shown that inhibition of DKK1 led to 

osteoblastic lesions from PC3; while, overexpression of DKK1 in C4-2B led to 

osteolytic lesions instead of osteosclerotic phenotypes [109]. This suggested the 

inhibition of osteoblastic activity by DKK1 during PCa bone colonization. The 

regulation of Wnt signaling mediating osteoblastic activity via DKK1 were also 

affected by another protein called Endothelin-1 (ET-1). ET-1 induced osteoblast 

proliferation, while inhibiting osteoclast formation and motility [110]. The proposed 

mechanism for osteoblastic induction by ET-1 was through the crosstalk of Wnt 

signaling leading to the suppression of DKK1 [111]. In PCa, it has been shown that 

exogenous ET-1 increased PCa cell proliferation, and the plasma level of ET-1 was 

associated with osteoblastic metastases in PCa patients [110, 112-116]. ET-1 receptor 
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antagonist also showed promising results through inhibition of osteoblastic activity in 

many PCa bone metastases [117].  

In addition, PCa cells also secrete some cytokines, which contribute to 

osteoblastic activity during PCa bone colonization. One of the factors is bone 

morphogenic protein (BMP). BMPs were showed to initiate osteoblast differentiation 

in vitro and in vivo [118, 119] as well as stimulate cancer cell migration [120]. 

Osteoblast-derived BMP-2 was shown to stimulate PCa cell migration; while, BMP-6 

and 7 expression was significantly higher in osteoblastic bone lesions than the normal 

bone of PCa patients [120-124]. Introduction of BMP-6 antibody to mice with PCa 

cells led to the reduction of osteoblast number and increased tumor growth [125]. 

Similar effects could be observed as Noggin, a BMP antagonist, led to osteolytic 

induction instead of osteoblastic activity in PCa bone metastases [126]. These results 

suggested a role for BMPs in osteoblastic induction during PCa bone colonization. 

Another protein family affecting PCa bone metastasis is insulin-like growth factors 

(IGFs). In the normal bone remodeling process, IGFs could be released from bone 

matrix during bone resorption and promoted the activity of osteoblast in bone 

deposition [83, 127]. For PCa, IGF-I was upregulated in PCa bone metastases, and the 

level of IGF-I has been shown to correlate with PCa progression [128-133]. Even 

though overexpression of IGF-I in C4-2 and PC3 cells showed no significant effect on 

osteoblastic activity in vivo, an inhibitor of the IGF-I receptor led to the inhibition of 

PCa growth in vitro [34, 134]. Therefore, more research is needed to investigate the 

role of IGF-I in PCa bone colonization. 
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1.3.2 Blood Cells and PCa Bone Colonization 

 Since bone marrow is where hematopoiesis takes place, the effects of blood 

cells on PCa bone colonization have been investigated in many studies. In bone 

marrow, naïve immature myeloid cells (iMCs) could differentiate into mature 

macrophages, granulocytes and neutrophils. However, upon the interaction of bone 

microenvironment and tumor cells, iMCs differentiation was blocked leading to the 

production of myeloid-derived suppressor cells (MDSCs), which had immune 

suppressive capabilities and could promote tumor growth [52, 135-137]. MDSCs 

could promote tumor growth by secreting angiogenic factors as well as undergo 

differentiation into osteoclasts thereby leading to increased bone resorption [138-140]. 

MDSCs also produced TGF-β, which could promote parathyroid hormone related 

protein (PTHrP) expression in tumor cells thereby accelerating the vicious cycle 

during bone colonization by cancer cells. It has been shown that mice lacking 

myeloid-derived TGF-β showed a significant reduction in bone metastasis [141]. 

These data suggested the potential role of MDSCs in cancer progression; therefore, 

therapies targeted on preventing MDSC expansion and supporting MDSC 

differentiation are under investigated. In addition to MDSCs, tumor-associated 

macrophages (TAMs) have been shown to correlate with poor prognosis of PCa [142]. 

TAMs contributed to immune suppression by secreting anti-inflammatory cytokines as 

well as proteolytic enzymes, which support angiogenesis and the release of growth 

factors from bone matrix [143, 144]. For PCa, it was shown that PCa expressed 

chemoattractant protein called CCL2 or monocyte chemoattractive protein I, which 

could recruit TAMs and osteoclast precursors to metastatic sites. Moreover, bone 

marrow macrophages (BMMs) were shown to express capthesin K, another matrix 
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degrading enzyme that could promote the vicious cycle and tumor progression in PCa 

bone metastasis [145, 146]. 

In addition to MDSCs and macrophages, other immune cells including 

dendritic cells and T-cells also affect PCa bone colonization. Antigen presenting 

dendritic cells can be divided into two groups: myeloid dendritic cells (mDCs) and 

plasmacytoid dendritic cells (pDCs). The presence of pDCs was shown to correlate 

with many types of cancer including PCa [147]. pDCs were shown to secrete large 

amount of cytokines including interleukin (IL)-15, chemokine (C-C motif) ligand 

(CCL)5 and CCL2, which attracted and stimulated osteoclast activity [145, 148]. Even 

though it was not shown in PCa, depletion of pDCs led to a decrease in bone 

metastasis for breast cancer in vivo [149]. These studies suggested the role of pDCs in 

providing a pre-metastatic niche for the tumor. T cells also were shown to have dual 

roles in PCa bone colonization. Even though T cell-derived IL-17 and tumor necrosis 

factor (TNF)-α could function in an autocrine manner by simulating RANKL 

expression and promoting osteoclast differentiation, they also were known to produce 

interferon (IFN)-γ that could inhibit osteoclastogenesis [150, 151]. Accordingly, T 

cells showed both promoting and preventing potentials for tumor bone colonization. In 

PCa, regulatory T cells (Treg) were recruited to bone by CXCR4/CXCL12 signaling. 

Treg cells inhibited osteoclast differentiation in vitro, and the mice with PCa showed 

increased bone mineral density after the introduction of Tregs in vivo. These studies 

suggested that Tregs could play a role in osteoblastic PCa metastases [152]. In 

addition, mature megakaryocytes, the source of plasma platelets, were shown to affect 

PCa bone colonization as well. Expansion of megakaryocytes in bone marrow was 

shown to significantly reduce PCa bone metastasis in an animal model [153]. In direct 
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co-culture experiments, megakaryocytes significantly reduced PCa growth and 

induced PCa cell apoptosis [154]. With various effects of blood cells on PCa bone 

colonization, treatments targeting these cells are under investigated [155-157].  

1.3.3 Bone Stromal Cells and PCa Bone Colonization 

To study bone stromal : PCa cell interactions, a bone marrow stromal (BMS) 

cell line model developed by Roecklein and Torok-Storb [158] was used. These cells 

were generated from a bone aspirate from a 30 year-old healthy male donor. Adherent 

cells from the marrow samples were grown in long-term culture (LTC) media. Then 

LTCs were immortalized by retroviral LXSN-16 E6/E7 transduction. The clones were 

selected under G418 selection to derive HS-(1-27) BMS clones [158]. Two particular 

cell lines called HS-5 and HS-27a were used broadly due to their abilities to secrete 

wide range of cytokines and represented different groups of BMS cells from the 

hemaopoietic niche. It has been shown that conditioned media (CM) from HS-5 cells 

contained cytokines that support the proliferation of committed hematopoietic 

progenitor cells (CD38+) [158-160]. This led to the hypothesis that HS-5 cells reside in 

the sinusoid area overlapping with committed hematopoietic progenitor cells; 

therefore, they could be located in one of the first microenvironments that PCa cells 

encountered after extravasation from nearby vessels during PCa bone metastasis. On 

the other hand, HS-27a was shown to support only cobblestone area formation for 

hematopoietic stem cells (CD38low). This suggested the location of HS-27a habitat 

located more toward the endosteal area in bone [160].  

Once co-culture with metastatic PCa, PC3 cells, HS-27a expressed increasing 

levels of some extracellular matrices (versican and tenascin) and chemokines (CCL5, 

CXCL5 and CXCL16) [161]. On the other hand, HS-5 showed the upregulation of 
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soluble N-cadherin and CXCR7 when co-cultured with PC3 cell. Interestingly, PC3 

showed upregulation of several MET related genes including α6 integrin, E-cadherin 

and N-cadherin when co-culture with HS-5 cells along with these changes the growth 

rate of PC3 in co-culture with HS-5 decreases [162]. Moreover, both co-culture 

models and CM from metastatic PCa, C4-2 cells and bone adaptive, C4-2B were 

showed to suppress endoglin, an auxiliary co-receptor for TGF-β signaling, in HS-5, 

HS-27a and primary bone stromal cells. Similarly, CM from PC3, DU145 and C4-2B 

led to lower TGF-β secretion and decreased cell proliferation in HS-5 and HS-27a 

[30]. These suggested that PCa cells produce cytokines that could suppress or alter 

TGF- β signaling in BMS cells. When BMS cells derived from an osteosarcoma 

specimen were co-cultured with androgen sensitive PCa, LNCaP cells, LNCaP 

underwent genetic, morphological and behavioral changes to a more aggressive 

phenotypes [163]. These data indicate the interactions between BMS cells and PCa 

cells induced both genetic and phenotypic changes in response to each other.  

Despite the famous ‘seed and soil’ theory from Paget where the metastatic sites 

would provide a favorable environment supporting tumor growth and colonization 

[25], other explanations were suggested for PCa bone metastasis. It has been shown 

that circulating DPCs are genetically heterogeneous, while cells in tumor masses at 

metastatic sites show genetic homogeneity [164, 165]. This suggested that 

heterogeneous circulating DPCs might be selected to survive under pressure from the 

new bone environment pressure in Darwinian manner to develop genetically 

homogeneous metastases [53, 165, 166]. This hypothesis corresponded to the recent 

data from Sikes’ lab and others showing the negative interactions between PCa cells 

and the bone microenvironment [29-33, 167]. Specifically, data from Sikes’ lab has 
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shown that HS-5 cells secreted paracrine factor(s) inducing LNCaP, C4-2 and C42B 

cell death via apoptosis. Correspond to the Darwinian selection hypothesis mentioned; 

the surviving cells undergo neuroendocrine differentiation (NED), which has been 

shown to correlate with an aggressive phenotype of PCa [31-33]. As one of the factors 

from HS-5 CM responsible for PCa NED induction was identified to be IL-6 [31], the 

factor(s) contributing to PCa cell death are still unidentified. Even though several 

attempts have been made to investigate the reciprocal interactions between PCa cells 

and BMS, these interactions still remain elusive. Accordingly, identifying this HS-5 

derived factor(s) (HS-5 DF) that induce PCa apoptosis would be an essential step 

forward in understanding the initial mechanism of PCa bone colonization and/or 

providing a novel therapy to prevent bone colonization or slow the growth of bone 

metastases. 

 

Figure 1:  The model shows reciprocal interactions between PCa cells and HS-5 
BMS cells showing PCa apoptotic inducing effect by unidentified 
paracrine factor(s) secreted by HS-5 BMS cells. The surviving cells 
would undergo NED to a more aggressive phenotype (courtesy Dr. 
Robert A. Sikes)  
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1.4 Fibulin Protein Family 

Fibulins are a family of secreted glycoproteins characterized by the presence of 

two structural modules: repeated epidermal growth factor (EGF)-like modules and a 

unique C-terminal fibulin-type module [168-170]. They are known to have various 

structural roles in ECM and embryonic development. However, some research has 

shown that they also can modulate many biological processes, such as cell growth, 

adhesion, migration and tumorigenesis [168, 169, 171]. Fibulin structures consist of 3 

domains: domain I, II and III. Domain I is called the N-terminal domain and contains 

the signal peptides, which are variable among the family members. In some fibulin 

members, this domain also contains an anaphylotoxin-like (AT) module that has 

structural similarity to proteins in the complement system involved in inflammation 

and immune responses. Domain II represents the central portion of fibulins. It contains 

a varied number of EGF- like modules, where some of them are modified to have a 

specific calcium binding site called the calcium binding EGF-like (cbEGF) domain. 

Lastly, domain III consists of C-terminal modules, which are different structurally 

between the family members and various isoforms; therefore, this area is called 

fibulin-type (FC) domain [168, 171, 172].  

To date, 7 fibulin family members have been discovered, which are expressed 

from different genes. Fibulin-1 was the first fibulin discovered in 1989 by affinity 

chromatography to investigate proteins interacting with the β subunit of the 

fibronectin receptor [173]. After that, fibulin-2 and fibulin-3 were discovered by 

comparative sequence analysis of a cDNA library of mouse fibroblast and senescent 

human diploid fibroblasts (HDF), respectively [174, 175]. Fibulin-4 also was cloned 

from sequence homology gene searches for new fibulin members; however, fibulin-5 

was isolated from vascular smooth muscle cells in the study for genes that regulate the 
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transition of cells from a quiescent to proliferative state [176-178]. Fibulin-6 was 

identified in Caenorhabditis elegans as a gene that was important for cell-cell and 

cell-matrix interactions [179]. Lastly, fibulin-7 was identified as a gene associated 

with odontoblast differentiation and dentin formation [180]. Fibulin members could be 

divided into 2 main groups. The first group includes fibulin-1 and fibulin-2, both of 

which contain 3 AT modules in the N-terminal domain contributing to the total size of 

100 kDa and 200 kDa, respectively. The second group, however, consists of fibulin 

proteins without AT modules including fibulin-3,-4,-5,-6 and -7. Except for fibulin-6, 

other members in this group are in the range of 50-60 kDa and mostly do not contain 

any recognizable module s/protein motifs in domain I. In contrast, fibulin-6 is 

comprised of 44 tandem immunoglobulin and 6 thrombospondin type-1 modules in 

domain I bringing the size of fibulin-6 to as large as 600 kDa [169].   
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Figure 2:  Domain structures of the fibulin protein family. All fibulins consist of 3 
main domains: domain I, II and III. Domain I contains signal peptides for 
all members with special modules in fibulin-1,-2,-6 and -7. Domain II is 
the middle portion with tandem repeats of EGF-like modules, and 
domain III contains the divergent fibulin FC module, which identifies the 
specific type of fibulin. (used with permission [180]) 
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With their abilities to interact with many ECM proteins, the expression of 

fibulin family members was found in many connective tissues. Fibulin-1 and fibulin-2 

have overlapping expression in many organs [181-184]. Both of them were expressed 

highly in areas in which polarized epithelial cells undergo EMT during development, 

such as, endocardial cushion tissues, perichondrial structures and neural crest. Both of 

them continue to be expressed in basement membranes and cartilage [184, 185]. While 

fibulin-1 is found in the walls of in great vessels, brain, kidney, lung and liver [184], 

fibulin-2 is expressed mainly in the heart, placenta and ovary [171]. During embryonic 

organogenesis, fibulin-1 was shown to play an important role and highly expressed 

during digit and limb formation [186]; in contrast, similar effects were seen during 

heart development for fiblin-2 [185]. Fibulin-3 was found in mesenchyme that later 

developed into bone and cartilage [187]. It was shown to be important in the 

development of bone and cartilage in the cranial area, ribs, vertebrae, appendicular 

skeleton as well as the regulation of skeletal shape in the body [187, 188]. Fibulin-4 

was shown to be expressed highly in the heart and vessel walls, moderately in skeletal 

muscle, but weakly expressed in other connective tissues, such as brain, lung, pancreas 

and kidney [176, 189]. Compared to fibulin-1, -2 and -3, fibulin-4 was not shown to 

have significant roles during developmental process; however, it was shown that the 

level of fibulin-4 correlated with the prognosis of osteoarthritis [189]. Fibulin-5 was 

shown to be expressed primarily in regions undergoing EMT during development as 

well as in elastic tissues, such as the dorsal aorta, vascular smooth muscle of great 

vessels, heart, ovary, kidney, testes and pancreas [170, 171, 177, 178]. Fibulin-5 was 

shown to have a crucial role in the assembly of elastic fibers functioning as an 

intermolecular bridge between microfibrils [170, 190]. In addition, fibulin-5 could 
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interact with TGF-β latent binding protein 2 (LTBP-2), a protein that also affected 

elastic fiber assembly [191]. Fibulin-6 is expressed in retinal epithelial/endothelial 

cells and skin fibroblasts [192, 193]. The physiological functions of fibulin-6 have not 

been elucidated completely. Nevertheless, recent studies showed that it might be 

associated with cardiac fibroblast migration during heart failure and age-related 

macular degeneration [193, 194]. The last family member, fibulin-7 was found 

expressed in teeth, placenta, cartilage and hair follicles. It was shown that fibulin-7 

functioned in tooth development with high expression in pre-odontoblasts and 

odontoblasts [180]. Regardless to the structural roles that fibulin family members play 

in connective tissues and development, the effects of fibulins, especially fibulin-1 in 

other diseases, including cancer has been noted in several recent studies, which will be 

the focus of the next part of this introduction.  

