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Abstract 

Prostate cancer (PCa) is the leading diagnosed cancer in men. Prompt diagnosis of 

the disease can substantially improve its clinical outcome. Improving capability for early 

detection and developing new therapeutic targets in advanced disease are research priorities 

that will ultimately lead to better patient survival. 

Eukaryotic cells secrete proteins via distinct regulated mechanisms,  which are 

either ER/Golgi dependent or microvesicle-mediated. The release of microvesicles has been 

shown to provide a novel mechanism for intercellular communication. Exosomes are 

nanometer-sized membrane-vesicles, which are secreted from normal/cancerous cells. They 

are present in various biological fluids. Recent studies have demonstrated that cancerous 

cells secret exosomes, which may be differentiated from those, derived from normal cells 

based on their composition. 

The main hypothesis for this Ph.D. thesis is to assess exosomes as potential 

diagnostic biomarkers for PCa diagnosis and investigate the role of exosomes in PCa 

progression. 

In this study, exosomes were purified from the conditioned media of six different 

prostate cell lines and biological fluids obtained from PCa patients. Analysis using 

NanosightTM, western blot and transmission-electron- microscopy validated the size, 

purity and integrity of isolated exosomes. Uptake by different PCa cell lines, following 

exposure to exosomes, was confirmed using confocal microscopy. Proteomic analysis of 

isolated exosomes was performed using a Waters LC-QTOF/MS in conjunction with 

ProteinLynx and MASCOT software. In addition to possible underlying differences in 

protein profiles an additional part of this study investigated the lipid profiles and 
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cholesterol levels in exosomes as further potential diagnostic markers. 

Our results have also confirmed the influence of PCa derived exosomes with different 

functional assays including apoptosis, proliferation and migration. Finally we 

demonstrated the effect of PCa cells derived exosomes in vivo, and their influence on 

tumor growth using a human xenograft animal model of PCa. 

The results of this study have highlighted a potential for the differential protein/lipid 

composition of exosomes to be a source of diagnostic biomarkers for PCa amenable via 

non-invasive testing. Our experimental evidence also indicates that exosomes with different 

androgen receptor phenotypes attribute positively in many mechanisms that contribute to 

PCa progression presenting additional insight into exploratory research for novel therapeutic 

targets. 
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 Introduction Chapter 1:

1.1 The Prostate Gland 

1.1.1 Anatomy and Physiology 

The human prostate is a small muscular gland, which is located anterior to the rectum 

and inferior to the urinary bladder in the pelvic body cavity. It is oval shaped with a rounded 

tip and surrounds the neck of the urethra as it exits the base of the bladder and merges with 

the ductal Vas deferens at the ejaculatory ducts (Figure 1.1). This male sex accessory 

gland weighs approximately 1-2 grams before puberty, however after puberty androgens 

act to mature the organ. The prostate measures approximately 2cm x 4cm x 3cm (D×W×L), 

the size of a walnut (Isaacs, 1994)(Cunha et al., 2004), and typically weighs approximately 18 

grams in males between the age of 20 and 50 years. 

The anatomy of the prostate gland may be described in two different ways, using lobes 

or zones. In the 20th century, based on the anatomy of laboratory animals, scientists 

suggested that the prostate gland was composed of different lobes (anterior lobe, median lobe, 

lateral lobe, and posterior lobe), despite the fact that there are no characteristic lobes in 

the human prostate (Lowsley, 1915)(Lowsley and Perez Venero, 1954)(Franks, 1954). 

Thereafter, during the 1980’s McNeal established the concept of zones of the prostate 

rather than lobes (McNeal, 1980)(McNeal, 1981)(McNeal, 1988). 
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Figure 1.1 Location of the prostate gland. 

The prostate gland is located anterior to the rectum and inferior to the urinary bladder in 

the pelvic body cavity. 

© 2014 Annual Report on prostate Disease; 

http://www.harvardprostateknowledge.org/prostate-basics. 

 

As McNeal has described, an adult prostate is composed of three zones: peripheral 

zone (zone 1), central zone (zone 2) and transition zone (zone 3), enclosed by a capsule 

composed of collagen elastin and abundant smooth muscle (Figure 1.2). 

The peripheral zone (zone 1), which makes up 70% of the prostate volume, comprises 

all the prostatic glandular tissue at the apex of the gland as well as all of the tissue located 

posteriorly near the capsule. It has been reported that the incidence of carcinoma, chronic 

prostatitis and post-inflammatory atrophy are relatively higher in the peripheral zone 

compared with the other zones (Hammerich et al., 2009). 

The central zone (zone 2) is a cone-shaped area of the prostate gland which makes 

up 25% of the gland. The transition zone (zone 3), immediately surrounding the urethra, 

http://www.harvardprostateknowledge.org/prostate-basics
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is the innermost and smallest component of the prostate gland which is mainly involved in 

the development of Benign Prostatic Hyperplasia (BPH) and less commonly, adenocarcinoma 

(Hammerich et al., 2009)(Cuhna et al., 2004)(Hayward and Cunha, 2000). 

 

 

Figure 1.2 Zone of the prostate. 

An adult prostate is composed of three zones: peripheral zone (1), central zone (2) and 

transition zone (3), enclosed by a capsule composed of collagen elastin and abundant smooth 

muscle. 

© 2014 Annual Report on prostate Disease; 

http://www.harvardprostateknowledge.org/prostate-basics.  

 

1.1.2 Prostate Development 

In all species the prostate gland is derived from the endodermal urogenital sinus 

(UGS), which is derived from the caudal terminus of the hindgut called the cloaca. The 

prostate gland is recognizable at 9 to 10 weeks of embryonic stage (Hayward and Cunha, 

2000) and its development initiates as a response to androgen secreted from fetal testis. 

http://www.harvardprostateknowledge.org/prostate-basics
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Prostate tissue development is determined by androgen exposure rather than by genetically 

defined sex of the fetus. Therefore, the UGS of either sex fetus could develop into 

functional prostatic tissue if stimulated by androgen. (Cunha et al., 1980)(Takeda et al., 

1986). 

When androgen activates the AR in the surrounding embryonic connective tissue, 

urogenital sinus mesenchyme (UGM) induces the epithelial proliferation, ductal branching 

morphogenesis, and cyto-differentiation into basal and luminal epithelia subtype (Cunha et 

al., 1992)(Hayward and Cunha, 2000)(Cunha et al., 2004). As a result the prostatic epithelium 

directs the differentiation of smooth muscle in the prostate gland (Hayward et al., 1998). 

 

1.1.3 Prostate Function 

The main function of the prostate gland is to produce and secrete prostatic fluid, which 

is a thin, milky/white slightly alkaline fluid that constitutes roughly 30% of the volume 

of the semen, spermatozoa and seminal fluid (Huggins and Neal, 1942). Analysis of combined 

prostatic-vesicular secretions obtained by rectal massage was first reported by McCarthy et 

al. (1928)(McCarthy et al., 1928). The biochemistry and composition of prostatic fluid 

varies between species but primarily contains simple sugars (fructose and glucose), calcium, 

citrate ions, phosphate ions, a clotting enzyme, and a profibrinolysin and is mainly 

responsible for semen gelation, coagulation and liquefaction (Hayward and Cunha, 

2000)(Stewart et al., 2004). 

The sugar content of prostatic fluids acts as the nutrition source for sperm, while 

prostatic fluid enzymes work to break down proteins in semen after ejaculation to free sperm 

cells from the viscose semen. The protein content of prostatic fluid is involved in the coating 
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and un-coating of spermatozoa and in the interaction with cervical mucus (Hall and Guyton, 

2010). 

As mentioned above the prostatic fluid is slightly alkaline and its pH under 

normal conditions is around 7.31 (Fair and Cordonnier, 1977). This slightly alkaline 

characterization of prostatic fluid is essential to neutralize the acidity of seminal fluids during 

ejaculation as well as enhance the motility or fertility of the sperm (Hall and Guyton, 2010). 

 

1.2 Prostate Cancer 

1.2.1 Prostate Cancer Epidemiology 

Prostate cancer (PCa) is the most common cancer and the second leading cause of 

cancer-related death in men worldwide. In the 2014 Canadian Cancer Statistic annual 

report, it was indicated that about 2 in 5 Canadians will develop cancer in their lifetime 

and about 1 in 4 Canadians will die of cancer (1 in 8 males expected to be diagnosed with 

PCa in Canada). It also has been reported that more than half of new diagnosed cancer 

(52%) will be lung, breast, colorectal and PCa. 

PCa has been reported to continue to be the leading diagnosed cancer in Canadian 

men and it has been estimated that 23,600 new cases will be diagnosed in 2014 (24% of all 

new male cases) and 4,000 will die from this disease (10% of all cancer death in men in 

2014). 

While the cause of PCa is still unknown, certain predictive risk factors have been 

linked to PCa onset including age, ethnicity, family history, genetic predisposition, 

environment, lifestyle, diet and obesity (Gronberg et al., 1994)(Hayward and Cuhna, 2000). 

PCa is recognised as a disease of older men, with less than 0.1% diagnosed in 
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men younger than 50 (Hayward and Cunha, 2000). However the disease incidence and 

mortality rate increase after 50. The mean age of PCa patients is reported to be between 72 to 

74 years and more than 85% of patients are diagnosed after the age of 65 years (Hayward 

and Cunha, 2000). PCa incidence rates increase faster with age compared to any other cancer, 

therefore with a longer life expectancy and improved diagnostic methodologies PCa will 

continue to be a major health concern of the future (Gronberg et al., 1994). 

The incidence of PCa varies between different ethnic populations and countries. 

The highest rates of PCa occur in North America and Scandinavia, especially in the African-

American population in the USA (137 per 100,000 per year) while Chinese people in 

Tianjin (1.9 per 100,000 per year) have the lowest rate of PCa. Although the reason behind 

the ethnical discrepancy remains unknown, genetic and environmental factors could play a 

major role in this observation (Williams and Powell, 2009)(Pinheiro et al., 2014). 

Genetics based researchers have revealed that male relatives of PCa and breast 

cancer patients have a higher chance of developing the disease (Berry et al., 

2000)(Gronberg et al., 1997)(Suarez et al., 2000)(Xu et al., 2001) this risk was also increased 

two- to three-fold for first degree relatives of PCa patients (Monroe et al., 1995). 

Results of ecological studies have revealed that PCa is also highly associated with 

factors contributing to lifestyle (diet, physical activity, environment, culture). In particular 

high intake of fat, red meat and dairy products seems to increase the incidence of PCa 

(Rodriguez et al., 2003). Research has also revealed that while high intakes of α-linolenic 

acid (Giovanncci et al., 1993) (Gann et al., 1994)(Harvei et al., 1997)(Godley et al.,1996)(De 

Stefani et al., 2000)(Azrad et al., 2012)(Pelser et al., 2013) and calcium (Chan et al., 

2001)(Wilson et al., 2015) have been associated with PCa development, high consumption of 



7 

tomato sauce (Giovannucci et al., 2002) and Vitamin D (Chen and Holick, 2003) have been 

linked to lower incidence of PCa. 

 

1.2.2 Prostate Cancer Development 

Although the prostate gland was first described by Niccolo Massa in 1536, PCa was 

not identified until 1853 as a rare disease, most probably due to shorter lifespans and poor 

detection methods observed for the 19th century (Palmer, 1981). It is very well known that 

tumorigenesis in humans is a multistep process that results in the transformation of 

normal cells to highly malignant derivatives  via a series  of premalignant  steps  to  

invasive  cancer  (Hanahan andWeinberg, 2000)(Hanahan and Weinberg, 2011). Hanahan 

and Weinberg (2000) described six essential alterations in cell physiology, known as the 

“hallmarks of cancer” that direct the cell to evolve from normalcy to malignancy. A 

combination of these six major alterations, including: 

a) sustaining proliferative signaling, b) evading growth suppressors, c) activating 

invasion and metastasis, d) enabling replicative immortality e) inducing angiogenesis and 

f) resisting cell death, have been proven to play a major role in the transformation of normal 

cells to cancer cells. In addition to these six “hallmarks of cancer” an increasing number of 

scientists have suggested that capability of cancer cells to reprogram cellular energy and 

metabolism as well as avoid immunological destruction are also essential factors required 

for cells to evolve from normalcy to malignancy (Hanahan and Weinberg, 2011). 

Although the causes of PCa are not yet fully understood, PCa along with other kinds 

of malignancies may arise as a consequence of genetic alterations in stem cell populations. 

It is hypothesized that cancer stem-like cells are responsible for onset, progression and 
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relapse of malignancy. Normal epithelial cells retain cell-cell contacts which are 

responsible for homeostasis of cell renewal in the maintenance of healthy organs. Stem 

cells located in each organ are in charge of the steady state of self-renewal as well as repair 

following injury (Blanpain and Fuchs, 2009). During malignancy epithelial cells lose their 

epithelial-like characteristics and undergo differentiation into cancerous cells (Moltzahn et 

al., 2008)(Ceppi and Peter, 2014). Alteration in mechanisms such as mesenchymal-

epithelial equilibrium, stromal-epithelial interactions and differential regulation of growth 

factors as well as proteases have been reported to play a central role in PCa development 

(Cuhna et al., 2003) (Nieto et al., 2014). 

 

1.2.3 Prostate Cancer Diagnosis 

PCa diagnosis continues to be an area of enormous study, debate and controversy. 

Despite advances in diagnosis and treatment, PCa remain to be a major public health 

problem. As described earlier, during 2014, 23,600 men will be diagnosed with PCa, which 

represent 24% of all new cancers in men. In spite of extensive research on PCa, the natural 

history of this disease is poorly understood. As discussed above, the disease is remarkably 

heterogeneous and could vary from clinically silent, indolent and non-metastatic PCa to an 

aggressive and metastatic form of PCa, which causes morbidity and patient death. Early 

diagnosis of PCa, as well as our ability to distinguish the indolent PCa from aggressive forms 

would logically result in a huge benefit to patients as well as clinicians in helping to 

ultimately tailor treatment options. 

The current routine screening test for PCa diagnosis in North America includes 

Digital Rectal Examination (DRE), measurement of Prostate Specific Antigen (PSA) in the 
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blood, and prostate biopsy (Lan et al., 2008). 

More than 100 years ago, Charles Childe established a hypothesis for cancer screening 

in his book “The control of a scourge, or How cancer is curable” arguing the importance of 

detection of subtle deviations from normal to identify asymptomatic latent cancer for 

curative treatment. Childe believed that a delay in cancer diagnosis is what makes it lethal 

(Childe, 1907). However with today’s knowledge we all know that not all forms of cancer, 

especially PCas, will be destined to become aggressive or symptomatic, but the importance of 

early diagnosis of indolent and latent forms of PCa is clearly of benefit. 

In 1905, Haugh Hampton Young was the first urologist to describe the DRE to screen 

for PCa. Since then the DRE has been mainly used to identify early palpable changes 

including nodules, asymmetry, or induration of the prostate. While this test was the only 

diagnostic tool for PCa, it is known to be very insensitive as a screening tool for 

detection of low-grade PCa (Hoffman, 2011) and no controlled studies have shown 

decreased morbidity or mortality of PCa when detected by DRE (Krahn et al., 1994). 

In the 1930’s Gutman and Gutman reported that the level of Prostatic Acid 

Phosphatase (PAP) is elevated in men with metastatic PCa (Gutman and Gutman, 

1938)(Lowe and Trauzzi, 1993). Subsequent to this Huggins and Hodges reported that PAP 

levels decreased significantly in PCa patients who have been treated with either 

orchiectomy or estrogen injection (Huggins and Hodges, 1972). Since then PAP has been the 

only useful serum tumor biomarker and its use has been wide spread for more than 50 years to 

detect, stage and monitor PCa treatment response (Heller, 1987). However, since PAP 

screening has limitations with regard to the detection of early stages of PCa, medical research 

scientists are continuously seeking new PCa biomarkers, which are more sensitive for the 
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detection of early stage PCa. 

In 1970, Dr. Richard J. Ablin and his team discovered and characterized PSA in 

semen. It was not until the mid-1980s however that PSA was introduced into the clinic as a 

diagnostic tool for PCa (Stamey et al., 1987). Since then, it has been broadly used for PCa 

detection, staging, monitoring and response to therapy. Although PSA has always been a 

valuable tool, in the absence of a better non-invasive diagnostic tool, due to the lack of 

specificity there has been a lot of controversy surrounding this test. 

Over-reaction to elevated PSA tests has resulted in a high negative biopsy rate 

(Roddam et al., 2005). Numerous reports and studies confirmed that PSA could be elevated in 

response to a variety of factors as well as certain activities unrelated to PCa such as e.g. 

sex, ejaculation, bicycle riding as well as some diseases and associated medical 

procedures including BPH, prostatitis, urinary retention and catheter placement (Croswell et 

al., 2011). The very first prostate biopsy was performed in 1922 by Barringer who adapted 

Martine and Ellis’ technique of needle puncture to obtain tissue for histological analysis 

(Barringer, 1931). Several years later in the 1930’s, needle aspiration biopsy was developed 

by Ferguson. In this modified technique Ferguson used an 18-gauge needle via a transperineal 

approach and was able to remove adequate tissue in 78-86% of his cases (Ferguson, 1933). The 

history of prostate biopsy has changed significantly since the prostate punctures that were 

carried out in the 1920s and the inclusion of Magnetic resonance imaging (MRI)-targeted 

biopsy is now in use in some clinics for PCa diagnosis (since 2005). However, biopsy 

techniques have improved significantly over the years significant procedural risks remain 

and include rectal pain and discomfort, difficulty and burning sensation during urination, 

and bloody urine and semen. In some rare cases skin and urine infections are also 
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encountered. Therefore, efforts to find new biomarkers which are more specific to PCa and 

could be used for not only diagnosing PCa but also its management and treatment, are 

clearly important. 

 

1.2.4 New Biomarkers in Prostate Cancer Diagnosis 

After the successful completion of the Human Genome Project which was followed 

by the discovery of a variety of biomarkers for the early detection of numerous 

pathological disorders, prediction of disease progression and response to therapy, with the 

support of Human Proteome Organization, a global effort was focused on mapping the 

human proteome using a variety of proteomic tools in biomarker research. While proteomic 

analysis of biological fluids presents with significant challenges, this type of analysis has the 

potential to provide an overview of protein changes in different organs that could ultimately 

lead to biomarker discovery as well as a better understanding of cancer development and 

progression (Wood et al., 2013)(Honda et al., 2013). The identification of proteins and their 

associated post-translational modifications via proteomic analysis of most biological fluids is 

obtainable via relatively non-invasive procedures. 

Three main groups of cancer biomarkers are classified as follows: 

a) Diagnostic biomarkers; to detect the absence or presence of cancer 

b) Prognostic biomarkers; to predict the probable clinical course or recurrence of cancer 

c) Stratification biomarkers; to select the suitable treatment strategies to which the 

patient will be most responsive to (Hilton et al., 2013). 

The ideal biomarker should be easily sampled through a non-invasive procedure and 

have a high sensitivity and specificity to the disease. PCa biomarkers can be identified in 
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blood, urine, prostatic fluids or prostate tissue. DNA, RNA, proteins, metabolites or even 

cellular process such as angiogenesis or proliferation/apoptosis could potentially be used 

as biomarkers for PCa diagnosis (Hays et al., 1996). 

To this date PSA is the sole PCa biomarker widely adopted and routinely in use 

clinically, however due to its limitations, PCa researchers continue their search for 

alternatives with better and higher specificity for PCa diagnosis and prognosis. 

In addition to what has been discussed above, PSA density, PSA velocity, PSA 

doubling time, Free PSA, Pro-PSA, Prostate Cancer Antigen 3 (PCA3), Early Prostate 

Cancer Antigen (EPCA), TMPRSS2-EST gene fusion are some potential biomarkers 

sometimes used clinically but have been mainly adopted for PCa research and are still 

undergoing validation (Prensner et al., 2012). 

 

1.2.5 Prostate Cancer Grading and Staging 

Urologists and urological scientists have designed several staging and grading 

classification systems to categorize PCa with respect to size, localization, degree of extra 

capsular extension (ECE) and presence or absence of metastasis. The goal of this 

classification is mainly to help the urologist plan the treatment and predict prognosis 

(Greene, 2002). The first staging system was developed in 1956 and was mainly based on the 

DRE and radiographic studies (Hilton et al., 2013). This system categorized the PCa to 4 

different stages A to D, where the presence of subclinical disease is classified as stage A, 

Stage B being the presence of tumor confined to the gland with no evidence of metastasis, 

stage C is local extra-prostatic invasion of surrounding tissues and stage D is PCa that has 

metastasized to distant sites in the body. This system was the most common staging system 
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used in the United States for 20 years. In 1975 Jewett modified this system and sub classified 

stage A to A1 and A2 based on whether the disease was histologically focal (A1) or diffused 

(A2). With a similar approach he subcategorized the stage B and C to two classes of B1 and 

B2, C1 and C2. In which B1 was identified with focal unilateral involvement of the prostate, 

B2 was with involvement of both lobes without capsular involvement, C1 was when the 

capsule was minimally involved and C2 was when the disease involved the capsule as well 

as more extensive local tissue invasion ECE–producing bladder outlet or Ureteral 

obstruction (van den et al., 1993) (Bostwick et al., 1994). 

The Tumour, Node, Metastasis (TNM) system was developed by the American 

Joint Committee in 1975 and has been mainly used by urologists to stage PCa. The TNM 

system sub- classifies PCa using three categories of tumor (T), lymph node (N) and 

metastasis (M), in which T measures the primary tumor and the extent that it has spread into 

the neighboring tissue, N will measure the tumour involvement with the regional or nearby 

lymph node and M gauges whether the malignancy has metastasized to distant organs of the 

body (Greene, 2002). 

Table 1.1 is adopted from the American Joint Committee on Cancer (AJCC) and 

the International Union Against Cancer (UICC) 2002 manual and is widely used in clinical 

practice, teaching and medical literature.  
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Table 1.1 TNM staging of prostate cancer.  

 
 

In addition to the TNM staging system, the histologic grade of the PCa is often 

evaluated by the pathologist using a different grading system called Gleason Score (GS). This 

widely used system is entirely based on the histological pattern of the arrangement of 

carcinoma cells in haematoxylin and eosin (H&E) stained prostatic tissue sections and 

dictates the degree of differentiation of the neoplastic cells (Huggins and Hodges, 

2002).This score is the sum of twonumbers which represent the two most common types of 

glandular growth pattern within the prostate tumor. GS scales from 1 to 5 (Table 1.2), in 

which 5 is assigned to cancer cells with a very poor differentiation pattern (Gleason, 

1992)(Humphery, 2004). 
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Table 1.2 TNM classification for prostate cancer. 

Anatomic Stage/Prognostic Groups 

Group T N M PSA Gleason 

Stage I T1a-c N0 M0 PSA<10 Gleason≤6 

 T2a N0 M0 PSA<10 Gleason≤6 

 T1-2a N0 M0 PSA X Gleason X 

Stage IIA T1a-c N0 M0 PSA<20 Gleason 7 

 T1a-c N0 M0 PSA≥10 <20 Gleason≤6 

 T2a N0 M0 PSA<20 Gleason≤7 

 T2b N0 M0 PSA<20 Gleason≤7 

 T2b N0 M0 PSA X Gleason X 

Stage IIB T2c N0 M0 Any PSA Any Gleason 

 T1-2 N0 M0 PSA≥20 Any Gleason 

 T1-2 N0 M0 Any PSA Gleason≥8 

Stage III T31-b N0 M0 Any PSA Any Gleason 

Stage IV T4 N0 M0 Any PSA Any Gleason 

 Any T N1 M0 Any PSA Any Gleason 

 Any T Any N M1 Any PSA Any Gleason 

 

1.2.6 Role of Androgen in the Development of Prostate Cancer 

PCa may also be classified into different phases associated with Androgen 

Dependence, including Androgen Dependent (AD) phase, Regression and Castration Resistant 

Prostate Cancer (CRPC). 
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Androgens are essential for the development of male sexual organs as well as 

secondary sex characteristics. In particular androgens play a major role in regulating the 

development, growth, and survival of prostatic tissues (Janster, 1999)(Balk, 2002)(Culig 

and Bartsch, 2006)(Koltz, 2006). As depicted in Figure 1.3., when PCa initially 

develops growth of the epithelial cells is androgen-dependent. In 1941 Huggins and Hodges 

suggested a potential role of androgens and the AR in PCa. Their studies concluded that 

androgen ablation causes regression of primary and metastatic androgen-dependent tumours 

(Huggins and Hodges, 1972). In 1966 Dr. Huggins was awarded the Nobel Prize for 

Physiology or Medicine for this discovery. In 1967 Huggins went on to publish an article 

discussing the role of hormones in the development of cancer. During his initial research he 

reported that estrogen treatment in dogs results in shrinkage of the prostate gland. In this 

article he also mentioned that serum proteolytic enzyme content decreased or was 

eliminated as a result of removing circulating androgens by gonadectomy (Tagnon et al., 

1952)(Huggins, 1967). These findings confirmed the critical significance of hormones in 

survival of hormone responsive cancers. Later it became clear that inhibition of androgen 

production could also be procured by shutting down the hypothalamus-pituitary-gonadal 

axis using chemical Luteinizing hormone-releasing hormone (LHRH) agonists (Cox and 

Crawford, 1995). 
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Figure 1.3  Schematic of clinical PCa progression. 

 

Despite the fact that PCa tends to progress slowly and often with no symptoms, over 

time, which varies from months to years most PCa cases will develop to CRPC and can 

metastasize, mainly to the bones or brain via the lymph nodes and seminal vesicles. 

Current understanding of CRPC development explains that genetic modification is a 

key player in tumorigenesis as well as CRPC development (Ruijter et al., 1999). 

Although the development of CRPC and PCa metastasis is still under investigation, 

Feldman and Feldman (2001) discuss five potential mechanisms involved in CRPC 

development (Feldman and Feldman, 2001). 

The first mechanism described is one in which PCa cells avoid the effects of 

Androgen Deprivation Therapy (ADT) by lowering the threshold of androgen levels, as a 
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requirement for growth. There are several potential mechanisms that would lead to the 

induction of tumor cell proliferation despite a low level of androgen procured as a result of 

ADT. Amplification in the expression of AR,  which leads to enhanced ligand-occupied 

receptor content, is one of the mechanisms that play a role in the hypersensitization of 

this pathway. The second hypersensitization mechanism to circumvent ADT is the increase 

in tumor cell sensitivity of the AR ligand, dihydrotestosterone (DHT) (Rahman et al., 

2004)(Mostaghel et al., 2012). Amplification of this pathway can result from increased 

expression of AR, enhanced AR stability and AR nuclear localization. The third mechanism 

which leads to CRPC development is the local production in androgens enabled via the 

enhanced activity of steroidogenesis enzymes such as cytochrome P450 17A1 (CYP17) and 

5α-reductase which allow local production of androgens, as well as enhanced conversion of 

testosterone to DHT. CRPC development via alternative AR ligand binding, sometimes 

referred to ‘AR promiscuity’ can occur via 3 mechanisms, AR mutation, co-regulator 

alteration and growth-factor activated outlaw pathways (Feldman and Feldman, 

2001)(Umar et al., 2012). 

Increases in steroidogenic precursors and activation of AR via outlaw pathways is 

another major pathway contributing to CRPC development (Saraon et al., 2011). The 

outlaw pathway which has already been described in breast cancer (McGuire et al., 1991) 

could play a role in CRPC development. The premise of this being that AR could be 

activated by certain growth factors such as Insulin-like Growth Factor-1 (IGF-1), 

Keratinocyte Growth Factor (KGF) and Epidermal Growth Factor (EGFR), creating an 

outlaw receptor to activate AR in the absence of androgen (Saraon et al., 2011). 