1.5 Fibulin-1: Structures and Physiological Functions 

In humans, the fibulin-1 gene (FBLN1) is located on the long arm of 

chromosome 22 at position 22q13.31 [170, 172, 195]. As the first family member 

identified, the fibulin 1 structure has been well studied. This 90-100kDa protein is 

comprised of three domains including the amino-(N-)terminal domain, the central 

domain and the carboxy-(C-)terminal domain with a structure similar to other types of 

fibulin. The N-terminal domain consists of three anaphylatoxin-like (AT) modules. 

Each ~40 amino acid long module contains four to six cysteines that are responsible 

for three disulfide bridges stabilizing its α-helix structure.  The central domain consists 

of nine 40 amino acid long EGF-like modules, also stabilized by three disulfide bonds 

each. Most EGF-like modules contain consensus cbEGF-like modules. Lastly, the C-

terminal domain is composed of a ~120-140 amino acid long fibulin type specific 
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module which specifies the subtypes of fibulin-1. To date, four different isoforms of 

fibulin-1 have been identified due to alternative splicing and are designated fibulin-

1A, -1B, -1C and 1D. The four isoforms are different from each other in their domain 

III ranging from lacking of domain III in isoform 1A, containing short 35 residues in 

isoform 1B, or consisting of longer 117 and 137 residues for 1C and 1D, respectively 

[172]. While fibulin-1A and 1B were barely detected in human placenta, fibulin-1C 

and 1D are expressed in most tissues and cell cultures [171, 172, 195].  
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Figure 3: A) mRNA structure for fibulin-1 mRNA showing exon and intron 
components for each fibulin-1 isoform due to alternative splicing. 
Fibulin-1 isoforms are different after exon 14. After exon 14, fibulin-1A, 
1B and 1C consist of exon 15, 16 and 17 respectively; while, fibulin-1D 
is comprised of 3 exons: exon 18, 19 and 20. B) Modular structures of 
fibulin-1 isoforms with different length of FC domain corresponding to 
the different exons picked from alternative splicing. (used with 
permission [172]) 
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Fibulin-1 has been shown to interact with many ECM proteins including 

laminin, aggrecan, versican, nidogen, elastin and tropoelastin. Therefore, its possible 

role in ECM assembly and stability have been noted [171].  Fibulin-1 co-localized 

with fibulin-2 in elastic fiber, especially in aorta and neuronal structures [171, 172]. 

With the interaction with tropoelastin, fibulin-1 was shown to play a role in elastin 

nucleus assembly during elastic fiber assembly [196]. Fibulin-1 also was shown to 

interact with fibronectin and associated with fibronectin-based fibrils produced by 

fibroblasts and other cell types [182, 197]. It also was localized to basement 

membranes in many tissues and interacted with basement membrane components 

specifically fibronectin and nidogen [198, 199]. This suggested its potential to affect 

other cellular processes via these molecules, such as cell migration and cell 

proliferation [171, 200]. Moreover, fibulin-1 was shown to interact with the large 

chondroitin sulfate proteoglycans aggrecan and versican in cartilage to link these ECM 

proteins thereby providing stability and providing a mechanism to strengthen cartilage 

[201]. The interaction between fibulin-1 and a disintegrin-like and metalloprotease 

with thrombospondin motifs proteases (ADAMTS) was noted. It was shown to 

enhance ADAMTS activity to cleave aggrecan suggesting its role in tissue remodeling 

regulation [202]. Moreover, fibulin-1 was shown to interact with sex hormone-binding 

globulin (SHBG) indicating its ability to regulate steroid hormone activity by 

sequestering SHBG in the ECM [203].  Other than as one of the ECM components, a 

soluble form of fibulin-1 was detected at a relatively high concentration in human and 

mouse serum (10-50 µg/ml) [195, 204, 205]. This suggested other possible functions 

of circulating fibulin-1 in the body. In addition to its structural roles, it was shown to 

be one of the binding partners for fibrinogen and was incorporated into fibrin clot. It 
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also could function as a bridge between cells and fibrinogen assisting in platelet 

adhesion during the blood clotting process [206, 207].  

Fibuln-1 expression was predominant in areas where cells underwent EMT 

during embryonic development including endocardial cushion, hair follicles, tooth and 

neural crest [184]. The importance of fibulin-1 during developmental processes was 

highlighted in many animal studies. In the first experiment, mouse models lacking of 

fibulin-1 were created by homologous recombination in embryonic stem cells. These 

animals underwent hemorrhage in their cranial mesenchyme, skin and skeletal 

muscles. These models also showed endothelial abnormalites as well as defective 

renal glomeruli, which failed to develop properly. Most mice died within 24-48 hrs 

after birth indicating severe phenotypes associated with a lack of fibulin-1 [208]. 

Another study using mice lacking of fibulin-1 derived from gene trap insertion 

techniques reported similar effects of lethal hemorrhage and early death. In addition, 

these mice showed the abnormalities in their arteries, pharyngeal glands, nerves and 

cephalic skeleton [209]. In fibulin-1 knockout C. elegans, the organisms showed 

smaller size features and defective gonads [210]. These results suggested a central role 

for fibulin-1 in embryonic development in mice and C. elegans. In addition, rescue 

experiments for fibulin-1 knockout C. elegans revealed isoform specific functions of 

fibulin-1C and 1D to be responsible for different parts of organ development [210]. 

Furthermore, some researches pointed out that the level of fibulin-1 affected eye 

development and is involved in eye disorders. Both fibulin-1 and fibulin-4 were 

associated with retinopathies [211]; and, the elevated levels of fibulin-1 and fibulin-3 

were found in murine models of retinopathy, especially the ones with rod 

photoreceptor degeneration [212]. These experiments suggested that not only the 
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expression of fibulin-1 is needed for proper development, but also the level of fibulin-

1 needs to be tightly regulated for normal developmental processes to occur. In 

humans, chromosomal translocation of FBLN1 was involved in synpolydactyly 

(malformation of the hands), a dominant inherited disease causing metacarpal and 

metatarsal synostoses (bone fusion) [213]. A chromosomal translocation at intron 19 

(last intron) for FBLN1 gene was hypothesized to involve in abnormal cell migration 

and apoptosis during digit formation leading to digit malformation [171]. In addition, 

a defect in fibulin-1D caused by mutation of exon 19 in the FBLN1 gene was 

associated with autosomal dominant giant platelet syndromes causing deafness, renal 

disease and eye abnormalities [214].  

1.6 Fibulin-1 and Cancer 

Dual roles of fibulin-1 in cancer have been suggested by many research 

groups. Overexpression of fibulin-1D and purified fibulin-1 proteins, which contain 

equal amount of fibulin-1C and -1D isoforms, have been shown to inhibit cell 

motility, adhesion and invasion in many types of cancer including epidermal 

carcinoma, breast cancer, melanoma, fibrosarcoma, ovarian cancer and renal 

carcinoma [215-218]. Elevated expression of fibulin-1D suppressed anchorage-

independent growth and induced apoptosis of human fibrosarcoma-derived cells in 

vitro, while delaying tumor formation in vivo [216, 219]. In addition, fibulin-1D has 

been shown to inhibit papillomavirus-E6-protein-mediated transformation, potentially 

through direct protein-protein interaction [220]. Moreover, downregulation of FBLN1 

has been shown in many types of cancer supporting its tumor suppressive potential. 

FBLN1 was shown to be downregulated through promoter methylation in gastric 

cancer, renal carcinoma and hepatocellular carcinoma [218, 221, 222]. Another group 
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also showed a significant decrease in fibulin-1C and -1D mRNA in PCa cells and 

prostate cancerous tissue compared to benign tissue [223]. It has been suggested that 

downregulation of fibulin-1 correlates with renal carcinoma progression; while, 

overexpression of fibulin-1 causes a significant decrease in renal cancer cell growth, 

enhanced cell apoptosis and decreased cell motility and angiogenesis in vitro and in 

vivo [218].  

While the tumor suppressive role of fibulin-1, especially fibulin-1D, has been 

demonstrated clearly in previous studies, others have revealed differential effects 

associated with the splice-variants fibulin-1C and -1D. Ectopic expression of fibulin-

1C and -1D showed contrasting effects on cellular activity [168]. Moreover, the 

opposing effects of fibulin-1C to fibulin-1D have been shown in breast cancer and 

ovarian cancer [224-227]. Increased expression of fibulin-1C:1D mRNA ratio has 

been observed in ovarian carcinomas compared to normal ovaries [224]. Even though 

the ratio between the two splice variants has not been quantified in breast cancer, 

elevated levels of fibulin-1 have been observed in breast cancer [225, 226]. This 

suggests an oncogenic role of fibulin-1C contrasting to the tumor suppressive role of 

fibulin-1D. The suggested mechanism behind fibulin-1C preference in breast cancer 

and ovarian cancer was thought to be regulated by estrogen. In this context, estradiol 

treatment significantly decreased the half-life of fibulin-1D mRNA in breast cancer 

while preferentially inducing expression of fibulin-1C in ovarian and breast cancer 

[224, 228]. Therefore, the balance between splice-variant-specific activities of fibulin-

1 could be an important factor contributing to its oncogenic or tumor suppressive role 

in cancer progression including PCa. 
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Figure 4: A) proposed splice variant specific activities of fibulin-1C and fibulin-1D 
in tumorigenesis B) The proposed model for fibulin-1 isoforms and their 
roles in ovarian caner. The balance between the two isoforms was needed 
to keep the cells normal. However, upon the exposure of estradiol, the 
expression of fibulin-1D was reduced significantly leading to the 
imbalance between the two isoforms and the predominance of fibulin-1C, 
which had tumor supportive/enhancing effects. (used with permission 
[168])  
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Chapter 2 

MATERIALS AND METHODS 

2.1 Cell Lines and Cultures  

LNCaP, C4-2 and C4-2B isogenic human PCa cell lines were maintained in T-

medium (Gibco, 02-0056DJ) supplemented with 5% (v/v) fetal bovine serum (FBS) 

(Atlas Biologicals, F-0050-A). Benign prostatic hyperplasia-1 (BPH-1) cells were also 

maintained in T-medium with 5% FBS. Human bone marrow stromal cell lines, HS-5 

and HS-27a, were maintained in Dulbecco’s Modification of Eagle’s Medium 

(DMEM) (Corning cellgro, 10-013-CV) supplemented with 10% (v/v) FBS. The 

human embryonic kidney cell line, HEK293 was maintained in Minimum Essential 

Medium Eagle (MEM) (Corning cellgro, 10-010-CV) with 10% FBS (v/v). Unless 

specifically stated, all cells were maintained at 37°C in a humidified atmosphere of 

95% air and 5% CO2. Media was changed three times a week. 

2.2 Conditioned Media (CM) Collection and Usage 

CMs were collected from 100% confluent plates of each cell line. The cell 

lines were maintained in the suitable media supplemented with FBS as mentioned, and 

were fed fresh media 24 hours before CM collection. Then, cells were rinsed twice 

with PBS solution, and the media were replaced by serum free media (SF); SF-DMEM 

(Corning cellgro, 17-205-CV) for HS-5 and HS-27a and SF-MEM (Corning cellgro, 

17-305-CV) for HEK293. CM was harvested every 48 hours for 4 days, and CMs 

from the same collection period were used in comparison to each other. Before use, 
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CMs were filtered through 0.22 µm filter (EMD Millipore, SE1M179M6) to remove 

any floating cells or debris. Unless specifically stated, all CM treatments on PCa cells 

were done with 1:1 (v/v) of CM: 5% FBS supplemented T-media for 48 hours. 

2.3 Biochemical Characterization of HS-5 DF 

2.3.1 Trypsin Digestion  

 Total protein content in HS-5 CM was assayed by using Pierce 660 nm protein 

assay kit (Thermo scientific, 22660). Then, trypsin (Sigma, T-497) was added to CM 

at 1: 2 (w/w) of trypsin: total protein content. The solution was incubated at 37°C for 

20 hours. After that, trypsin was inactivated by the addition of trypsin inhibitor (Sigma 

Aldrich, T6522) 1:2 (w/w) of trypsin inhibitor: trypsin followed by the incubation at 

37°C for 15 minutes according to the manufacturer’s protocol. The activity of HS-5 

CM was compared to the control CM from the original pull. 

2.3.2 Heat Sensitivity Test 

Same batch of HS-5 CM was divided into 3 groups. The first group was 

exposed to 37°C, which is a default temperature for HS-5 CM treatment. The second 

group was exposed to 70°C, and the last group was exposed to 100°C. All heat 

exposure lasted for 15 minutes; then the CMs were cooled down to room temperature 

and returned to 37°C before introducing to PCa cells. 

2.3.3 pH Stability Test 

HS-5 CM was divided into 3 groups: pH 4, pH 7 (default pH for HS-5 CM) 

and pH 10.  CMs were adjusted to a designated pH by 1N HCL and 1N NaOH and left 
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at 4°C for 48 hours. The pHs then were adjusted back to pH 7 and warmed up to 37°C 

before introducing to PCa cells. 

2.3.4 Size Selection  

HS-5 CM was filtered through Amicon Ultra-15 centrifugal filters for 30 kDa 

(Millipore, UFC9030024) and 100 kDa (Millipore, UFC910024) cutoff. After adding 

15 ml of HS-5 CM into the devices, the tubes were centrifuged at 550 x g. The devices 

were centrifuged for 40 minutes and 15 minutes for 30 kDa and 100 kDa filters 

respectively. After that, retentate fractions containing proteins that are bigger than the 

filter size were re-adjusted back to the original volume with SF-DMEM. 

2.3.5 Disulfide Bond Reduction with Dithiothreitol (DTT) 

DTT (Sigma Aldrich, D-0632) was added to HS-5 CM to achieve 10 mM 

concentration. The CM was then left at 25°C for 48 hours. According to the 

manufacture (Sigma Aldrich), the half-life of DTT at 20°C is 10 hours. Therefore, the 

treated CM was left at 4°C for at least a week to ensure that all DTT had been 

degraded before introducing the CM to PCa cells. 

2.3.6 Protein Concentration for HS-5 CM 

The same batch of HS-5 CM was divided into control HS-5 CM and HS-5 CM 

that would be used for protein concentration. Two hundred microliters of HS-5 CM 

was aliquoted to each 1.5 mL centrifuge tubes. The samples were concentrated using a 

speed vacuum concentrator (Savant) at 4°C for 10 minutes to achieve ¼ of the original 

volume (50 µL). For functionality test, the concentrated samples were re-adjusted back 

to the original volume by SF DMEM. PCa cell death induction was compared between 

HS-5 CM before and after the concentration process.  



 32 

2.4 Apoptosis Assay 

All PCa cells were plated at 1x105 cells/well in tissue culture grade 24-well 

plates (Greiner Bio-One, 662160). Twenty-four after plating, half of the media was 

replaced by the proper HS-5 CM/treatments to achieve 1:1 ratio of T-media with 5% 

FBS:treatment (2.5% final FBS). The cells were left in CM for 24 hours before 

harvesting using 50 mM EDTA (Gibco, 15575-038). Apoptosis assay was performed 

on collected cell pellets by using Cell Death Detection ELISAplus kit (Roche, 

11774425001), which measured DNA fragmentation. 

2.5 Live/Dead Assay 

 All PCa cells were plated at 1x105 cells/well in tissue culture grade 6-well 

plates (Corning, 3516). After letting the cells attach for 24 hours, half of the media 

was replaced by the CM treatments to achieve 1:1 ratio of T-media with 5% 

FBS:treatment. The cells were treated for 48 hours. After 48 hours, the cells were 

simultaneously treated with calcein AM and ethidium homodimer using Live/dead 

viability /cytotoxicity kit for mammalian cells (Invitrogen, L3224) to stain live and 

dead cells respectively. After 30 minutes of incubation, the pictures from at least 5 

different fields in each treatment were visualized and captured under fluorescent 

microscope (Nikon, TE 2000E). The quantification was done by using Photoshop 

(Adobe Photoshop CS6) to measure pixel density for green (living cells) and red (dead 

cells) to obtain average dead/live ratio in each treatment. Previously, Sikes' lab 

demonstrated a direct correlation between pixel density and cell number (data not 

shown) 
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2.6 Transforming Growth Factor-Beta 1 (TGF-Β1) Treatment on HS-5 Cells 

Fifty percent confluent HS-5 cells were treated with TGF-β1 (R&D systems, 

240-B-010) to achieve the final concentration of 10 ng/mL in DMEM containing 10% 

FBS. The treatment was refreshed everyday by half-changes of the media with TGF-

β1 for 4 days. After that, the cells were rinsed twice with PBS followed by additional 

washes using SF-DMEM for three times (5 minutes each). Media was then replaced 

by SF-DMEM to start CM collection cycles as described above. 

2.7 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
and Silver Staining 

SDS-PAGE was performed on 5%-11% gradient polyacrylamide gel with 

3.3% bis-acrylamide. 2.5 µg of proteins from CM was used for the gels under reducing 

conditions. The first gel was run at 275 V for 12 hours at 4°C followed by silver 

staining using Pierce Silver Staining kit (Thermo scientific, 24612) according to 

manufacturer’s protocol (Figure 17). Another gel run under the same conditions 

(Appendix A) was stained with SYPRO Ruby stain using SYPRO Ruby protein 

staining kit (Biorad, 170-3125) according to the manufacturer’s protocol before being 

used for MS/MS. 

2.8 Tandem Mass Spectrometry (MS/MS) 

 MS/MS was performed by the cooperation with Dr. Kelvin Lee and Dr. Leila 

Choe at Delaware Biotechnology Institute (DBI) according to this protocol. The gel 

bands showing differential expression with TGF-β1 treatment were excised for 

analysis. Trypsin (Promega, V5111) digestion was performed at 37°C as previously 

described [229] including reduction/alkylation with DTT (BioRad, 161-0611) and 

iodoacetamide (Sigma Aldrich, I1149), respectively. Subsequently, the samples were 
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desalted and concentrated using Ziptips (Millipore) and applied to a target plate with 

alpha-Cyano-4-hydroxycinnamic acid matrix (Sigma Aldrich, C8982). Data were 

collected on a 4800 MALDI TOFTOF Analyzer (ABSciex) in positive ion, reflector 

mode over a mass range of 900-4000 m/z, with internal calibration. Selected peaks 

were analyzed further by MS/MS at 1kV with default calibration. The combined MS 

and MS/MS data were submitted to Mascot v2.2 (Matrix Science) and searched 

against NCBI database, with trypsin specificity, 75ppm mass tolerance, 0.3 Da 

MS/MS tolerance, and the following variable modifications: carbamidomethylation 

(C) and oxidation (M). The protein identification was made based on a database match 

of 95% confidence or greater, including four MS/MS matches >99% confidence. 

2.9 Western Blot Analysis 

Cell pellets were collected from 100% confluent cells grown on 100 mm tissue 

culture dishes (Greiner Bio-One, 664-160) by either scraping in 1 mL of T-media 

(Figure 18A, 21A, 23A, and Appendix C) or treating with 50 mM EDTA (Figure 19A) 

after rinsing once with PBS for 30 seconds. Cell pellets were lysed for 45 minutes in 

modified Radioimmunoassay precipitation (RIPA) buffer containing 50 mM Tris–HCl 

pH 7.4, 1% Triton X-100, 0.25% deoxycholate, 150 mM NaCl supplemented with 

Roche complete Minitabs (Roche, 04693124001) and Halt Phosphatase inhibitor 

cocktail (Thermo scientific, 78420) at the supplier’s recommended concentration. Cell 

pellet samples were incubated for 45 minutes on ice to get protein extracts. After that 

the samples were centrifuged at 5000 rpm at room temperature for 5 minutes. The 

supernatants were collected as protein samples. Protein concentration for cell pellet 

samples was obtained by using BCA protein assay kit (Pierce, 23225), and protein 

concentration for CMs was obtained by using Pierce 660 nm protein assay kit (Thermo 
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scientific, 22660) according to manufacture’s protocols. Fifteen microgram of proteins 

were subjected to SDS-PAGE using 4–12% Bis–Tris polyacrylamide gels (Life 

Technologies, BG04125BOX) in Bolt™ MES SDS running buffer (Life Technologies, 

B0002) at 165 V for 40 minutes at room temperature and transferred at 55 V to BA85 

nitrocellulose membrane (GE, 10401196) using Bolt™ transfer buffer (Life 

Technologies, BT00061) at 4°C overnight. Membranes were blocked for 1.5 hours at 

room temperature in blocking buffer containing 4% w/v bovine serum albumin (BSA) 

in 0.1% v/v Tween 20 in tris buffer saline (TBST). All blots were incubated in primary 

antibody and secondary antibody diluted in blocking solution at 4°C overnight and at 

room temperature for 75 minutes, respectively. The blots were washed 3 x 5 minutes 

in between blocking and incubations with TBST. Primary antibodies used in this study 

included mouse anti fibulin-1 monoclonal antibody (Abcam, ab54652) at 1:2000 

dilution and rabbit anti actin monoclonal antibody (Sigma Aldrich, A2066) at 1:5000 

dilution. Secondary antibodies included anti-mouse IgG conjugated with horseradish 

peroxidase (HRP) (Cell Signaling Technology, 7076) at 1:5000 dilution and goat anti-

rabbit IgG conjugated with horseradish peroxidase (Cell Signaling Technology, 7074) 

at 1:5000 dilution. Proteins were visualized by autoradiography using enhanced 

chemiluminescence (ECL), an HRP chemiluminescent substrate (Millipore, 

WBKLS0500) and exposed to Kodak Min R 2000 film (Kodak, 181 1884). 

2.10 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-
PCR) 

Total cellular RNA from cell lysates was isolated using the RNeasy mini kit 

(Qiagen, 74104) according to the manufacturer’s instructions. Following extraction, 

RNA samples were treated with RNAse-free DNase I (Roche, 04716728001) to 
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eliminate contaminating DNA according to manufacturer’s protocol. RNA quality and 

quantity were analyzed spectrophotometrically using a NanoDrop ND-1000 

spectrophotometer with software version 3.1.2 (Thermo Scientific) and 

electrophoretically (Appendix B). For electrophoresis, 5 µg of total RNA was 

separated in 0.8% w/v agarose in 0.5X Tris-acetate EDTA (TAE) buffer with 0.5 

µg/mL ethidium bromide at 100 V for 45 minutes at room temperature. After the 

quality check, 5 µg total RNA was reverse transcribed in a final volume of 20 µL 

using Maloney murine leukemia virus (M-MLV) reverse transcriptase (Life 

Technologies, 28025- 013) in 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2 buffer 

provided by supplier and according to supplier’s protocol. qRT-PCR was performed 

on an Applied Biosystems 7300 Real Time PCR system. Each well contained 20 ng of 

cDNA, 12.5 µL of Applied biosystems: power SYBR Green PCR Master Mix (Life 

technologies, 4367659), 1 µL each of 10 µM forward and reverse primers and ddH2O 

to the final volume of 25 µL. The primers used in this experiment included fibulin-1 

common forward primer (5’ CCG CTG CCT GGC CTT CGA 3’), fibulin-1C reverse 

primer (5’ CCT CCT CAT TGC CGC CG 3’), fibulin-1D reverse primer (5’ CCG 

CAG GTT CCC TTC CG 3’), GAPDH forward primer (5’ CAG GCC GGA TGT 

GTT CGC 3’) and GAPDH reverse primer (5’ CGT TCT CAG CCT TGA CGG TG 

3’). After an initial denaturation at 95°C for 1 minute, the following cycles were used 

throughout this experiment: 40 cycles of 95°C for 15 seconds and 61°C for 1 minute. 

Relative expression levels of fibulin-1C and fibulin-1D were calculated from 2-ΔCt 

value of each fibulin-1 isoform to house keeping gene (GAPDH) (Figure 20A). 

Relative gene expressions of fibulin-1C and fibulin-1D upon TGF-β1 treatment were 
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calculated from 2-ΔΔCt value of each fibulin-1 isoform to house keeping gene and to the 

control groups (Figure 20B).  

2.11 Immunoprecipitation (IP) 

1.4 mL of HS-5 CM was pre-cleared with 50 µL PBS-washed protein A 

agarose beads (Cell signaling, 9863) on rotating shaker at 4°C for 2 hours. The beads 

were then removed from the CM by centrifuging at 600 rpm for 1 minute as suggested 

by the manufacturer’s protocol.  After pre-clearing, rabbit anti fibulin-1 monoclonal 

antibody (Abcam, ab175204) was added to the sample subjected to IP for fibulin-1, 

and rabbit (DA1E) monoclonal antibody IgG isotype control (sepharose ® bead 

conjugate) (Cell signaling, 3423S) was added to the sample subjected to IP by isotype 

control antibody at 1:70 (w/w) ratio to the samples. The antibodies were incubated 

with samples on a rotating shaker at 4°C overnight. Then, 50 µL of PBS-washed 

protein A agarose beads was added to samples again to precipitate the protein-

antibody out. The beads were incubated with the samples at 4°C for 4 hours before 

being centrifuged at 600 rpm for 1 minute to collect the IP samples. IP samples were 

washed with 1 mL of cold PBS for three times before being mixed and boiled in 

Bolt® LDS Sample Buffer (Life technologies, B0007) at 100°C for 5 minutes. The 

boiled IP samples were then centrifuged to obtain protein sample in the supernatants, 

which then were used in western blot analysis or live/dead assays. After IP, the CMs 

were filtered through 0.22 µm filters (EMD Millipore, SE1M179M6) before being 

used to treat the cells and as the samples for western blot analysis. 
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2.12 Generating of Fibulin-1 Knockdown HS-5 Cells (HS-5CRISPR_fib1 ) with 
CRISPR-Cas9 System 

 The protocol in this section was performed according to Ran, et al. (2013) 

[230]. To generate fibulin-1 knockdown HS-5 cells, pSpCas9(BB)-2A-GFP plasmids 

for CRISPR-Cas9 system carrying a GFP marker were used (Addgene, PX485). 

gRNA targeted on fibulin-1 gene was designed by using an online CRISPR designing 

tool (http://tools.genomeengineering.org) [230]. The target for gRNAs in this 

experiment was on exon 11 of fibulin-1 gene  (gRNA_fib1) using the following 

sequences:  5’ CAC CGC TGG TAG GAG CCG TAG ACG T 3’ (top strand) and 5’ 

AAA CAC GTC TAC GGC TCC TAC CAG C 3’ (bottom strand). gRNAs were 

phosphorylated and annealed in the reaction containing 1 µL of T4 polynucleotide 

kinase (New England Biolabs, M0201S), 1 µL T4 ligation buffer 10X (New England 

Biolabs, B0202S), 6 µL of ddH2O and 1 µL each of 100 µM gRNA_fib1 top strand 

and 100 µM gRNA_fib1 bottom strand. The phosphorylation and annealing process 

was incubated at 37°C for 30 minutes, 95°C for 5 minutes and ramp down to 25°C at 

5°C/minute.  

The phosphorylated and annealed oligos were diluted at 1:200 dilution with 

room temperature ddH2O. Then the oligos were cloned into pSpCas9(BB)-2A-GFP 

plasmid with the reaction containing 100 ng of pSpCas9(BB)-2A-GFP, 2 µL of diluted 

oligos, Fermentas Tango buffer (Fermentas/Thermo Scientific, BY5), 1 µL of 10 mM 

DTT (Fermentas/Thermo Scientific, R0862), 1 µL of 10 mM Adenosine 5’ 

triphosphate (ATP) (New England BioLabs, P0756S), 1 µL of FastDigest BbsI 

(Fermentas/ Thermo Scientific, FD1014), 0.5 µL of T7 DNA ligase with 2X rapid 

ligation buffer (Enzymatics, L602L) and ddH2O to the final volume of 20 µL. The 

reaction would be incubated at the following condition: 6 cycles of 37°C for 5 minutes 
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and 21°C for 5 minutes. After that, these ligated plasmids were treated with 

PlasmidSafe exonuclease to digest any linearized plasmids that might have been left in 

the reaction. This step consisted of 11 µL of ligation reaction, 1.5 µL of PlasmidSafe 

buffer 10X (came with the enzyme), 1 µL of PlasmidSafe exonuclease (Epicentre, 

E3101K), 1.5 µL of 10 mM ATP (New England BioLabs, P0756S). The PlasmidSafe 

reaction was incubated at 37°C for 30 minutes followed by 70°C for 30 minutes to 

inactivate the exonuclease.  

Circularized vector was transformed into E. coli DH5α. Two nanograms of 

plasmid vector was added to 50 µL of competent ice-chilled E. coli DH5α. Heat shock 

was performed at 42°C for 90 seconds, then 200 µL of Super Optimal broth with 

Catabolite repression (SOC) medium was added to the transformed cells for E. coli 

recovery. The bacterial suspension was shaken horizontally in an orbital shaker for 1 

hour at 37°C. After shaking, 100 µL of the bacterial suspension was spread on LB agar 

plate containing 100 µg/mL ampicillin. The plate was incubated agar up at 37°C 

overnight. Single isolated colonies were picked and transferred to 50 mL LB broth 

with 100 µg/mL ampicillin and were grown for 18 hours at 37°C. Subsequently, cell 

pellets were collected by centrifuging at 5000 rpm for 10 minutes. Plasmid was 

extracted using Plasmid Miniprep kit (Bio-Rad, 732-6100) according to 

manufacturer’s protocol. Plasmid concentration was assessed with NanoDrop ND-

1000 spectrophotometer with software version 3.1.2 (Thermo Scientific). The 

plasmids were sent out for sequence verification (Genewiz).  
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Figure 5: Model showing the example of annealed gRNAs that have been cloned 
into pSpCas9(BB)-2A-GFP between two BbsI sites. Diagram of 
pSpCas9(BB)-2A-GFP plasmid also is shown. (used with permission 
[230])  
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After sequence verification, the plasmid was transfected into 50% confluent 

HS-5 cells using X-tremeGene HP DNA transfection reagent (Roche, 06366244001) 

at 1:2 w/v ratio of plasmid:transfection reagent. Forty-eight hours after transfection, 

HS-5 cells were inspected under fluorescent microscope to verify GFP expression of 

pSpCas9(BB)-2A-GFP-gRNA_fib1 plasmid (HS-5CRISPR_fib1)and pSpCas9(BB)-2A-

GFP control plasmid (HS-5CRISPR_GFP). Then, GFP positive population was isolated 

from the transfected population by Fluorescence Activated Cell Sorting (FACS) on 

BD FACS Aria II cell sorter (BD Biosciences, Center for Translational Cancer 

Research, HFGCC). The selector gates were set by using untransfected cells as 

negative controls. After that, the GFP positive cells were diluted further to form 

individual clones in 96-well tissue culture grade plates (Costar, 3595) before clonal 

expansion in DMEM with 10% FBS to yield enough cells for subsequent experiments. 