Overexpression of Her-2/Neu could activate AR-dependent genes in the absence of AR ligands 
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(Hu et al., 2010) The AR can be transformed into an outlaw receptor via increased activity of 

AKT,  which mediates outlaw AR activation (Taichman et al., 2007)(Mediwala et al., 

2011). All of the mechanisms discussed above require the presence of AR and its 

signalling pathway for CRPC development however when targeted therapies inhibit crucial 

survival signalling pathways, cancer cells adapt to facilitate proliferation or inhibition of 

apoptosis via bypass mechanisms. Mutations of targets alongside the upregulation of parallel 

survival pathways facilitate evasion of therapeutic strategies, which ultimately lead to the 

development of CRPC (Taichman et al., 2007)(Mediwala et al., 2013). Finally, PCa may 

also circumvent the effects of ADT via the lurker pathway. During this phenomenon epithelial 

androgen independent stem cells continue to proliferate following ADT resulting in clonal 

expansion of castration resistant tumors (Feldman and Feldman, 2001)(Li et al., 2014). 

 

1.2.7 Prostate Cancer Treatment 

PCa patients are presented with several different therapeutic options depending on 

the grade and stage of cancer at diagnosis. 

 

1.2.7.1 Localized Prostate Cancer Treatment 

As discussed above localized PCa is characteristic in that PCa hasn’t escaped the 

confinement of the prostate capsule, however it is important to identify the subset of men 

with aggressive localized PCa or localized intermediate and/or high risk PCa when treatment 

options are being assessed. Localized PCa could be categorized to three different groups; 

i) Confined or low risk PCa with a PSA <10 ng/ml and GS 6 with TNM staging of 

cT1c–cT2a. 
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ii)  Intermediate risk PCa presenting with a PSA between 10.1 to 20 ng/ml or biopsy 

GS 7 or TNM staging of cT2b–c. 

iii)  High risk PCa which has been defined as a non-metastatic disease which 

extends out beyond the prostate capsule and manifests with local tissue invasion and a 

combined GS of at least 8 with a PSA level greater than 20 ng/ml (D'Amico et al., 

1998)(Mohler et al., 2014)(Heidenreich et al., 2014). 

The primary course of treatment for locally confined PCa includes Radio-Therapy 

(RT), Radical Prostatectomy (RP), transperineal brachytherapy, cryotherapy, High-Intensity 

Focused Ultrasound (HIFU), ADT and in some cases active surveillance (Hammad, 

2008)(Gomella et al., 2009). 

The first option for very low risk confined PCa is active surveillance. Active 

surveillance or watchful waiting define a treatment plan that involves watching a patient’s 

progress closely without giving any treatment unless the disease prognosis changes. 

Evidence suggests that PCa patients with low risk localized and well-differentiated PCa have 

a 20-year PCa specific survival rate of 80-90% (Chodak et al., 1994)(Albertsen et al., 

1998). While no treatment will be prescribed, these PCa patients will be regularly checked 

for disease progression or a likelihood of rapid progression of PCa. 

RP, has been the most commonly used treatment for healthy men younger than 70 

with localized PCa. Patients with confined PCa or low to intermediate risk localized PCa are 

the best candidates for RP. While the goals of patients who undergo this procedure is to be 

cancer free and nerve sparing surgical techniques are globally observed, the main 

complication of concern for these patients are urinary incontinence and erectile dysfunction 

(Keyes et al., 2013)(Akduman and Crawford, 2006)(Heidenreich et al., 2014). 
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Another option for localized PCa includes radiation therapy. RT or the use of 

ionizing radiation to destroy cancer cells, has been a line of therapy for many cancers 

including PCa. RT could be delivered by two different modalities; External Beam Radiation 

Therapy (EBRT) and Brachytherapy (BRT). RT could be used alone or in combination with 

other treatment options for low to high risk localized PCa (Heidenreich et al., 

2014)(Kollmeier and Zelefsky, 2012). EBRT is the most common form of RT in which an 

external source of radiation is directed to the prostate in short bursts and this is repeated daily 

for an extensive time period. In contrast, during BRT the radiation is delivered internally via 

implanted radioactive seeds into the prostate in low or high doses for up to 6 month 

(Chang et al., 1988). Treatment response rate for the two delivery techniques are similar. 

 

1.2.7.2 Castration Resistant Prostate Cancer Treatments 

If the PCa spreads beyond the prostate capsule or it fails to respond to non-

surgical localized therapies, then ADT is the most common line of treatment for these patients. 

It has been reported that approximately 80% of metastatic PCa patients will respond to ADT 

with a median progression-free survival of 1-2 years and overall survival of 2-4 years 

(Rennie et al., 2013). 

In 1940 Huggins and Hodges pioneered the use of ADT by estrogen treatment 

and orchiectomy for the treatment of PCa (Huggins and Hodges, 1972). Bilateral 

orchiectomy is a surgical procedure essentially describing castration in which both testis are 

removed to directly block androgen production and subsequent stimulation of AR by 

androgens in the prostate. This has several advantages including low cost and morbidity 

and high compliance however the psychological problems associated with this favors other 
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chemical methods of castration which have more recently been adopted. LHRH agonists 

including Goserelin, Leuprolide and Buserelin can competitively bind LHRH receptor in 

the pituitary gland and suppress the secretion of luteinizing hormone (LH) in the blood 

stream and therefore inhibit testosterone synthesis by the testis (Labrie et al., 1980)(Msaouel 

et al., 2007). 

Unfortunately LHRH agonist treatments cause an unanticipated initial increase in 

testosterone termed “Flare” response, which may produce or exacerbate symptoms such as 

urinary obstruction, bone pain and spinal cord compression (Knudsen and Scher, 2009). 

Subsequently LHRH antagonists, (e.g. Degarelix) were developed to avoid the flare response 

and inhibit LHRH binding to its receptor in order to inhibit its action (Msaouel et al., 

2007)(Labrie, 2004). 

Anti-androgens or androgen-antagonists are another class of drugs for the treatment 

of metastatic PCa, which act competitively with testicular or adrenal androgen to block AR 

ligand binding and subsequent nuclear translocation and transcriptional activation in 

prostate cells (Koltz 2008). In addition, to avoid the androgen flare response of LHRH 

agonists, this class of PCa drugs are usually added as a second line of hormonal therapy at the 

time of PCa progression. Anti-androgen drugs are classified in two groups: non-steroidal 

anti-androgens (e.g. Flutamide, Bicalutamide, nilutamide, MDV3100) and steroidal anti-

androgens (e.g. cyproterone acetate). While non-steroidal anti-androgens have no 

gonadotropic or hypothalamic feedback effects to suppress the circulating levels of 

testosterone, steroidal anti-androgens which directly influence the gene expression due to 

their fat-soluble nature, do possess this feedback activity (Rennie et al., 2013). 

The third line of treatment for metastatic PCa includes the use of steroidogenesis 
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enzyme inhibitors (e.g. Ketoconazole, Abiraterone acetate) which inhibit the broad spectrum 

production of steroids (Ketoconazole) or the testicular and/or tumor-tissue associated 

androgen synthesis enzymes such as CYP17, in a more specific manner (Abiraterone acetate). 

Abiraterone acetate in particular has shown a great deal of promise for extending the pro-

longed survival of late stagemetastatic PCa, in individuals who have progressed after 

receiving chemotherapy (Klotz, 2008)(Harshman and Taplin, 2013). 

 

1.3 Extracellular Vesicles 

It has been more than forty years since Anderson reported the membrane-

enclosed vesicles in the matrix of epiphyseal cartilage (Anderson, 1969). Since then an 

enormous number of studies have been focused on characterizing different Extracellular 

Vesicles (EVs) and understanding their role in biological and pathological processes as 

communication vesicles, or biological messengers/transporters. 

Studies have shown that these vesicles could be released from almost all cell types 

and are found in different body fluids such plasma (Caby et al., 2005), serum (Taylor et al., 

2006) (Taylor and Gercel-Taylor, 2008), malignant ascites (Andre et al., 2002)(Brad et al., 

2004), urine (Pisitkun et al., 2004), amniotic fluid (Asea et al., 2008), bronchoalveolar 

lavage fluid (Admyre et al., 2003)(Hawari et al., 2004) and breast milk (Admyre et al., 2007). 

Differences in the array of microvesicles found in the extracellular matrix depend on cellular 

origin, biogenesis as well as the mechanism of formation. Different nomenclature have been 

used to characterize or describe different vesicles that are released from cells. Exosomes, 

microvesicles and apoptotic vesicles seem to be the three major types of vesicles that have 

been discussed and studied by different groups (Thery et al., 2009)(Beyer et al., 
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2010)(Mathivanan et al., 2010). Physiological characteristics of these vesicles including 

size, density, and appearance under microscopy, sedimentation, lipid composition, main 

protein markers and cellular origin are the criteria for classification of these vesicles. For 

the purpose of clarity in this thesis any membrane enclosed vesicles that are released into the 

extracellular matrix are called Extracellular Vesicles (EVs), and since EVs are a heterogeneous 

mixture of vesicles with a size range of 30-1000 nm they could include (but are not limited 

to) Plasma Membrane Vesicles (PMV/MV) as well as Exosomes (Table 1.3). 

 

Table 1.3  Secreted vesicles by prostate or PCa cells* 

 

*modified version of the table in (Duijvesz et al., 2011) 

On the other hand vesicles that are directly produced and released through the 

outward budding of the plasma membrane are called Plasma Membrane Vesicles (PMVs). 

PMVs are a heterogeneous mixture of vesicles with different size and shapes; their sizes 

vary between 200- 1000 nm and they have an irregular round shape under Transmission 

Electron Microscopy (TEM). Research confirms the presence of different classes of 
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proteins, mRNA, miRNA and lipids in these vesicles. As a result the PMV surface 

markers are mainly dependent on the composition of the membrane area that they are 

originated from. 

When viewed under TEM, exosomes are 30-200 nm in diameter and appear to be 

cup- shaped. The characteristic shape occurs as a result of the vacuum, fixation and dehydration 

during sample preparation. They are cholesterol-rich nanovesicles encapsulated by a 

lipid bi-layer membrane and are rich in a plethora of various proteins (Thery et al., 

2001)(van der Pol et al., 2012), an array of lipids and nucleic acids (DNA (Thakur et al., 

2014)(Kahlert et al., 2014) and RNA (Lotvall and Valadi, 2007)(Huang et al., 2013)(De 

Smaele et al., , 2010)). 

While the main focus of this thesis is to understand the role and relevance of exosomes 

in PCa growth and progression, it is important to understand that all cells (normal and 

cancerous) release several different classes of vesicles (PMVs, Platelet derived 

Microparticles and Exosomes) into the extracellular matrix at the same time, therefore 

these vesicles coexist simultaneously and the current vesicle isolation and purification 

methodology will only enrich one population/type over another and not necessarily 

separate the other classes of EVs from exosomes completely. Therefore in the absence of 

a validated exosomal marker, most of the vesicles research has been historically carried out 

on an enriched sup-population of EVs rather than a homogenous population of pure 

class/type of vesicles. 

 

1.3.1 Exosomes 

The Exosome story, describing a non-plasma membrane derived vesicle with 
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endosomal origin began ~30 years ago when Stahl and Jonhstone (published within a week 

of each other) described Transferrin Receptor (TfR) shedding during reticulocyte 

maturation (Harding and Sathl, 1982)(Pan and Johnstone, 1983). 

The term “exosome” was first used to describe intracellular particles that are involved 

in RNA editing and then again by Trams et al. in 1981 to describe membrane fragments 

isolated from biological fluids. However it was Rose Johnstone who coined the term 

“exosomes” for non- plasma membrane derived nanovesicles that are released into the 

extracellular space during reticulocyte maturation (Johnstone et al., 1987)(Trams, 1981). As 

discussed, by definition exosomes are 30-200 nm nano-vesicles with 1.13-1.19 g/ml density 

that are (van der Pol et al., 2012)(Thery et al., 2009) encapsulated by a bi-layer 

phospholipid membrane (Laulagnier et al., 2004). These nanovesicles are rich in 

cholesterol, sphingomyelin and ceramide (van der Pol et al., 2012) and are rich in a 

plethora of various proteins, an array of lipids and nucleic acids (DNA and RNA) (Figure 

1.4). 

Similar to all other vesicles exosomes are spherical vesicles which have been 

described as cup-shaped after fixation, dehydration and negative staining and 

visualization by TEM. Exosomes density usually varies between 1.13 to 1.19 g/ml and they 

are isolated by differential centrifugation followed by an ultracentrifugation step in sucrose 

cushion (200-500g to remove cell and cellular debris, 10,000-20,000g to pellet vesicles 

larger than 200nm and 100,000- 200,000g to isolate vesicles smaller than 200nm). 
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Figure 1.4  A Summary of Exosome content. 

Exosomes contain and protect the integrity of various proteins and an array of 

lipids, mRNA and miRNA which would otherwise be hydrolytically or enzymatically 

broken down if they existed as free soluble molecules in the extracellular microenvironment. 

However according to the current literature no exosomal protein markers have 

been reported for these vesicles. As a consequence of their endosomal origin, and independent 

of their cell type, all exosomes share some common proteins involved in membrane transport 

and fusion (e.g. Annexins and Flotillin), cytoskeletal proteins (e.g. Actin and Tubulin), 

adhesion molecules (e.g. Integrins and Tetraspanins), antigen presentation (e.g. MHC I, II), 

signal transduction (e.g. 14-3-3 and Syntenin) and ESCRT (Endosomal Sorting 

Complexes Required for Transport) components. While some of the proteins found in 

exosomes derived from different cell lines are the same, cellular origin of exosomes is thought 

to be recognizable based on their protein content (Stoorvogel et al., 2002). For example, 
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intestinal cell exosomes have the transmembrane protein A33 expressed on their surface, T-

cell derived exosomes bear CD3 (Cluster of Differentiation 3) and, similarly, prostate cell 

derived exosomes may be recognizable based on the presence of membrane antigen folate 

hydrolase 1 (FOLH1; Folate Hydrolase 1)(Ronquist et al., 2010). 

These vesicles are released from a variety of different cells including normal cells 

and tumor cells (Thery et al., 2002) and although the underlying mechanisms of exosome 

function is not fully understood it is very well known that exosomes are formed in the 

endosomal compartment of cells and are released upon fusion of Multivesicular 

Bodies/Multivesicular Endosomes (MVB/MVE) with the plasma membrane (Thery et al., 

2002). The schematic cartoon in Figure 1.5. depicts Early Endosome (EE) formation as a 

result of the invagination of specific regions of the plasma membrane. In addition, 

endocytotic cargo transported out of the cell is sorted from EE into Intraluminal Vesicles 

(ILV). Mechanisms involved in protein sorting into ILVs are still under investigation 

however there is evidence supporting the involvement of ubiquitin and Endosomal 

Sorting Complex Required for Transport (ESCRT machinery) in this process. Finally, fusion 

of late endosome or MVB with plasma membrane releases ILVs into the extracellular matrix 

or the tissue microenvironment. 
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Figure 1.5  Mechanism involved in exosome formation and trafficking into the 

microenvironment. 

Accumulating evidence suggests that induction of intracellular calcium (Jaiswal et 

al., 2002)(Stoeck et al., 2006)(Kramer-Albers et al., 2007)(Lakkaraju and Rodriguez-Boulan, 

2008) overexpression of Rab7, Rab11 and Rab35 or citron kinase (Savina et al., 

2002)(Colombo et al., 2014) as well as a reduction in membrane cholesterol, or inhibition 

of cholesterol biosynthesis (Llorente et al., 2007), could stimulate the release of exosomes 

into the microenvironment. 

As shown in Figure 1.5., once released, exosomes will interact with recipient target 

cells via different mechanisms such as fusion with the plasma membrane or adhesion to 

corresponding receptors on the plasma membrane (Lakkaraju and Rodriguez-Boulan, 2008). 

Regardless of their mode of interaction with the recipient cell, exosomes have been shown 

to have an enormous impact on their recipients. From embryonic development to 

physiological condition, and from tumor growth (D'Souza-Schorey and Clancy, 2012) to 
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tumor vaccine (Hsu et al., 2003) exosomes are proving to be unique as highly mobile, discrete 

packages of protein and nucleic acids that are essential for intercellular communications. 

 

1.3.2 Exosomes in Cancer 

Although, the mechanisms underlying exosome formation and secretion are still 

under investigation, studies have revealed that exosomes contribute to tumorigenesis 

primarily via modulation and restructuring of the cellular microenvironment and can 

generate the metastatic niche as well as attenuate of tumor immune responses (Whiteside, 

2013)(Zhang et al., 2011). 

It is well-known that release of EVs is triggered by conditions such as hypoxia (King 

et al., 2012), radiation (Arscott et al., 2013), injury (Broges et al., 2013), in different diseases 

such as cancer as a general response to cellular stress (Ratajczak et al., 2006). In 

addition to that different factors such as cell type, cell cycle, cell activation and stage of 

cancer, contribute to the amount and composition of exosomes formed and released from 

various cells (Thery et al., 2009). 

Studies on tumor-derived microvesicles suggest that exosomes play a significant role 

in cell communication thus potentially influencing cancer progression via different 

mechanisms (Abusamra et al., 2005). 

EVs could transfer oncoproteins or oncogenes to neighboring cells and facilitate 

tumor development and progression via different mechanisms. There are several studies 

that have reported EVs as active contributors to the tumor microenvironment demonstrating 

the influence of tumor-derived MVs in their surrounding microenvironment. Effects of these 

secreted vesicles has been implied in angiogenesis and metastasis in lung and breast 
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cancer (Ratajczak et al., 2006)(Baj-Krzyworzeka et al., 2006)(Janowska-Wieczorek et al., 

2006). 

The ability of EVs to promote cancer metastasis or angiogenesis have been studied 

by different researchers. Hao et al. in 2006 demonstrated the effect of highly metastatic 

B16-10 derived exosomes in metastatic lung tumor development. Mice injected with B16-10 

exosomes develop metastatic colonies when compared to a control group (Hao et al., 2006). 

Interestingly EVs released under hypoxia conditions, exhibited enhanced metastatic 

properties, enhanced angiogenesis, increased invasion and mediated loss of cell adhesiveness 

(Park et al., 2010). 

Several studies have reported that EVs shape the tumor microenvironment by 

influencing the behavior of bone marrow derived cells. Specifically, breast cancer derived 

exosomes have been shown to target the CD11b+ myeloid precursor cells in the bone 

marrow. Moreover this study demonstrates that the differentiations  of murine myeloid 

precursor as well as human monocytes into dendritic cells were suppressed due to the 

induction of IL-6 in bone marrow following exosome treatment (Yu et al., 2007). 

Other studies have shown that in addition to the role of tumor derived exosomes 

in differentiation and function of innate immune system cells, these vesicles could also 

influence the adaptive immune response by interfering with T-cell survival, proliferation 

and function mimicking the effect of myeloid-derived suppressor cells during tumor 

progression (Andreola et al., 2002)(Huber et al., 2005)(Kim et al., 2005). 

On the other hand “tumor-exosome driven education” is another major consequence 

of cancer-derived exosome exposure to neighboring cells. During this process exosomes 

serve as active entities, which deliver functional oncogenes and oncoproteins (EGFRvIII) to 
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target cells and influence and define the future behavior of recipient cells. The transferred 

vesicles have been reported to impart transfer of the oncogene or oncoprotein activity such as 

activation of transforming signaling pathways or morphological transformations (Al-Nedawi 

et al., 2008)(Skog et al., 2008). 

Tumor derived EVs have been shown to contribute to the creation of an adaptive 

environment for PCa and Pancreatic Cancer, support the establishment of a favorable 

prostate tumoral niche in a process dependent on CD44v6 and support melanoma cancer 

metastasis in a phosphatidylserine-dependent manner (Castellana et al., 2009)(Jung et al., 

2009)(Lima et al., 2009)(Peinado et al., 2012). 

In addition, cancer cells could lose proteins such as Fas-associated death domain 

protein via EV secretion, which would result in tumor progression or enhanced 

aggressiveness. Fas-associated death domain protein is a key adaptor protein 

transmitting the apoptotic signal mediated by death receptors which is lost in many different 

types of cancer cells and can therefore be used as prognostic factor (Tourneur et al., 2008). 

In a similar process EVs could also protect the targeting of tumor cells by drugs 

via sequestration, transport and expulsion of chemotherapeutic drugs to/from tumor cells 

(Safaei et al., 2005)(Federici et al., 2014) as well as delivering hepatic enzymes 

throughout the body (Conde-Vancells et al., 2010). 

As it has been discussed above, exosomes are now recognized as novel 

communication vesicles that provide the tumor microenvironment with cargo needed to 

induce a phenotype that supports tumor cell metastasis or to condition the metastatic niche to 

regulate immune responses targeted toward tumor cells. In addition to be a point of 

intervention, or biological target in cancer treatment and/or prevention of chemotherapeutic 
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resistance (Tickner et al., 2014), exosomes could also be used as potential biomarkers for 

cancer diagnosis and prognosis (Hosseini-Beheshti et al., 2012). 

 

1.3.2.1  Exosomes as a Source of Potential Diagnostic Cancer Biomarkers 

Current biomarkers for cancer screening and diagnosis suffer from either low levels 

of sensitivity, which causes the diagnostic process to miss patients in early stages of cancer 

(false negative) and/or display a low level of specificity which results in diagnosing patients 

with no cancer (false positive). 

EVs are currently undergoing scrutiny as a major potential biomarker source for 

many different pathological disorders including cancer and PCa. The accessibility of these 

vesicles in biological fluids (such as blood, urine, milk, saliva, malignant ascites, amniotic 

fluid and bronchoalveolar lavage fluid), along with inherent cargo protection from the attack 

of nucleases and proteases allowing for longer biomarker half-life, have prompted intensive 

investigation into their use for many recent biomarker discovery studies (Arroyo et al., 2011). 

Their accessibility through minimally invasive procedures as well as the presence 

of different classes of proteins (Thery et al., 2001) and genetic material (DNA and RNA) 

(Lotvall and Valadi, 2007)(Huang et al., 2013)(Kahlert et al., 2014)(Thakur et al., 2014) in 

these vesicles make them a better representative source of biomarkers for intra-tumoral 

heterogeneity than fine needle biopsy would afford. 

In addition to their diagnostic potential, the possibility of the real-time monitoring 

of therapeutic response and development of chemoresistant mechanisms to anti-cancer 

drugs via EVs analysis make them an interesting avenue for diagnostic and prognostic 

biomarker researchers to explore. 
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Pre-clinical and clinical studies on biological fluid derived EVs confirmed the 

presence of more than forty proteins or miRNA in EVs which could be used for screening, 

early diagnosis, prognosis, therapy monitoring and personalized medicine approaches (Wood et 

al., 2013) (Honda et al., 2013). The presence of p-Met, Caveolin-1, TYRP2, HSP70, HSC70, 

VLA-4 and EGFR inEVs derived from melanoma patients(Logozzi et al., 2009)(Peinado et 

al., 2012)(Thakur et al., 2014), miR-21, miR-141, miR-200a, miR-200b, miR-200c, miR-

203, miR-205, miR-214, TGFB1, MAGE3/6 in EVs derived from ovarian cancer 

patients (Taylor and Gercel-Taylor 2008)(Szajnik et al., 2013), miR-151a, miR-30a-3p, miR-

200b-5p, miR-629, miR-100, miR-154- 3p and BRAFV600E in EVs derived from lung 

cancer patients (Cazzoli et al., 2013)(Thakur et al., 2014) and PSA, survivin, 

TMPRSS2:ERG2 and PCA3 mRNAs in EVs derived from PCa patients (Mitchell et al., 

2009) (Khan et al., 2012)(Ogata-Kwata et al., 2014) (Mizutani et al., 2014) are examples 

that demonstrate the potential of EVs for exploitation as biomarker shuttles. The specific 

identification of survivin in plasma derived EVs, TMPRSS2:ERG and PCA3 mRNA in urine 

derived EVs and PSA and Prostate-Specific Membrane Antigen (PSMA) in urine and plasma 

derived EVs of PCa patients introduces a promising tool for early diagnosis of PCa via a 

relatively non-invasive procedure. While these findings need to be validated in large clinical 

studies there is a strong indication that they could present a platform for the future with 

respect to the clinical use of exosomes as biomarkers for PCa diagnosis. A summary of 

potential diagnostic/prognostic biomarkers in PCa has been reported in Table 1.4. 
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Table 1.4  PCa extracellular protein/genetic biomarker signatures. 
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In particular urine is an ideal source for urological cancer diagnosis, not only can it 

be easily sampled in high volume via a non-invasive procedure but it also contains a 

variety of proteins originating from the bladder, prostate and kidney which could reflect the 

physiological and pathological changes that would be occurring during cancer 

development and progression (Wood et al., 2013). 

 

1.3.2.2 Exosomes in Cancer Therapy 

The importance of EV in intercellular communication and cancer 

development/progression renders EVs as potential novel therapeutic targets. EVs could be 

used as targets in cancer therapy via two major avenues. The first would involve elimination 

of EVs derived from cancer cells from the circulation and could be realized by the inhibition 

of EVs formation, blocking EVs release and inhabitation of EVs uptake by target cells 
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(Bobrie et al.,2012)(Peinado et al., 2012)(Verderio et al., 2012). The second avenue, which 

has been studied in recent years, is the use of EVs as a drug delivery component (El Andaloussi 

et al., 2013)(Yang et al., 2015). 

Recent studies have started to shed light on the molecular mechanism involved in 

the biogenesis of exosomes and their internalization by recipient cells. Even though the 

whole process of exosome formation, release and uptake is not fully elucidated yet, a few 

promising key proteins have been identified that play an important role in different 

stages of this process. Therefore inhibition of proteins involved these key processes may be 

effective and novel cancer therapy targets (Colombo et al., 2013). 

ESCRT machinery is required to facilitate the trafficking of ubiquitinated cargo 

into MVBs and ILVs. Therefore targeting the ESCRT family and/or the associated 

proteins could influence exosomes formation, the key challenge being target specificity. 

Colombo et al. (2013) demonstrated that silencing of genes for ESCRT-0; hepatocyte growth 

factor regulated tyrosine kinase substrate (HRS), Signal Transducing Adaptor Molecule 1 

(STAM1) and ESCRT-I; TSG101, decreased the secretion of EV-associated CD63 and 

MHCII. In addition to reducing the number of released exosomes these three genes seem to 

also modulate the size and/or protein content of these vesicles (Colombo et al., 2013). 

Rab27a/b are two other key proteins involved in intercellular trafficking of MVBs, its 

docking to plasma membrane and subsequent exosomes release. Silencing of these two 

proteins or their effectors Slp4 and Slac2b has been shown to lead to reduced exosome 

secretion (Ostrowski et al., 2010). Inhibition of Rab27a in melanoma cells has also been 

shown to contribute to the reduction in tumor growth and development of lung metastasis 

in human xenograft models in mice (Peinado et al., 2012). 
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Moreover factors such as overexpression of Rab11, citron kinase, calcium ionophore 

and cholesterol concentration are known to stimulate MVB exocytosis and exosome 

secretion. Intriguing work by Trajkovic et al. (2008) demonstrated that ceramide, a cone-

shaped lipid generated upon hydrolysis of sphingomyelin by sphingomyelinase trigger 

budding of ILVs into MVBs (Trajkovic et al., 2008). It is also known that sphingolipid 

ceramide is required for exosome secretion in some cells. In particular, activation of 

sphingomyelinase 2 and elevation of ceramide level have been shown to induce exosome 

secretion (Wang et al., 2012)(Kong et al., 2015) . Therefore, wild type mice treated with 

GW4869 produced a significantly lower number of lung multiplicities after injection of 

Lewis lung carcinoma cells when compared to control (Fabbri et al., 2012). 