The clones from GFP positive cells were screened by western blot analysis to 

determine the expression of fibulin-1 compared to the HS-5 clones transfected with 

control pSpCas9(BB)-2A-GFP plasmid (Appendix C). The clones, which showed 

significant reduction of fibulin-1 compared to control plasmid-transfected cells, were 

selected for future experiments based on fibulin-1 expression levels. 

2.13 Statistical Analysis 

 The Analysis of Variance (ANOVA) with Tukey’s test was utilized for 

statistical analysis, and P-values < 0.05 were considered statistically significant. P-

value for each experiment is specified in each figure legend. Data were represented as 

mean ± Standard error of the mean (SEM) of three separated experimental replicates 

each having triplicate samples per experiment unless indicated otherwise. To control 
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for interassay variation, raw data were normalized to controls, and error was 

normalized accordingly before comparisons were made. 
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Chapter 3 

RESULTS 

As the mechanisms behind PCa bone colonization are still elusive, negative 

interactions between PCa cells and bone microenvironment have been reported in 

many studies [29-33]. The change from genetically heterogeneous DPCs to the 

homogeneous solid tumor at the metastatic sites were noted in several studies 

suggesting a Darwinian selection process could take place during cancer colonization 

in the new metastatic sites [53, 164-166]. Supporting this hypothesis, previous results 

from Sikes’ lab have shown PCa apoptotic induction by paracrine factor(s) from HS-5 

cells as well as NED in the surviving population, which is correlated to an aggressive 

phenotype of PCa when found [31-33] (Appendix D). These studies showed an 

induction of apoptosis due to effect of HS-5 CM application onto cells of the LNCaP 

progression model of PCa. The LNCaP progression model is an isogenic series of cell  

lines derived through manipulation of the hormonal status of animal hosts carrying 

these tumors that comprised the weakly metastatic and androgen-sensitive LNCaP cell 

line and progresses to the highly metastatic and castrate-resistant C4-2 and bone 

adaptive, castrate resisitant, C4-2B as shown in Figure 6 [231-234]. This model is the 

most clinically relevant in vitro/vivo model for PCa due to its imitation of clinical PCa 

biology and progression [233, 234]. In addition, another study from Sikes’ lab showed 

that HS-5 CM but not HS-27a CM induced PCa death specifically without any effects 

on breast cancer cells, non-malignant prostate cells and fibroblast cells [33] (Appendix 

E). Therefore, an unidentified factor(s) from HS-5 CM that induced PCa cell death 
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showed potential as a novel therapeutic, which could suppress PCa growth and/or as a 

novel marker for early detection for men at risk for PCa bone metastasis. Accordingly, 

identifying the soluble HS-5 DF would be an essential step to understand better the 

mechanisms involved in PCa bone metastasis and allow for development of the 

therapeutic and diagnostic potential of the DF.   
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Figure 6:  Diagram illustrating properties of the cells of the LNCaP progression 
model of human PCa: An isogenic in vitro/vivo model for PCa 
progression from an androgen sensitive and non-metastatic state, LNCaP 
cells, to a castrate resistant and metastatic intermediate, C4-2 cells, and 
finally to a bone adapted, castrate-resistant cell line, C4-2B (courtesy Dr. 
Robert A. Sikes). 
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3.1 Biochemical Characterization of HS-5 DF 

Consistent with previous results, my data also showed that HS-5 CM induced 

PCa apoptosis and increased dead/live ratio of PCa cells treated with HS-5 CM in all 3 

cell lines of the LNCaP progression model: LNCaP, C4-2 and C4-2B. Both previous 

studies and my data showed that PCa cell lines from the LNCaP progression model 

responded to HS-5 CM to a different degree. Most of the time, the level of PCa cell 

death induction by HS-5 CM was highest in the non-metastatic and androgen sensitive 

LNCaP cells followed by a metastatic and androgen independent C4-2 cells, and the 

least effects were seen in the bone adapted and androgen independent C4-2B cells. To 

investigate further the possible candidates for HS-5 DF, several biochemical 

characterizations were performed.  

3.1.1 Trypsin Sensitivity  

To test for the sensitivity of HS-5 DF for proteolytic enzyme, HS-5 CM was 

treated with trypsin before introducing to PCa cells. PCa apoptosis was determined 

after 24 hours of CM treatment. Data showed that LNCaP showed 4.32 fold higher in 

apoptotic index as compared to SF-DMEM control. However, after HS-5 CM was 

treated with trypsin (HS-5/trypsin CM), apoptotic induction from HS-5/trypsin CM 

reduced by 50.60% to 2.13 fold. Similar effects were seen in C4-2, which showed 

51.83% reduction of apoptotic index from 3.17 to 1.53 fold compared to SF-DMEM 

after HS-5 CM was treated with trypsin. For the bone adapted C4-2B cells, the 

apoptotic index also was reduced by 57.51% from 3.12 fold in HS-5 CM to 1.33 fold 

in HS-5/trypsin CM compared to SF-DMEM. In conclusion, the induction of PCa 

apoptosis by HS-5 CM was reduced significantly, the average of 53%, after HS-5 CM 

was exposed to trypsin (Figure 7). This indicated that HS-5 DF that induces apoptosis 
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in PCa cells is sensitive to proteolytic cleavage by trypsin; hence, HS-5 DF could be a 

protein(s) that contained at least one trypsin recognition site.  
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Figure 7: PCa cells, LNCaP, C4-2 and C4-2B, were treated with SF DMEM, HS-5 
CM and HS-5 CM pre-exposed to trypsin (HS-5 CM + trypsin) for 24 
hours prior to apoptosis assay. The activity of HS-5 DF dropped 
significantly after being exposed to trypsin showing trypsin sensitivity of 
the factor. The results came from 3 biological replicates of HS-5 CMs 
and PCa cells. Each biological replicate contained 3 internal replicates. 
Statistical analysis was done by ANOVA with Tukey’s test. (* : P-
value<0.0001 compared to SF DMEM, # : P-value<0.001 compared to 
HS-5 CM) 
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3.1.2 Heat Sensitivity 

HS-5 CM was exposed to 70°C and 100°C before introducing to LNCaP, C4-2 

and C4-2B to compare the induction of PCa apoptosis to HS-5 CM at 37°C. 

Consistent with previous data, the highest apoptotic index was seen in LNCaP cells 

treated with HS-5 CM at 37°C; however, apoptotic activity from HS-5 CM dropped 

significantly as the CM was pre-exposed to 70°C and 100°C. As compared to HS-5 

CM at 37°C, apoptotic index of LNCaP cells was decreased significantly by 24.96% 

from 4.98 fold normalized to SF DMEM control to 3.74 fold in HS-5 pre-exposed to 

70°C. The trend dramatically dropped by 71.06% to 1.44 fold in HS-5 CM pre-

exposed to 100°C compared to HS-5 CM at 37°C. Similarly, HS-5 CM pre-exposed to 

70°C and 100°C showed significantly lower apoptotic induction as compared to HS-5 

CM at 37°C for C4-2. C4-2 apoptotic index was decreased from 4.18 fold in HS-5 CM 

at 37°C to 3.50 fold (16.28%) in HS-5 CM pre-exposed to 70°C and further reduced to 

1.47 fold (83.72%) in HS-5 CM pre-exposed to 100°C. Accordingly, the results from 

both HS-5 CM sensitive cells showed that an apoptotic induction from HS-5 DF in 

HS-5 CM was decreasing as the temperatures were increasing. While not statistically 

different, the least responsive C4-2B also showed a reduction in the induction of 

apoptosis from HS-5 CM after pre-exposed to 100°C by 8.37% from 1.53 fold to 1.40 

fold normalized to SF DMEM control. These data indicated that HS-5 DF is a heat 

sensitivity, and the effect of high temperature on HS-5 DF is irreversible. 
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Figure 8: HS-5 CM showed a significant reduction in PCa apoptotic induction in 
LNCaP and C4-2 after exposing the CM to high temperatures. As the 
temperature was increasing, the apoptotic inducing activity of HS-5 DF 
in HS-5 CM was decreasing. Even though it is not statistically 
significant, a similar effects could be seen in C4-2B. The PCa cells were 
treated for 24 hours with SF DMEM control or HS-5 CM in each 
condition prior to performing an apoptosis assay. The results came from 
2 biological replicates of HS-5 CMs and PCa cells. Each biological 
replicate contained 3 internal replicates. Statistical analysis was done by 
ANOVA with Tukey’s test. (* : P-value<0.0001 compared to SF DMEM, 
# : P-value<0.001 compared to HS-5 CM at 37°C, $ : P-value<0.05 
compared to HS-5 CM at 70°C)  
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3.1.3 pH Stability 

The HS-5 DF in HS-5 CM was tested for its stability after exposing to different 

pH, which is useful for future experiments to identify and purify HS-5 DF by 

proteomic methods, such as affinity or size exclusion column chromatography. HS-5 

CM was pre-adjusted to pH 4 and 10 and held there for 48 hours before being adjusted 

back to pH 7. The induction of apoptosis from different pH groups on LNCaP, C4-2 

and C4-2B was compared to HS-5 CM in the original pH (pH 7). Corresponding to 

previous data, highest activity of HS-5 CM was seen in LNCaP followed by C4-2, and 

the lowest activity was seen in a bone adapted C4-2B. After 24 hours of treatments, 

LNCaP, C4-2 and C4-2B showed statistically significant increase in average apoptotic 

index at 4.21, 4.09 and 1.67 fold, respectively, compared to SF DMEM control. No 

statistical difference was found between HS-5 CM pre-treated at pH 4, 7 or 10. These 

data indicated that the HS-5 DF was stable across pH 4-10 without losing its PCa 

death-inducing activity. In terms of protein structure, this suggested that pH treatment 

could not denature the DF or this denaturing effect is reversible in vitro.  
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Figure 9:  pH stability test for HS-5 DF was carried from HS-5 CM pre-treated to 
pH 4, 7 and 10 for 48 hours. LNCaP, C4-2 and C4-2B showed 
statistically significant increases in their apoptotic index after HS-5 CM 
treatments; however, no statistical difference was found when HS-5 CM 
was treated at different pHs. PCa apoptosis was assayed after 24 hours of 
treatment. Results came from 2 biological replicates of HS-5 CMs and 
PCa cells. Each biological replicate contained 3 internal replicates. 
Statistical analysis was done by ANOVA with Tukey’s test. (* : P-
value<0.0001, ** : P-value<0.01 and *** : P-value<0.05 compared to SF 
DMEM) 
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3.1.4 Size Selection Through a 30 kDa Cutoff Filter 

To determine the tentative size of HS-5 DF in HS-5 CM, proteins in HS-5 CM 

were separated into 2 groups: fractions containing proteins, which are larger than 30 

kDa (HS-5 CM >30 kDa) and smaller than 30 kDa (HS-5 CM <30 kDa). Size selected 

fractions were introduced to LNCaP, C4-2 and C4-2B to determine the fraction that 

contained the HS-5 DF. After 48 hours of treatments, dead/live ratio normalized to SF 

DMEM control in PCa cells populations treated with each fraction would be compared 

to HS-5 CM before size selection. The results showed a significant increase in 

dead/live ratio in all PCa cells after HS-5 CM treatment by 206.46 fold, 172.62 and 

115.47 fold for LNCaP, C4-2 and C4-2B respectively. Interestingly, after size 

selection, PCa death induction was retained only in the fraction of HS-5 CM >30 kDa. 

Even though the results were not statistically different between PCa treated with HS-5 

CM and HS-5 CM >30 kDa, a slight increase was seen in all PCa cell lines. In 

contrast, dead/live ratio for all PCa cell lines was significantly lower in HS-5 CM<30 

kDa groups as compared to other HS-5 CM treatments. LNCaP, C4-2 and C4-2B 

treated with HS-5 CM <30 kDa showed only 13.50 fold, 19.66 fold and 63.78 fold, 

respectively, as compared to 280.26 fold, 192.12 fold and 174.24 fold as treated with 

HS-5 CM >30 kDa. These results indicated that the activity of HS-5 DF was retained 

in the fraction for proteins larger than 30 kDa; therefore, the tentative size for HS-5 

DF should be bigger than 30 kDa.  
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Figure 10: HS-5 CM was size-selected into HS-5 CM containing proteins that are 
bigger than 30 kDa (HS-5 CM >30 kDa) and HS-5 CM containing 
proteins that are smaller than 30 kDa (HS-5 CM <30 kDa). LNCaP, C4-2 
and C4-2B treated with HS-5 CM showed significant increases in 
dead/live ratio. After size selection, PCa death inducing activity was 
retained only in HS-5 CM > 30 kDa. Live/dead assays were performed 
after 48 hours of treatment. Quantified data came from at least 5 fields 
for each treatment. Experiments were repeated in 3 biological replicates 
of HS-5 CM and PCa cells. Statistical analysis was done by ANOVA 
with Tukey’s test. (* : P-value<0.0001 compared to SF DMEM, # : P-
value<0.001 compared to HS-5 CM, $ : P-value<0.05 compared to HS-5 
CM >30 kDa) 



 55 

3.1.5 Size Selection Through 100 kDa Cutoff Filter 

Another size selection experiment was carried by using a 100 kDa cutoff filter 

to determine the tentative size range of HS-5 DF. Similar to previous experiments, 

HS-5 CM was divided into 2 groups: HS-5 CM with proteins that are larger than 100 

kDa (HS-5 CM >100 kDa) and HS-5 CM with proteins that are smaller than 100 kDa 

(HS-5 CM <100 kDa). After 48 hours of treatments, PCa cells including LNCaP, C4-2 

and C4-2B were subjected to live/dead assay to compare PCa death inducing activity 

in HS-5 CM >100 kDa, HS-5 CM <100 kDa and HS-5 CM before size selection 

normalized to SF DMEM control. Consistent with previous results, the data showed 

that LNCaP, C4-2 and C4-2B had significantly higher dead/live ratio at 56.38 fold, 

23.15 fold and 31.39 fold with HS-5 CM treatment as compared to SF DMEM 

respectively. After size selection, even though low PCa death inducing activity could 

be seen in PCa cells treated with HS-5 CM >100 kDa, significantly higher effects 

were observed in PCa cells treated with HS-5 CM <100 kDa.  The results showed 

53.82 fold, 24.52 fold, 30.07 fold dead/live ratio in HS-5 CM <100 kDa consistent 

with HS-5 CM control groups; in contrast, only 22.88 fold, 13.09 fold, 19.59 fold were 

seen in HS-5 CM >100 kDa for LNCaP, C4-2 and C4-2B respectovely. Accordingly, 

the tentative size for HS-5 DF was shown to be smaller than 100 kDa, but greater than 

30 kDa.  
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Figure 11:  HS-5 CM was size-selected into HS-5 CM containing proteins that are 
bigger than 100 kDa (HS-5 CM >100 kDa) and HS-5 CM containing 
proteins that are smaller than 100 kDa (HS-5 CM <100 kDa). Live/dead 
assays were carried out on LNCaP, C4-2 and C4-2B after 48 hrs of 
treatments. All PCa cells showed significant increases in dead/live ratio 
after treatment with HS-5 CM and HS-5 CM <100 kDa. These higher 
dead/live ratios were statistically different from SF-DMEM and HS-5 
CM >100 kDa. Quantified data came from at least 5 fields for each 
treatment. Experiments were repeated in 3 biological replicates of HS-5 
CM and PCa cells. Statistical analysis was done by ANOVA with 
Tukey’s test. (* : P-value<0.0001 compared to SF DMEM, # : P-
value<0.05 compared to HS-5 CM and HS-5 CM <100 kDa)  
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3.1.6 Disulfide Bonds Reduction by DTT 

Knowing that HS-5 DF is trypsin sensitive, indicating its protein property, the 

requirement of disulfide bonding in its structure was tested. In this experiment, HS-5 

CM was exposed to a strong reducing agent, DTT. Then, PCa death induction was 

compared in LNCaP, C4-2 and C4-2B by Live/dead assay after 48 hours of treatments. 

Consistent to previous results, LNCaP showed to be most susceptible to HS-5 DF with 

59.86 fold dead/live ratio higher than SF DMEM control as compared to C4-2 and C4-

2B that have 40.99 and 41.97 fold dead/live ratio normalized to controls, respectively. 

DTT alone showed only a slight effect on PCa cell death. However, as proteins in HS-

5 CM were reduced by DTT, a decrease in HS-5 DF activity was seen in C4-2 and C4-

2B from 40.99 and 41.97 fold in HS-5 CM groups to 15.40 and 22.01 fold in HS-5 

CM + DTT. This effect could not be seen in LNCaP. Interestingly, a slight increase of 

dead/live ratio in LNCaP was seen in HS-5 CM + DTT, but it was not statistically 

significant. Accordingly, the results from C4-2 and C4-2B suggested that disulfide 

bonding was important for HS-5 DF to induce PCa cell death in these two cell lines. 

The different trend in LNCaP indicated that HS-5 DF could be more than one protein 

or could interact with other proteins leading to functional difference in androgen 

sensitive versus androgen independent PCa cells, and/or the non-metastatic LNCaP 

cells could secrete some other factor(s) that protect HS-5 DF from reducing condition, 

which will be discussed later. 
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Figure 12: Proteins in HS-5 CM were reduced by DTT (HS-5 CM + DTT). After 
disulfide bonds were reduced, PCa death inducing activity in C4-2 and 
C4-2B decreased significantly in HS-5 CM + DTT as compared to HS-5 
CM. Disulfide bonds reduction did not show significant effects on 
LNCaP death induction by HS-5 CM, and DTT itself did not affect PCa 
dead/live ratio significantly. Live/dead assays were performed on PCa 
cells after 48 hours of treatment. Quantified data came from at least 5 
fields for each treatment. Experiments were repeated in 3 biological 
replicates of HS-5 CM and PCa cells. Statistical analysis was done by 
ANOVA with Tukey’s test. (* : P-value<0.0001 compared to SF DMEM, 
# : P-value<0.001 compared to HS-5 CM) 
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3.1.7 Disulfide Bond Reduction by DTT Followed by Size Selection  

To determine the effects of disulfide bond reduction on a tentative size range 

for HS-5 DF, the most responsive PCa cell line, LNCaP was chosen. These 

experiments were carried with the collaboration with Irene Marwa (undergraduate 

student in Dr. Sikes’ lab). In these experiments, HS-5 CM treated with DTT (HS-5 

CM + DTT) was used for size selection experiments to compare the activities of each 

fraction before and after DTT treatment. Similar to previous results, the death 

induction effect of HS-5 CM and HS-5 CM + DTT were not statistically different in 

LNCaP.  

HS-5 DF retained in fraction containing proteins that are bigger than 30 kDa 

(HS-5 CM >30 kDa) at 32.40 fold of dead/live ratio compared to fraction containing 

proteins that are smaller than 30 kDa (HS-5 CM <30 kDa), which had only 7.49 fold 

of dead/live ratio normalized to SF DMEM control. Consistent to previous results, 

these data indicated that HS-5 DF was bigger than 30 kDa. After disulfide bond 

reduction, the shift in PCa death induction could be seen. The results showed a 

decrease in PCa death induction for HS-5 + DTT > 30 kDa by approximately 50% to 

15.07 fold and an increase in HS-5 DF activity for the fraction containing smaller size 

proteins with DTT (HS-5 CM + DTT <30 kDa) to 15.82 fold (Figure 13). 

Accordingly, these results showed a potential role of disulfide bonding in HS-5 DF to 

be important in oligomerization or multi-proteins interactions.  

In addition, similar results were seen when 100 kDa cutoff filter was used. 

Consistent with previous data, PCa death induction was primarily found in HS-5 CM 

fraction containing proteins, which are smaller than 100 kDa (HS-5 CM <100 kDa) 

with 46.48 fold of dead/live ratio normalized to SF DMEM control as compared to 

only 2.28 fold in HS-5 CM containing bigger proteins (HS-5 CM >100 kDa). After 
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DTT treatment, the shift in PCa death inducing activity to the smaller fraction could 

also be seen. In this experiment, PCa death induction was increased in HS-5 CM + 

DTT <100 kDa to 50.53 dead/live ratio normalized to control as compared to HS-5 

CM + DTT >100 kDa, which had further decreased in dead/live ratio to 1.21 fold. 

These data confirmed the observation found in 30 kDa size selection experiment 

indicating the shift in PCa death induction to the smaller size fractions after disulfide 

bond reduction by DTT (Figure 14). These data suggested that HS-5 DF has some 

oligomerization and/or multi-proteins interactions via disulfide bond, and this factor 

might still function on LNCaP even after disulfide bond reduction. 
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Figure 13:  The effects of disulfide bond reduction by DTT on HS-5 DF size were 
tested on LNCaP cells. The results consistently showed that HS-5 DF is 
retained in HS-5 CM containing proteins that are bigger than 30 kDa 
(HS-5 CM >30 kDa). After disulfide bond reduction, PCa death 
induction was decreased in HS-5 CM + DTT >30 kDa; while, the 
opposite trend could be seen in LNCaP cells treated with HS-5 CM + 
DTT <30 kDa. The shift of HS-5 DF activity to the smaller size fraction 
suggested the possibilities of oilgomerization and/or multi-proteins 
interactions of HS-5 DF. Live/dead assays were performed on PCa cells 
after 48 hours of treatment. Quantified data came from at least 5 fields 
for each treatment. Experiments were repeated in 3 biological replicates 
of HS-5 CM and LNCaP. Statistical analysis was done by ANOVA with 
Tukey’s test. (* : P-value<0.0001 compared to SF DMEM and between 
the groups as the bars indicated, ** : P-value<0.001 compared to SF 
DMEM) (courtesy Irene Marwa) 
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Figure 14: The effect of disulfide bond reduction on HS-5 DF size was confirmed 
again in 100 kDa size selection experiment on LNCaP cells. The results 
confirmed a significant higher activity of HS-5 DF in HS-5 CM 
containing proteins that are smaller than 100 kDa (HS-5 CM <100 kDa). 
After DTT treatment to reduce disulfide bonds in proteins residing in HS-
5 CM, the shift in HS-5 DF’s activity toward the fraction containing 
smaller size proteins could be observed (HS-5 CM + DTT <100 kDa). 
This also suggested oligomerization and/or multi-proteins interaction of 
HS-5 DF via disulfide bonding. Live/dead assays were performed on 
LNCaP cells after 48 hours of treatment. Quantified data came from at 
least 5 fields for each treatment. Experiments were repeated in 2 
biological replicates of HS-5 CM and LNCaP. Statistic analysis was done 
by ANOVA with Tukey’s test. (* : P-value<0.0001 compared to SF 
DMEM and between groups as the bars indicated) (courtesy Irene 
Marwa) 
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3.1.8 Ability to Retain PCa Death Induction after Concentration 

To pursue the goal for identifying HS-5 DF in HS-5 CM, proteomic 

approaches would be used in the later steps. In addition, the enriched samples will be 

needed for the purification and for subsequent functionality tests. Therefore, the ability 

of HS-5 DF in HS-5 CM after protein concentration was tested to determine the most 

suitable methods to enrich the DF in HS-5 CM. In this experiment, proteins in HS-5 

CM were concentrated by using speed vacuum concentrator before adjusting the 

volume back for functional test on PCa cells. Consistent with previous results, LNCaP 

showed the highest dead/live ratio when treated with HS-5 CM. Interestingly, after the 

concentration, not only did the HS-5 DF retained its activity, but the activity also was 

enhanced, almost doubling from 58.10 fold, 16.03 fold, 43.42 fold of dead/live ratio 

normalized to SF DMEM control in HS-5 CM to 96.49 fold, 32.24 fold, and 148.44 

fold on LNCaP, C4-2 and C4-2B after HS-5 CM concentration respectively. This 

indicated that protein concentration by speed vacuum concentrator could be done 

without loosing PCa death inducing activity. Therefore, this method could be used to 

concentrate HS-5 CM samples for proteomic techniques in the future. Moreover, the 

enhanced activity of HS-5 DF after concentration suggested that HS-5 DF might co-

exist with a mechanical force-labile inhibitor(s)/antagonist(s) that could not survive 

after the concentration process. Accordingly, interactions between HS-5 DF and other 

molecules were suggested again. 
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Figure 15:  PCa death inducing activity of HS-5 DF after protein concentration using 
speed vacuum freeze drying concentration was shown. The results 
showed an enhanced activity of HS-5 DF after the concentration process. 
Therefore, this method could be used to concentrate the samples for HS-5 
DF identification. Data imply a labile inhibitor or antagonist that is lost 
during concentration. Live/dead assays were performed on PCa cells after 
48 hours of treatment. Quantified data came from at least 5 fields for 
each treatment. Experiments were repeated in 3 biological replicates of 
HS-5 CM and PCa cells. Statistical analysis was done by ANOVA with 
Tukey’s test. (* : P-value<0.0001 and ** : P-value<0.01 compared to SF 
DMEM) 
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3.2 Preconditioning of HS-5 Cells with TGF-β1 Suppressed PCa Cell Death 
Induction and Led to Protein Pattern Alterations in HS-5 CM 

Interestingly, high level of TGF-β1 has been reported in the serum of PCa 

patients with bone metastasis [235, 236] and correlates with getting bone metastasis. 

This led to our interest in the effects of TGF-β1 on HS-5 DF. Previous experiments 

from Sikes’ lab showed the inhibitory effect of TGF-β1 on HS-5 DF [32, 33]. In these 

studies, HS-5 cells were pre-treated with TGF-β1 for 96 hours prior to CM collections 

in SF DMEM for 48 hours. The results showed that CM collected from HS-5 cells pre-

treated with TGF-β1 (HS-5/TGF-β) had significantly lower death inducing activity 

than the vehicle pre-treated group. Consistent with these data, my results also showed 

that HS-5/TGF-β1 CM had significant lower PCa cell death induction on LNCaP and 

C4-2. In LNCaP cells, HS-5 DF activity was decreased by 53.46% (set A), 56.88% 

(set B) and 46.65% (set C) from HS-5/TGF-β1 CM as compared to HS-5 CM control. 

Similarly, the death inducing effects of HS-5/TGF-β1 CM were significantly lower in 

C4-2 treated with HS-5/TGF-β1 CM than those from control HS-5 CM by 66.29% (set 

A), 29.73% (set B) and 60.66% (set C). Accordingly, these data confirmed an 

inhibitory effect of TGF-β1 on HS-5 DF. These findings suggest a possible role of 

high circulating TGF-β1 in the colonization of bone by PCa that will be discussed 

later. 
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Figure 16: CM from HS-5 cells pretreated with TGF-β1 (HS-5/TGF-β1 CM) has 
decreased PCa cell death-inducing activity significantly as compared to 
control HS-5 CM. This indicated an inhibitory effect of TGF-β1 on HS-5 
DF secretion and possibly biosynthesis. Similar results were observed for 
both LNCaP and C4-2. Live/dead assays were performed on PCa cells 
after 48 hours of treatment. Quantified data came from at least 5 fields 
for each treatment. Experiments were repeated in 3 biological replicates 
of HS-5 CM and PCa cells. Statistical analysis was done by ANOVA 
with Tukey’s test (* : P-value<0.0001 and ** : P-value<0.05 ) 

Taking advantage of these experiments, HS-5/TGF-β1 CM, which showed a 

significant decrease in PCa cell death inducing-activity, was used as negative samples 

for proteomic analysis. Firstly, protein patterns from control HS-5 CM and HS-

5/TGF-β1 CM samples were compared by high resolution one-directional SDS-PAGE 

followed by silver staining (Figure 17). The results showed changes in the protein 

banding pattern after TGF-β1 treatment. Several protein bands that change noticeably 

are indicated in Figure 17. From previous data, HS-5 DF size range was indicated to 

be between 30 kDa and 100 kDa. Accordingly, 4 differentially expressed bands in this 

size range including 1 down-regulated band for 51.55 kDa and 3 up-regulated bands 

for 75.12 kDa, 49.82 kDa and 25.56 kDa were selected for further analysis by tandem 

mass spectrometry (MS/MS). The bands that showed differential expressions between 

the two groups were pulled, followed by in-gel tryptic digestion to use as samples for 

MS/MS. Finally, the peptide sequences were searched against the Mascot-NCBI 

database, and the proteins that met a 95% confidence match were provided in Table 1 

and 2. The candidate proteins could be divided into upregulated candidates and 

downregulated candidates upon TGF-β1 treatment according to the signal from 

MS/MS.  
  



 68 

  

Figure 17: HS-5 CM and HS-5/TGF-β1 CM samples from Figure 16 were used for 
SDS-PAGE. 5%-11% gradient gel was used followed by silver staining. 
The bands labeled in red and blue showed proteins, which were 
upregulated and downregulated with TGF-β1 treatment, respectively. The 
indicated bands were used as samples for MS/MS analysis to identify 
possible HS-5 DF candidates. 
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Table 1: MS/MS was performed on protein bands showing differential expression 
upon TGF-β1 treatment to identify possible candidates for HS-5 DF. 
Protein identifications from peptide sequences obtained were searched 
against NCBI database via Mascot v 2.2. Those with >95% confidence 
are shown. The table below shows upregulated proteins in HS-5/TGF-β1 
CM compared to HS-5 CM.  

Protein name Gene ID MW of the band 
 that signal came from 

Tissue inhibitor of 
metalloproteinase-1 (TIMP-1) 

4140011 25.56 kDa 

Type I Collagen 
 

30102 25.56 kDa 

Moesin  
 

4505257 75.12 kDa 

ECM protein I 
 

55958999 75.12 kDa 
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Table 2: MS/MS was performed from protein bands showing differential 
expression upon TGF-β1 treatment to identify possible candidates for 
HS-5 DF. Proteins were identified from peptide sequences searched 
against NCBI database via Mascot v 2.2. Those with >95% confidence 
are shown. Downregulated proteins in HS-5/TGF-β1 compared to HS-5 
CM are shown in the table below.  

Protein name Gene ID MW of the band(s) 
 that signal came from 

Matrix metalloproteinase-1 
(MMP-1) 

15341877 51.55 kDa /49.82 kDa 

Matrix metalloproteinase-3 
(MMP-3) 

4505217 51.55 kDa /49.82 kDa 

Pro-matrix metalloproteinase-1 
(Prommp-1) 

58176727 51.55 kDa /49.82 kDa 

Fibulin-1  18490682 75.12 kDa 
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Among the protein candidates provided, fibulin-1 is the first HS-5 DF 

candidate that was selected for further investigations because of its role in cancer 

suppression for many types of cancers [224-227] and its regulation by TGF-β1. For 

example, it has been shown that another fibulin member, fibulin-5 could interact with 

latent TGF-β-binding protein 2 as part of an elastic assembly regulation [191]. Also, a 

recent study showed that TGF-β1 could inhibit FBLN1 gene expression and decrease 

soluble fibulin-1 in CM from airway smooth muscle cells (ASM) [237]. In addition, 

fibulin-1 was shown to be downregulated in PCa samples compared to the benign 

samples [223]. Accordingly, fibulin-1 seems to be the strongest candidate for HS-5 

DF; therefore, it was selected for further experiments.  