Calcium ionophores have been shown to stimulate exosome release in many cell 

types including epithelial cells and neurons (Savina et al., 2003)(Faure et al., 2006)(Kramer-

Albers et al., 2007) and interestingly, inhibition of Na+/H+ and Na+/Ca2+ exchangers by 

dimethyl amiloride (DMA) results in the reduction of exosome secretion from the 

erythroleukaemia cell line K562 as well as in mice bearing EL4 lymphoma tumors (Savina et 

al., 2003). 

As part of an alternative mechanism, the formation of EVs can be independent of 

ESCRT machinery and occur via direct shedding from the plasma membrane therefore, 

targeting the proteins such as Ras homolog family member (RhoaA) and/or ADP-ribosylation 

factor 6 (Arf6) could be another strategy for inhibiting/reducing EVs release (Muralidharan-

Chari et al., 2009)(Li et al., 2012). Preliminary results have suggested that targeting these 

pathways may have direct influence on cancer therapy. 

Finally, a novel and different strategy is elimination of cancer derived EVs from the 
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entire circulation system as a therapeutic adjuvant in cancer. 

While the biogenesis and internalisation of EVs are poorly understood, there is actually 

a better understanding in the field of mechanisms involved in EV formation and release 

compared to their uptake. With respect to the inhibition of EVs uptake by target cells, 

Christianson et al. (2013) have reported that Heparin Sulfate Proteo-Glycans (HSPGs) present 

on target cells play a pivotal role in exosomes internalization based on their observation that 

the uptake of glioblastoma derived EVs was especially inhibited by free heparin sulfate chain 

(Christianson et al., 2013). 

Recently, using a different approach Aethlon Medical Inc. (San Diego, USA) 

have proposed that therapeutic filtration of cancer-derived EVs from the entire circulatory 

system on an antibody-coated matrix could remove immunosuppressive proteins and 

improve treatment outcomes. Evidently having knowledge of specific biomarkers 

representative of different types of cancer derived EVs would play a major role in the success 

of this approach. 

Lastly, in recent years, several studies have focused on the importance of exosome-

based drug delivery, especially in cancer models. Scientists have recently established 

the role of exosomes as therapeutic carriers for both interfering RNAs (Wahlgren et al., 

2012) and/or chemotherapeutic drugs (Tian et al., 2014) and have been successful in 

achieving significant cell apoptosis and tumor regression (Ju et al., 2013)(Bryniarski et al., 

2013)(Mizrak et al., 2013). However, different shortcomings and obstacles including suitable 

isolation protocols required for clinical scale, choice of exosomes donor cells, type of 

loading procedures, route of exosomes administration and use of targeting peptides on the 

exosome surface, exist in this approach. Regardless, emerging research is very promising 

http://www.scopus.com/authid/detail.url?authorId=50161227700&amp;amp%3Beid=2-s2.0-84886387008
http://www.scopus.com/authid/detail.url?authorId=50161227700&amp;amp%3Beid=2-s2.0-84886387008
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for the potential use of exosomes in targeting cancer and personalizing therapy (Maguire et 

al., 2012)(Pan et al., 2012)(Yin et al., 2013)(Katakowski et al., 2013)(Ju et al., 2013) 

(Hood et al., 2014)(Gong et al., 2015). 

 

1.3.2.3 Exosomes in Prostate Cancer 

A PubMed database search on exosomes and PCa (input: “Exosome AND 

Prostate Cancer”) performed (search entry dates: October 17th, 2009 and November 17th, 

2014) yielded 11 papers (1 review paper) on the initial search and 73 papers (7 review 

papers) for the second search. The exponential growth in the number of research articles on 

this topic during last 5 years is evidence in itself of the importance of these vesicles in cancer 

and especially PCa. 

All of the papers identified as part of the database search were used herein to evaluate 

the advancement of the exosomes field in the context of PCa. While the majority of these 

papers are focused on understanding the role of exosomes in PCa development and 

progression in order to translate this knowledge into novel potential therapeutic targets for 

PCa in the future, a quarter of these articles have studied the potential of these nanovesicles 

as a source of biomarkers for use in PCa diagnosis and treatment response. 

In general as discussed above, in addition to the type of EVs and their molecular 

cargo, which is influenced by various factors including cell status, cell cycle and 

physiological and pathological condition of the parental cells (Minciacchi et al., 2015), the 

cell type and status of EV recipient cells could further play a pivotal role in the mode of 

action of these vesicles. Since the initial report of Laurence Zitvogel in 1998, which described 

the immune-protective/immune-therapeutic role of dendritic cell derived exosomes (Zitvogel 
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et al., 1999) and Clotilde Thery’s work in 1999 which also defined the protein/peptide 

composition of these vesicles and the rationale behind their immune stimulation functions 

(Thery et al., 1999), more than a thousand papers have been published on this topic. These 

have typically attempted to explain the role of exosomes/their cargo/donor or recipient cell 

status/external factors in induction or suppression of the immune system as well as 

activation/inhibition of different pathways, which are shown to play a pivotal role in 

progression/delay of different physiological and pathological disorders. 

The first paper on this topic, which was published by Yang et al. (2002) confirmed 

that CML28, immunogenic antigen, is identical to hRrp46p, which was reported as a 

component of human exosomes. Furthermore, their results suggested that immunogenicity of 

CML28 occurs as a result of its overexpression in tumor cells (Yang et al., 2002). 

Three years later Abusamra et al. (2005) demonstrated that LNCaP derived FasL- 

expressing exosomes inhibit T-cell proliferation, may target circulating CD8+ T-cell and 

suppressed T-cell response via induction of apoptosis (Abusamra et al., 2005). 

A couple of years after that, effects of cancer cell derived exosomes on immune-

evasion were studied by Aled Clayton. Their study demonstrated the impairment of IL-2 

mediated lymphocyte proliferation as well as inhibition of NK cell killing function in a T-cell 

independent manner that was observed in response to human tumor-derived exosomes 

(Clayton et al., 2007). 

The role of exosomes in PCa progression independent from the immune system 

response was first described by our group in 2009, when the presence of CYP17, a crucial 

enzyme for de novo androgen synthesis within the tumor microenvironment after removal 

of testicular androgens by castration, was confirmed in PCa derived exosomes (Locke et al., 
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2009). 

In 2011 Saraswati et al indicated that Galectin-3, a multivalent carbohydrate-

binding protein involved in cell adhesion, cell cycle control, immunomodulation, and cancer 

progression, is associated with prostasomes and exosome-like vesicles secreted by the 

prostate. In addition their results demonstrated that PSA may regulate Galectin-3 during PCa 

progression (Saraswati et al., 2011). 

In one of the most recent studies on the role of PCa derived exosomes on PCa 

progression, Lundholm et al. (2014) have reported that PCa derived exosomes are 

responsible for down- regulation of NKG2D receptor on natural killer cells as well as 

CD8+ T cells which impairs lymphocyte cytotoxic function and promotes tumor escape 

(Lundholm et al., 2014). 

Taken together all these published reports provide evidence that cancer-derived 

exosomes represent a pivotal mechanism which enables either immune evasion in cancer or 

plays a direct role in promoting the mechanisms involved in cancer progression. 

Since 2010, an exponential increase in the number of EV and PCa related articles 

was observed and more than 40 research articles have been published which describe the 

role and relevance of these nanovesicles and/or their protein/genetic content in PCa 

development and progression (many of these have been cited in Chapter Four). 

Specifically, Lehmann et al. (2008) was the first to describe exosomes as 

potential diagnostic tools for non-invasive PCa detection. Their data suggested that delta-

catenin co- localization and co-isolation with caveolin-1 and CD59 could be due to its 

release into the extracellular milieu through exosome/prostasome associated pathways. They 

also demonstrated that delta-catenin can be detected in PCa cell culture media, human PCa 
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stroma tissue and PCa patients’ urine and hence could be a potential PCa biomarker 

(Lehmann et al., 2008). 

Lehmann’s findings were supported by other impactful research which confirmed 

the presence of PSA, PSMA (Mitchell et al., 2009) and TMPRSS2-ERG (Jansen et al., 2009) 

on PCa derived exosomes to prove that exosome oriented diagnostic research holds promise as 

a potential source of clinical cancer biomarkers. More than 20 research articles have been 

published since these three first seminal reports supporting the likelihood of exosomes as 

potential biomarkers (Nilsoon et al., 2009)(Ronquist et al., 2010)(Duijvesz et al., 

2011)(Principe et al., 2013)(Huang et al., 2013)(Drake et al., 2014). 

In 2012 we published the first comprehensive proteomic and lipidomic analysis on 

six different prostate cell derived exosomes with different AR phenotypes (including: DU145, 

PC3, LNCaP, VCaP, C4-2 and RWPE-1) using Liquid Chromatography Mass 

Spectrometry. Our proteomic results yielded 50 candidate protein biomarkers which have 

been previously reported to have potential in diagnosis, prognosis, disease progression, 

efficacy and response to therapy for a variety of pathological diseases. Specifically, our 

proteomic data confirmed the presence of ANXA2, CLSTN1, FASN, FLNC, FOLH1 and 

GDF15 in PCa-derived exosomes. These proteins have all been previously reported as 

candidate biomarkers in PCa diagnosis (Hosseini-Beheshti et al., 2012). 

Khan et al. (2012) report that survivin, an inhibitor of apoptosis, which is associated 

with PCa development, progression and drug resistance, exists in plasma-derived exosomes of 

normal, BPH and PCa subjects. The exosomal survivin levels were reported to be 

significantly higher in both low and high-grade PCa patient plasma derived exosomes when 

compared to BPH and/or control. This presents potential in that the elevated levels of this 
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protein in PCa could therefore be used as an early diagnostic biomarker for PCa (Khan et al., 

2012). 

The discovery of different potential biomarkers in cancer-derived exosomes and 

the presence and accessibility of these nanovesicles in almost all the biological fluids via 

minimally invasive procedures offers promise for better, easier and earlier detection of 

PCa. To this date there are more than 20 research articles that have published descriptions 

of protein profiling (Ronquist et al., 2010)(Park et al., 2013)(Principe et al., 2013)(Wood et 

al., 2013) or genomic content analysis (Chen et al., 2011)(Bryant et al., 2012)(Hessvik et al., 

2013) of cancer derived exosomes in the hopes of discovering novel biomarkers for PCa 

diagnosis and/or prognosis. 

Recently in 2014, Corcoran et al. performed a global miRNA profiling of both PCa 

cell lines (PC3, DU145 and 22RV1 and their respective age matched docetaxel-resistant) 

and their exosomes. The clinical evaluation of their candidate miRNA supports the importance 

of miR-34a with PCa incidence and progression. Furthermore the expression of miR-34a 

seems to be decreased with biochemical recurrence making this miRNA an indicator of 

potential early treatment failure. The decreased level of miR-34a in PCa patient derived 

urinary exosomes compared to BPH or control donors suggests its potential as a predictive 

biomarker for response to Docetaxel (Corcoran et al., 2014). In a similar attempt Huang et 

al. (2014) and Neeb et al. (2014) identified two miRNA candidates, miR-1290 and miR-375 

as well as two splice variant transcripts of the anterior gradient 2 gene AGR2- SV-G and 

SV-H as prognostic biomarkers of survival in CRPC patients and potential PCa diagnostic 

biomarkers, respectively (Huang et al., 2014)(Neeb et al., 2014). 

In addition to their role in PCa progression and as potential biomarkers, exosomes 
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have been studied as novel cancer therapeutic delivery systems or therapeutic targets in PCa 

(Kooijmans et al., 2012). In 2006, Goyal et al. reported exosomes as a delivery system 

for lycopene, a lipophilic antioxidant, which is thought to have a chemopreventive role 

in PCa. Specifically, their data showed that exosomes could provide a protective shield 

against lycopene degradation hence maximizing the effectiveness of its delivery to the site of 

action (Goyal et al., 2006). 

MVA-BN-PRO (BN ImmunoTherapeutics) is a next-generation immunotherapeutic 

that may provide a higher frequency of protection or more prolonged survival by encoding 

2 TAAPSA, and PAP product and is in a phase I clinical trial for the treatment of PCa. 

Rountree et al. (2011) have demonstrated that exosome targeting, by fusion of the antigen 

to ClC2 domain of lactadherin, improves the antigenicity of poorly immunogenic proteins and 

enhances therapeutic efficacy (Rountree et al., 2011). 

Exosomes have also been studied as future nanoscale and cell-free cancer 

vaccines. Recent evidence suggests that dendritic-cell derived exosomes and tumor-cell 

derived exosomes have potential as novel immunotherapy treatments for cancer via their 

interaction with cells involved in the immune system, thereby priming the immune system 

to recognize and destroy cancer cells. As an example, engineered tumor-derived exosomes, 

which contain auto and allo-genic human MUC1 were shown to be immunologically 

effective and suppressed growth of human MUC1-expressing tumors in an MHC-

independent manner (Cho et al., 2005). 

In agreement with the examples described above, similar studies have revealed 

exciting results confirming the potential of these nanovesicles for use as cancer vaccines or 

potential new targets for cancer therapy. 
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1.4 Hypothesis and Specific Aims 

The main hypothesis for this Ph.D. thesis is: To assess exosomes as a source of 

potential future biomarkers for PCa diagnosis and investigate the role of exosomes in 

prostate cancer progression. 

In the second chapter of this Ph.D. thesis, I have hypothesized that exosomes derived 

from PCa cells contain a different cargo (protein and lipid) than normal or benign prostate 

cell lines and could therefore potentially be used as biomarkers in PCa diagnosis. We also 

speculate that these potential differences could be exploited in targeting strategies as a 

futuristic therapeuticapproach. Therefore the specific aims for this chapter was to first, 

isolate and purify exosomes from five different PCa cell lines with different AR phenotype 

including PC3 and DU145 cells which are AR –ve and represent the more aggressive type 

of PCa and LNCaP, VCaP and C4-2 cells which are AR +ve and represent earlier stages 

of PCa, as well as one benign epithelial prostate cell line, RWPE-1 (AR +ve). Secondly we 

characterize all of the isolated exosomes using different techniques and confirm their uptake 

by different PCa cell lines using confocal microscopy. For the third specific aim of this 

chapter we performed a comprehensive proteomic analysis of all six different prostate cell 

lines using mass spectrometry to understand differences between the protein profiles released 

via exosome externalization in different prostate cell lines. The final part of this study was 

to investigate the difference in broad classes of lipids and cholesterol as constituents of 

different prostate cell lines and their exosomes. 

Taken together our findings in this chapter form a platform for future clinical 

validation research using exosomes as biomarkers for PCa diagnosis as well as potential 

therapeutic targets, which could be important in the treatment of CRPC. 
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The third chapter of this thesis was built upon our proteomic and cholesterol findings 

in the second chapter. Based on what we observed in our in vitro data we speculated that 

similar phenomena should be seen in exosomes derived from PCa patients when compared 

to healthy donors. Therefore, the first step and one of the main challenges for the research 

described in this chapter, as well as in the EVs field, was to develop methodology and 

protocols for exosome isolation and purification from biofluid components (blood and urine) 

of normal healthy controls and cancer patients, while removing unwanted housekeeping 

proteins during the isolation/purification step. The second part of Chapter Three was focused 

on characterizing isolated exosomes using TEM, WB and NTA. In follow up to the second 

chapter we performed a comprehensive MS-based proteomic analysis on exosome samples 

to understand the major differences between exosomes derived from blood vs. urine in 

healthy controls and cancer patient groups. As well as possible underlying differences in 

protein profiles an additional part of this study was to investigate the cholesterol level in 

exosome isolates and explore this as a potential differential diagnostic tool. 

Taken together this study examines the potential of direct MS based proteomic 

and/or cholesterol profiling of exosomes derived from different biological fluids and its use 

for biomarker analysis in biological fluids. 

In Chapter Four of this Ph.D. thesis we focus on the pivotal role of exosomes 

in tumorigenesis. We speculated that exosomes confer phenotypic changes in surrounding 

cells, which impact PCa progression, treatment resistance and metastasis. In order to 

address our overarching hypothesis in this chapter we treated three different prostate cell 

lines (LNCaP, DU145 and RWPE-1) with exosomes derived from two different PCa cell 

lines, LNCaP and DU145. We then studied the influence of these exosomes on different 
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functional assays designed to evaluate cellular processes including apoptosis, proliferation and 

migration. Lastly we studied the effect of exosomes derived from PCa cells on PSA level and 

tumor growth using the LNCaP human xenograft model representing hormone sensitive 

PCa. Our results fuel excitement for future research and we anticipate our work will be 

contributing significantly to current exosome research in the field of PCa. 
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 Exosomes as Biomarker Enriched Microvesicles: Characterization of Chapter 2:

Exosomal Proteins Derived from a Panel of Prostate Cell Lines with Distinct AR 

Phenotypes 

2.1 Introduction 

PCa is the leading type of cancer diagnosed in men. Prompt diagnosis of the disease 

can substantially improve its clinical outcome. Improving capability for early detection, as 

well as developing new therapeutic targets in advanced disease are research priorities that will 

ultimately lead to better patient survival. 

The routine screening test for PCa diagnosis in North America includes measurement 

of PSA in the blood, DRE and a prostate biopsy (Lan et al., 2008). PSA screening for PCa 

detection is controversial because certain activities can induce the production of PSA, 

unrelated to the presence of cancer (Croswell et al., 2011). Consequently prostate biopsy, 

albeit an invasive procedure, remains the only definitive diagnostic test for PCa. There is 

an urgent current need, therefore, for the discovery of relevant biomarkers to replace the 

existing diagnostic tests for better, easier and earlier detection of PCa (Croswell et al., 2011). 

One possible source of biomarkers, which could be used as part of a diagnostic test 

are exosomes. All cells produce and release exosomes which are often found in different body 

fluids such as plasma (Caby et al., 2005), serum (Taylor et al., 2006)(Taylor-Gercel-taylor et 

al., 2008), malignant ascites (Andre et al., 2002)(Brad et al., 2004), urine (Pisitkun et al., 

2004), amniotic fluid (Asea et al., 2008), bronchoalveolar lavage fluid (Admyre et al., 

2003)(Hawari et al., 2004) and breast milk (Admyre et al., 2007). Recent studies suggest 

however that cancer cells produce exosomes, which may be differentiated from those 

derived from normal cells primarily based upon their cargo. Exosomes are cup-shaped 
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(Thery et al., 2009) encapsulated by a bi-layer lipid membrane (Laulagnier et al., 2004) with 

a membrane-bound compartment varying between 30- 200 nm in size (Thery et al., 2009). As 

mentioned above, they are secreted from both normal cells and tumour cells and while the 

underlying mechanism of exosome function is not fully understood it is known that 

exosomes are formed in the endosomal compartment of cells and are secreted upon fusion of 

MVB with the plasma membrane (Thery et al., 2002). 

Therefore, the main purpose of this chapter was to observe the release of exosomes 

by prostate cells, and determine characteristic differences between exosomes released by parent 

cells with different characteristic and AR phenotypes. In order to answer this question, in 

addition to one non-malignant cell line, we used five different PCa cell lines which 

contain/lack AR and were representative of different stages of PCa. We then confirmed the 

transfer of exosomes to target cells in culture using confocal microscopy of fluorescence 

labeled exosomes. We subsequently performed a comprehensive proteomic analysis of all six 

different prostate cell lines using mass spectrometry to understand differences between the 

protein profiles released via exosome externalization in different prostate cell lines. The 

final part of this study was to investigate the difference in broad classes of lipids and 

cholesterol as constituents of different prostate cell lines and their exosomes. 

Taken together the comprehensive characterization of exosomes derived from 

prostate cell lines which have distinct AR +/-ve expression phenotypes, provides a basis for 

evaluating transfer of identified composite exosome proteins between different PCa cells 

as part of a recognized cell communication phenomenon. In addition this study forms a 

platform for future clinical validation research using exosomes as biomarkers for PCa 

diagnosis as well as potential therapeutic targets, which could be important in the treatment of 
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CRPC. 

 

2.2 Materials and Methods 

2.2.1 Cell Culture 

PC3, DU145 and VCaP human PCa cells (ATCC) were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM) while LNCaP and C4-2 cells (ATCC) were cultured 

in RPMI 1640, supplemented with 5% FBS (Invitrogen) and antibiotic, at 37°C in 5% CO2. 

RWPE- 1 (ATCC) cells also were grown in keratinocyte-SFM (KSFM) with growth 

supplement (GIBCO) and 1% penicillin-streptomycin (Invitrogen). Cells were grown to 

60-70% confluency were washed with sterile PBS buffer and removed from serum and 

incubated in culture media for 72 hours for exosome purification and collection. 

CLUGFP stably over-expressing LNCaP cells were maintained in 200 mg/ml G418 

(Invitrogen) containing RPMI medium supplemented with 10% FBS (Invitrogen) and 

antibiotic, at 37°C in 5% CO2. 

 

2.2.2 Exosome Isolation 

Exosomes were purified from the serum free media following exposure to different 

PCa cell lines including PC3, DU145, VCaP, LNCaP, C4-2 and benign epithelial prostate 

cell line, RWPE-1, as well as a CLUGFP stably over-expressing LNCaP cell line. For 

exosome purification, 200 ml of each cell line’s conditioned medium was cleared by 

centrifugation at 6,000 g at 4°C for 10 minutes to remove protein aggregates and cell 

debris. The pre-cleared medium was concentrated to 2 ml using a 100 kDa MWCO 

Centricon Plus-20 filter capsule (Millipore, Billerica, MA). Samples were transferred to 
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ultracentrifuge tubes containing 300 µl of 30% sucrose-deuterium oxide (D2O). Sample 

tubes were then ultracentrifuged using a fixed angel 70.1 Ti rotor (Beckman Coulter) at 

100,000g for 1 hour at 4°C. Purified exosomes (350µl) were collected off the cushion of 

sucrose (350 µl exosomes were isolated from 10,000,000 originally seeded cells) (Figure 

2.1). 

 

 

Figure 2.1  Exosomes enrichment workflow in conditioned media. 

 

2.2.3 Transmission Electron Microscopy of Exosomes 

Isolated exosomes (2.5 μl) were dried onto freshly glow discharged 300 mesh 

formvar/carbon-coated TEM grids (Ted Pella, Redding California, USA), negatively stained 

with 2% aqueous uranyl acetate and observed with a Hitachi H7600 TEM (Hitachi High-

Technologies Corp., Tokyo, Japan) operated at 80kV. Images were captured with a side 

mounted 1K AMT Advantage digital camera (Advanced Microscopy Techniques, Corp. 

Woburn, MA, USA). 

 

2.2.4 Western Blot Analysis 

All samples of exosomes and cell lysates were analyzed for total protein 

concentration using the BCA protein determination kit (Sigma, Oakville, Ontario, 
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Canada). Twenty-five micrograms of total protein associated with purified exosomes were 

loaded on 12% acrylamaide gel. Relative enzyme levels were quantified using antibodies 

specific for exosome markers; mouse monoclonal β-Actin (1:1000 Sigma), rabbit polyclonal 

Lysosomal Associated Membrane Protein 2 (LAMP2) (1:1000 Abcam) rabbit monoclonal 

Tubulin, mouse monoclonal HSP70, goat polyclonal HSP90, mouse monoclonal Rab5, 

mouse monoclonal CD9 and mouse polyclonal CD63, (1:1000 Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA). In order to evaluate the purity of the exosome preparations, all 

exosomes samples were also blotted against GRP94 (1:1000 Cell Signaling) to demonstrate 

the absence of cellular contaminants from cell lysate in our exosome preparation. 

 

2.2.5 Exosome Labelling 

PC3, VCaP, LNCaP, C4-2 and RWPE-1 cells were seeded (10,000 cells per chamber) 

in each chamber slide (Lab-Tek II chamber slide with cover, Thermo Fisher scientific) one day 

prior to exosome isolation. Fresh exosomes purified from DU145 cells (described above) were 

labeled with Cell TrackerTM Orange CMTMR teramethylrhodamine (0.5 µM, Invitrogen) 

and incubated with different prostate cell lines for 12 hours at 37°C and 5% CO2. After 12 

hours prostate cells were washed twice with PBS and fixed with 4% paraformaldehyde. 

Finally all slide chambers were mounted with Vectashield H-1200 (Vector Laboratories 

Inc.) containing DAPI for nuclei staining. Internalization of fluorescent DU145 exosomes by 

other cancerous and benign prostate cell lines was monitored under Zeiss (LSR780) 

confocal microscope (Carl Zeiss, Thornwood, NY). The pinhole was set at 1 Airy unit. 

In an independent experiment and in order to confirm the uptake of a tagged protein 

from exosomes, fresh isolated exosomes derived from CLUGFP stably over-expressing 
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LNCaP cell line were incubated with PC3 (AR-ve) and LNCaP (AR+ve) for 12 hours at 37°C 

and 5% CO2. After removal of media, cells were fixed in ice-cold MeOH/Acetone (3:1) for 

10 minutes, and then washed in TBS buffer and permeabilized in 0.1% Triton X-100 in 

TBS for 15 minutes at room temperature (RT). Non-specific binding was avoided by 

blocking in odyssey solution for 30 minutes at RT. Primary purified mouse anti E-

Cadherin was diluted (1:250 BD Transduction Laboratories™) in blocking agent and 

incubated with cells for 1 hr at RT. Secondary antibody Alexa Fluor 568 goat antimouse 

IgG (2 mg/ml, Invitrogen) was incubated with cells for 30 minutes at RT. Finally, as 

described above, all slide chambers were mounted and monitored using confocal microscopy. 

 

2.2.6 Proteomic Analysis of Exosomes 

An in solution trypsin digestion protocol was used to generate peptides for 

Liquid Chromatography-Quadrupole Time of Flight Mass Spectrometry (LC-QTOF MS) 

analysis. The isolated exosomes were initially sonicated for 5-10 minutes to disrupt the 

structures and expose proteins. An aliquot of extracted exosomes (~2µg/µl protein) was 

diluted with 8 µl 50 mM ammonium bicarbonate, 1 µl of 100 mM dithiothreitol (DTT) 

was added and reduction carried out at 65°C for 35 minutes. This was followed by alkylation 

using 2 µl of 100 mM iodoacetamide and incubation for 30 minutes at RT in the dark. 1 µl of 

100 ng/µl trypsin was then added and the sample incubated overnight at 37°C. The resulting 

peptides were separated using a 75 µm x 100 mm 1.7µm BEH130 C18 column using a 3-

40% linear acetonitrile gradient, with 0.1% Formic Acid (FA) present, at 0.3 µl/min over 40 

minutes using a NanoAcquity™ Liquid Chromatography (LC) (Waters). The column was re-

equilibrated for 20 minutes between runs. Column elute was directed into a Synapt™ mass 
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spectrometer through a 20 µm capillary held at 3.2 kV. Instrument calibration was carried out 

using glu-fibrinogen fragments and Glu-fib was also used as a lock mass to compensate for 

any calibration drift. The instrument was run in V-mode with a mass resolution of 

approximately 10,000. A data dependent method was used with a 1 second scan followed 

by up to 3 fragment scans, using ion intensity and charge state as the main selection 

criteria. The accumulated data was analysed using ProteinLynx Global Server software 

(PLGS2.3) using peptide and fragment mass accuracies of 25 ppm and 0.1 Da 

respectively. Uniform carbamido methyl C and variable N-terminal acetyl, M oxidation, N 

deamidation and C pripionamide were selected as permitted modifications, up to one missed 

cleavage allowed and a maximum protein MW of 250 K. This search engine was applied to the 

full Uniprot 15.0 database, human species. A search of SwissProt 57.1, Homo Sapiens 

(human; 20401 sequences) was also carried out using Mascot (2.3) search using the pkl 

peak list files generated in PLGS. An ion score cutoff of 32 is specified as identical or 

highly homologous according to Mascot outputs. A score ≥40 is typical in many reports and 

we similarly considered peptides above this cutoff as positive hits. Only proteins with ≥2 

positive peptide hits are considered statistically significant. As well, no proteins containing a 

subset of peptides within our proteins hits were considered in our evaluation. Spectral 

counting could be used for a semi-quantitative analysis however only the presence of particular 

proteins is reported here. 