3.3 HS-5 Cells Expressed Significant Higher Level of Fibulin-1 than PCa Cells 

The basal fibulin-1 protein level was compared between HS-5 BMS cells, 

BPH-1 cells, and PCa cells from LNCaP progression model including LNCaP, C4-2 

and C4-2B. The results showed that HS-5 cells expressed dramatically higher levels of 

fibulin-1 protein than BPH-1 and PCa cells. This indicated the potential for tumor 

suppressive effects of fibulin-1 protein in PCa cells because their expression is low; 

indeed, the protein level was weakly detectible in PCa cells and BPH-1. Even though 

it was not statistically significant, fibulin-1 has higher expression in a bone adapted 

C4-2B than LNCaP and C4-2. This higher expression corresponds with the 

consistently observed lower response to HS-5 DF of C4-2B as compared to LNCaP 

and C4-2. Accordingly, these data indicate a possible adaption to fibulin-1 proteins by 

bone adapted PCa cells as well as the potential for fibulin-1 as the HS-5 DF in HS-5 

CM.  
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Figure 18:  A) Fibulin-1 level from PCa cells including LNCaP, C4-2 and C4-2B, 
benign prostatic hyperplasia cells, BPH-1; and, the BMS cell line HS-5 
cells were investigated by western blot analysis. HS-5 cells showed 
significant higher fibulin-1 level than PCa cells and BPH-1. B) 
Quantified data from western blot analysis for fibulin-1 showing 
statistically different expression levels between PCa, BPH-1 and HS-5 
cells. Quantified data came from 3 separated blots from 3 biological 
replicates of each cell lines. Statistical analysis was done by ANOVA 
with Tukey’s test. (* : P-value<0.0001) 
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3.4 TGF-β1 Treatment of HS-5 Cells Led to Lower Expression of Fibulin-1 

As the candidate for HS-5 DF, the level of fibulin-1 in HS-5 cells upon TGF-

β1 treatment was investigated in both the whole cell lysate and in the CM. After being 

treated with TGF-β1 for 96 hours, the same amount of proteins from HS-5 cell pellets 

from HS-5/TGF-β1 cells and control HS-5 cells were used for western blot analysis 

for fibulin-1. The results showed that fibulin-1 levels were significantly reduced in 

HS-5 cells pretreated with TGF-β1 as compared to control HS-5 cells (Figure 19A and 

B). To confirm the results from MS/MS analysis, the same amount of proteins from 

HS-5 CM and HS-5/TGF-β1 CM were used for western blot analysis for fibulin-1. 

Consistent with MS/MS results, HS-5/TGF-β1 CM contained lower fibulin-1 protein 

as compared to control HS-5 CM (Figure 19C and D). This indicated a suppressive 

effect of TGF-β1 on fibulin-1 in both HS-5 cells and HS-5 CM which corresponded to 

decreased PCa death inducing activity of HS- 5/TGF-β1 CM.  
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Figure 19:  A) Western blot analysis showed that TGF-β1 treatment led to a 
downregulation of fibulin-1 in HS-5 cells. B) Quantified data from 
western blot in experiments for figure 19A showed statistically 
significant reduction of fibulin-1 in HS-5 cells after TGF-β1 treatment. 
C) CM collected from HS-5 cells pretreated with TGF-β1 showed 
significantly lower level of fibulin-1 as compared to control HS-5 CM. 
The amount of proteins in each lane was shown by a Ponceau S staining 
the blot. D) Quantified data from western blot in experiments for figure 
19C showed that fibulin-1 in HS-5/TGF-β1 CMs was decreased 
significantly as compared to control HS-5 CM. Quantified data came 
from 3 separated blots from each experiment. Statistical analysis was 
done by ANOVA with Tukey’s test. (* : P-value<0.01 and ** : P-
value<0.05 in figure 19B and * : P-value<0.0001 in figure 19D) 
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3.5 HS-5 Cells Express Both Fibulin-1C and Fibulin-1D Isoforms, and TGF-β 
Treatment Led to a Suppression of Both Isoforms.  

Fibulin-1C and fibulin-1D are the two major isoforms that have been reported 

in many organs, tissues and cell cultures as well as the signals from MS/MS data [171, 

172, 195]. In addition, the opposing effects between the tumor supportive fibulin-1C  

and tumor suppressive fibulin-1D have been suggested in many experiments [168, 

224-227]. Therefore, the basal expression of fibulin-1C and fibulin-1D in HS-5 cells 

was investigated by qRT-PCR. The results showed that HS-5 cells expressed both 

fibulin-1C and 1D. Moreover, it was shown that the level of a tumor suppressive 

isoform, fibulin-1D was approximately 5 fold higher by than fibulin-1C in HS-5 cells 

(Figure 20A). This differential expression showed the correlation between tumor 

suppressive effects of fibulin-1D and PCa death inducing activity from HS-5 CM. 

Results from previous experiment showed a reduction of fibulin-1 in HS-5 cells 

pretreated with TGF-β1 (Figure 19), so the effects of TGF-β1 treatment on the 

expression of fibulin-1C and 1D were examined. The results showed that TGF-β1 

suppressed the expression of both fibulin-1C and 1D corresponding to a reduction in 

PCa cell death induction in HS-5/TGF-β1 CM. This suggested that TGF-β1 

suppressed gene expression for FBLN1 gene overall rather than altering splicing 

toward any particular isoform.  
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Figure 20: A) Levels of fibulin-1C and 1D expression in HS-5 cells were tested by 
qRT-PCR. The results showed significantly higher expression of fibulin-
1D than fibulin-1C in HS-5 cells. The results were shown in relative gene 
expression normalized to GAPDH. B) Results from qRT-PCR showed 
that TGF-β1 treatment led to a reduction of both fibulin-1C and 1D as 
compared to control HS-5 cells. This indicated the effects of TGF-β1 to 
suppress fibulin-1 gene expression. All experiments were done in 3 
biological replicates. Statistical analysis was done by ANOVA with 
Tukey’s test. (* : P-value<0.0001)  
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3.6 Fibulin-1 Expression Correlated with PCa Death Inducing Activity from 
CM 

To further test for a probability of fibulin-1 as a HS-5 DF, which could induce 

PCa cells death, CM from cell lines expressing different level of fibulin-1 was 

collected. In this experiment, the expression level of fibulin-1 in HS-5 cells, HS-27a 

(another bone marrow stromal cells) and HEK293 (human embryonic kidney) cells 

was compared in both whole cell lysates (Figure 21A and B) and in their CMs (Figure 

21C and D). The results showed that HS-5 cells expressed significantly higher levels 

of fibulin-1 in cell lysates compared to the other two cell types. Fibulin-1 was 

moderately expressed in HS-27a and expressed at very low levels in HEK293 cells. 

CMs collected from these cell lines showed the same trend with the highest fibulin-1 

level in HS-5 CM followed by HS-27a CM and HEK293 CM respectively. When 

these CMs were introduced to PCa cells, HS-5 CM significantly induced PCa cell 

death compared to SF DMEM control, HS-27a CM and HEK293 CM. Corresponding 

to fibulin-1 expression, HS-27a CM showed higher death inducing activity on PCa 

cells than SF DMEM and HEK293 CM (Figure 21E) but considerably less than HS-5 

cell and CM. Taken together, the higher expression levels of fibulin-1 in HS-5 CM 

correlated with greater PCa death inducing activity compared to other cell lines with 

lower fibulin-1 expression. This indicated the potential of fibulin-1 to function as HS-

5 DF inducing PCa cell death.  
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Figure 21 A) Fibulin-1 expression in HS-5, HS-27a and HEK293 cells was 
analyzed by western blot. The expression was significantly higher in HS-
5 cells than in the other two cells. HS-27a showed moderate expression 
of fibulin-1; while HEK293 cells express fiblulin-1 weakly. B) 
Quantified data from western blot in experiments showed statistically 
significant difference of fibulin-1 expression in HS-5 cells as compared 
to HS-27a and HEK293 cells. C) Fibulin-1 levels in CM collected from 
HS-5 cells, HS-27a cells and HEK293 cells were tested by western blot. 
The same quantity of protein was loaded on the gel as shown by a 
Ponceau S stained blot. The results were consistent with cellular levels 
showing significant higher expression in HS-5 CM as compared to HS-
27a CM and HEK293 CM. D) Quantified data from western blot in 
experiments showed statistically significant difference of fibulin-1 
secretion in HS-5 CM as compared to HS-27a and HEK293 CMs. E) PCa 
cells were treated by CMs collected from different cell lines for 48 hours 
before being subjected to live/dead assays. PCa cell death induction was 
notably higher in HS-5 CM than HS-27a CM and HEK293 CM. 
Quantified data from live/dead assays were taken from at least 5 fields 
for each treatment. Experiments were done in 3 biological replicates from 
both PCa cells and the cells from which CMs were collected. Statistical 
analysis was done by ANOVA with Tukey’s test. (* : P-value<0.0001, ** 
: P-value<0.05)  
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3.7 Partial Removal of Fibulin-1 from HS-5 CM Led to Lower Induction of 
PCa Death Induction from HS-5 CM 

 To determine the direct involvement of fibulin-1 in HS-5 CM and its PCa 

death induction, fibulin-1 was partially removed from HS-5 CM by 

immunoprecipitation (IP). Starting from the same pull of HS-5 CM, the results showed 

that HS-5 CM that underwent IP with fibulin-1 specific antibody showed significantly 

lower fibulin-1 level in CM compared to HS-5 CM that underwent only the 

preclearing step with protein A agarose or the one underwent IP with an isotype 

specific IgG antibody control (Figure 22A). The IP samples from each condition also 

showed the successful IP of fibulin-1 from HS-5 CM (Figure 22B). While HS-5 CM 

from other groups showed similar PCa death inducing activity, CM from fibulin-1 IP 

showed significantly lower PCa death induction. The decrease in PCa cell death in 

HS-5 CM after fibulin-1 IP could be observed in all PCa cell lines used: LNCaP, C4-2 

and C4-2B (Figure 22C-E). Similar trends for the HS-5 DF response could be seen in 

this experiment. LNCaP showed the most response to HS-5 DF with the average of 

92.13 fold of dead/live ratio normalized to control followed by C4-2 and C4-2B, 

which had 51.12 and 18.91 fold respectively. After IP with fibulin-1 specific antibody 

(HS-5 CM IP with Fib-1 atb), PCa death induction was decreased in all PCa cells 

tested. LNCaP, C4-2 and C4-2B showed 28.31%, 44.98% and 47.88% reduction in 

dead/live ratio respectively. These results suggested that fibulin-1 in HS-5 CM 

contributed to PCa cell death induction by the CM; therefore, partial removal of 

fibulin-1 out of HS-5 CM led to a substantial reduction in PCa cell death.  
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Figure 22: Fibulin-1 was removed partially from HS-5 CM by IP. A) HS-5 CMs 
after underwent a pre-clearing process, IP with IgG isotype control 
antibody or IP with fibulin-1 antibody. Eluates were run on SDS-PAGE 
and probed with fibulin-1 antibody in western blot. The level of fibulin-1 
in HS-5 CM after IP with fibulin-1 antibody was significantly reduced as 
compared to other groups. This indicated the partial removal of fibulin-1 
from this HS-5 CM. B) IP samples from each condition showed a 
successful IP of fibulin-1 from HS-5 CM. C-E) HS-5 CM containing 
lower fibulin-1 level after IP showed significantly lower PCa cell death 
induction compared to CM from other groups. The CMs came from 5 
biological replicates of HS-5 CM and IPs. Results on PCa cells came 
from at least 2 biological replicates of each cell line. Quantified data 
from live/dead assay were taken from at least 5 fields for each treatment. 
Statistical analysis was done by ANOVA with Tukey’s test. (* : P-
value<0.0001, ** : P-value<0.01 compared to HS-5 CM IP with Fib-1 
antibody)  
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3.8 Knocking Down Fibulin-1 in HS-5 Cells (HS-5CRISPR_fib1) Led to a Drastic 
Reduction of PCa Cell Death Induction from HS-5CRISPR_fib1 CM 

As all data indicated strong associations between fibulin-1 levels and PCa cell 

death inducing activity from HS-5 CM, this experiment was set up to test for the 

ability of HS-5 CM to retain its PCa cell death induction after fibulin-1 gene was 

knocked down in HS-5 cells. Using CRISPR/Cas9 system, HS-5 cells were engineered 

to knockdown fibulin 1 targeting exon 11. Following screening of more than 120 

clones, three clones were chosen for further analysis based on extremely low fibulin 1 

expression levels (Appendix C). They were HS-5CRISPR_fib1_11A, HS-5CRISPR_fib1_11B and 

HS-5CRISPR_fib1_11C . Low level fibulin 1 expression was confirmed in both whole cell 

lysate and in CM (Figure 23A and B) as compared to HS-5CRISPR_GFP control cells and 

CM. 

When the CM from HS-5CRISPR_fib1_11 cells was introduced to PCa cells, PCa 

cell death was reduced significantly compared to the CM from HS-5 cells transfected 

with the control plasmid (HS-5CRISPR_GFP) (Figure 23C-E). The results are consistent in 

all PCa cell lines used including LNCaP, C4-2 and C4-2B showing 66.30%, 62.86% 

and 71.07% reduction in dead/live ratio as compared to PCa cells treated with HS-

5CRISPR_GFP CM, respectively. This indicated the association of fibulin-1 expression in 

HS-5 cells and HS-5 CM with HS-5 DF responsible for the induction of PCa death by 

HS-5 CM. Accordingly, HS-5 derived fibulin-1 shows strong potential to function as 

the HS-5 DF inducing PCa cell death.   
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Figure 23: Knocking down fibulin-1 in HS-5 cells led to lower PCa death induction 
from HS-5 CM. HS-5 CM from fibulin-1 knock down cells (HS-
5CRISPR_fib1 CM) showed significantly lower PCa death induction 
compared to CM from control plasmid transfected cells (HS-5CRIPR_GFP 

CM). Three clones of HS-5 cells transfected with CRIPSR plasmid 
targeted on exon 11 of fibulin-1 gene were selected, namely HS-
5CRISPR_fib1_11A, HS-5CRISPR_fib1_11B and HS-5CRISPR_fib1C. A-B) The clones 
showed significantly lower expression of fibulin-1 in both whole cell 
lysates and in the CMs. C-E) CMs collected from HS-5CRIPR_fib1 showed 
makedly lower PCa cell death induction in LNCaP, C4-2 and C4-2B 
compared to HS-5CRIPR_GFP CM. Results on PCa cells came from 2 
biological replicates of each cell line. Quantified data came from 
live/dead assays taken from at least 5 fields for each treatment. Statistical 
analysis was done by ANOVA with Tukey’s test. (*P-value<0.0001) 
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Chapter 4 

DISSCUSSION 

With early detection and proper treatment, localized PCa can be managed 

leading to an increase of a 5-year survival rate of almost 100%. The survival rate 

drops dramatically to around 30% in patients with advance metastatic PCa. [12, 13]. 

Among PCa metastatic sites, bone is a primary metastatic site for PCa leading to 

multiple bone-related symptoms including bone pain, bone fracture and spinal cord 

compression [14]. Therefore, bone metastases not only lead to lower survival rates, but 

also to a reduced quality of life. Moreover, the mechanisms behind PCa bone 

metastasis and PCa colonization of bone remain elusive. In contrary to the notorious 

Paget’s seed and soil theory [25], the negative interactions between PCa cells and 

bone microenvironment have been reported in many studies [29-33]. In studies from 

Sikes’ lab, human bone marrow stromal cell lines established by Roecklein and Torok-

Storb [158] and PCa cell lines from LNCaP progression model [231, 232] were used 

as the representatives for bone microenvironment and PCa cells. It has been shown 

that HS-5 CM contained cytokines that support the proliferation of committed 

hematopoietic progenitor cells, which reside in the sinusoidal area of bone [158-160]. 

This suggested that this cell population could be one of the first cell types in the bone  

microenvironment that PCa cells encounter during PCa bone colonization. In contrast, 

another BMS cell line, HS-27a was shown to support cobblestone area formation for 

hematopoietic stem cells indicating the location of HS-27a niche to be located more 

toward the endosteal area in bone [160]. Previous studies showed that one specific 
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bone marrow stromal cell line, HS-5, secreted soluble factor(s) in its CM (HS-5 DF) 

that induce PCa apoptosis and neuroendocrine differentiation; while HS-27a CM does 

not showed such effects [32, 33, 87]. Corresponding to previous studies [29-33], this 

phenomenon indicated that the initial interactions between PCa cells and bone morrow 

microenvironment could be negative or hostile. Apoptotic induction from HS-5 cells 

could be a selective pressure for the PCa cells that arrive at bone. Subsequently, to 

escape from this pressure, the surviving cells undergo NED, which has been shown to 

correlate with an aggressive form of PCa when found locally [238-240]. This 

hypothesis was supported by other studies showing that PCa metastasis progressed 

from genetically heterogeneous DPCs to genetically homogeneous PCa tumors at the 

metastatic sites [164-166]. My results, as well as results from previous studies, 

showed that PCa cells from LNCaP progression model responded to HS-5 DF to 

different degrees. Most of the time, the results showed highest PCa death induction in 

a non-metastatic and androgen sensitive LNCaP cells. In contrast, PCa death induction 

in a metastatic and androgen independent, C4-2 cells were significantly lower, and the 

least response could be seen in a bone adapted C4-2B cells [31, 32]. This inverse 

relationship between HS-5 mediated PCa death induction and the progression status of 

PCa cell lines also supports the hypothesis of PCa selection during bone colonization.  

To identify possible candidate(s) for HS-5 DF, biochemical characteristics of 

the HS-5 DF that induced PCa cell death were determined. I has shown that HS-5 DF 

is a trypsin sensitive, and the induction of PCa death after being exposed to trypsin 

induction. This data indicated a protein property with at least one trypsin recognition 

site on HS-5 DF. Heat sensitivity tests also confirmed the protein characteristics of 

HS-5 DF. The results showed that PCa cell death inducing activity from HS-DF kept 
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decreasing as the temperatures were increasing. Even though it has been shown that 

prolong heat treatments could lead to the degradation of low molecular weight 

carbohydrates (monosaccharides an disaccharides) [241], the sizes of these molecules 

(<500 Da) were far smaller then the tentative size of HS-5 DF that was discovered in 

later experiments. Moreover, other heat-induced effects in carbohydrate including 

gelatinization and browning processes [241] were not found in HS-5 CM after being 

exposed to high temperature. Other studies showed that heat treatment on plant-

derived and animal-derived lipids had no effect on lipid content; in contrast, the 

activity of lipase enzyme was reduced significantly with heat treatment [242, 243]. 

Accordingly, the data from my experiment continued to support the idea that HS-5 DF 

was proteinaceous. Recognized as HS-5 derived protein(s), other protein 

characteristics were tested in the following experiments. The ability of HS-5 DF to 

retain its PCa death induction in varied pH has been tested for future experiments. The 

results showed that HS-5 DF could retain functionality across pH 4-10, suggesting the 

possibilities to use many proteomics techniques to identify HS-5 DF without loosing 

its functional structure. In addition, the requirement of disulfide binding in its structure 

was tested. The results showed that HS-5 DF was sensitive to DTT treatment thereby 

indicating the requirement of disulfide bonding for HS-5 DF to function properly. The 

results were consistent between a metastatic PCa line, C4-2 and a bone adaptive PCa 

line, C4-2B showing a significant reduction of HS-5 DF’s activity after DTT 

treatment. However, the results showed no difference between HS-5 DF inducing PCa 

death in an androgen sensitive, LNCaP cells from HS-5 CM before and after DTT 

treatment. This suggested the differential responses of HS-5 DF death induction 

between an androgen sensitive PCa cell line and androgen independent PCa cell lines. 
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One possible explanation was due to the difference in reducing protective enzyme, 

sulfyhydryl oxidase Q6 (Qscn6) that can re-introduce disulfide bonds into protein 

structures. It has been shown that Qscn6 was expressed higher expressed in non-

metastatic PCa, but the expression of these enzymes was significantly lower as the 

PCa progressed to a more aggressive stage [244]. In addition, the tentative size for 

HS-5 DF was determined using centrifugal filters for size selection experiments. The 

results showed the activity of HS-5 DF retained in the fractions containing proteins, 

which are bigger than 30 kDa, but smaller than 100 kDa. This indicated that the 

tentative size for HS-5 DF would be between 30 kDa - 100 kDa. Interestingly, an 

increase in HS-5 DF’s activity in fractions with smaller proteins was seen in both 30 

kDa and 100 kDa size selections after DTT treatment. This suggested possible roles of 

disulfide bonding in oligomerization and/or multi-protein interaction of HS-5 DF 

proteinaceous. Lastly, the ability of HS-5 DF to conserve its functional structure after 

protein concentration was tested. Sample concentration method was determined for 

further proteomic studies as well as for the enrichment of samples for the purification 

and subsequent functionality tests. Several protein concentration methods including 

two subsequent size selections through 100 and 30 kDa filters as well as protein 

precipitation by Methanol-chloroform [245] were tested. Both methods failed to 

preserve HS-5 DF activity to induce PCa cell death after the concentration processes 

(data was not shown). However, the data from this study showed that PCa death 

inducing activity of HS-5 DF was not reduced after protein concentration using speed 

vacuum concentration. This could be a result from an extended period (1 hour) of 

high-speed centrifugation (550 x g), which led to the denaturation of the protein 

samples in two subsequent size selections as compared to the milder freeze drying 
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concentration at 207 x g for the shorter time (10 minutes). On the other hand, 

methanol/chloroform precipitation was widely used in protein structure studies [245]. 

However, exposing the protein samples to high volume of organic solvents could 

affect the functionality of the proteins. Similar to tissue fixation, methanol could lead 

to the dehydration of proteins to fix the protein structures, but at the same time, this 

fixation could lead to protein denaturation. Therefore, this method could be used to 

study protein structure, but the denaturation could lead to the lost of protein functions 

in situ. Interestingly, not only was the activity of HS-5 DF preserved in speed vacuum 

concentration, but an increase in HS-5 DF’s activity was also observed after the 

concentration. This data further supported the possibility that HS-5 DF could co-exist 

and interact with other factors including labile molecule (s), which could not survive 

the concentration process. However, these experiments showed that protein 

concentration by speed vacuum concentrator could be used to prepare HS-5 CM 

samples to study/purify HS-5 DF in future experiments.  

The correlations between high TGF-β1 in patient sera and the incidence of PCa 

bone metastasis were shown in many studies [235, 236]. The effects of TGF-β1 on 

HS-5 DF were investigated. Consistent with the previous study [32, 33, 246], my 

results showed that PCa death induction from HS-5 CM was suppressed by TGF-β1. 

TGF-β1 was highly expressed in PCa [247] and released by a vicious cycle where PCa 

cells stimulated bone turnover to provide a favorable environment for PCa bone 

colonization [52]. HS-5 DF suppression by TGF-β1 suggested that high levels of 

TGF-β1 also could play a role in the survival of PCa by reducing HS-5 DF during PCa 

bone colonization. To identify possible HS-5 DF candidates, HS-5/TGF-β CM was 

used as a sample that contain lower level of HS-5 DF correlating with its decreased 
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ability to induce PCa death. Results from high resolution SDS-PAGE showed that 

TGF-β1 treatment on HS-5 cells led to protein pattern alterations in HS-5/TGF-β1 CM 

as compared to control HS-5 CM where many protein bands were up- and 

downregulated due to TGF-β1 treatment. To further verify possible HS-5 DF 

candidates, protein bands that showed differential expression upon TGF-β1 treatment 

were picked as samples for MS/MS analysis. The data from MS/MS analysis showed 

the upregulation of many proteins including TIMP-1, type 1 collagen, moesin and 

ECM protein-1. On the other hand, some proteins also showed a downregulation with 

TGF-β1 including MMP-1, MMP-3, Prommp-1 and fibulin-1. Among the HS-5 DF 

candidates, fibulin-1 was shown to be the strongest candidate for HS-5 DF for many 

reasons. Firstly, cancer suppression effects from fibulin-1 were noted in many types of 

cancer including fibrosarcomas, renal cancer, nasopharyngeal carcinoma, gastric 

cancer and liver cancer [169, 216, 218, 219]. These studies showed the abilities of 

fibulin-1 to suppress growth of cancer both in vitro and in vivo as well as the 

capabilities to inhibit cancer migration. In addition, downregulation of FBLN1 gene 

via promoter methylation was shown in several types of cancer including gastric 

cancer, renal cancer and liver cancer. For PCa, the downregulation of both fibulin-1C 

and fibulin-1D in PCa cells and in cancerous tissue as compared to benign tissue was 

reported [223]. The downregulation of FBLN1 gene and lower level of fibulin-1 

protein in many types of cancer, including PCa, supported its tumor suppression 

potential in PCa. Secondly, the size for fibulin-1 is 90 kDa in a native form and 77 

kDa in reducing-denatured SDS-PAGE; therefore, the size of fibulin-1 corresponded 

to the tentative size of HS-5 DF. In addition, fibulin-1 was shown to be a protein with 

many disulfide bonds in its structure, which also corresponded to the sensitivity of a 
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reducing agent, DTT. Last but not least, anti-cancer activities of fibulin-1 were 

revealed in many studies; while, the opposite effect was noted in ovarian and breast 

cancer, which showed an increase in fibulin-1 as compared to benign samples [224-

227]. Corresponding to these results, a specificity test for HS-5 DF was performed in a 

previous study from Sikes’ lab. These results showed that HS-5 DF in HS-5 CM 

induced PCa cell death specifically, but had no effect on breast cancer or fibroblast 

cell survival (Appendix E) [33]. Accordingly, fibulin-1 showed the strongest potential 

above other candidates; therefore, it was selected for further investigation.  

To verify fibulin-1 as HS-DF that induced PCa cell death, the basal level of 

fibulin-1 in HS-5 BMS and PCa cells was compared. My data showed that HS-5 cells 

expressed dramatically higher level of fibulin-1 than PCa cells from LNCaP 

progression model including LNCaP, C4-2 and C4-2B (Figure 18). These results were 

consistent to previous research from other groups showing significant reduction in 

PCa cell lines as compared to normal prostate epithelium and in PCa tissue samples as 

compared to non-cancerous samples [223]. Thereby, fibulin-1 showed a potential to be 

a tumor suppressor in PCa. Even though low level of fibulin-1 could be seen in BPH-1 

cells as well, the possibility that HS-5 DF might also interact with other factor(s) in 

PCa death induction was shown from my previous experiments. This interaction could 

also contribute to the different responses in PCa cells and BPH-1 to HS-5 CM 

(Appendix E). TGF-β1 has been thought to be a stimulator for PCA aggressiveness 

and serum levels in patient's correlate with bone metastasis. Furthermore, data from 

my experiments indicated that TGF-β1 decreased levels of fibulin-1 in HS-5 cells and 

HS-5 CM. These data implied that the HS-5 DF should be TGF-β1 responsive. Indeed, 

the results showed that fibulin-1 levels were significantly lower in HS-5/TGF-β1 cells 
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and HS-5/TGF-β1 CM than control HS-5 cells and CM. (Figure 19) A reduction in 

fibulin-1 level in both cellular level and in CM corresponded to a decrease in HS-5 

DF’s activity; therefore, these results indicated the possibility of fibulin-1 to function 

as HS-5 DF. It also provides a mechanism to explain PCa colonization of bone in the 

presence of high serum TGF-β. Essentially, TGF-β1 decreases the expression of 

fibulin 1 in the bone creating a less hostile environment that is more suitable for PCa 

colonization and growth. 

Since the opposing effects of tumor supressive fibulin-1D and tumor 

promoting fibulin-1C were reported in other studies [224-227], expression levels of 

both isoforms were studied in HS-5 cells. The data showed that HS-5 expressed 

significantly higher (5X) tumor supressive fibulin-1D than tumor promoting fibulin-

1C. These data corespond well to the induction of PCa cell death from HS-5 CM. In 

addition, the effects of TGF-β1 on fibulin-1C and fibulin-1D expression were also 

investigated. After 96 hours of TGF-β1 of treatment, expression levels of fibulin-1C 

and fibulin-1D in HS-5/TGF-β1 cells were determined in comparison to the control 

HS-5 cells. The data showed that the expression of both fibulin-1C and fibulin-1D 

were suppressed significantly upon TGF-β1 treatment correlating with HS-5 DF’s 

activity. This suggested an inhibitory effect of TGF-β1 on FBLN1 gene expression 

rather than to favor RNA splicing toward any specific isoform. PCa death induction 

from CM collected cell lines expressing different levels of fibulin-1 was tested to 

determine the correlation between fibulin-1 and PCa death induction from HS-5 CM 

compared to others CMs. In this experiment, fibulin-1 in HS-5, HS-27a and HEK293 

cells and CMs were determined by western blot analysis. The results showed that HS-

5 expressed highest level of fibulin-1 in both cellular level and in HS-5 CM as 
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compared to the other two. HS-27a expressed moderate level of fibulin-1 followed by 

HEK293, which weakly expressed fibulin-1 in both whole cell lysates and in their 

CMs. As these CMs were introduced to PCa cells, the cells responded to PCa death 

induction from CMs correlating to fibulin-1 level in CMs (Figure 21). Taken together, 

these data show a correlation between fibulin-1 level in CMs and the induction of PCa 

death and strongly support the potential of fibulin-1 to function as HS-5 DF.  

To test the direct involvement of fibulin-1 in HS-5 derived PCa death 

induction, fibulin-1 was partially removed from HS-5 CM by IP. The results showed 

that IP successfully removed most fibulin-1 out of CMs as can be seen from HS-5 

CMs and IP samples after IP with fibulin-1 specific antibody (Figure 22). HS-5 CMs 

after protein A preclearing, IP with IgG control antibody and IP with fibulin-1 

antibody were introduced to PCa cells to determine their ability to induce PCa death. 

The results showed that HS-5 CM containing less fibulin-1 from HS-5 CM after IP 

with fibulin-1 antibody had significantly lower PCa cell death induction. Accordingly, 

the results showed that fibulin-1 in HS-5 CM contributed to PCa death induction. To 

further verify fibulin-1 as HS-5 DF, FBLN-1 gene was knocked down from HS-5 cells 

by using CRISPR-Cas9 system. CRISPR plasmids carrying gRNA targeted on exon 

11 of FBLN1 gene (CRISPR_fib1_11) were used. The results showed that 

CRISPR_fib1_11 plasmid successfully knocked down FBLN1 leading to a decrease in 

fibulin-1 level in both whole cell lysate (HS-5CRISPR_fib1_11) and in HS-5CRISPR_fib1_11 

CMs (Figure 23). After HS-5CRISPR_fib1_11 CMs were introduced to PCa cells for 48 

hours, HS-5CRISPR_fib1_11 CMs showed notably lower induction of PCa cell death as 

compared to CM from HS-5 transfected with CRISPR_GFP control (HS-5CRISPR_GFP 

CM). These results demonstrated that fibulin-1 secreted from HS-5 cells directly 
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participates in the induction of PCa cell death by HS-5 CM. Accordingly, results from 

my study indicated that fibulin-1 correlates with PCa death inducing activity of HS-5 

CM, and could function as HS-5 DF inducing PCa cell death in all PCa cells from 

LNCaP progression model.    
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Chapter 5 

FUTURE DIRECTIONS AND SIGNIFICANCE 

5.1 Future Directions 

Previous results from Sikes’ lab demonstrated a negative interaction between 

HS-5 CM and PCa cells in the LNCaP progression model [31-33]. These results 

indicated the ability of HS-5 cells to secrete an apoptotic inducer for PCa cells leading 

to significant cell apoptosis and death upon HS-5 CM treatment. As a crucial step in 

understanding this mechanism as well as the initial interaction between BMS cells and 

PCa, the goal for my project was to identify the HS-5 DF contributing to PCa cell 

death. My results showed a correlation between fibulin-1 expression and ability of CM 

to induce PCa cell death. Moreover, removing fibulin-1 from CM and knocking down 

FBLN1 in HS-5 cells led to a significant decrease in PCa cell death induction. 