 

2.2.7 Pathway Analysis 

Data generated from proteomic mass spectrometric analysis were analyzed using 

Ingenuity Pathway Analysis (IPA; Ingenuity System, Redwood city, CA, 
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www.ingenuity.com) to identify potential biomarker signatures and their application in 

different pathological conditions, in particular cancer and specifically PCa. In addition, we 

randomly selected 220 proteins from 827109 human proteins and used IPA to identify 

general biomarker signature as well as PCa specific biomarkers. This was compared with 

exosomal proteins and biomarker data to increase confidence in conclusions drawn from the 

IPA data. Ingenuity Knowledge Base tool was also used to identify biological function and 

canonical pathways that identified exosomal proteins are involved in. IPA is a regularly 

updated database, which uses the current knowledge available on genes, proteins, normal 

cellular and pathological processes, signaling and metabolic pathways, needed for pathway 

construction. 

 

2.2.8 Lipidomic Analysis 

Isolated exosomes and cell pellets were extracted using a protocol adapted from 

that published by Matyash et al. (2008) which is equivalent to the Folch and Bligh 

and Dyer recipes (Matyash et al., 2008)(Bligh and Dyer, 1959) in terms of efficiency. 

Isolated exosomes (30 µl) or vortexed cell pellets (10 µl) were extracted by addition of 200 µl 

of methanol followed by 900 µl of MTBE (methyl-t-butyl ether), vortexing well and rotating 

at room temperature for 30 minutes. 500 µl of water was then added and the sample rotated 

for an additional 10 minutes. The phases were separated by centrifugation (10 min) using a 

Centrivap (~1000g) and the upper organic layer transferred to a fresh tube. A second 

extraction with an additional 500 µl of MTBE was similarly carried out and pooled with the 

initial fraction. The pooled extracts were dried in a Centrivap, redissolved in 60 µl of 

70/30 methanol/chloroform, further diluted with 140 µl methanol and centrifuged at 
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15,000 g for 5 min before transferring to LC vials. 

The extracts were separated with an Acquity™ LC (Waters) using a 2.1 mm x 100 

mm 1.7 µm BEH C8 column with 20 mM ammonium acetate (A) and 80/20 

methanol/isopropanol (B) using the following gradient: 0 min, 25%; 0.2 min, 25%; 3 min, 

65%; 25 min, 95%; 40 min, 95% (%B) and a 5 min re-equilibration to initial conditions. The 

LC was coupled to a Synapt™ mass spectrometer run in W-mode with a mass resolution of 

approximately 18,000. Instrument calibration was carried out using sodium formate ion 

clusters and leucine-enkaphalin was usedas a lock mass to compensate for any calibration 

drift. Data was accumulated sequentially as 0.5 slow collision energy scans followed by 0.2 s 

higher collision scans. Masses unique to extracts, i.e. not present in blank extracts, were 

submitted to Lipid Maps and correlated with bulk glycerophospholipid and glycerolipid, 

sphingolipid and glycosphingolipid class using a 0.01 m/z cut-off. A comparative 

quantitative assessment of the content of each lipid class present in the samples was 

accomplished by obtaining extracted ion chromatograms for each m/z, retention time 

combination using Quanlynx. While differences in ionization efficiency are expected, the 

area under curve (AUC) for each peak thus obtained still provides a reasonable 

quantitative estimate for the particular lipid present. The AUC data was exported to Excel 

and the relative amount of each bulk lipid group calculated as (sum of all AUC’s for a 

particular bulk lipid group)÷ (sum of AUC’s for all bulk lipid groups) x 100%. 

 

2.2.9 Cholesterol Analysis 

The extraction for cholesterol analysis was similar to that used for lipid analysis 

except the samples were each spiked with 200 ng of deuterated (d6) cholesterol internal 
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standard and were derivatization carried out according to the method of Liebisch et al. (2006) 

prior to analysis. Dried extracts were dissolved in 400 μl of acetyl chloride:chloroform 1:5 

and incubated at room temperature for 1 hour. Samples were placed on ice, 500 μl of 

water added to each and then vortexed several times for 30 minutes. The bottom organic 

layer was then transferred to a fresh tube and the sample extracted with an additional 0.5 ml of 

chloroform for 30minutes. The extracts were pooled, dried in a Centrivap, redissolved in 60 

μl of 70:30 methanol:chloroform, further diluted with 140 μl methanol and centrifuged at 

15,000 g for 5 min before transferring to LC sample vials. LC-MS analysis was carried out 

with a Waters Acquity UPLC coupled to a Quattro Premier XE using a 2.1x50 mm, BEH 

1.7μM C18 column. Mobile phase consisted of acetonitrile/0.1M ammonium acetate 9/1 

(A) and isopropanol (B) with the following gradient: 0.2 min, 25%; 5-8 min, 70%, 8.1 min, 

25% (%B) with a 10 min run length. Instrument parameters were optimized for the m/z’s of 

ammonium adducts of acetate derivatized cholesterol and the m/z 369 fragment was used for 

MRM quantitation. AUC’s for cholesterol acetate and d6 cholesterol acetate were obtained 

using Quanlynx and a linear calibration curve from 0.2-10μg/ml, R2>0.99, was generated 

using AUC ratios. Recoveries and conversions to derivatized species was greater than 90% 

for cholesterol. 
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2.2.10 Statistical Analysis 

Unless indicated, analyses were performed on data generated from triplicate 

exosome preparations per cell line and their cell lysates. Results were expressed as mean 

± standard deviation. Statistical significance for differences between exosomes derived from 

different prostate cell lines and their corresponding cell lysate samples were evaluated by 

Student’s t-test (p<0.05). In order to compare more than two groups of cell lines or 

exosomes (e.g. AR+ve PCa cell line exosomes/cell lysate versus all other PCa cell lines) data 

were analyzed using one-way analysis of variance (ANOVA)(parametric) or Kruskal-Wallis 

one-way ANOVA (nonparametric), followed by Student Newman Keuls multiple 

comparison test (SigmaStat™ Statistical Software, Version 3.1, SPSS Inc., Chicago, IL, 

USA). Biomarker analyses were statistically analyzed using Fisher’s Exact Test. 

 

2.3 Results 

2.3.1 Purification and Characterization of Exosomes Derived from Different Prostate 

Cells 

The production of exosomes from PC3, DU145, VCaP, LNCaP, C4-2 PCa and 

RWPE-1 benign prostate cells was examined. To validate exosome isolation and purification, 

transmission electron microscopies as well as WB analysis were utilized. Isolated 

exosomes from all six different prostate cell lines were fixed onto formvar-coated carbon 

EM grids for visualization by TEM. TEM data revealed that all six prostate cell lines 

released a homogenous mixture of cup- shaped, rounded vesicles with diameters varying 

between 30-200 nm (Figure 2.2). 
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Figure 2.2  Transmission Electron Microscopy. 

TEM images of exosomes derived from different androgen independent and androgen 

sensitive PCa cell lines including PC3, DU154, VCaP, LNCaP and C4-2 versus benign 

epithelial prostate cell line RWPE-1. Exosomes were negatively stained with 2% uracyl 

acetate after removing the extra moisture. Cup-shaped structures, with 30-200 nm size were 

identified as being exosomes. Protein concentration of vesicles was quantified using a BCA 

assay. WB analysis was performed to examine the expression of different exosomal 

markers in whole cell lysate as compared with derived exosomes of various prostate cell 

lines. Different exosomal markers were identified in exosomes derived from all six prostate 

cell lines.  

 

As shown in Figure 2.3 A., exosome samples contained at least four or more of 

the following markers: Actin, Tubulin (cytoskeletal protein), HSP70, HSP90 (Heat Shock 

Protein), CD9, CD63 (Tetraspanin) Rab5 (small GTPase) and LAMP2. Further, we 

investigated the presence of the above proteins in the corresponding cell lysate. As 

anticipated, HSP90, a stress marker often associated with cancer (McCready et al., 2010), 
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was not enriched in either cell lysate or exosomes from the benign epithelial prostate cell 

line RWPE-1 however, substantial amounts of HSP90 were observed in the PCa cell lines. 

Interestingly, while the exosomes contained CD9 and CD63 (data not shown) we found little 

or no detectable band for these proteins in their parent cell lines (Figure 2.3 B.). 

In order to confirm the purification of our exosome isolate, we analysed all 

exosome samples for the presence of GRP94 (ER marker). Our data indicates the absence 

of GRP94 in five of six exosome samples, with a very faint band seen in exosomes derived 

from PC3 cell line. Taken together, the WB (molecular) and TEM (biophysical) data 

demonstrate that both cancerous and benign prostate cells produce exosomes that have 

similar characteristics to those secreted from other cells. Our preparation technique, which 

consisted of several centrifugation steps along with filtration, and a final ultracentrifugation 

step using a sucrose cushion, decreases contamination with cell debris and produces high 

quality purified exosome free from other membrane vesicles or protein aggregates. 
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Figure 2.3  Western Blot analysis for exosomes marker. 

Exosomes samples A. and cell lysate samples B. Twenty-five micrograms of total protein 

associated with purified exosomes derived from six different prostate cell lines A. and cell 

lysates of six different prostate cell lines B. were analyzed by Western Blotting using different 

exosome markers. 

 

2.3.2 Uptake of Exosomes by Different Prostate Cells 

We also investigated the uptake of exosomes derived from DU145 cells by five 

other prostate cell lines, to assess if released exosomes are taken up by surrounding cells after 

release. We isolated and purified exosomes from DU145 cells as this cell line is known to be 

one of the most aggressive PCa cell lines and also produced the highest yield of exosomes 

(Appendix). 

Purified DU145 exosomes were first stained with Cell TrackerTM Orange 

CMTMR tetramethylrhodamine. Once stained, the exosomes were used to demonstrate 

their transfer to surrounding cells. Stained DU145 exosomes were incubated with PC3, 

VCaP, LNCaP, C4-2 and RWPE-1 for 12 hours (overnight). Cells were then fixed and 

stained with DAPI to mark nuclei prior to imaging of the cells using confocal microscopy. 
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Figure 2.4 A. clearly shows the uptake of exosomes by all five prostate cell lines 

as demonstrated by the presence of orange/red flecks in and around the cells. 

Furthermore, the z-stack confocal fluorescence imaging in Figure 2.4 B. clearly shows 

cellular uptake of DU145 exosomes by other prostate cells. This image demonstrates clearly 

that transferred exosomes are not only attached to the cell membrane of host cells but have 

actually been taken up by these cells and are present in their cytoplasm. Interestingly, 

exosomes appear to be concentrated around the nuclei of benign RWPE-1 cells as compared 

with cancer cells in which they are scattered within the cytoplasm. 

 

 

Figure 2.4  Confocal microscopy. 

Confocal microscopy was used to visualize purified DU145 derived exosomes, which were 

stained with Cell TrackerTMOrange CMTMR teramethylrhodamine. PC3, VCaP, LNCaP, C4-

2 and RWPE-1 cells (104) were cultured on each chamber slide and incubated for 12 hours with 
purified- stained exosomes. Confocal micrograph clearly demonstrates that transferred 
DU145 derived exosomes are not only attached to the cell membrane of host cells but have 
actually been taken up by these cells and are present in their cytoplasm.  

 

In a separate experiment we isolated exosomes from CLUGFP stably over-
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expressing LNCaP cell line. Isolated exosomes which contained CLUGFP were incubated with 

PC3 (AR –ve) and LNCaP (AR +ve) for 12 hours (overnight) cells were further fixed and 

stained with DAPI and E-Cadherin prior to imaging of the cells with confocal microscopy 

(Figure 2.4 C.). 

 
 

Figure 2.4 C. Confocal microscopy. 

Confocal microscopy was also used to visualize freshly isolated exosomes derived from a 

CLUGFP stably over-expressing LNCaP cell line, which contains CLUGFP , being taken up by 

PC3 (AR-ve) and LNCaP (AR+ve) PCa cell lines after overnight incubation. Both cell lines 

were further fixed and stained with DAPI and E-Cadherin prior to imaging of the cells by 

confocal microscopy. 

 

2.3.3 Proteomic Analysis of Exosomes 

The main goal of our proteomic analysis was to understand the potential role of 

exosomes in the tumour microenvironment as mediators of cell-cell communication 

during PCa progression. We therefore established a comprehensive list of proteins present 



65 

in the different prostate cell lines. Two biological replicates of each cell line were obtained 

to ensure consistent results. Exosomes were sonicated and trypsin digested to release 

exosomal peptides, which were analyzed by LC-MS as described. Proteins were identified 

using ProteinLynx Global Server software (PLGS) and Mascot software. Proteomic profiles 

of two AR null PCa cell lines (DU145 and PC3) were compared to AR +ve cells including; 

VCaP, LNCaP and C4-2 (PCa Cells) and RWPE-1 (benign epithelial prostate cell line) cells. 

This process resulted in the identification of 220 proteins with more than 2 

matching peptides and a Mascot score higher than 40 (Table 2.1) representing a broad range 

of functional proteins. A comparison of our proteomic data with other published articles (>25 

articles reviewed on exosomes derived from a variety of sources ranging from human cell 

lines including human keratinocytes, human breast carcinoma cells, human mesothelioma 

cells, cortical neurons, dendritic cells, intestinal epithelial cells to biological fluids such as 

plasma and urine) confirmed the presence of more than 58 common and 159 unique 

proteins in exosomes derived from the different prostate cells we analyzed. These include 

heat shock proteins, cytoskeletal proteins, tetraspanins, multivescular bodies and endosomal 

markers. A list of all the identified protein with their subcellular localization, type, Mascot 

score and number of peptide matches is provided in Table 2.1. This Proteomic data is also 

available for download at ExoCarta, a free database containing information on exosomal 

proteins, RNA and Lipids (Mathivanan et al., 2012) (Simpson et al., 2012). 

Table 2.1 has been organized based on the subcellular localization of proteins 

where known. As shown in Table 2.1, 85% of nuclear proteins belong to the Histone family. 

The other 15% include nucleophosmins-involved in the transport of small proteins to the 

nucleus- and RBP2, an enzyme implicated in vitamin A uptake and intracellular metabolism. 
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The largest fraction of proteins identified in exosomes were enzymes which were 

classified as peptidases, kinases and phosphatases as well as other regulatory proteins such as    

14-3-3 which plays a key role in ERK5 signaling, IGF-1 signalling, Myc mediated 

apoptosis signaling, PI3K/AKT signaling and protein kinase A signaling or ATP citrate 

lysate, important in citrate cycle; insulin receptor signaling, and ACTC involved in calcium 

and caveolar-mediated endocytosis signaling.
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Table 2.1  Identification of exosome-associated proteins from six different prostate cell lines. 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

H2A2B_HUMAN Histone cluster 2, 

H2ab 
Nucleus other 

  

+ + + 

 

79 3 

 

H2AW_HUMAN H2A histone family, 

member Y2 
Nucleus other 

    

+ 

 

42 2 

 

H2AX_HUMAN H2A histone family, 

member X 
Nucleus other 

   

+ + 

 

119 4 

 

H2AY_HUMAN H2A histone family, 

member Y 
Nucleus other 

    

+ 

 

54 2 

 

H2B1B_HUMAN Histone cluster 1, 

H2bb 
Nucleus other 

  

+ + + + 111 2 

 

H2B1D_HUMAN Histone cluster 1, 

H2bd 
Nucleus other 

 

+ + 

   

148 3 

 

H2B1H_HUMAN Histone cluster 1, 

H2bh 
Nucleus other 

   

+ 

  

226 4 

 

H2B1M_HUMAN Histone cluster 1, 

H2bm 
Nucleus other 

 

+ 

    

106 2 
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ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

H2B3B_HUMAN Histone cluster 3, 

H2bb 
Nucleus other 

   

+ 

  

145 5 

 

H12_HUMAN Histone cluster 1, 

H1c 
Nucleus other 

    

+ 

 

41 3 

 

H15_HUMAN Histone cluster 1, 

H1b 
Nucleus other 

    

+ 

 

48 2 

 

NPM_HUMAN 

Nucleophosmin 

(nucleolar 

phosphoprotein B23, 

numatrin) 

Nucleus 
transcription 

regulator 
 

+ + + + 

 

103 2 

 

RBP2_HUMAN RAN binding protein 

2 
Nucleus enzyme 

    

+ 

 

48 3 

 

1433E_HUMAN 

Tyrosine 3-

monooxygenase/trypt

ophan 5-

monooxygenase 

activation protein, 

epsilon polypeptide 

Cytoplasm other 
+ + + 

 

+ + 129 2 1 

1433T_HUMAN 

Tyrosine 3-

monooxygenase/trypt

ophan 5-

monooxygenase 

activation protein, 

theta polypeptide 

Cytoplasm, 

nucleus 
Other 

 

+ + 

   

112 2 

 

1433Z_HUMAN 

Tyrosine 3-

monooxygenase/trypt

ophan 5-

monooxygenase 

activation protein, 

zeta polypeptide 

Cytoplasm enzyme 

 

+ 

    

119 2 
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ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

ACLY_HUMAN 
ATP citrate lyase Cytoplasm enzyme 

 

+ + + 

  

133 2 

 

ACPH_HUMAN N-acylaminoacyl-

peptide hydrolase 
Cytoplasm peptidase 

    

+ 

 

116 3 

 

ACTA_HUMAN Actin, alpha 2, 

smooth muscle, aorta 
Cytoplasm other 

+ + + + + + 173 3 

 

ACTB_HUMAN 
Actin, beta Cytoplasm other 

+ + + + + + 132 2 

1, 3, 4,5, 6, 

7, 8, 9, 10, 

11 

ACTC_HUMAN Actin, alpha, cardiac 

muscle 1 
Cytoplasm enzyme 

 

+ + 

   

393 9 

 

ACTG_HUMAN 
Actin, gamma 1 Cytoplasm other 

 

+ 

    

409 6 

1, 3, 4, 5, 6, 

7, 8, 10, 11, 

12 

ACTN1_HUMAN 
Actinin, alpha 1 Cytoplasm other 

+ + + 

  

+ 267 6 1 

ACTN2_HUMAN 
Actinin, alpha 2 

Cytoplasm, 

nucleus 

transcription 

regulator 
 

+ + 

   

54 2 

 

ACTN3_HUMAN 
Actinin, alpha 3 Cytoplasm other 

 

+ + 

   

107 2 

 

ACTN4_HUMAN 
Actinin, alpha 4 Cytoplasm other 

 

+ + 

   

514 8 

 



70 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

ALDOA_HUMAN Aldolase A, fructose-

bisphosphate 
Cytoplasm enzyme 

 

+ + + 

 

+ 181 5 1, 2, 3, 13 

ALDOC_HUMAN Aldolase C, fructose-

bisphosphate 
Cytoplasm enzyme 

 

+ 

    

101 2 

 

CALR_HUMAN 
Calreticulin Cytoplasm 

transcription 

regulator 

+ 

     

90 2 

 

CAND1_HUMAN 
Cullin-associated and 

neddylation-

dissociated 1 

Cytoplasm 
transcription 

regulator 
 

+ 

    

56 2 

 

CATD_HUMAN 
Cathepsin D Cytoplasm peptidase 

+ 

     

4 

1, 13 

(preprote

in) 
 

CH60_HUMAN 
Heat shock 60kDa 

protein 1 

(chaperonin) 

Cytoplasm enzyme 

   

+ + 

 

295 5 

 

COF2_HUMAN 
Cofilin 2 (muscle) 

Cytoplasm, 

nucleus 
other 

 

+ 

    

74 2 

 

DPOG1_HUMAN Polymerase (DNA 

directed), gamma 
Cytoplasm enzyme 

  

+ 

   

40 4 

 

DPYL2_HUMAN dihydropyrimidinase-

like 2 
Cytoplasm enzyme 

 

+ 

    

204 4 

 



71 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

EF1A1_HUMAN 
Eukaryotic 

translation elongation 

factor 1 alpha 1 

Cytoplasm 
translation 

regulator 
 

+ + + 

  

75 3 

 

EF1A2_HUMAN 
Eukaryotic 

translation elongation 

factor 1 alpha 2 

Cytoplasm 
translation 

regulator 
 

+ 

    

158 4 

 

EF1G_HUMAN 
Eukaryotic 

translation elongation 

factor 1 gamma 

Cytoplasm 
translation 

regulator 
 

+ + + 

  

108 2 

 

EF2_HUMAN 
Eukaryotic 

translation elongation 

factor 2 

Cytoplasm 
translation 

regulator 
 

+ + + + 

 

244 7 1 

EIF3A_HUMAN 
Eukaryotic 

translation initiation 

factor 3, subunit A 

Cytoplasm 
translation 

regulator 
 

+ 

    

46 2 

 

ENOA_HUMAN 
Enolase 1, (alpha) Cytoplasm 

transcription 

regulator 
 

+ + 

  

+ 379 7 2, 15, 16 

ENOB_HUMAN Enolase 3 (beta, 

muscle) 
Cytoplasm enzyme 

 

+ 

    

245 4 

 

ENOG_HUMAN Enolase 2 (gamma, 

neuronal) 
Cytoplasm enzyme 

 

+ 

    

176 2 

 

ENPL_HUMAN 
Heat shock protein 

90kDa beta (Grp94), 

member 1 

Cytoplasm other 
+ + 

    

172 3 1 



72 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

FAS_HUMAN 
Fatty acid synthase Cytoplasm enzyme 

 

+ + + + 

 

112 3 

 

FLNA_HUMAN 
Flamin A, alpha Cytoplasm other 

 

+ + 

   

102 2 1 

FLNB_HUMAN 
Filamin B, beta Cytoplasm other 

 

+ + 

   

212 4 1, 13 

FLNC_HUMAN 
Filamin C, gamma Cytoplasm other 

 

+ + 

   

63 2 

 

FSCN1_HUMAN 

Fascin homolog 1, 

actin-bundling 

protein 

(Strongylocentrotus 

purpuratus) 

Cytoplasm other 

 

+ 

    

50 2 

 

GLU2B_HUMAN Protein kinase C 

substrate 80K-H 
Cytoplasm enzyme 

+ 

     

129 3 

 

G3P_HUMAN 
Glyceraldehyde-3-

phosphate 

dehydrogenase 

Cytoplasm enzyme 
+ + + + + + 403 6 

1, 2, 3, 4 , 

5, 6, 7, 8, 9, 

10, 17 

GANAB_HUMAN Glucosidase, alpha; 

neutral AB 
Cytoplasm enzyme 

+ 

 

+ 

   

207 2 

 

GRP78_HUMAN 

Heat shock 70kDa 

protein 5 (glucose-

regulated protein, 

78kDa) 

Cytoplasm other 
+ + 

    

121 3 3, 11 



73 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

HS71L_HUMAN Heat shock 70kDa 

protein 1-like 
Cytoplasm other 

   

+ 

  

126 4 

 

HS90A_HUMAN 

Heat shock protein 

90kDa alpha 

(cytosolic), class A 

member 1 

Cytoplasm other 

 

+ + 

 

+ 

 

316 7 

1, 15, 16, 18 (15, 

16, 18 listed as 

HSP90) 

HS90B_HUMAN 

Heat shock protein 

90kDa alpha 

(cytosolic), class B 

member 1 

Cytoplasm other 
+ + + + + + 472 11 

1, 15, 16, 18 (15, 

16, 18 listed as 

HSP90) 

HS905_HUMAN 

Putative heat shock 

protein HSP 90-alpha 

A5 OS=Homo 

sapiens 

GN=HSP90AA5P 

PE=1 SV=1 

Cytoplasm Other 

 

+ 

    

106 4 

 

HSP7C_HUMAN Heat shock 70kDa 

protein 8 
Cytoplasm enzyme 

 

+ + 

   

198 5 

3, 4, 5, 6, 7, 8, 9, 

10, 12, 17, 19, 

20 



74 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

HSP71_HUMAN 

Heat shock 70 kDa 

protein 1 OS=Homo 

sapiens 

GN=HSPA1A PE=1 

SV=5 

Cytoplasm Other 

   

+ 

  

107 4 

 

HSPB1_HUMAN Heat shock 27kDa 

protein 1 
Cytoplasm other 

     

+ 124 2 1, 13 

IMB1_HUMAN Karyopherin 

(importin) beta 1 

Cytoplasm, 

nucleus 
transporter 

  

+ 

   

147 4 

 

IPO5_HUMAN 
Importin 5 

Cytoplasm, 

nucleus 
transporter 

 

+ + 

   

57 2 

 

K1C10_HUMAN 
Keratin 10 Cytoplasm other 

    

+ 

 

200 7 1 

K1C14_HUMAN 
Keratin 14 Cytoplasm other 

     

+ 203 4 1 

K1C9_HUMAN 
Keratin 9 Cytoplasm other 

    

+ + 87 2 1 

K2C1_HUMAN 
Keratin 1 Cytoplasm other 

+ 

     

69 2 

 

K22E_HUMAN 
Keratin 2 Cytoplasm other 

    

+ 

 

143 3 

 

K2C5_HUMAN 
Keratin 5 Cytoplasm other 

     

+ 200 5 1 

K2C8_HUMAN 
Keratin 8 Cytoplasm other 

 

+ + 

 

+ 

 

113 2 

 



75 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

KLHL4_HUMAN Kelch-like 4 

(Drosophila) 
Cytoplasm other 

 

+ 

    

41 3 

 

KPYM_HUMAN Pyruvate kinase, 

muscle 
Cytoplasm kinase 

+ + + + + + 834 15 1 

KPYR_HUMAN Pyruvate kinase, liver 

and RBC 
Cytoplasm kinase 

 

+ + 

   

45 2 

 

LDHA_HUMAN Lactate 

dehydrogenase A 
Cytoplasm enzyme 

+ + + + + 

 

228 5 1, 2 

LDH6B_HUMAN 

L-lactate 

dehydrogenase A-

like 6B OS=Homo 

sapiens 

GN=LDHAL6B 

PE=1 SV=3 

Cytoplasm 

Enzyme/ 

oxidoreductas

e  

+ 

    

53 2 

 

LDHB_HUMAN Lactate 

dehydrogenase B 
Cytoplasm enzyme 

 

+ + 

 

+ + 256 3 2 

MDHC_HUMAN 
malate 

dehydrogenase 1, 

NAD (soluble) 

Cytoplasm enzyme 

 

+ 

    

49 2 

 

MX1_HUMAN 

myxovirus (influenza 

virus) resistance 1, 

interferon-inducible 

protein p78 (mouse) 

Cytoplasm, 

nucleus 
enzyme 

  

+ 

   

119 3 

 

MYH9_HUMAN myosin, heavy chain 

9, non-muscle 
Cytoplasm enzyme 

 

+ 

    

88 2 1, 13, 21 

NDKA_HUMAN 
non-metastatic cells 

1, protein (NM23A) 

expressed in 

Cytoplasm, 

nucleus 
kinase 

 

+ 

    

113 2 

 



76 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

NQO1_HUMAN 
NAD(P)H 

dehydrogenase, 

quinone 1 

Cytoplasm enzyme 

  

+ 

   

78 2 

 

NUCL_HUMAN 
nucleolin 

Cytoplasm, 

nucleus 
other 

   

+ 

  

54 3 

 

PGAM1_HUMAN phosphoglycerate 

mutase 1 (brain) 
Cytoplasm phosphatase 

 

+ 

    

119 2 1, 3 

PGAM2_HUMAN phosphoglycerate 

mutase 2 (muscle) 
Cytoplasm phosphatase 

 

+ 

    

60 2 

 

PGK1_HUMAN phosphoglycerate 

kinase 1 
Cytoplasm kinase 

 

+ 

    

138 3 1 

PLOD1_HUMAN 
procollagen-lysine 1, 

2-oxoglutarate 5-

dioxygenase 1 

Cytoplasm enzyme 
+ 

     

274 5 

 

PRDX1_HUMAN 
peroxiredoxin 1 Cytoplasm enzyme 

 

+ + 

   

98 4 3 

PRDX2_HUMAN 
peroxiredoxin 2 Cytoplasm enzyme 

  

+ 

   

49 2 

 

PRGR_HUMAN 
progesterone receptor 

Cytoplasm, 

nucleus 

ligand-

dependent 

nuclear 

receptor 
   

+ + 

 

40 2 

 

PROF1_HUMAN 
profilin 1 Cytoplasm other 

 

+ + 

   

59 3 

 

PSA1_HUMAN proteasome subunit, 

alpha type, 1 
Cytoplasm peptidase 

 

+ + + + + 73 3 1, 2 



77 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

PSA2_HUMAN proteasome  subunit, 

alpha type, 2 
Cytoplasm peptidase 

 

+ + 

   

239 5 1, 2 

PSA3_HUMAN 

proteasome 

(prosome, 

macropain) subunit, 

alpha type, 3 

Cytoplasm peptidase 

 

+ + 

 

+ 

 

130 2 

 

PSA4_HUMAN proteasomesubunit, 

alpha type, 4 
Cytoplasm peptidase 

 

+ + + + + 203 3 1, 2 

PSA5_HUMAN proteasome  subunit, 

alpha type, 5 
Cytoplasm peptidase 

 

+ + + + + 110 3 1 

PSA6_HUMAN proteasome  subunit, 

alpha type, 6 
Cytoplasm peptidase 

 

+ + + + + 218 5 2 

PSA7_HUMAN proteasome  subunit, 

alpha type, 7 
Cytoplasm peptidase 

 

+ + 

 

+ 

 

206 3 1, 2 

PSA7L_HUMAN 

proteasome 

(prosome, 

macropain) subunit, 

alpha type, 8 

Cytoplasm peptidase 

    

+ 

 

109 2 

 

PSB1_HUMAN proteasome  subunit, 

beta type, 1 
Cytoplasm peptidase 

 

+ + 

  

+ 191 4 2 

PSB2_HUMAN proteasome subunit, 

beta type, 2 
Cytoplasm peptidase 

 

+ + 

 

+ + 81 3 2 

PSB4_HUMAN 

proteasome 

(prosome, 

macropain) subunit, 

beta type, 4 

Cytoplasm peptidase 

 

+ + 

   

74 2 

 

PSB5_HUMAN proteasome  subunit, 

beta type, 5 
Cytoplasm peptidase 

 

+ 

 

+ 

 

+ 165 3 1, 2 



78 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

PSB6_HUMAN proteasome  subunit, 

beta type, 6 
Cytoplasm peptidase 

 

+ + + + 

 

92 2 1, 2 

PSB7_HUMAN 

proteasome 

(prosome, 

macropain) subunit, 

beta type, 7 

Cytoplasm peptidase 

 

+ 

    

68 3 

 

PSB9_HUMAN 

proteasome 

(prosome, 

macropain) subunit, 

beta type, 9 (large 

multifunctional 

peptidase 2) 

Cytoplasm peptidase 

  

+ 

   

123 3 

 

QSOX1_HUMAN quiescin Q6 

sulfhydryl oxidase 1 
Cytoplasm enzyme 

    

+ 

 

155 3 1 

RADI_HUMAN 
radixin Cytoplasm other 

 

+ 

    

69 2 

 

RAN_HUMAN RAN, member RAS 

oncogene family 

Cytoplasm, 

nucleus 
enzyme 

 

+ + 

   

71 2 

 

RLA1_HUMAN ribosomal protein, 

large, P1 
Cytoplasm other 

  

+ 

   

43 2 

 

RSSA_HUMAN 
ribosomal protein SA Cytoplasm 

translation 

regulator 
 

+ 

    

118 2 

 

RLA2_HUMAN ribosomal protein, large, 

P2 
Cytoplasm other 

 

+ + 

   

73 2 

 

S10A6_HUMAN S100 calcium 

binding protein A6 
Cytoplasm transporter 

 

+ 

    

72 2 

 



79 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

S10AB_HUMAN S100 calcium 

binding protein A11 
Cytoplasm other 

 

+ 

    

95 2 

 

SAHH_HUMAN Adenosylhomocystei

nase 
Cytoplasm enzyme 

 

+ + 

   

85 2 

 

SYTC_HUMAN threonyl-tRNA 

synthetase 

Cytoplasm, 

nucleus 
enzyme 

 

+ 

    

44 2 

 

TAGL2_HUMAN 
transgelin 2 Cytoplasm other 

 

+ 

    

105 3 

 

TBA1A_HUMAN 
tubulin, alpha 1a Cytoplasm other 

    

+ 

 

294 5 

 

TBA1B_HUMAN 
tubulin, alpha 1b Cytoplasm other 

+ + + + + + 263 5 

 

TBA1C_HUMAN 
tubulin, alpha 1c Cytoplasm other 

 

+ 

 

+ + 

 

249 5 

 

TBA3C_HUMAN 

Tubulin alpha-3C/D 

chain OS=Homo 

sapiens 

GN=TUBA3C PE=1 

SV=3 

Cytoplasm Other 

 

+ + + + 

 

149 3 

 

TBA4B_HUMAN tubulin, alpha 4b 

(pseudogene) 
Cytoplasm other 

 

+ + 

   

95 2 

 

TBA8_HUMAN 
tubulin, alpha 8 Cytoplasm other 

 

+ + + + 

 

80 3 

 

TBB1_HUMAN 
tubulin, beta 1 Cytoplasm other 

    

+ 

 

92 3 

 

TBB2A_HUMAN 
tubulin, beta 2A Cytoplasm other 

 

+ 

    

401 6 

 



80 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

TBB2C_HUMAN 
tubulin, beta 2C Cytoplasm other 

 

+ + + + 

 

192 5 

 

TBB3_HUMAN 
tubulin, beta 3 Cytoplasm other 

 

+ + + + 

 

141 3 

 

TBB5_HUMAN 
tubulin, beta Cytoplasm other 

 

+ + + + 

 

220 6 

3, 4, 6, 7, 8, 

9, 10, 11, 

12, 17, 20 

TBB6_HUMAN 
tubulin, beta 6 Cytoplasm other 

   

+ 

  

60 3 

 

TCPB_HUMAN 
chaperonin 

containing TCP1, 

subunit 2 (beta) 

Cytoplasm kinase 

    

+ 

 

123 4 

 

TCPE_HUMAN 
chaperonin 

containing TCP1, 

subunit 5 (epsilon) 

Cytoplasm other 

 

+ + 

 

+ 

 

57 2 

 

TCPG_HUMAN 
chaperonin 

containing TCP1, 

subunit 3 (gamma) 

Cytoplasm other 

  

+ 

 

+ 

 

58 2 

 

TCPH_HUMAN 
chaperonin 

containing TCP1, 

subunit 7 (eta) 

Cytoplasm other 

  

+ + + 

 

40 2 

 

TCPQ_HUMAN 
chaperonin 

containing TCP1, 

subunit 8 (theta) 

Cytoplasm enzyme 

  

+ 

 

+ 

 

103 2 

 



81 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

TCPZ_HUMAN 
chaperonin 

containing TCP1, 

subunit 6A (zeta 1) 

Cytoplasm other 

  

+ 

 

+ 

 

64 2 

 

TERA_HUMAN valosin-containing 

protein 
Cytoplasm enzyme 

 

+ + + 

  

756 17 13 

TITIN_HUMAN 
titin Cytoplasm kinase 

+ + + 

   

42 10 

 

TKT_HUMAN 
transketolase Cytoplasm enzyme 

 

+ 

    

331 6 1 

TPM3_HUMAN 
tropomyosin 3 Cytoplasm other 

 

+ 

    

48 2 

 

TRAP1_HUMAN TNF receptor-

associated protein 1 
Cytoplasm enzyme 

    

+ 

 

117 2 

 

UBA1_HUMAN 
ubiquitin-like 

modifier activating 

enzyme 1 

Cytoplasm enzyme 

  

+ 

   

96 2 

 

UGPA_HUMAN UDP-glucose 

pyrophosphorylase 2 
Cytoplasm enzyme 

 

+ 

    

67 2 

 

1B54_HUMAN 
major 

histocompatibility 

complex, class I, B 

Plasma 

Membrane 

Trans-

membrane 

receptor   

+ 

   

212 3 

 

1A25_HUMAN 
major 

histocompatibility 

complex, class I, A 

Plasma 

Membrane 

Trans-

membrane 

receptor   

+ 

   

182 2 

 



82 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

1B07_HUMAN 
major 

histocompatibility 

complex, class I, B 

Plasma 

Membrane 

transmembra

ne receptor 
  

+ 

   

147 2 

 

1B73_HUMAN 
major 

histocompatibility 

complex, class I, B 

Plasma 

Membrane 

Trans-

membrane 

receptor   

+ 

   

219 3 

 

4F2_HUMAN solute carrier family 

3 , member 2 

Plasma 

Membrane 
transporter 

+ 

    

+ 189 2 13 

A4_HUMAN amyloid beta (A4) 

precursor protein 

Plasma 

Membrane 
other 

+ 

     

239 4 

 

AGRIN_HUMAN 
agrin 

Plasma 

Membrane 
other 

+ 

  

+ + + 116 2 

1 

(precursor) 

ANK3_HUMAN ankyrin 3, node of 

Ranvier (ankyrin G) 

Plasma 

Membrane 
other 

  

+ 

   

41 6 

 

ANXA1_HUMAN 
annexin A1 

Plasma 

Membrane 
other 

 

+ 

    

110 2 

 

ANXA2_HUMAN 
annexin A2 

Plasma 

Membrane 
other 

+ + + 

  

+ 98 2 

1, 3, 4, 6, 9, 

12, 19, 20 

CD81_HUMAN 
CD81 molecule 

Plasma 

Membrane 
other 

+ 

  

+ + 

 

124 2 18, 24, 25 

CD9_HUMAN 
CD9 molecule 

Plasma 

Membrane 
other 

+ 

  

+ + 

 

128 2 24 



83 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

CHLE_HUMAN  

butyrylcholinesterase 

 Plasma 

Membrane 
 enzyme 

   

+ 

  

147 3 

 

CLH1_HUMAN  clathrin, heavy chain 

(Hc) 

 Plasma 

Membrane 
 other 

 

+ + 

   

111 4 

 

CLH2_HUMAN  clathrin, heavy 

chain-like 1 

 Plasma 

Membrane 
 other 

  

+ 

   

49 2 

 

CSTN1_HUMAN 
 calsyntenin 1 

 Plasma 

Membrane 
 other 

+ 

  

+ + 

 

57 2 

 

DMD_HUMAN 
 dystrophin 

 Plasma 

Membrane 
 other 

    

+ 

 

46 7 

 

EPCAM_HUMAN  epithelial cell 

adhesion molecule 

 Plasma 

Membrane 
 other 

   

+ 

  

160 2 

 

FAT1_HUMAN 
 FAT tumor 

suppressor homolog 

1 

 Plasma 

Membrane 
 other 

   

+ 

  

71 3 

 

FAT2_HUMAN 
 FAT tumor 

suppressor homolog 

2  

 Plasma 

Membrane 
 other 

     

+ 63 2 

 

FINC_HUMAN 
 fibronectin 1 

 Plasma 

Membrane 
 enzyme 

+ 

   

+ + 588 15 

1, 21 

(isoform 3 

preprotein) 

FOLH1_HUMAN 
 folate hydrolase 

(prostate-specific 

membrane antigen) 1 

 Plasma 

Membrane 
 peptidase 

    

+ 

 

54 2 

 



84 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

FPRP_HUMAN 
 prostaglandin F2 

receptor negative 

regulator 

 Plasma 

Membrane 
 other 

   

+ + 

 

131 3 1 

K2C6A_HUMAN 
 keratin 6A 

 Plasma 

Membrane 
 other 

     

+ 80 3 1 

LG3BP_HUMAN 
 lectin, galactoside-

binding, soluble, 3 

binding protein 

 Plasma 

Membrane 

 

transmembra

ne receptor 

+ 

 

+ + 

 

+ 270 5 

 

MPRI_HUMAN  insulin-like growth 

factor 2 receptor 

 Plasma 

Membrane 

 

transmembra

ne receptor     

+ 

 

89 2 

 

PTPRF_HUMAN 
 protein tyrosine 

phosphatase, receptor 

type, F 

 Plasma 

Membrane 
 phosphatase 

   

+ 

  

81 3 

 

SDC4_HUMAN 
 syndecan 4 

 Plasma 

Membrane 
 other 

   

+ + + 44 2 

 

TFR1_HUMAN 
 transferrin receptor  

 Plasma 

Membrane 
 transporter 

   

+ + 

 

120 2 24 

A2MG_HUMAN  alpha-2-

macroglobulin 

 Extracellular 

Space 
 transporter 

+ + + + + 

 

76 2 

 

ALBU_HUMAN 
 albumin 

 Extracellular 

Space 
 transporter 

+ + + + + 

 

100 2 

13 

(precursor), 

21 

(precursor) 



85 

 

ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

APOA1_HUMAN 
 apolipoprotein A-I 

 Extracellular 

Space 
 transporter 

+ 

  

+ 

  

50 2 

 

C1R_HUMAN 
 complement 

component 1, r 

subcomponent 

 Extracellular 

Space 
 peptidase 

  

+ 

   

99 2 21 

CLUS_HUMAN 
 clusterin 

 Extracellular 

Space 
 other 

+ 

 

+ 

   

244 4 

1, 21 

(isoform) 

CO1A1_HUMAN  collagen, type I, 

alpha 1 

 Extracellular 

Space 
 other 

 

+ 

    

171 5 

 

CO6A1_HUMAN  collagen, type VI, 

alpha 1 

 Extracellular 

Space 
 other 

 

+ 

    

592 11 

 

CO3_HUMAN  complement 

component 3 

 Extracellular 

Space 
 peptidase 

  

+ 

   

619 14 

 

COCA1_HUMAN  collagen, type XII, 

alpha 1 

 Extracellular 

Space 
 other 

 

+ + + + 

 

108 2 

 

FETUA_HUMAN  alpha-2-HS-

glycoprotein 

 Extracellular 

Space 
 other 

 

+ 

    

122 3 

 

G6PI_HUMAN  glucose-6-phosphate 

isomerase 

 Extracellular 

Space 
 enzyme 

+ 

     

147 3 1, 13 

GDF15_HUMAN 
 growth 

differentiation factor 

15 

 Extracellular 

Space 
 growth factor 

   

+ 

  

148 3 
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ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

GRN_HUMAN 
 granulin 

 Extracellular 

Space 
 growth factor 

 

+ 

    

219 6 

 

HEMO_HUMAN 
 hemopexin 

 Extracellular 

Space 
 transporter 

     

+ 680 18 

 

ITIH2_HUMAN 
 inter-alpha 

(globulin) inhibitor 

H2 

 Extracellular 

Space 
 other 

 

+ 

    

125 3 

 

ITIH4_HUMAN 
 inter-alpha 

(globulin) inhibitor 

H4 

 Extracellular 

Space 
 other 

     

+ 266 6 

 

LAMA5_HUMAN 
 laminin, alpha 5 

 Extracellular 

Space 
 other 

   

+ + + 245 9 1 

LAMB1_HUMAN 
 laminin, beta 1 

 Extracellular 

Space 
 other 

   

+ 

 

+ 119 3 

 

LAMB2_HUMAN  laminin, beta 2 

(laminin S) 

 Extracellular 

Space 
 enzyme 

    

+ 

 

105 4 

 

LAMC1_HUMAN  laminin, gamma 1 

(formerly LAMB2) 

 Extracellular 

Space 
 other 

   

+ + + 173 2 

 

LAMC2_HUMAN 
 laminin, gamma 2 

 Extracellular 

Space 
 other 

     

+ 361 7 

 

MFGM_HUMAN  milk fat globule-

EGF factor 8 protein 

 Extracellular 

Space 
 other 

 

+ 

 

+ 

  

69 2 

 

MK_HUMAN 
 midkine (neurite 

growth-promoting 

factor 2) 

 Extracellular 

Space 
 growth factor 

   

+ 

  

102 3 
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ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

MYH14_HUMAN  myosin, heavy chain 

14, non-muscle 

 Extracellular 

Space 
 other 

+ 

     

72 3 

 

PTX3_HUMAN 
 pentraxin 3, long 

 Extracellular 

Space 
 other 

+ + + 

   

255 5 

 

SAP_HUMAN 
 prosaposin 

 Extracellular 

Space 
 other 

 

+ 

    

234 8 

13 (isoform 

preprotein) 

SPON2_HUMAN 
 spondin 2, 

extracellular matrix 

protein 

 Extracellular 

Space 
 other 

   

+ + 

 

114 4 

 

TENA_HUMAN 
 tenascin C 

 Extracellular 

Space 
 other 

+ 

     

125 4 1 

TFPI1_HUMAN 

 tissue factor 

pathway inhibitor 

(lipoprotein-

associated 

coagulation inhibitor) 

 Extracellular 

Space 
 other 

    

+ 

 

311 5 

 

TRFE_HUMAN 
 transferrin 

 Extracellular 

Space 
 transporter 

     

+ 804 23 1, 13 

TSP1_HUMAN 
 thrombospondin 1 

 Extracellular 

Space 
 other 

    

+ + 200 5 

 

ABCAD_HUMAN 

 ATP-binding 

cassette, sub-family 

A (ABC1), member 

13 

 unknown  transporter 

 

+ 

    

42 5 
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ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

ACTBL_HUMAN 
 actin, beta-like 2  unknown  other 

+ + + + + + 99 2 

 

AHNK2_HUMAN  AHNAK 

nucleoprotein 2 
 unknown  other 

 

+ + 

 

+ 

 

49 3 

 

AN18B_HUMAN  ankyrin repeat 

domain 18B 
 unknown  other 

    

+ 

 

41 3 

 

ARP3B_HUMAN 
 ARP3 actin-related 

protein 3 homolog B 

(yeast) 

 unknown  other 

 

+ 

    

40 2 

 

AXA2L_HUMAN  annexin A2 

pseudogene 2 
 unknown  other 

+ + 

    

126 2 

 

DYH2_HUMAN  dynein, axonemal, 

heavy chain 2 
 unknown  other 

+ 

     

42 3 

 

EF1A3_HUMAN 

 eukaryotic 

translation elongation 

factor 1 alpha 1 

pseudogene 5 

 unknown  other 

  

+ 

   

470 7 

 

H2AV_HUMAN  H2A histone family, 

member V 
 unknown  other 

    

+ 

 

178 3 

 

H90B2_HUMAN 

 heat shock protein 

90kDa alpha 

(cytosolic), class B 

member 2 

(pseudogene) 

 unknown  other 

 

+ + 

 

+ 

 

40 2 

 

HS904_HUMAN 

 heat shock protein 

90kDa alpha 

(cytosolic), class A 

member 4 

(pseudogene) 

 unknown  other 

  

+ 

   

69 2 
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ID Protein name  
Subcellular 

Location 
Type(s) Cell Lines Mascot 

Score 

Peptide 

matches 
Reference1 

PC3 DU145 VCaP LNCaP C4-2 RWPE-1 

HSP76_HUMAN  heat shock 70kDa 

protein 6 (HSP70B') 
 unknown  other 

 

+ 

 

+ 

  

98 2 

 

HSP77_HUMAN  heat shock 70kDa 

protein 7 (HSP70B) 
 unknown 

 other 

    

+ 

 

71 2 

 

KATL2_HUMAN  katanin p60 subunit 

A-like 2 
 unknown 

 other 

 

+ 

    

55 2 

 

MSMP_HUMAN  microseminoprotein, 

prostate associated 

 unknown  other + 

     

151 2 

 

POTEE_HUMAN 
 POTE ankyrin 

domain family, 

member F 

 unknown  other 

 

+ 

  

+ 

 

361 6 

 

PUR6_HUMAN 

 

phosphoribosylamino

imidazole 

carboxylase,  

 unknown  enzyme 

 

+ + + + 

 

120 2 

 

PXDN_HUMAN  peroxidasin 

homolog  

 unknown  other 

  

+ 

 

+ 

 

111 3 

 

TBB8B_HUMAN 
 tubulin, beta 

polypeptide 4, 

member Q 

 unknown  other 

    

+ 

 

48 2 

 

Proteomic profiles were compared for prostate cancer cells that are AR -ve: PC3, DU145 versus AR +ve: VCaP, LNCaP 

and C4-2 in addition to the benign epithelial prostate cell line, RWPE-1. Proteins with Mascot scores ≥40 and ≥2 

peptide matches were considered statistically significant (P<0.05) and listed in this table (n=2). 
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As demonstrated in Figure 2.5 (A), 139 proteins identified from our isolated 

exosome samples were presented in one or the other of the AR –ve DU145 or PC3 cells. 

Of them, 18 proteins were present in both DU145 and PC3 cells with only 3 proteins 

(ENPL, GRP78 and AXA2L) being mutual only to the AR -ve DU145 or PC3 cells and 

not present in any of the AR +ve cell lines (VCaP, C4-2, LNCaP and RWPE-1). 

 

 

In the case of VCaP, C4-2 and LNCaP PCa cells, which are AR +ve, 117 proteins 

were present in exosomes derived from at least one of the AR +ve PCa cell lines, however, 53 

of these proteins were present in exosomes from all of the AR +ve PCa cell lines and at least 

one of the AR -ve or benign RWPE-1 cells. Interestingly, there were only two proteins 
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identified as present in exosomes derived from all three AR +ve PCa cell lines (e.g. TCPH and 

H2A2B) that were not present in the AR -ve cell lines (DU145 and PC3) or RWPE-1 cells. 

Comparison of the proteomic profiles of isolated exosomes from the prostate cell 

lines analyzed indicates the presence of 40 proteins, which were present in the benign AR+ve 

cell line (and also present in at least one of the other PCa cell lines). The nine unique proteins, 

which were determined to be contained in RWPE-1 exosomes only include ITIH4, LAMC2, 

TRFE, HEMO, K2C6A, FAT2, K2C5, K1C14 and HSPB1, none of which have been 

previously identified in exosomes derived from PCa cells. It would be interesting to 

determine the relevance of the specificity of these proteins being in exosomes derived 

from non-malignant cells, however comparison of a larger panel of non-malignant cells 

would be required. Other major groups of proteins present in exosomes are cytoskeletal 

proteins such as actin and tubulin, heat shock proteins (HSP90, HSP70 and CLU), 

elongation factors involved in protein synthesis and proteosomal proteins, and lipid-related 

proteins. 

Using the Ingenuity and Mascot software all proteins were further assigned a 

subcellular localization and biological process. Figure 2.5 displays the distribution of 

proteins in various prostate cell lines (2.5 A.), their subcellular localization (2.5 B.) their 

functions (2.5 C.) as well as the main canonical pathways they are involved in (2.5 D.). 

As shown in Figure 2.5 B., 58% of prostate exosomal proteins (127 proteins) are 

localized in the cytoplasm, 14% in the extracellular matrix, 13% in plasma membrane and 

6% in the nucleus. Nineteen proteins have been identified with unknown subcellular 

localization (9%) in this analysis. 
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All identified proteins could be categorized as enzymes (32%), (peptidase (9%), 

kinase (3%) and phosphatase (1%)), transporters (5%), transmembrane receptors (3%) 

translational regulators (3%), transcriptional regulators (2%), and growth factors (1%). 53% of 

these proteins have been categorized as protein with “other” function. 

Data was also analyzed using Ingenuity Pathway Software (IPS) to gain an 

understanding of the function of these proteins. Our results indicate that exosomal proteins 

derived from prostate cells are mainly involved in cancer, dermatological disease, 

gastrointestinal disease, genetic disorders and neurological disease. More specifically our 

IPS analysis indicates the role of proteins such as ACTC1, ALDOC, ANXA2, CCT5,8, 

CLTC ENO1-3, GAPDH, HPX, MX1, MYH9,14, TNC, TUBA8, TUBA1B, 1C, 4B, TUBB, 

TUBB3, TUBB2A, 2C in cancer, reproductive system disease and cardiac inflammation, 

while exosomal proteins such as FAT2, GANAB, HIST1, H2BD, KATNAL2, MX1, NPM1 

and TAGLN2 tend to play a pivotal role in cell death and cell to cell signaling. 

Using the IPS knowledge base tool, we also identified the canonical pathways 

which suggest the main possible functions of proteins identified in exosomes. All 220 

proteins derived from the six prostate cell lines were included in this analysis. As indicated 

in Figure 2.5 D. the protein ubiquitination pathway and germ cell-sertoli cell junction 

signaling are the major canonical pathways present in exosomal proteins from PCa cells. 
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2.5 C. Exosomal protein function in exosomes derived from different prostate cell lines 
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2.5 D. Main canonical pathway function in exosomes derived from different prostate cell lines
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Figure 2.5  Proteomic analysis of different prostate cancer cell lines. 

Venn diagram describing the mutuality of proteins in exosomes derived from the benign epithelial prostate cell line (RWPE-1) 

versus five different PCa cell lines categorized based on androgen sensitivity (PC3, DU145 and VCaP, LNCaP, C4-2). Numbers 

in ( ) are representative of the total number of proteins present in each cell lines, Numbers in [ ] are representative of proteins 

present in either designated category and not present in any other undesignated category. Numbers denoted with * are the mutual 

proteins present in all cell lines in each category. B. Pie chart showing the subcellular localization of proteins found in exosomes 

derived from six different prostate cell lines. 

C. Bar chart indicating the cellular function of proteins found within exosomes determined using Ingenuity software. D. Predicted 

top canonical pathways are represented by the identified exosomal proteins. 
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Furthermore, IPS also was used to establish a list of novel biomarker signatures as 

well as their application in various pathologic conditions. Subcellular localization of the 

proteins in this biomarker list is summarized in Fig. 2.6 As reported in Table 2.2, PCa 

specific biomarkers, including ANXA2 (Annexin A2), CLSTN1 (Calsyntenin 1), FASN 

(Fatty Acid Synthesis), FLNC (Filamin C, gamma), FOLH1 (Folate Hydrolase (prostate 

specific membrane antigen)-1), GDF15 (Growth Differentiation Factor 15), are present in 

PCa cells derived exosomes. To strengthen conclusions drawn from the IPA data, that 

exosomes are a rich source of biomarkers, we performed a statistical test to determine the 

probability of finding biomarkers by chance in a random set of proteins (expressed as a p-

value). Our results indicated that among 220 proteins randomly selected from the UniProt 

human protein database, 5 were identified as biomarkers, of which zero were associated 

with PCa diagnosis. A p-value less than 0.0001 was determined for the chance of finding 50 

biomarkers in the enriched exosome sample compared to the 5 found in the random protein 

group. Similarly a p-value of 0.0302 was subsequently determined for the chance of finding 

6 PCa biomarkers when there were zero found in the random selection of proteins. 
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Figure 2.6  Biomarker proteins subcellular localization. 