Therefore, all data indicated that fibulin-1 could function as the HS-5 DF that induced 

PCa cell death. However, unique functions of the two prominent fibulin-1 isoforms 

were noted in many studies [224-227]. Therefore, one of the future directions for this 

project would be to study the effects of each isoform on PCa cell death. Since HS-5 

cells expressed significantly higher level of tumor suppressive fibulin-1D than fibulin-

1C, I hypothesize that fibulin-1D could be the only functional fibulin-1 mediating PCa 

cell death. To test this hypothesis, each specific isoform of fibulin-1 could be knocked 

down from HS-5 cells by using shRNA targeting on fibulin-1C and fibulin-1D 

separately. After transfection, the level of fibulin-1C and 1D could be determined by 

qRT-PCR and western blot analysis using fibulin-1C and fibulin-1D specific 
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antibodies as compared to HS-5 cells transfected with scramble control (HS-

5sh_scramble). The clones, which showed a successful knockdown including HS-5sh_fib1C 

and HS-5sh_fib1D cells would be selected for future experiments. HS-5sh_fib1C CM, HS-

5sh_fib1D CM and HS-5sh_scramble CM would be used to treat PCa cells to determine their 

relative PCa cell death inducing activity. I would expect to see significant lower PCa 

cell death induction from HS-5sh_fib1D CM as compared to other groups indicating the 

PCa death inducing activity results from fibulin-1D. In addition, to test for the isoform 

specificity for PCa death induction, overexpression of fibulin-1C and fibulin-1D could 

be done in HEK293 cells, which has been shown to have a very low basal expression 

of fibulin-1. Similar to the previous experiment, an overexpression of fibulin-1C and 

fibulin-1D could be tested by qRT-PCR and western blot analysis. HEK293 CM 

containing high level of fibulin-1C (HEKfib-1C CM) and fibulin-1D (HEKfib-1D CM) 

could be used as crude samples to test for PCa death induction from each isoform. 

Further, this approach would allow one to determine if there are additional proteins in 

HS-5 CM that are not in HEK293 cell CM. On the other hand, these fibulin-1C and 

fibulin-1D rich CM could also be used as samples for fibulin-1C and fibulin-1D 

purification. The purified proteins could be tested on PCa cells to demonstrate PCa 

cell death induction from each isoform. HS-5 CM might be used in combination with 

the crude CMs or purified proteins to test for BMS specific co-factor; however, I 

would expect to see significant higher PCa cell death induction in PCa cells treated 

with crude HEKfib-1D CM or purified fibulin-1D with or without HS-5 CM.  

Since the mechanisms behind fibulin-1 mediated PCa cell death induction has 

not been elucidated, identification of an associated protein(s) would be a crucial step 

to investigate a possible mechanism for PCa death induction. In my study, I 
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successfully immune-precipitated fibulin-1 from HS-5 CM leading to significant 

reduction of PCa death inducing activity. Moreover, the possibility of multi-proteins 

interaction of HS-5 DF was shown from previous experiments (Figure 13 & 14). 

Accordingly, fibulin-1 IP samples could be used as samples to identify possible 

interacting proteins that co-IP with fibulin-1. Fibulin-1 IP samples would be used for 

MS/MS analysis to acquire the protein IDs of fibulin-1 interacting proteins. This result 

would be an important clue for the mechanism behind fibulin-1 mediated PCa cell 

death induction. Genetic modification of the gene(s) coding for this interacting 

protein(s) could be done by either CRISPR-Cas system, Transcription activator-like 

effector nucleases (TALENs) or short hairpin RNA (shRNA) to study the effect of this 

candidate on fibulin-1 mediated PCa cell death.  

As a potential therapy and/or a novel maker for PCa bone metastasis, animal 

and human studies will be needed. Since HS-5 CM and HS-5 derived fibulin-1 showed 

a potential to suppress PCa by induing PCa cell death, these samples could be used for 

animal experiments. Firstly, PCa death induction by HS-5 CM would be confirmed in 

SCID mice. A highly metastatic C4-2 PCa cell line would be injected subcutaneously 

on each mouse. After the tumors are formed, mice would be injected with either SF-

DMEM control or HS-5 CM for a period of time. Then, the size of tumors would be 

measured in comparison between two groups. Before sacrifice, PCa bone metastasis 

would be determined by computerized tomography (CT) scan. The tumors from each 

site would be used for TUNEL assay to determine cell apoptosis in tumor from each 

treatment. I would expect that the tumor size from HS-5 CM treatment group would be 

smaller and undergo more apoptosis than SF-DMEM control group according to PCa 

death induction of HS-5 CM. I also expect to see less bone metastasis in mice treated 
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with HS-5 CM. Similar experiments could be carried out using purified fibulin-1, 

purified fibulin-1C or fibulin-1D and vehicle control treatment to study effects of 

fibulin-1 and its specific isoform on PCa growth and bone metastasis. If fibulin-1 

showed a potential to be a novel therapeutic agents in animal studies as expected, 

further experiments could be done for a targeted treatment for PCa cells. In this case, 

fusion proteins between fibulin-1 or fibulin-1C and 1D specific C-terminal fragments 

would be fused with antibody against PCa specific surface antigen. I expect that this 

targeted treatment would lead to a higher inhibitory effect on PCa with lower side 

effects on other cell types. Once the results have been confirmed in animal models, 

human trials could be designed by using antibody tagged fibulin-1 for advance stage 

and bone metastatic PCa patients in the future.  

HS-5 cells were hypothesized to reside among the sinusoid area and showed 

potential for initial negative interactions between PCa cells and BMS. HS-5 DF, 

fibulin-1, could function as an environmental pressure against the newly arriving PCa 

cells. Therefore, I hypothesize that the level of fibulin-1 might correlate and can be 

used as a good indicator for PCa bone metastasis. To test this hypothesis, C4-2 PCa 

cells would be injected to SCID mice; then, serum level of fibulin-1 would be 

measured in a timely manner from localized tumor until the bone metastases were 

found by CT-scan. If fibulin-1 showed a potential as an effective marker for PCa bone 

metastasis, the level of fibulin-1 should correlate with PCa bone metastatic events. 

Furthermore, with the potential initial interactions between HS-5 derived fibulin-1 and 

PCa cells during PCa bone colonization, fibulin-1 could be used as a potential novel 

marker to early detect PCa bone metastasis in patients’ serum.  In this study, serum 

level of fibulin-1 would be determined in patients’ serum with different stages of PCa. 
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I expect to see a correlation between fibulin-1 level in patients’ serum with PCa bone 

metastasis. Therefore, fibulin-1 level is expected to be higher in patients with bone 

metastatic PCa as compared to patients with earlier stages of PCa or PCa metastasis to 

other sites. 

On the other hand, the regulatory mechanism that TGF-β1 led to a suppression 

of HS-5 DF is still unknown. Previous study from Sikes’ lab showed that an inhibition 

of TGF-β signaling by using a dominant-negative mutant of TGF-β receptor type II 

(DN-TβRII) in HS-5 cells led to a prevention of HS-5 DF inhibition by TGF-β1 [33]. 

To confirm this investigation, in vivo experiments using TGF-β receptor 2 (TGFBR2) 

knockout mice specifically in bone stromal could be used if available in the future. I 

would expect that fibulin-1 levels would be higher in serum of TGFBR2 knockout 

mice than SCID control mice leading to lower bone metastases in TGFBR2 knockout 

mice as compared to the control group. HS-5 CM treatment would also have higher 

effects on tumor inhibition in TGFBR2 knockout mice than SCID control mice if 

TGF-β not only suppress FBLN1 expression, but also lead to the expression of fibulin-

1 antogonist(s). Results from this experiment, would confirm the mechanism for HS-5 

DF inhibition by TGF-β1 via TGFBR2. Other signaling molecules in TGF-β signaling, 

such as different types of TGFBR1 could be tested similarly by using gene 

modification tools, such as TALENs, CRISPR or shRNA to knock down the gene of 

interest in HS-5 cells for an in vitro study. TGF-β1 treatment would be given to the 

knocked down HS-5 cells and the control HS-5 cells. Then CM from each group 

would be introduced to PCa cells to compare PCa cell death induction from HS-5 CM 

and the effect of TGF-β1 on HS-5 DF from each group. I would expect the to see no 

reversal of the death effect from TGF-β1 treatment on HS-5 DF from the knocked out 
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HS-5 cells if the proteins of interest participate in HS-5 DF suppression by TGF-β1. 

The investigation could be confirmed by using animal models with specific knock out 

as mentioned.  

5.2 Significance 

As a critical metastatic site for PCa, the mechanism behind PCa bone 

metastasis and the initial interactions between PCa cells and bone environment are still 

elusive. Interestingly, previous data from Sikes’ lab suggests a negative interaction 

between soluble factor(s) from HS-5 BMS cells and PCa. We have shown that CM 

from HS-5 cells contains an unidentified soluble factor(s) that induces PCa death and 

NED. This suggested an environmental pressure by which they try to eliminate PCa 

and force subpopulations of PCa to die or differentiate to survive. As HS-5 CM 

showed specific PCa cell death inducing activity, identification of the HS-5 DF that 

induces PCa cell death is needed.  

In this study, I was able to identify fibulin-1 as one of HS-5 DF that induced 

PCa cell death. This study not only confirmed previous investigations about negative 

interactions between PCa cells and factor(s) in bone microenvironment, but this also is 

the first report on the novel role of fibulin-1 in PCa bone metastasis. My results 

showed the correlations between fibulin-1 level and PCa cell death as well as verifed 

that HS-5 derived fibulin-1 contributed to PCa cell death from HS-5 CM. Even though 

more researches is still needed, this study has provided better understanding to the 

initial interaction between PCa and the bone microenvironment and may lead to better 

diagnosis and therapy for PCa patients with bone metastases. As a HS-5 DF, fibulin-1 

could be a new candidate for novel therapy for those who are suffering with PCa bone 

metastasis In addition; the presence of this factor might also be used as a novel 
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biomarker for early detection of patients at risk to develop PCa bone metastasis in the 

future. 
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Appendix A 

SDS-PAGE GEL FOR MS/MS ANALYSIS 

 

Figure 24: HS-5 CM and HS-5/TGF-β1 CM samples from Figure 16 were used for 
SDS-PAGE. 5%-11% gradient gel was used followed by Sypro Ruby 
staining. The gel was prepared and run using the same conditions as for 
Figure 17. The bands labeled in red and blue showed proteins, which 
were upregulated and downregulated with TGF-β1 treatment 
respectively. These indicated bands were used as samples for MS/MS 
analysis to identify possible HS-5 DF candidates. 
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Appendix B 

GEL ELECTROPHORESIS FOR RNA QUALITY CHECK PRIOR TO 
qRT_PCR 

 

Figure 25: Five µg of RNA from HS-5 cells, with and without TGF-β1 treatment 
were separated in 0.8% w/v agarose in 0.5X Tris-acetate (TAE) buffer 
with 0.5 µg/mL ethidium bromide. The results showed intact 28S (top 
bands) and 18S (bottom bands) rRNA. According to these results, all 
RNA samples were intact and qualified for qRT-PCR for all 3 biological 
replicates.  
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Appendix C 

CLONAL SCREENING FOR HS-5CRISPR_fib1 

 

Figure 26: Fibulin-1 western blots for clone screening for HS-5CRISPR_fib1. Levels of 
fibulin-1 were compared to the level in HS-5 cells transfected with a 
control plasmid (HS-5CRISPR_GFP). The clones were labeled as GFP for 
HS-5CRISPR_GFP and the letters from A to DA represented clone IDs for 
HS-5CRISPR_fib1. Clones that showed significantly lower expression of 
fibuin-1 (*) were selected and renamed as HS-5CRISPR_fib1_11A, HS-
5CRISPR_fib1_11B and HS-5CRISPR_fib1_11C for future experiments.  
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Appendix D 

PREVIOUS RESULTS SHOWED PCa APOPTOTIC INDUCTION AND NED 
BY HS-5 CM 

 

 

 

 

 

 

 

 

 

 

Figure 27: Previous research from Sikes’ lab showed PCa apoptosis induction from 
HS-5 CM on LNCaP and C4-2B. Both LNCaP and C4-2B underwent 
more apoptosis with HS-5 CM treatment. While part of cell populations 
underwent apoptosis, another part underwent NED, which showed long 
processes extending from cell bodies and higher level of neuronal-
specific enolase (NSE): 1= cells treated with SF DMEM, 2= cells treated 
with HS-5 CM, 3= cells treated with HS-5 + HS-27a CM. (used with 
permission [31])  
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Appendix E 

HS-5 CM SHOWED AN APOPTOTIC INDUCTION SPECIFICITY TO PCa 
CELLS FROM LNCaP PROGRESSION MODEL 

 

Figure  28: Results from previous experiments showed that HS-5 CM, but not HS-
27a CM, induced PCa cell death specifically. A) HS-5 CM induced 
apoptosis in LNCaP, but have no effect on DU145 (AR negative PCa 
cells), BPH1 (benign prostatic hyperplasia), MDA-MB-231 (osteolytic 
breast cancer cells), MCF7 (breast cancer cells), ZR-75-1 (osteoblastic 
breast cancer cells), MCF10A (benign transformed breast cells) and 
NIH3T3 (fibroblasts). B) Representative pictures from live/dead assay in 
LNCaP, BPH1 and MDA-MB-231 treated with SF DMEM control 
versus HS-5 CM treatment. LNCaP showed significantly higher dead/live 
ratio after HS-5 CM. (used with permission [33]) 
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Appendix F 

BUFFER RECIPES 

Experiments in molecular biology require many buffers, which could be 

slightly varied. Here, I recorded some important buffer recipes used in this 

dissertation.  

F.1 Phosphate Buffer Saline (PBS): 10X, 1L 

• 80 g NaCl 

• 2 g KCl 

• 11.5 g Na2HPO4 

Adjust to 1 L with distilled water; Final pH: 7.4  

Autoclave it needed.  

F.2 PBST 

PBST was made from 1X PBS with 0.1% of Tween-20 

F.3 Tris Buffer Saline (TBS): 20X 

• 24 g Tris base (FW: 121.1 g) 

• 88 g NaCl 

Adjust to 500 mL with distilled water; Final pH: 7.6 (with 12N HCl) 

F.4 TBST 

TBST was made from 1X TBS with 0.1% of Tween-20 
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F.5 Radio Immunoassay Precipitation Buffer (RIPA): 1X 

• 150 mM NaCl 

• 1% NP-40 or Titron X-100 

• 0.5% Sodium deoxycholate (C24H39O4Na) 

• 0.1% SDS 

• 50 mM Tris-HCl pH 8.0 

F.6 Tris Acetate Buffer (TAE): 50X, 1L 

• 100 mL of 0.5M EDTA 

• 292 g Tris base 

• 57.1 mL Glacial acetic acid 

Adjust to 1 L with distilled water; Do not add water to acid 

F.7 LB Broth 

• 10 g Tryptone 

• 5 g Yeast extract 

• 10 g NaCl 

Adjust to 1 L with distilled water; Final pH: 7.0 

Autoclave before use 

F.8 LB Agar 

LB agar could be made by adding 15% agar into LB broth before autoclave or 

prepared from premixed LB powder according to the instruction provided.  

F.9 SOC Medium 

• 2% Tryptone 

• 0.5% Yeast extract 
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• 10 mM HCl 

• 2.5 mM KCl 

• 10 mM MgCl2 

• 10 mM MgSO4 

• 20 mM Glucose 
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Appendix G 

PERMISSION to USE MATERIALS FOR DISSERTATION 

Some published and non-published materials were used in this dissertation as 

parts of the introduction, discussion and appendixes. The permission documents are 

attached here:  
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