Pie chart showing the subcellular localization of biomarkers found in exosomes derived from 

PCa cell lines; PC3, DU145, VCaP, LNCaP and C4-2. 
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Table 2.2  Proteomic analysis of different biomarkers in exosomes derived from PCa cell lines. 

Symbol PC3 DU145 VCaP LNCaP C4-2 Biomarker Application(s) Type of Cancer(s) 

ACLY + + +   Unspecified Application 
Cancer, Connective Tissue Disorders, Gastrointestinal 

Disease 

ACTG1  +    Unspecified Application Auditory Disease, Cancer, Gastrointestinal Disease 

AHCY  +    Unspecified Application 
Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal DiseaseDisorders 

AHCY  + +   Unspecified Application 
Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal DiseaseDisorders 

ANXA1  +    
Diagnosis, Prognosis, Unspecified 

Application 

Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

ANXA2 + + +  + Diagnosis, Unspecified Application 
Cancer, Cardiovascular Disease, Dermatological 

Diseases and Conditions, Gastrointestinal Disease 

CALR +     Unspecified Application 
Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

CCT6A   +  + Diagnosis Cancer, Renal and Urological Disease 

CD9 + + +   Efficacy Cancer, Gastrointestinal Disease, Genetic Disorder 

CLSTN1 +   + + Diagnosis Cancer, Gastrointestinal Disease, Genetic Disorder 
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Symbol PC3 DU145 VCaP LNCaP C4-2 Biomarker Application(s) Type of Cancer(s) 

CLU + +    
Diagnosis, Efficacy, Unspecified 

Application 

Cancer, Cardiovascular Disease, Connective Tissue 

Disorders, Endocrine System Disorders, 

Gastrointestinal Disease CTSD  +    Diagnosis, Unspecified Application 
Cancer, Cardiovascular Disease, Developmental 

Disorder 

EEF1A2  +    Prognosis Cancer, Cardiovascular Disease, Genetic Disorder 

ENO1 + + +   Diagnosis 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

ENO2  +    Diagnosis, Efficacy, Prognosis 
Cancer, Cardiovascular Disease, Gastrointestinal 

Disease 

EPCAM    +  Unspecified Application 
Cancer, Endocrine System Disorders, Gastrointestinal 

Disease 

FASN  + + + + Diagnosis, Efficacy, Prognosis 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

FLNC  + +   Diagnosis 
Cancer, Genetic Disorder, Organismal Injury and 

Abnormalities 

FN1 + + +   
Diagnosis, Disease Progression, 

Efficacy, Prognosis, Unspecified 

Application 

Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

FOLH1     + Diagnosis, Prognosis 
Cancer, Cardiovascular Disease, Gastrointestinal 

Disease 
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Symbol PC3 DU145 VCaP LNCaP C4-2 Biomarker Application(s) Type of Cancer(s) 

FSCN1  +    Unspecified Application 
Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal Disease 

GDF15  +    Diagnosis 
Cancer, Cardiovascular Disease, Dermatological 

Diseases and Conditions 

GPI  +    Unspecified Application 
Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

GRN +     Diagnosis, Disease Progression 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

HLA-A   +   Efficacy, Response to Therapy 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

HLA-B  + +   Safety 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

HSP90AA1 + + +   Safety, Unspecified Application 
Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal Disease 

HSPA5 + +    Unspecified Application 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

HSPA8 + +    Diagnosis 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

HSPB1  +    Diagnosis 
Cancer, Endocrine System Disorders, Gastrointestinal 

Disease 
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Symbol PC3 DU145 VCaP LNCaP C4-2 Biomarker Application(s) Type of Cancer(s) 

IGF2R     + Diagnosis 
Cancer, Cardiovascular Disease, Gastrointestinal 

Disease 

KRT14  +    Unspecified Application 
Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal Disease 

KRT5  +    
Diagnosis, Efficacy, Unspecified 

Application 

Cancer, Dermatological Diseases and Conditions, 

Genetic Disorder 

KRT8 + + +   Prognosis 
Cancer, Dermatological Diseases and Conditions, 

Developmental Disorder 

LAMA5 + + +   Diagnosis 
Cancer, Cardiovascular Disease, Dermatological 

Diseases and Conditions 

LDHA + + + + + 
Diagnosis, Disease Progression, 

Efficacy, Prognosis, Unspecified 

Application 

Cancer, Gastrointestinal Disease, Genetic Disorder 

MDK     + Diagnosis 
Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

NPM1 + + +  + 
Disease Progression, Unspecified 

Application 

Cancer, Genetic Disorder, Hematological Disease 

NQO1   +   Diagnosis, Unspecified Application 
Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

PFN1  + +   Unspecified Application 
Cancer, Cardiovascular Disease, Dermatological 

Diseases and Conditions 

POLG   +   Diagnosis 
Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal Disease 
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Symbol PC3 DU145 VCaP LNCaP C4-2 Biomarker Application(s) Type of Cancer(s) 

PRDX1 + +    Diagnosis Cancer, Connective Tissue Disorders, Genetic Disorder 

PSMA2 + +    Unspecified Application 

Cancer, Dermatological Diseases and Conditions, 

Developmental Disorder 

TFRC + +    Diagnosis 

Cancer, Connective Tissue Disorders, Dermatological 

Diseases and Conditions 

TNC  +    
Diagnosis, Efficacy, Response to 

Therapy 

Cancer, Dermatological Diseases and Conditions, 

Gastrointestinal Disease 

TPM3  +    Diagnosis, Unspecified Application 
Cancer, Dermatological Diseases and Conditions, 

Genetic Disorder 

TUBA1A     + Unspecified Application 
Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

TUBB3  + + + + 
Efficacy, Response to Therapy, 

Unspecified Application 

Cancer, Cardiovascular Disease, Connective Tissue 

Disorders 

YWHAE + + + + + Diagnosis 
Cancer, Cardiovascular Disease, Dermatological 

Diseases and Conditions 

YWHAZ  +    Diagnosis Cancer, Genetic Disorder, Neurological Disease 

Table indicating the presence of different biomarkers in exosomes derived from five different PCa cell lines including PC3, 

DU145, VCaP, LNCaP and C4-2. This table also describes the type of cancer associated with the biomarker and the application 

of that biomarker in the specific disease. 
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2.3.4  Cholesterol Content 

Cholesterol content of exosomes and corresponding cells was determined using LC-

MS. As shown in Figure 2.7 A., cholesterol content of RWPE-1 cells was significantly 

higher than that of the PCa cell lines. The average cholesterol concentration of PCa cell 

lysates was 13.1 µg cholesterol/ µg protein which was approximately half that determined for 

RWPE-1 cells (24.4 µg cholesterol/ µg proteins) (Figure 2.7 B.). Interestingly, the average 

cholesterol content of exosomes derived from PCa cells was three times higher than 

exosomes derived from RWPE-1, benign prostate cells. 

 

 

Figure 2.7 Cholesterol concentration. 

The bar diagrams show the cholesterol concentration of A. lysates of PC3, DU145 and 

VCaP, LNCaP, C4-2 and RWPE-1 cells B. exosomes derived from the six different prostate 

cell lines. Cholesterol results were normalized to protein concentration of each sample and 

expressed as µg Cholesterol/µg Protein. 

* indicate significantly difference (p<0.05), (n≥2). 
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2.3.5  Lipidomic Analysis 

We next investigated the lipid profile (glycerolipid, glycerophospholipid, 

sphingolipid, glycosphingolipid) of exosomes for comparison with their parent cells. Our 

data indicated that glycerophospholipid was the most abundant class of lipids with an average 

of 86.3% and 65.1% determined in both cells and exosomes respectively for all six 

different prostate cell lines. Sphingolipid (9.6% in cells, 30.2% in exosomes) was the second 

most abundant lipid class in all different groups, followed by glycerolipid (3.6%, 3.4%) and 

glycosphingolipid (0.5%, 1.3%). 

Data shown in Figure 2.8 A. establishes that there is no significant difference 

between the glycerolipid content between different exosomes and their corresponding cells. 

The glycerophospholipid distribution determined in the various prostate cells and 

their exosomes was more balanced compared to other groups of lipids. PC3, DU145, 

VCaP and LNCaP and RWPE-1 cells were shown to have a significantly higher 

glycerolipid content compared to their derived exosomes (Figure 2.8 B.). 

The most striking difference between the lipid profiles determined for exosomes and 

their corresponding cells were their sphingolipid contents. In agreement with many other 

published reports we show enrichment in the sphingolipid content in all of our exosomes 

samples (Laulagnier et al., 2004). As demonstrated in Figure 2.8 C., PC3, VCaP, C4-2, 

LNCaP and RWPE-1 have a significantly higher sphingolipid content compared with their 

corresponding parent cells. 

Finally, our lipid analysis showed that only DU145, VCaP and LNCaP derived 

exosomes have a higher glycosphingolipid content compared to their parent cells. 
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No significant differences were seen between the cell lysates and exosomes of 

respective cell lines in any of lipid class.   

 

Figure 2.8. Exosome lipidomic data. 

The lipid content of four major lipid classes was measured in PC3, DU145 and VCaP, 

LNCaP, C4-2 and RWPE-1 cells and compared with their derived exosomes, using LC-

MS. The bar diagrams are representative of A. Glycerolipid, B. Glycerophospholipid, C. 

Sphingolipid, D. Glycosphingolipid in cell lysates and exosomes. Relative amounts of 

each lipid group were calculated as (sum of all AUC’s for a particular lipid group) ÷ (sum of 

AUC’s for all lipid groups) x 100%. 

* denotes a significant difference (p<0.05) between exosomes and their corresponding cells. 

No significant differences were seen between the cell lysates and exosomes of respective cell 

lines in any of lipid class, (n≥2). 

 

2.4 Discussion 

Exosomes are complex nanovesicles secreted from a wide range of cells 

including neoplastic cells (Trams et al., 1981) dendritic cells (Zitvogel et al., 1998), 

reticulocytes (Pan et al., 1985), T cells (Zhang et al., 2011), mastocytes (Raposo et al., 

1997), differentiated and un-differentiated keratinocytes (Chavez-Munoz et al., 2009), 
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platelets (Heijnen et al., 1999), and neurons (Lachenal et al., 2011). They have recently 

been studied in different pathological conditions including cancer, atherosclerosis, vascular 

disease, pulmonary hypertension and thrombosis as well as bacterial infections (Amderson et 

al., 2010). Exosomes have been isolated and characterized from many different biological 

fluids such as blood components, urine, amniotic fluids, malignant effusions, breast milk and 

brochoalveolar lavage fluid and contain an array of proteins and lipids as well as genetic 

material such as mRNA and miRNA (Schorey et al., 2008). Collectively all these studies 

highlight membrane and cytoplasmic proteins/mRNA as exosome cargo, many of which have 

known functional importance in cellular function. 

In this study we have characterized exosomes derived from different AR +/- ve PCa 

cell lines. The goal was not only to understand the difference between exosomes 

secreted from different cells as a basis for evaluating transfer of identified composite exosome 

proteins between cells as part of a recognized cell communication phenomenon, but also to 

determine potential biomarkers for different stages of PCa as well as therapeutic 

targets(Andre et al., 2002)(Brad et al., 2004). 

The initial challenge of this work was to experimentally isolate homogenous samples 

of exosomes for study. In order to maintain reproducible data sets we used a protocol 

developed according to Lamparski et al’s (2002) which removes cell debris and protein 

aggregates using filtration and we were thus able to isolate a homogenous exosome mixture 

based on the unique density of exosomes in sucrose using ultracentrifugation(Lamparski et 

al., 2002). 
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While some controversy exists regarding the exact nature of exosome biomarkers 

several classes of proteins have been characteristically assigned as such. These include 

cytoskeletal proteins, HSPs and tetraspanins (Thery et al., 2002)(Schorey et al., 2008). 

Similarly the absence of Endoplasmic Reticulum (ER), mitochondrial and nuclear proteins are 

considered to vouch for ‘lack of significant contamination’ of an exosome preparation 

(Fevrier et al., 2004)(Welton et al., 2010). This being said, our understanding of exosome 

biology is in its infancy, and further work is required to validate protocol in this regard. We 

were surprised in fact to find proteins identified by our LCMS proteomic analyses which are 

normally considered to be located in the nucleus and therefore not likely candidates for 

exosome cargo. Rather than assume that these proteins are contaminants of our exosome 

preparation we would rather tend to the idea that they might play a role in cell-cell 

communication via exosomal transfer (Papp et al., 2008). In keeping with this notion, it is 

thought that dysregulation of key biological mechanisms in cancer cells, such as those 

regulating protein synthesis and transportation, may result in altered distribution of proteins 

within and outside of defined intracellular compartments (Barboro et al., 2009). One 

example, which our data supports is the presence of a protein called nucleophosmin in 

exosomes. This protein is involved in a multitude of cellular functions including ribosome 

biogenesis, cell proliferation, regulation of tumor suppressor p53, and protein chaperoning 

which could imply ‘shuttling’ between the cytoplasm and the nucleus. Although this 

protein is predominantly nuclear, and might be considered as a contaminant in our 

exosome sample, its minor role as a chaperone in the cytoplasm would allow for detection in 

exosomes. 
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We were able to generate exosomes from all six prostate cell lines. All isolated 

vesicles contained exosomal markers and lacked ER marker (except PC3), as validated 

using Western Blotting, and were observed to be cup-shaped under TEM (Thery et al., 

2002). While the mechanism involved in exosome internalization by other prostate cells 

was not under investigation as part of this study, this has been studied by others previously 

using ovarian cell lines (Escrevente et al., 2011) human saliva, plasma and breast milk derived 

exosomes (Lasser et al., 2011). For the purpose of this study we have simply confirmed 

the uptake of exosomes derived from DU145 PCa cells into other PCa and benign cells 

and furthermore, transfer of exosomal CLUGFP derived from LNCaP cell line to PC3 and 

LNCaP. While more research is needed to investigate the mechanism involved in the uptake 

of exosomes by neighboring cells in the PCa microenvironment, our finding support the 

widely accepted hypothesis for the role of exosomes as cell-cell communication vesicles in 

tumor growth (Liu et al., 2006)(Iero et al., 2008) cell migration (Esser et al., 

2010)(McCready et al., 2010)(Vrijsen et al., 2010), metastasis (Janowska-Wieczorek et 

al., 2005)(Hood et al., 2011) and angiogenesis (Skog et al., 2008). 

Cancer is a complex disease, which involves disruption of numerous cell cycle 

regulatory pathways (Hanahan and Weinberg, 2000)(Hanahan and Weinberg, 2011) and 

several lines of evidence indicate that, for each unique cancer cell subtype, the path to 

malignancy is different. Over time, depending on the type of cancer, tumor cells break away 

from the primary site and invade surrounding tissues before migrating to distant tissue 

(Chaffer et al., 2011). While metastasis is responsible for more than 90% of cancer related 

deaths, the mechanisms involved in metastasis are not fully understood. Recently there 

has been an increasing interest in the potential link between microvesicles and local 
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invasion of primary cancer cells within the microenvironment, as well as metastasis to 

foreign microenvironments. Further, our present study attempts to understand this process by 

comparing the protein profiles of exosomes derived from different PCa cell lines as well as 

a non-malignant epithelial prostate cell line. We used mass spectrometry to successfully 

identify 220 proteins in exosomes derived from six prostate cell lines. By reporting 

proteins with more than two peptides and a Mascot score higher than 40 we have a high 

level of confidence that our proteomic data accurately represents proteins found in exosome 

samples. To better understand the differences between exosomes derived from a variety of 

PCa cells as well as RWPE-1 cells we further categorized them as AR +ve and AR –ve cells. 

Reinforcing the conclusions of a recent published proteomic analysis of exosomes 

derived from the AR null PC3 cell line (Sandvig et al., 2012), this proteomic study also 

supports the premise that exosomes provide a pool of proteins which are enriched in 

biomarkers for potential use in PCa diagnosis via a relatively non-invasive diagnostic test. Our 

list consists of 50 candidate protein biomarkers, which have been previously reported to have 

potential diagnosis, prognosis, disease progression, efficacy and response to therapy for a 

variety of pathological diseases. We also identified novel potential biomarker proteins in 

exosomes derived from PCa cells, which may be more specific to PCa diagnosis. 

Proteins, which were identified mutually within exosomes derived from PCa cell lines 

and benign RWPE-1 cells include GAPDH, PKM2, TUBA1B and THBS1. These were 

removed from the biomarker list however we recognize that comparison of a larger panel of 

non-malignant cells would be required to definitively determine the relevance of the specificity 

of these proteins being in exosomes derived from non-malignant cells. Several biomarker 

candidates in our list include ANXA2, CLSTN1, FASN, FLNC, FOLH1 and GDF15 which 
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have all been previously reported as candidates for PCa diagnosis 

(http://clinicaltrials.gov/show/NCT00340717, NCT00897234 and NCT00438906). While 

ANXA2 and FOLH1 have been reported in exosomes derived from hepatocyte, bladder, 

tracheobronchial epithelial and PCa cells, we are the first group to report the presence of 

CLSTN1, FASN, FLNC, and GDF15 in different PCa cell exosomes. The presence of these 

biomarkers, in addition to the CYP17 protein which we previously characterized in serum 

exosomes, and is known to play a significant role in CRPC (Leon et al., 2010)(Locke et al., 

2009), could be further explored for potential indicators of disease progression. The 

presence of CLU (Clusterin) in exosomes is also of significant relevance since this 

molecule has already been characterized as a therapeutic target for CRPC (Lamoureux et 

al., 2011)(Chi et al., 2011)(Zoubeidi et al., 2010) and antisense oligonucleotide OGX-011, 

which was designed to target CLU, is currently in phase III clinical trial. In our study we 

went on to more fully characterize exosomes by analyzing their cholesterol and lipid profiles 

compared with respective cells of origin. As our results demonstrate, although there is a 

significant difference in lipid content for some lipid classes in some of the cell lines, no 

significant differences have been seen between AR +ve and AR -ve cells and their 

exosomes or between PCa cells/exosomes and RWPE-1 cells or derived exosomes. We 

hypothesize that the significant differences in lipid content of exosomes and their cells of 

origin could imply that there is a mechanism in existence, which stabilizes exosomes in the 

circulation for subsequent fusion with the plasma membranes of recipient cells to which they 

are delivered. Interestingly our quantitative cholesterol data suggests that exosomes derived 

from PCa cell lines contain significantly more cholesterol than their benign counterpart cell 

line RWPE-1. This is in line with our previous work, which indicates that cholesterol is 

http://clinicaltrials.gov/show/NCT00340717
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likely to play a role in PCa progression (Locke et al., 2008)(Leon et al., 2010). 

While exosome biogenesis is still under investigation it is very well known that 

exosome membranes have the same topology as the cell membranes from which they are 

derived and are correspondingly rich in lipid rafts (de Gassart et al., 2003). In 

agreement with previously published studies our lipidomic data shows a significant 

enrichment of sphingolipid and glycosphingolipid in exosomes, both very well-known 

markers of lipid rafts which are contained within almost all exosomes derived from prostate 

cells (Wubbolts et al., 2003)(Izquierdo-Useros et al., 2009). 

Lastly, it has been previously proposed that endocytic sorting behavior of lipids 

depends exclusively on the chemistry of their hydrophobic tails (Mukherjee et al., 1999). In the 

long term, further study to generate a more thorough understanding of the differences in 

lipid content of cells and their derived exosomes would be useful to define the role of each 

lipid class in exosome formation as well as mechanisms involved in exosome-mediated 

communication within the tissue microenvironment. 
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 Exosomes as Biomarker Enriched Microvesicles: Characterization of Exosomal Chapter 3:

Protein Derived from the Biological Fluids Obtained from Prostate Cancer Patients. 

3.1 Introduction 

EVs could be a major potential source of biomarkers for many different 

pathological disorders including cancer and PCa. The accessibility of these vesicles in 

biological fluids such as blood (Caby et al., 2005)(Taylor et al., 2006), urine (Pisitkun et al., 

2004), milk (Andersen et al. 1997)(Admyre et al., 2007)(Andersen et al., 1997), saliva 

(Marzesco et al., 2009)(Xiao et al., 2012) malignant ascites (Andre et al., 2002)(Bard et al., 

2004), amniotic fluid (Asea et al., 2008) and bronchoalveolar lavage fluid (Admyre et al., 

2003)(Hawari et al., 2004) have resulted in intensive investigation in their use for many 

recent biomarker discovery studies. During the last several years numerous and distinct 

EVs have been identified and studied for their role in biological and pathological 

processes such as communication vesicles, or messengers/transporters (Zocco et al., 

2014)(Braicu et al., 2015). Their accessibility through non- invasive procedures as well as the 

presence of different classes of proteins (Thery et al., 2001) and genetic material (DNA and 

RNA) (Lotvall and Valadi, 2007)(Huang et al., 2013)(Kahlert et al., 2014)(Thakur et al., 

2014) in these vesicles make them an interesting avenue for biomarker researchers to 

explore. 

Therefore the main purpose of this study was to purify EVs from the blood and urine 

of normal and cancer patients and attempt to determine differences between the two sources 

(blood vs urine) and the two sample groups (normal vs cancer). In follow up to our first paper 

(Hosseini-Beheshti et al., 2012) we also performed a comprehensive MS-based proteomic 

analysis on these samples to understand the major differences between EV derived from 
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blood vs. urine in control and cancer groups. As well as possible underlying differences in 

protein profiles, an additional part of this study was to investigate the cholesterol levels in 

exosome isolates as a potential diagnostic tool. 

Taken together this study examines the potential of direct MS based proteomic 

and/or cholesterol profiling of EV derived from different biological fluids and their use for 

biomarker analysis. 

 

3.2 Material and Methods 

3.2.1 Sample Collection 

Fifteen CRPC patients’ samples, in addition to four healthy volunteers (3 male, 1 

female (female sample was only used as a comparison in exosome isolation methodology 

development)) were selected for this study. All patients were confirmed positive for PCa 

by biopsy. Patient information including serum PSA, age and treatment history of all patients 

was collected as part of a clinical trial designed to study Abiraterone (clinical trials.gov 

number NCT01857908) and is summarised in Table 3.1 Control arm patients were used for 

the purpose of this study. Human samples were used in accordance with Ethics Board 

Approval Cert. H09-01010 obtained from the University of British Columbia, Canada. 

The average age for CRPC patients (9 urine donors and 12 blood donors) was 71 (57-

81) while the average age for healthy control donors was 29 (26-33). 

We categorized the patient samples into two different groups assigned as PSA lower 

and higher than 50 ng/ml. 

Blood: 5ml whole blood samples were collected in red top no additive tubes by 

venipuncture. Blood was allowed to coagulate for 30min and serum fractions were separated 
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by centrifugation at 1,000g for 20 minutes and stored at -80°C until further analysis. 

Urine: PCa patients provided a pooled 24-hour urine collection of which 50ml per 

patient was retained in sterile containers. All samples were frozen in -80°C until further 

analysis. 

 

Table 3.1 Patient information. 

 

15 PCa patients were used in this study. Of these 15 patient 12 were blood donor and 9 

were urine donor. 
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3.2.2 Exosome Isolation 

Blood: Frozen serum or plasma samples (n=15) were thawed at room temperature 

and centrifuged at 500g for 5 minutes at 10°C to remove any cell debris. The supernatants of 

the cell-free serum/plasma were transferred to fresh centrifuge tubes for the second 

centrifugation cycle at 3,000g for 20minutes at 10°C. The supernatant fraction was again 

transferred to fresh centrifuge tubes for the next centrifuge at 12,000g for 20 minutes at 

10°C followed by an ultracentrifugation step in a 30% sucrose cushion at 100,000g for 70 

minutes at 10°C (using a fixed angel 70.1 Ti rotor (Beckman Coulter)). The 300 µl exosome 

pellets were then washed with PBS followed by a final ultracentrifugation at 100,000g for 70 

minutes at 10°C. Washed exosome pellets (300 µl) were then stored in -80°C freezer until 

further analysis. 

Urine: Urine samples (n=12) were thawed at room temperature and 2 tablets of 

protease inhibitor (commercial protease inhibitor mixture Complete (Roche Applied Science) 

were added to each 25ml sample immediately after thawing prior to exosome isolation. 

Samples were then vortexed for 1 minute to create a homogenous sample before 

centrifugation at 500g for 5 minutes at 4°C to remove the cell-debris. The cell-free 

urine supernatant was then transferred to fresh centrifuge tubes for the next centrifugation at 

17,000g for 20 minutes at 4°C. The supernatant was ultracentrifuged at 200,000g for 70 

minutes at 4°C (using a fixed angel 70.1 Ti rotor (Beckman Coulter)). Urinary exosome 

pellets (300 µl) were then washed with PBS followed by a final ultracentrifugation at 

200,000g for 70 minutes at 4°C (Figure 3.1).  
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Figure 3.1  EV enrichment workflow in A. Serum/Plasma B. Urine. 

 

3.2.3 Transmission Electron Microscopy 

Isolated EVs (2.5µl) were dried onto freshly glow discharged 300 mesh 

formvar/carbon- coated TEM grids (Ted Pella, Redding, CA), negatively stained with 2% 

aqueous uracyl acetate and observed with a Hitachi H7600 TEM (Hitachi High-

Technologies Corp., Tokyo, Japan) operated at 80kV. Images were captured with a side 

mounted 1K AMT Advantage digital camera (Advanced Microscopy Techniques, Corp. 

Woburn, MA). 

 

3.2.4 Western Blot Analysis 

Blood, urine and their EVs were analyzed for total protein concentration using the 

BCA protein determination kit (Sigma, Oakville, Ontario, Canada). Thirty micrograms of 

total protein associated with purified serum/plasma, urine and EV derived from blood 

and/or urine were loaded on 12% acrylamide gel. Relative enzyme levels were quantified 
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using antibodies specific for exosome markers; mouse monoclonal Alix, mouse monoclonal 

CD63, mouse monoclonal HSP70 and goat polyclonal HSP90 α/β (1:1000 Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA).Mouse  monoclonal  TSG101  (1:1000  Abnova  

Corporation)  and  Rabbit  polyclonal  LAMP2 (Lysosomal-associated membrane 

protein)(1:1000 Abcam). 

 

3.2.5 NanoSightTM Tracking Analysis 

Size distribution and the estimated concentration of nanoparticles in purified EV 

isolated were analysed using a light scattering technology via measurement of the rate of 

Brownian motion with the NanoSightTM LM10 system (NanoSightTM Ltd, Amesbury, UK) 

configured with a (488 nm) laser and a high sensitivity digital camera (OrcaFlash2.8, 

Hamamatsu C11440, NanoSightTM Ltd). 

All samples were diluted with nanoparticle-free water so the concentration was within 

the range of 5×107 to 5×109 (nanoparticle number/mL). Samples were infused and 

recorded under controlled flow (infusion rate of 100) using a NanoSightTM syringe pump 

and script control system. The ambient temperature was set at 25ºC, with the camera 

sensitivity and detection threshold set between 9 to 12 for maximum particle detection. Five 

different videos of 60 seconds from 3 different replicates were collected and analysed using 

NTA-software (version 2.3) for each sample. 

 

3.2.6 Coomassie Blue Staining of EV Derived Proteins 

Thirty micrograms of protein (serum, plasma, urine and their EVs) was loaded per 

lane onto the 12% polyacrylamide gel. Gels were fixed for 1hr with (50% (v/v) ethanol in 
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water with 10% Acetic Acid). The fixed gels were then washed with 50% (v/v) methanol in 

water containing 10% Acetic Acid at room temperature (RT). Gels were fixed overnight 

after which they were submerged into of Coomassie Blue staining solution (0.1% (w/v) 

coomassie blue, 10% (v/v) methanol and 10% (v/v) acetic acid) at room temperature for 4-6 

hrs. The stained gels were de- stained with 50% methanol in water with 10% (v/v) acetic acid 

gently agitated until clear protein bands could be observed without any background 

staining. Finally gels were equilibrated in storage solution (5% (v/v) acetic acid solution) 

for at least an hour. 

Gel lanes containing serum and plasma EVs were removed and cut into 25-35 

sequential bands for subsequent proteomic analysis by mass spectrometry to obtain 

representative protein profiles for these isolates. 

 

3.2.7 Proteomic Analysis 

3.2.7.1 In Gel Digestion 

Coomassie Blue stained gels bands were cut into 1mm pieces, neutralized with 

50mM ammonium bicarbonate (100µl) twice for 10min and dehydrated twice using 50% 

acetonitrile (100µl) for 10min before fully drying under vacuum using a Centrivap for 

10mins. Reduction and alkylation was carried out with 10mM DTT (50µl) for 35min at 65ºC 

followed by addition of 55mM iodoacetamide (30µl) for 30min at RT in the dark after 

removal of excess DTT. Gel pieces were then washed twice with 50mM ammonium 

bicarbonate for 10 minutes and dried as above with 50% acetonitrile and Centrivap before 

addition of 10µl trypsin solution (10ng/µl, Roche cat# 418025). The trypsin solution was 

allowed to absorb into the dried gel pieces on ice, excess was removed and 50mM ammonium 
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carbonate added to cover gel pieces after which they were incubated overnight at 37ºC. 

Supernatant peptide solutions were transferred to eppendorfs and gel pieces extracted for 

15min twice with 50% acetonitrile/5% FA (50µl). Extracts were pooled, dried down to 

15µl and transferred to LC vials for analysis. LC-MS analysis of the resulting peptide was 

similar to that used for the in solution trypsin digest generated samples described below. 

 

3.2.7.2 In Solution Digestion 

An in solution trypsin digestion protocol was used to generate peptides for LC-

MS analysis. Serum and urine isolated EVs were initially sonicated for 5 min and 40µg 

protein equivalent sample then precipitated with 5-10x volumes of acetone (-20°C, 1 hour). 

Precipitate was sedimented by centrifugation (20,000g, 5min) and the pellet re-dissolved in 

36µl of 25mM ammonium bicarbonate. DTT was added (1µl of 100mM solution) and 

samples incubated for 35 minutes at 65°C, followed by the addition of 100mM iodoacetamide 

(2µl) and incubation for an additional 30 minutes at RT in the dark. Upon addition of 1µl of 

100ng/µl trypsin the sample was incubated overnight at 37°C. The resulting peptides were 

separated using a 75µm x 100mm 1.7µm BEH130 C18 column using a 3-40% linear 

acetonitrile gradient with 0.1% FA present throughout, at 0.3µl/minute over 40minutes 

using a NanoAcquity™ LC (Waters). The column was re-equilibrated for 20min between 

runs. Column eluate was directed into a Synapt™ mass spectrometer through a 20µm 

capillary held at 3.2kV. Instrument calibration was carried out using Glu-Fibrinogen 

fragments and Glu-Fibrinogen was also used as a lock mass to compensate for any calibration 

drift. The instrument was run in V-mode with a mass resolution of approximately 10,000. A 

data dependent method was used with a 1 second scan followed by up to 3 fragment scans, 
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using ion intensity and charge state as the main selection criteria. The accumulated data 

was analysed using ProteinLynx Global Server software (PLGS) using peptide and fragment 

mass accuracies of 25ppm and 0.1Da respectively. Uniform carbamido methyl C and 

variable N-terminal acetyl, M oxidation, N deamidation and C propionamide were selected as 

permitted modifications with a maximum protein MW of 250K. This search engine was 

applied to the full Uniprot database, human species. A search with similar parameters was 

also carried out using Mascot using the pkl peak list files generated in PLGS. 

 

3.2.8 Pathway Analysis 

Pathway analysis was performed on data generated from proteomic mass 

spectrometric analysis using Ingenuity Pathway Analysis (IPA; Ingenuity System, Redwood 

city, CA,  www.ingenuity.com). 

IPA generated data were used for identification of biological pathways, cellular 

function, top canonical pathways and potential biomarker signatures and their application 

in different pathological conditions, in particular cancer and specifically PCa. 

 

3.2.9 Cholesterol Analysis 

Serum, urine and derived EVs were extracted similar to the methodology of 

Matyash (Matyash et al., 2008) and derivatized prior to analysis by the method of Liebisch et 

al. (Liebisch, Binder et al. 2006). Briefly, samples (5µl serum, 20µl serum EVs, or 100µl 

urine/urine EV) were spiked with 200ng d6 cholesterol and vortexed with 1ml 20:80 

MeOH:MTBE (methanol:methyl- t-butyl ether) in glass tubes for 30 minutes; ddH2O 

(500µl) was added followed by another 10 minutes vortex. Samples were centrifuged for 

http://www.ingenuity.com/
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5 minutes (Centrivap) and the upper layer collected. A second extraction using 1ml 

MeOH:MTBE was carried out, pooled with the first and the extracts dried in the Centrivap 

under vacuum. Dried extracts were dissolved in 200µl of acetyl chloride/chloroform 1/5 and 

incubated at room temperature for 1hr. Samples were then left uncapped in a fume hood 

for 15 minutes before a final drying in the Centrivap. Residue was re-dissolved in 60µl  of 

70/30  methanol/chloroform,  further diluted with  140µl  methanol  and centrifuged at 

15,000g for 5 minutes before transferring to LC vials. 

LC-MS analysis was carried out with a Waters Acquity UPLC coupled to a 

Quattro Premier XE using a 2.1x50mm, BEH 1.7µM C18 column. Mobile phase consisted 

of acetonitrile/0.1M ammonium acetate 9/1 (A) and isopropanol (B) with the following 

gradient: 0.2minute, 25%B; 5-8minutes, 70%B, 8.1minutes, 25% B with a 10min run length. 

Instrument parameters were optimized for the m/z’s of ammonium adducts of acetate 

derivatized cholesterol and the m/z369 fragment was used for MRM quantitation. AUC’s for 

cholesterol acetate and d6 cholesterol acetate were obtained using Quanlynx and a linear 

calibration curve from 0.2- 10µg/ml, R
2
>0.99, was generated using AUC ratios. 

 

3.2.10 Statistical Analysis 

Unless indicated, analyses were performed on data generated from triplicate 

exosome preparations. Results were expressed as mean ± standard deviation. Statistical 

significance for differences between serum and urine derived exosomes in different groups 

were evaluated by Student’s t-test (p<0.05).  
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3.3 Results 

3.3.1 Urine and Blood EVs Purification and Characterization 

The presence of EVs in both blood (serum and plasma) and urine samples were 

confirmed using TEM, WB and Nanoparticle Tracking Analysis (NTA). 

Isolated EVs from healthy and PCa patients’ serum and urine were fixed onto 

formvar- coated carbon EM grids for visualization under TEM (Figure 3.2 A. and 3.3 

A.). TEM data revealed the presence of cup-shaped (artifact of sample preparation for TEM) 

nanovesicles with a size range of 30-200 nm in both samples types. 

Protein quantitation assays were performed using the BCA assay followed by 

WB analysis to confirm the presence of exosome markers in our exosome isolates derived from 

serum, plasma and urine. As shown in Figure 3.2 B. both serum and plasma EVs 

contain LAMP2 (Lysosome-associated membrane protein 2), TSG101 (Tumor 

susceptibility gene) as well as CD63. Similarly urine samples (urine and urinary EVs) 

were examined for the presence of exosomal markers. As shown in Figure 3.3 B. all the 

tested exosomal markers (Alix, HSP70, HSP 90, TSG101, LAMP2) were present and 

enriched in the urinary EVs when compared to urine samples. 

NTA was used to measure the EV isolation protocol efficacy in both serum and 

urine samples. The NTA data (Figure 3.2 C, D. and 3.3 C.) demonstrates that between 83 to 

87% of isolated nanoparticles in our isolate has the size of 30-200nm (exosomes size), while 

13 to 16% are within the size of large microvesicles (200-1,000nm). While serum EVs didn’t 

show increase in nanovesicle concentrations of 30-200 nm when compared to whole serum 

(Data not shown), the average concentration of urinary EVs was at least two times higher 

when compared to urine samples (Fig 3.3 D.). 
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Figure 3.2  Serum EV characterization. 

A.Transmission Electron Microscopy. TEM images of EVs derived from Human Plasma 

and Serum. EVs were negatively stained with 2% uracyl acetate after removing the extra 

moisture. Cup-shaped structures, with 30-200 nm size were identified as being exosomes. B. 

Western Blot analysis for exosomes marker in Plasma and serum derived EVs. EVs have 

been purified based on their unique size and density by ultracentrifugation with 30% 

sucrose-deuterium. Thirty micrograms of total protein associated with purified EVs were 

analyzed by Western Blot using different exosome markers. C, D. Nanoparticle 

Tracking Analysis. Bar chart showing the average percentage of nanoparticles within 30-

200nm, 200-500nm, and 500-1000nm size in EVs derived from C. Serum and D. Plasma. 
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Figure 3.3  Urine EV characterization. 

A. Transmission Electron Microscopy. TEM images of EV derived from Human Urine. 

EVs were negatively stained with 2% uracyl acetate after removing the extra moisture. 

Cup-shaped structures, with 30-200 nm size were identified as being exosomes. B. 

Western Blot analysis for exosomes marker in Urinary exosomes. EVs have been 

purified based on their unique size and density by ultracentrifugation. Thirty micrograms 

of total protein associated with purified EVs were analyzed by WB using different 

exosome markers. C, D. Nanoparticle Tracking Analysis. Bar chart showing the C. 

average percentage of nanoparticles within 30-200nm, 200- 500nm, and 500-1000nm size 

in urinary EVs, D. average particle number/mL for Urine and urinary EVs. 
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Finally the number and size of the nanoparticles were measured for both serum and 

urine samples using NanoSightTM LM10 system. All data were determined for comparisons 

between control (n=3 healthy donors) and PCa patients with PSA lower (<50, n=3) or higher 

(>50, n=3) than fifty. 

As shown in the Figure 3.4 A. the total serum derived nanoparticle numbers 

(particle/ml) were significantly higher in both PCa patients groups when compared with 

the control group (similar to that reported in our previous paper, (Hosseini-Beheshti et al., 

2012)). Interestingly the size of nanoparticles derived from PCa patient serum were slightly 

smaller (104-159nm) when compared to those derived from the healthy control group (159-

187nm) (Figure 3.4 B.). 

When compared to urine derived EVs, while neither the total nanoparticle number nor 

the average nanoparticle size were significantly different between controls and PCa patients, 

there seemed to be a trend towards lower number and larger size of nanoparticles derived 

from PCa patient urine particularly when compared to those found in serum. 
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Figure 3.4  Nanoparticle Tracking Analysis. 

Bar chart showing the Nanoparticles: A, C. number/ml for each step of exosome 

purification in serum EVs (n(control)=3, n (PSA<50 )=7, n(PSA>50)=5) and urine 

derived EVs. (n (control)=3, n (PSA<50 )=4, n(PSA>50)=5) B, D. Average nanoparticle 

size (nm) in Serum and urine derived EVs.  

 

3.3.2 Proteomic Analysis of EVs Derived from Serum and Urine 

3.3.2.1 In Gel Digestion 

The protein molecular weight distribution of serum and plasma and their EVs 

from healthy male and female donors were compared using Coomassie Blue staining. This 

was also used with patient samples for both with and without AlbuminOUTTM (G-

Biosciences A Geno Technology, Inc. (USA)). 

The main goal of this study was first to study and compare the protein distribution 

and profile of different samples and also to examine the clean-up of albumin which persisted 

in our exosome samples. 
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As shown in Figure 3.5 A. the albumin level decreased significantly in all EVs 

samples. We also used the AlbuminOUTTM column (albumin removal with Cibacron Blue) 

to minimize albumin interference from patient serum EVs, prior to analysis. As shown in 

Figure 3.5 B. the albumin level has been significantly decreased in both serum EVs from all 

patients samples. 

The Coomassie stained gels were cut into 25-35 pieces before being processed 

and analyzed by LC-MS. In our proteomic analysis carried out using one sample per 

group they yielded more than 160 proteins including 50 proteins with biomarker potential 

(Data not shown). 

 

 

Figure 3.5  Coomassie blue staining showing the protein profile of healthy male and female 

serum vs serum derived EVs and plasma vs plasma derived EVs. 

25 μl (A) or 15 μl (B) of each samples were resolved through 12% SDS-PAGE, followed 

by Coomassie blue staining. A. serum, serum exosomes, plasma and plasma exosomes of 

healthy male and female Samples loaded on SDS-PAGE. B. Comparison between patients' 

serum and serum EVs before and after using albumin out. 

S:Serum; SE: Serum Derived EVs; P:Plasma; PE: Plasma Derived EVs; AO: AlbuminOut. 
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3.3.2.2 In Solution Digestion 

In order to investigate the PCa patients’ serum/urine protein profile and also to follow 

up with our previous proteomic analysis in PCa cell line derived exosomes (Hosseini-

Beheshti et al. 2012), serum/urine EVs of 7 (serum)/4 (urine) PCa patients with PSA<50 

and 5 (serum)/ 5 (urine) patients with PSA>50 were analyzed using LC-MS. Two biological 

replicates of samples obtained from each donor to ensure consistent results. 

IPA software were also used to analyze the data, this software is able to analyze 

and interpret the data via 4 different assessments. Core analysis, Metabolomics, Toxicity and 

Biomarker Analysis. IPA Core and Biomarker Analysis were used for a rapid assessment of 

the signaling and metabolic pathways and identification of the most promising and relevant 

biomarker candidates.Our core and biomarker proteomic analysis resulted in identification 

of more than 77 serum exosome proteins and 74 urine exosome protein (Table 3.2., 3.3.). 

Core analysis data were compared to the biomarker analysis list and as both lists 

were very similar we decided to only include the biomarker list in this paper. We then 

compared our biomarker proteomic data to that described in our previous published paper 

(Hosseini-Beheshti et al., 2012) and confirmed the presence of six mutual proteins including 

Alpha-2 macroglobulin, Albumin, Apolipoprotein A-I, Complement component 3, 

Hemopexin, and Transferin in both set. A list of all identified proteins with their protein 

ID, Subcellular location, Type, Drug, Biomarker application, Mascot peptide score and 

peptide matches is provided in Table 3.2. and 3.3. for serum derived and urine derived EVs 

respectively.
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Table 3.2  Identification of serum exosome-associated proteins from PCa Patients with PSA lower and higher than 50 as well 

as a control group. 

ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P04217 
alpha-1-B 

glycoprotein 

Extracellular 

Space 
other 

 
+ + + 

 
173 18 

 

P01023 
alpha-2-

macroglobulin 

Extracellular 

Space 
transporter 

 
+ + + 

 
227 21 * 

P01019 

angiotensinogen 

(serpin peptidase 

inhibitor, clade A, 

member 8) 

Extracellular 

Space 
growth factor 

 
+ + + efficacy 89 11 

 

P02768 albumin 
Extracellular 

Space 
transporter 

 
+ + + 

diagnosis,efficacy,pro

gnosis,safety, 

unspecified 

application 

168 21 * 

P02647 
apolipoprotein  

A-I 

Extracellular 

Space 
transporter 

 
+ + + 

diagnosis,efficacy,uns

pecified application 
129 17 * 

P02652 
apolipoprotein  

A-II 

Extracellular 

Space 
transporter 

 
+ + + 

 
165 23 

 

P04114 
apolipoprotein  

B 

Extracellular 

Space 
transporter mipomersen + + + diagnosis,efficacy 137 15 

 

P01024 
complement 

component 3 

Extracellular 

Space 
peptidase IgG + + + efficacy 136 16 * 

P0C0L4 

complement 

component 4B 

(Chido blood 

group) 

Extracellular 

Space 
other IgG + + + 

 
171 19 

 

P04003 

complement 

component 4 

binding protein, 

alpha 

Extracellular 

Space 
other 

 
+ + + 

 
105 12 

 

O75155-2 

cullin-associated 

and neddylation-

dissociated 2 

(putative) 

Nucleus 
transcription 

regulator  
+ 

   
14 1 

 



132 

 

ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P00450 
ceruloplasmin 

(ferroxidase) 

Extracellular 

Space 
enzyme 

 
+ + + efficacy 84 9 

 

A8K855-2 
EF-hand calcium 

binding domain 7 
Other other 

 
+ 

   
35 1 

 

Q9NY74 

Ewing tumor-

associated antigen 

1 

Other other 
 

+ 
   

16 2 
 

P02671-2 
fibrinogen alpha 

chain 

Extracellular 

Space 
other F2 + 

  
diagnosis 124 7 

 

P68871 hemoglobin, beta Cytoplasm transporter iron dextran + + + 
 

114 12 
 

P02042 hemoglobin, delta Other transporter 
 

+ 
 

+ 
 

32 4 
 

P00738 haptoglobin 
Extracellular 

Space 
peptidase 

 
+ + + 

diagnosis,efficacy, 

unspecified 

application 

166 20 
 

P00739 
haptoglobin-

related protein 

Extracellular 

Space 
peptidase 

 
+ + + 

 
106 12 

 

P02790 hemopexin 
Extracellular 

Space 
transporter 

 
+ + + 

 
151 17 * 

P04196 
histidine-rich 

glycoprotein 

Extracellular 

Space 
other 

 
+ + + 

 
105 11 

 

P01876 

immunoglobulin 

heavy constant 

alpha 1 

Extracellular 

Space 
other 

 
+ + + 

 
136 17 

 

P01877 

immunoglobulin 

heavy constant 

alpha 2 (A2m 

marker) 

Extracellular 

Space 
other 

 
+ + + 

 
129 29 

 

P01857 

immunoglobulin 

heavy constant 

gamma 1 (G1m 

marker) 

Extracellular 

Space 
other 

 
+ + + 

 
155 17 

 

P01859 

immunoglobulin 

heavy constant 

gamma 2 (G2m 

marker) 

Plasma 

Membrane 
other 

 
+ + + 

 
122 15 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P01860 

immunoglobulin 

heavy constant 

gamma 3 (G3m 

marker) 

Extracellular 

Space 
other 

 
+ + + 

 
146 16 

 

P01861 

immunoglobulin 

heavy constant 

gamma 4 (G4m 

marker) 

Extracellular 

Space 
other 

 
+ + + 

 
121 14 

 

P01871-2 

immunoglobulin 

heavy constant 

mu 

Plasma 

Membrane 

transmembrane 

receptor  
+ + + 

 
164 18 

 

P01834 
immunoglobulin 

kappa constant 

Extracellular 

Space 
other 

 
+ + + 

unspecified 

application 
144 14 

 

P0CG05 

immunoglobulin 

lambda constant 2 

(Kern-Oz- 

marker) 

Extracellular 

Space 
other 

 
+ + + 

 
121 14 

 

P02763 orosomucoid 1 
Extracellular 

Space 
other 

 
+ + + 

unspecified 

application 
132 12 

 

P19652 orosomucoid 2 
Extracellular 

Space 
other 

 
+ + + 

 
122 13 

 

P00747 plasminogen 
Extracellular 

Space 
peptidase 

tenecteplase, 

PLAT, 

tranexamic 

acid, 

aprotinin, 6-

aminocaproic 

acid, reteplase 

+ 
   

17 1 
 

P01009-2 

serpin peptidase 

inhibitor, clade A 

(alpha-1 

antiproteinase, 

antitrypsin), 

member 1 

Extracellular 

Space 
other 

 
+ + + 

diagnosis,unspecified 

application 
108 13 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P01008 

serpin peptidase 

inhibitor, clade C 

(antithrombin), 

member 1 

Extracellular 

Space 
enzyme 

heparin, 

enoxaparin, 

ardeparin,  

SR-123781A, 

glucuronyl 

glucosamine 

glycan sulfate, 

fondaparinux, 

nadroparin 

+ 
   

18 1 
 

Q149N8-4 

SNF2 histone 

linker PHD RING 

helicase, E3 

ubiquitin protein 

ligase 

Nucleus 
transcription 

regulator  
+ 

   
23 1 

 

Q5JUK2-2 

spermatogenesis 

and oogenesis 

specific basic 

helix-loop-helix 1 

Cytoplasm 
transcription 

regulator  
+ 

   
14 2 

 

P02549-2 

spectrin, alpha, 

erythrocytic 1 

(elliptocytosis 2) 

Cytoplasm other 
 

+ 
   

29 1 
 

Q8NHU6-2 
tudor domain 

containing 7 
Cytoplasm other 

 
+ + + 

 
21 1 

 

P02787 transferrin 
Extracellular 

Space 
transporter 

 
+ + + efficacy,prognosis 110 12 * 

Q15361 

transcription 

termination factor, 

RNA polymerase I 

Nucleus 
transcription 

regulator  
+ 

   
19 1 

 

P04004 vitronectin 
Extracellular 

Space 
other 

 
+ + + 

 
112 12 

 

Q96GC6-4 
zinc finger protein 

274 
Nucleus 

transcription 

regulator  
+ 

   
26 2 

 

Q68DY1-2 
zinc finger protein 

626 
Other other 

 
+ 

   
18 8 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P02747 

complement 

component 1, q 

subcomponent,  

C chain 

Extracellular 

Space 
other 

  
+ + 

 
75 10 

 

P01031 
complement 

component 5 

Extracellular 

Space 
cytokine 

eculizumab, 

IgG  
+ + 

 
94 11 

 

O75808 calpain 15 Other peptidase 
  

+ + 
 

15 1 
 

O43866 
CD5 molecule-

like 

Plasma 

Membrane 

transmembrane 

receptor   
+ + 

 
165 16 

 

P08603 
complement factor 

H 

Extracellular 

Space 
other 

  
+ + 

unspecified 

application 
45 14 

 

P50461 

cysteine and 

glycine-rich 

protein 3 (cardiac 

LIM protein) 

Nucleus other 
  

+ 
  

17 1 
 

A7MBM2 

dispatched 

homolog 2 

(Drosophila) 

Other other 
  

+ 
  

14 1 
 

O14490-5 

discs, large 

(Drosophila) 

homolog-

associated protein 

1 

Plasma 

Membrane 
other 

  
+ 

  
24 2 

 

Q96MC2 

dynein regulatory 

complex subunit 1 

homolog 

(Chlamydomonas) 

Extracellular 

Space 
other 

  
+ 

  
14 1 

 

A4FU69-2 
EF-hand calcium 

binding domain 5 
Other other 

  
+ 

  
14 2 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P00734 
coagulation factor 

II (thrombin) 

Extracellular 

Space 
peptidase 

enoxaparin, 

desirudin, 

dabigatran 

etexilate, 

Fibrinogen, 

ximelagatran, 

antithrombin 

alfa, 

aspirin/dabiga

tran etexilate, 

dabigatran, 

argatroban, 

bivalirudin, 

lepirudin 

 
+ 

 

diagnosis,unspecified 

application 
93 11 

 

O95837 

guanine 

nucleotide binding 

protein (G 

protein), alpha 14 

Plasma 

Membrane 
enzyme 

  
+ 

  
14 2 

 

Q02846 

guanylate cyclase 

2D, membrane 

(retina-specific) 

Plasma 

Membrane 
kinase 

  
+ 

  
14 1 

 

P0CG04 

immunoglobulin 

lambda constant 1 

(Mcg marker) 

Cytoplasm other 
  

+ + 
 

298 4 
 

Q8IWB1 

inositol 1,4,5-

trisphosphate 

receptor 

interacting protein 

Extracellular 

Space 
other 

  
+ + 

 
19 1 

 

O43272-1 

proline 

dehydrogenase 

(oxidase) 1 

Cytoplasm enzyme 
  

+ 
 

diagnosis 14 1 
 

P08519 lipoprotein, Lp(a) 
Extracellular 

Space 
other 

  
+ 

 
efficacy 45 14 

 

P47972 
neuronal pentraxin 

II 

Extracellular 

Space 
other 

  
+ 

 
diagnosis 14 2 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

Q8NG80 

olfactory receptor, 

family 2, 

subfamily L, 

member 5 

Plasma 

Membrane 
other 

  
+ 

  
31 1 

 

O95837 

guanine 

nucleotide binding 

protein (G 

protein), alpha 14 

Plasma 

Membrane 
enzyme 

  
+ 

  
14 2 

 

Q02846 

guanylate cyclase 

2D, membrane 

(retina-specific) 

Plasma 

Membrane 
kinase 

  
+ 

  
14 1 

 

P0CG04 

immunoglobulin 

lambda constant 1 

(Mcg marker) 

Cytoplasm other 
  

+ + 
 

298 4 
 

Q8IWB1 

inositol 1,4,5-

trisphosphate 

receptor 

interacting protein 

Extracellular 

Space 
other 

  
+ + 

 
19 1 

 

O43272-1 

proline 

dehydrogenase 

(oxidase) 1 

Cytoplasm enzyme 
  

+ 
 

diagnosis 14 1 
 

P08519 lipoprotein, Lp(a) 
Extracellular 

Space 
other 

  
+ 

 
efficacy 45 14 

 

P47972 
neuronal pentraxin 

II 

Extracellular 

Space 
other     +   diagnosis 14 2   

Q8NG80 

olfactory receptor, 

family 2, 

subfamily L, 

member 5 

Plasma 

Membrane 
other     +     31 1   

P20742 
pregnancy-zone 

protein 

Extracellular 

Space 
other   

 
+ 

  
125 4 

 

Q9NWS8-2 

required for 

meiotic nuclear 

division 1 

homolog (S. 

cerevisiae) 

Cytoplasm other     +     25 1   
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Serum EVs 
Biomarker 

Application(s) 
Mascot score 

Peptide 

matches 
Reference  

Control 
PSA

<50 

PSA

>50 

P0DJI8 serum amyloid A1 
Extracellular 

Space 
transporter 

  
+ + 

diagnosis,unspecified 

application 
85 13 

 

O14907 

Tax1 (human T-

cell leukemia 

virus type I) 

binding protein 3 

Cytoplasm 
transcription 

regulator   
+ 

 

unspecified 

application 
23 1 

 

Q96PF1 transglutaminase 7 Other enzyme 
  

+ + 
 

31 2 
 

O75157-2 
TSC22 domain 

family, member 2 

Extracellular 

Space 
other 

  
+ 

  
15 1 

 

Q99856 

AT rich 

interactive domain 

3A (BRIGHT-

like) 

Nucleus 
transcription 

regulator    
+ 

 
19 1 

 

P02750 
leucine-rich alpha-

2-glycoprotein 1 

Extracellular 

Space 
other 

   
+ 

 
87 13 

 

Q0VAA2 
leucine rich repeat 

containing 74 
Other other 

   
+ 

 
17 1 

 

P46199 

mitochondrial 

translational 

initiation factor 2 

Cytoplasm 
translation 

regulator    
+ 

 
21 1 

 

Q6IFG1 

olfactory receptor, 

family 52, 

subfamily E, 

member 8 

Plasma 

Membrane 

G-protein 

coupled 

receptor 
   

+ 
 

21 2 
 

P06702 

S100 calcium 

binding protein 

A9 

Cytoplasm other 
   

+ 
diagnosis,unspecified 

application 
61 10 

 

P0DJI9 serum amyloid A2 
Extracellular 

Space 
other 

   
+ 

 
84 11 

 

O75533 
splicing factor 3b, 

subunit 1, 155kDa 
Nucleus other 

   
+ 

 
27 2 

 

Proteins with Mascotscores lower than 40 are listed in highlighted column this table, (n (control)=3, n (PSA<50 )=7, 

n(PSA>50)=5). Proteins denoted with * are the mutual proteins present in our in vitro EVs proteomic analysis. 
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Table 3.3 Identification of urine exosome-associated proteins from PCa Patients with PSA lower and higher than 50 as well as 

a control group. 

ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P02768 Albumin 
Extracellular 

Space 
transporter 

 
+ + + 

diagnosis,efficacy,prognosis,safety,

unspecified application 
150 18 * 

P02760 

alpha-1-

microglobulin/ Extracellular 

Space 
transporter 

 
+ + + safety,unspecified application 97 17 

 
bikunin precursor 

H0Y4T9 
ankyrin repeat 

domain 26 
Nucleus 

transcription 

regulator  
+ 

      

C9JF17 apolipoprotein D 
Extracellular 

Space 
transporter 

 
+ 

 
+ safety 56 7 

 

C9JEV0 

alpha-2-

glycoprotein 1, 

zinc-binding 

Extracellular 

Space 
transporter 

 
+ 

   
81 14 

 

P53634 cathepsin C Cytoplasm peptidase 
 

+ 
  

unspecified application 13 1 
 

P01859 

immunoglobulin 

heavy constant 

gamma 2 (G2m 

marker) 

Plasma 

Membrane 
other 

 
+ + 

  
21 1 

 

P01834 
immunoglobulin 

kappa constant 

Extracellular 

Space 
other 

 
+ + + unspecified application 132 13 

 

P04264 keratin 1 Cytoplasm other 
 

+ 
 

+ diagnosis 81 9 
 

P13645 keratin 10 Cytoplasm other 
 

+ 
   

80 8 
 

P35908 keratin 2 Other other 
 

+ 
   

67 9 
 

P02538 keratin 6A Other other 
 

+ 
  

diagnosis 77 9 
 

P04259 keratin 6B Cytoplasm other 
 

+ 
  

diagnosis 66 9 
 

Q86Y46 keratin 73 
Extracellular 

Space 
other 

 
+ 

      

P35527 keratin 9 Other other 
 

+ 
  

diagnosis 47 5 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

O00187-2 

mannan-binding 

lectin serine 

peptidase 2 

Extracellular 

Space 
peptidase 

 
+ 

  
prognosis 22 1 

 

P02763 orosomucoid 1 
Extracellular 

Space 
other 

 
+ + + unspecified application 98 10 

 

P19652 orosomucoid 2 
Extracellular 

Space 
other 

 
+ + + 

 
66 9 

 

H0Y5A1 

prostaglandin D2 

synthase 21kDa 

(brain) 

Cytoplasm enzyme 
 

+ + + efficacy 59 8 
 

D6RCM9 
RAN binding 

protein 3-like 
Other other 

 
+ 

   
19 1 

 

P07998 

ribonuclease, 

RNase A family, 

1 (pancreatic) 

Extracellular 

Space 
enzyme 

 
+ + 

  
43 7 

 

Q9HAT2 
sialic acid 

acetylesterase 
Cytoplasm enzyme 

 
+ 

   
28 1 

 

P10451-2 
secreted 

phosphoprotein 1 

Extracellular 

Space 
cytokine 

 
+ 

  

diagnosis,efficacy,unspecified 

application 
38 2 

 

P01023 
alpha-2-

macroglobulin 

Extracellular 

Space 
transporter 

  
+ 

  
82 9 * 

P02647 
apolipoprotein A-

I 

Extracellular 

Space 
transporter 

  
+ 

 

diagnosis,efficacy,unspecified 

application 
102 11 * 

P02652 
apolipoprotein A-

II 

Extracellular 

Space 
transporter 

  
+ 

  
37 8 

 

P04114 apolipoprotein B 
Extracellular 

Space 
transporter mipomersen 

 
+ 

 
diagnosis,efficacy 109 15 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P25311 

alpha-2-

glycoprotein 1, 

zinc-binding 

Extracellular 

Space 
transporter 

  
+ + 

 
79 10 

 

P02747 

complement 

component 1, q 

subcomponent, C 

chain 

Extracellular 

Space 
other 

  
+ 

  
42 8 

 

P01024 
complement 

component 3 

Extracellular 

Space 
peptidase IgG 

 
+ 

 
efficacy 60 8 * 

E9PNW4 

CD59 molecule, 

complement 

regulatory 

protein 

Plasma 

Membrane 
other 

  
+ 

  
77 1 

 

O43866 
CD5 molecule-

like 

Plasma 

Membrane 

transmembran

e receptor   
+ 

  
107 14 

 

C9J979 

cleavage and 

polyadenylation 

specific factor  3-

like 

Nucleus other 
  

+ 
  

19 1 
 

D6RAK8 

group-specific 

component 

(vitamin D 

binding protein) 

Extracellular 

Space 
transporter 

  
+ 

  
53 110 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

C9JV37 

coagulation 

factor II 

(thrombin) 

Extracellular 

Space 
peptidase 

enoxaparin, 

desirudin, 

dabigatran 

etexilate, 

Fibrinogen, 

ximelagatran

, 

antithrombin 

alfa, 

aspirin/dabig

atran 

etexilate, 

dabigatran, 

argatroban, 

bivalirudin, 

lepirudin 

 
+ 

 

diagnosis, 

33 1 
 

unspecified application 

P00738 haptoglobin 
Extracellular 

Space 
peptidase 

  
+ 

 

diagnosis,efficacy,unspecified 

application 
58 8 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P02790 hemopexin 
Extracellular 

Space 
transporter 

  
+ 

  
85 12 * 

P01876 

immunoglobulin 

heavy constant 

alpha 1 

Extracellular 

Space 
other 

  
+ 

  
81 22 

 

P01857 

immunoglobulin 

heavy constant 

gamma 1 (G1m 

marker) 

Extracellular 

Space 
other 

  
+ 

  
153 17 

 

P0CG05 

immunoglobulin 

lambda constant 

2 (Kern-Oz- 

marker) 

Extracellular 

Space 
other 

  
+ 

  
102 11 

 

P0DJD7 

pepsinogen 5, 

group I 

(pepsinogen A) 

Extracellular 

Space 
peptidase sucralfate 

 
+ 

  
32 1 

 

C9JMK5 

phosphoinositide

-3-kinase 

interacting 

protein 1 

Other other 
  

+ + 
 

36 1 
 

P01009-2 

serpin peptidase 

inhibitor, clade A 

(alpha-1 

antiproteinase, 

antitrypsin), 

member 1 

Extracellular 

Space 
other 

  
+ 

 
diagnosis,unspecified application 58 9 

 

H7C4W7 stabilin 1 
Plasma 

Membrane 
transporter 

  
+ 

  
18 2 

 

P02787 transferrin 
Extracellular 

Space 
transporter 

  
+ 

 
efficacy,prognosis 92 9 * 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P01871-2 immunoglobulin 

heavy constant 

mu 

Plasma 

Membrane 

transmembran

e receptor 

+ 81 11 

Q7L0Y3 

tRNA 

methyltransferase 

10 homolog C (S. 

cerevisiae) 

Cytoplasm other 
  

+ 
  

16 2 
 

P04004 vitronectin 
Extracellular 

Space 
other 

  
+ 

  
57 9 

 

Q16853 

amine oxidase, 

copper 

containing 3 

Plasma 

Membrane 
enzyme 

hydralazine, 

hydralazine/

hydrochlorot

hiazide/reser

pine, 

hydralazine/

hydrochlorot

hiazide, 

hydralazine/i

sosorbide 

dinitrate 

  
+ 

 
30 1 

 

P08571 CD14 molecule 
Plasma 

Membrane 

transmembran

e receptor    
+ efficacy 78 8 

 

E9PNW4 

CD59 molecule, 

complement 

regulatory 

protein 

Plasma 

Membrane 
other 

   
+ 

 
77 10 

 

J3KRR7 

cylindromatosis 

(turban tumor 

syndrome) 

Nucleus 
transcription 

regulator    
+ 

 
28 1 

 

Q8IV36-2 
HID1 domain 

containing 

Plasma 

Membrane 
other 

   
+ 

 
18 1 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P52272-2 

heterogeneous 

nuclear 

ribonucleoprotein 

M 

Nucleus other 
   

+ 
 

41 6 
 

Q8N3X6-2 

ligand dependent 

nuclear receptor 

corepressor-like 

Nucleus 
transcription 

regulator    
+ 

 
17 1 

 

P02750 

leucine-rich 

alpha-2-

glycoprotein 1 

Extracellular 

Space 
other 

   
+ 

 
74 8 

 

O60487 
myelin protein 

zero-like 2 

Plasma 

Membrane 
other 

   
+ 

 
24 1 

 

Q8NGX3 

olfactory 

receptor, family 

10, subfamily T, 

member 2 

Plasma 

Membrane 
other 

   
+ 

 
20 1 

 

B1AVU8 prosaposin 
Extracellular 

Space 
other 

   
+ 

 
29 2 

 

Q5VY30 
retinol binding 

protein 4, plasma 

Extracellular 

Space 
transporter 

   
+ unspecified application 53 4 

 

G3V3A0 

serpin peptidase 

inhibitor, clade A 

(alpha-1 

antiproteinase, 

antitrypsin), 

member 3 

Extracellular 

Space 
other 

   
+ unspecified application 62 2 

 

H7C5E6 

solute carrier 

family 26 (anion 

exchanger), 

member 8 

Plasma 

Membrane 
transporter 

   
+ 

 
23 1 

 

D6R9C5 
secreted 

phosphoprotein 1 

Extracellular 

Space 
cytokine 

   
+ 

diagnosis,efficacy,unspecified 

application 
23 1 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P51809-2 

vesicle-

associated 

membrane 

protein 7 

Cytoplasm transporter 
   

+ 
 

18 1 
 

Q8N3X6-2 

ligand dependent 

nuclear receptor 

corepressor-like 

Nucleus 
transcription 

regulator    
+ 

 
17 1 

 

P02750 

leucine-rich 

alpha-2-

glycoprotein 1 

Extracellular 

Space 
other 

   
+ 

 
74 8 

 

O60487 
myelin protein 

zero-like 2 

Plasma 

Membrane 
other 

   
+ 

 
24 1 

 

Q8NGX3 

olfactory 

receptor, family 

10, subfamily T, 

member 2 

Plasma 

Membrane 
other 

   
+ 

 
20 1 

 

B1AVU8 prosaposin 
Extracellular 

Space 
other 

   
+ 

 
29 2 

 

Q5VY30 
retinol binding 

protein 4, plasma 

Extracellular 

Space 
transporter 

   
+ unspecified application 53 4 

 

G3V3A0 

serpin peptidase 

inhibitor, clade A 

(alpha-1 

antiproteinase, 

antitrypsin), 

member 3 

Extracellular 

Space 
other 

   
+ unspecified application 62 2 

 

H7C5E6 

solute carrier 

family 26 (anion 

exchanger), 

member 8 

Plasma 

Membrane 
transporter 

   
+ 

 
23 1 

 

D6R9C5 
secreted 

phosphoprotein 1 

Extracellular 

Space 
cytokine 

   
+ 

diagnosis,efficacy,unspecified 

application 
23 1 
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ID Protein Name 
Subcellular 

location 
Type(s) Drug(s) 

Urine Evs 

Biomarker Application(s) 
Mascot 

score 

Peptide 

matches 
Reference  

Control 

PSA

<50 

PSA

>50 

P51809-2 

vesicle-

associated 

membrane 

protein 7 

Cytoplasm transporter 
   

+ 
 

18 1 
 

Proteins with Mascotscores lower than 40 are listed in highlighted column this table, (n (control)=3, n (PSA<50 )=4, 

n(PSA>50)=5). Proteins denoted with * are the mutual proteins present in our in vitro EVs proteomic analysis. 
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3.3.2.2.1 Serum EVs 

As demonstrated in Figure 3.6 A. analysis of serum EVs identified proteins in all 

three groups, 12 proteins were [only] belong to control groups (including: cullin-associated 

and neddylation-dissociated 2 (putative), EF-hand calcium binding domain 7, Ewing tumor- 

associated antigen 1, fibrinogen alpha chain, plasminogen, serpin peptidase inhibitor-clade C 

(antithrombin)- member 1 SNF2 histone linker PHD RING helicase, E3 ubiquitin protein 

ligase, spermatogenesis and oogenesis specific basic helix-loop-helix 1, spectrin, alpha, 

erythrocytic 1 (elliptocytosis 2), transcription termination factor- RNA polymerase I, zinc 

finger protein 274, zinc finger protein 626.), 16 proteins were unique in PCa patients with 

PSA lower than 50 (including: cysteine and glycine-rich protein 3 (cardiac LIM protein), 

dispatched homolog 2 (Drosophila), discs- large (Drosophila) homolog-associated protein 1, 

dynein regulatory complex subunit 1 homolog (Chlamydomonas), EF-hand calcium binding 

domain 5, coagulation factor II (thrombin), guanine nucleotide binding protein (G protein)- 

alpha 14, guanylate cyclase 2D- membrane (retina-specific), proline dehydrogenase (oxidase) 

1, lipoprotein, Lp(a), neuronal pentraxin II, olfactory receptor- family 2- subfamily L-member 

5, pregnancy-zone protein, required for meiotic nuclear division 1 homolog (S. cerevisiae), 

Tax1 (human T-cell leukemia virus type I) binding protein 3, TSC22 domain family, member 

2) and only 8 proteins were identified in PCa patients with PSA higher than 50 (including: AT 

rich interactive domain 3A (BRIGHT-like), leucine-rich alpha-2-glycoprotein 1, leucine rich 

repeat containing 74, mitochondrial translational initiation factor 2, olfactory receptor, family 

52, subfamily E-member 8, S100 calcium binding protein A9, serum amyloid A2, splicing 

factor 3b- subunit 1- 155kDa) and not any other groups. 31 identified proteins were mutual in 

all three different groups (control, PSA< 50, PSA>50) 9 proteins were mutual between the 
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two PCa patients group (PSA<50, PSA>50) (including: complement component 1- q 

subcomponent- C chain, complement component 5, calpain 15, CD5 molecule-like, 

complement factor H, immunoglobulin lambda constant 1 (Mcg marker), inositol 1,4,5-

trisphosphate receptor interacting protein, serum amyloid A1, Tax1 (human T-cell leukemia 

virus type I) binding protein 3, transglutaminase 7), 1 proteins were mutual between control 

and PSA>50 group (hemoglobin, delta) and no mutual proteins were found between control 

and PSA<50 group. 

 

 

 

 

 

 

 

 

The protein subcellular localization and type of both core and biomarker analysis 

determined using Ingenuity pathway analysis have been reported and compared in Figure 3.6. 

B-E. The majority of these proteins were localized in the extracellular space (>50%), 

followed by 15-16% from cytoplasm, 9-10% plasma membrane and 9-12% from nucleus. 
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Between 10-12% of these proteins were identified with unknown subcellular localization in 

this analysis (Figure 3.6. B, D). 

 

 

All these proteins were identified as Transporters (13-15%), Transcription regulators             

(8-9%), Peptidases (6-7%), Other enzymes (5-6%), Kinases  (2-3%), Transmembrane 

receptor (2-3%), Growth factors (1%), Cytokine (1%) Translation regulators 1% and     

G-protein coupled receptor 1%. The remaining 55-59% of these proteins have been 

categorized as protein with “other” function. 

Our Ingenuity pathway analysis indicates that the main top five cellular function of 

serum EVs derived from healthy donors were involved in Embryonic Development, 

Organismal Development, Cardiovascular Disease, Endocrine System Disorders, 

Organismal Injury and Abnormalities and Reproductive System Disease, while serum EVs 

derived from PCa patients (with PSA lower and higher than 50) were mainly for 

Ophthalmic Disease, Organismal Injury and Abnormalities, Cardiovascular Disease, 
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Embryonic Development, Organismal Development Cell-To-Cell Signalling and Interaction 

and Endocrine System. Top predicted canonical pathways were very similar in all three 

groups of serum derived EVs (Figure 3.6 F.,G.). 
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3.6 F. Exosomal protein function in serum derived EVs 
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3.6 G. Main canonical pathway function in urine derived EVs 
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Figure 3.6. Proteomic analysis of different patient groups. 

Venn diagram describing the mutuality of proteins in serum EVs derived from the control group versus serum EVs from patients 

with PSA lower or higher than 50. Numbers in ( ) are representative of the total number of proteins present in each group, 

Numbers in [ ] are representative of proteins present in either designated category and not present in any other undesignated 

category B-E. Pie chart showing the subcellular localization and Type of proteins found in serum derived EVs by core analysis 

and biomarker analysis using Ingenuity software. F. Bar chart indicating the disease and cellular function cellular function of 

proteins found within EVs determined using Ingenuity software. G. Predicted top canonical pathways are represented by the 

identified exosomal proteins. (n(control)=3, n (PSA<50 )=7, n(PSA>50)=5) 
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3.3.2.2.2 Urinary EVs 

As shown in Figure 3.7 A., 14 unique proteins were identified in our urinary 

exosome proteomic analysis in the control  (including: ankyrin repeat domain 26, alpha-2-

glycoprotein 1- zinc-binding, cathepsin C, keratin 1, keratin 10, keratin 2, keratin 6A, keratin 

6B, keratin 73, keratin 9, mannan-binding lectin serine peptidase 2, RAN binding protein 3-

like, sialic acid acetylesterase, secreted phosphoprotein 1), 26 proteins were unique in PCa 

patients with PSA lower than 50 (including: alpha-2-macroglobulin, apolipoprotein A-I, 

apolipoprotein A-II, apolipoprotein B, complement component 1-q subcomponent-C chain, 

complement component 3, CD59 molecule- complement regulatory protein, CD5 molecule-

like, cleavage and polyadenylation specific factor 3-like, group-specific component (vitamin 

D binding protein), coagulation factor II (thrombin), haptoglobin, hemopexin, 

immunoglobulin heavy constant alpha 1, immunoglobulin heavy constant gamma 1 (G1m 

marker), immunoglobulin lambda constant 2 (Kern-Oz- marker), pepsinogen 5- group I 

(pepsinogen A), serpin peptidase inhibitor- clade A (alpha-1 antiproteinase, antitrypsin)- 

member 1, stabilin 1, transferrin, immunoglobulin heavy constant mu, tRNA 

methyltransferase 10 homolog C (S. cerevisiae), vitronectin) and  23 proteins were unique in 

PCa patients with PSA>50 (including: amine oxidase, copper containing 3, CD14 molecule, 

CD59 molecule-complement regulatory protein, cylindromatosis (turban tumor syndrome), 

HID1 domain containing, heterogeneous nuclear ribonucleoprotein M, ligand dependent 

nuclear receptor corepressor-like, leucine-rich alpha-2-glycoprotein 1, myelin protein zero-

like 2, olfactory receptor, family 10- subfamily T- member 2, prosaposin, retinol binding 

protein 4- plasma, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin)-

member 3, solute carrier family 26 (anion exchanger)-member 8, secreted 
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phosphoprotein 1, vesicle-associated membrane protein 7, ligand dependent nuclear 

receptor corepressor-like, leucine-rich alpha-2-glycoprotein 1, myelin protein zero-like 2, 

olfactory receptor, family 10-subfamily T- member 2, prosaposin, retinol binding protein 4- 

plasma, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin)-member 3, 

solute carrier family 26 (anion exchanger)- member 8, secreted phosphoprotein 1, vesicle-

associated membrane protein 7) groups respectively. Our data also shows that there were 6 

proteins mutual to all three groups (Albumin, Alpha-1-microglubin/bikunin precursor, 

immunoglobulin kappa constant, orosomucoid 1, orosomucoid 2 and prostaglandin D2 

synthase), 2 proteins mutual to control and PSA<50 groups (immunoglobulin heavy constant 

gamma 2 and ribonuclease RNase A family, 1), 2 protein mutual tothe control and PSA>50 

(apolipoprotein D And keratin 1) groups and lastly 2 proteins mutual to PSA<50 and 

PSA>50 groups (Alpha-2-glycoprotein 1, zinc-binding and phosphoinositide-3-kinase 

interacting protein 1). 
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Similar to what we saw in serum EVs the majority of identified proteins in urine 

derived EVs were from extracellular space (53-55%), followed by 19-20% from plasma 

membrane, 11% from cytoplasm, 8% from nucleus and 8% from unknown location (Figure 

3.7 B., D.). 
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Figure 3.7 C, E. indicates that all the proteins have been categorized to 8 protein 

types. With the exception of proteins that had unidentified protein type (45-47%) most of the 

proteins were Transporters (23-24%) followed by Peptidases (9%), Other enzymes (8%), 

Transmembrane receptors (5%), Transcription regulators (4%), Cytokines (3%) and 

Ligand-dependent nuclear receptors (1%). 

Our IPA data for urinary EVs demonstrated that while Dermatological Disease 

and Conditions, Cancer, Cardiovascular Disease, Cardiovascular System Development and 

Function and Cell Death and Survival were the top five disease and cellular functions 

identified in the control group, Cancer, Cardiovascular Disease, Endocrine System Disorders, 

Organismal Injury and Abnormalities, Reproductive System Disease, Lipid Metabolism, 

Cellular Movement and Dermatological Disease and Function were the major ones 

determined for the PCa patient groups (both PSA<50 and PSA>50). When compared, the top 

canonical pathways in these three groups: Acute Phase Response Signalling, LXR/PXR 
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Activation and FXR/PXR Activation, were higher than the control group. 
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3.7 F. Exosomal protein function in urine derived EVs 
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3.7 G. Main canonical pathway function in urine derived EVs 
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Figure 3.7  Proteomic analysis of different patient groups 

A. Venn diagram describing the mutuality of proteins in urine EVs derived from the control group versus urine EVs from patients 

with PSA lower or higher than 50. Numbers in ( ) are representative of the total number of proteins present in each group, 

Numbers in [ ] are representative of proteins present in either designated category and not present in any other undesignated 

category B-E. Pie chart showing the subcellular localization and Type of proteins found in urine derived EVs by core analysis 

and biomarker analysis using Ingenuity software. F. Bar chart indicating the disease and cellular function of proteins found 

within EVs determined using Ingenuity software. G. Predicted top canonical pathways are represented by the identified 

exosomal proteins. (n(control)=3, n (PSA<50 )=4, n(PSA>50)=5) 

.



163 

 

3.3.3 Cholesterol Content 

The cholesterol content of all samples (serum, urine, serum derived EVs, urine 

derived EVs ) was determined using LC-MS. As shown in Figure 3.8 A. while the average 

cholesterol level of PCa patient serum EVs (n=12) seems to be slightly higher than the 

control group (n=3) (10.75 µg/ml vs 14.50 µg/ml respectively) there was no significant 

difference between the cholesterol content of serum and serum derived EVs in all three 

samples. 

Interestingly, as shown in Figure 3.8 B. the urinary EVs were in general enriched 

in cholesterol when compared to the urine cholesterol content of each group. The cholesterol 

level of the PCa patients urinary EVs in both PSA<50 and PSA>50 is significantly lower 

than the control group (2.95 µg/ml vs 0.96 µg/ml respectively). 

 

Figure 3.8  Cholesterol concentration. 

The bar diagrams show the cholesterol concentration of A. Serum and Serum EVs , 

(n(control)=3, n (PSA<50 )=7, n(PSA>50)=5) B. Urine and Urine EVs (n (control)=3, n 

(PSA<50 )=4, n(PSA>50)=5) 
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3.4  Discussion 

The presence of EVs in accessible biological fluids (e.g. blood and urine) combined 

with the presence of preserved and bioactive differential exosomal protein, lipid and genetic 

markers involved in cancer development and progression is an avid area of research interest 

in areas of both cancer biomarker discovery and therapeutic targeting. In this study we 

characterized EVs from two biological fluids and performed proteomic analysis to identify 

the most promising and relevant exosomal biomarker candidates in PCa patient samples. 

To date exosome isolation especially from biological fluids has remained one of the 

major and initial challenges in EVs research. Many different protocols and commercial kits 

have been developed in order to improve the efficiency and purity of exosome isolation. 

Even though, the lack of specific exosomal markers makes it extremely challenging to 

validate the efficiency and specificity of these protocols, EVs researchers have mainly used 

differential centrifugation-based protocols to purify different classes of microvesicles from 

cell debris, protein aggregate and other EVs. While differential centrifugation could eliminate 

the presence of some contamination, it can not eliminate the co-sedimentation of other 

vesicles, platelet derived microparticles (in plasma) (Siljander et al., 2011) or protein 

aggregates of similar size to specific classes of microvesicles. Therefore in the lack of 

standardized isolation protocol, some EVs researchers have added different steps of 

filtration or sucrose gradients to their protocols in the hope of eliminating the presence of 

some of these co-sediments. However all these additional steps for homemade EV isolation 

have improve the quality of isolated vesicles to some degree, the current isolation 

protocols (especially for biological samples) are very labour intensive, time consuming 

and expensive. Even though one of the main challenges of this research was to develop a 
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protocol which suits our further proteomic analysis, we need to recognize that the co-

presence of other EVs from different sources and secretory proteins within our EV isolate 

was unavoidable. 

Access to the limited volumes of biological fluids available compared to 

conditioned media (µl vs ml) used in in vitro studies, as well as the presence of abundant 

housekeeping proteins (e.g. albumin, uromodulin) in clinical samples adds an extra layer of 

complexity to the development of an isolation protocol which provides an acceptable degree 

of purity for further content analysis of specific microvesicles. 

In the present study EVs were isolated from two biological fluids; blood and urine, 

using differential centrifugation with a final ultracentrifugation step. To confirm the identity of 

isolated vesicles with our protocol their morphological and biochemical characteristics were 

determined using TEM, NTA and WB analysis. The presence and enrichment of some 

exosomal markers in addition to the classical exosome morphology and size in purified 

vesicles revealed the isolation of homogenous EVs in both biological fluids. 

While blood derived EVs could potentially originate from any tissue, organ or cell 

type in the body, urine derived EVs are mainly derived from kidney, bladder, seminal vesicle, 

prostate, urethra and immune cell infiltrate (Drake and Kislinger 2014). To better 

understand the major differences of these two sources for different applications both blood 

and urine were used and compared in this study. 

In agreement with previous in vitro and in vivo reports, the number of PCa patient 

serum derived EVs was significantly higher than healthy controls. Taylor et al (2008) have also 

reported that the level of circulating EVs increased as the ovarian cancer stage progressed, 

suggesting that cancer cells not only secrete higher level of EVs into the blood, but that this 
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number also elevates as the disease progresses (Taylor et al., 2008). Lazaro-Ibanez et al. (2014) 

have also demonstrated that levels of plasma-derived EVs are significantly higher in PCa 

patients when compared to healthy donors (Lazaro-Ibanez et al., 2014). In a similar study, 

Tavoosidana et al. (2011) also reported an elevated amount of plasma derived EVs in PCa 

patients compared to controls, their data also suggested that the increased level of plasma 

derived EVs in PCa patients is positively correlated to their GS (Tavoosidana et al., 2011). 

Yu et al. (2006) reported that in response to stress, the tumour suppressor protein p53 

induces the function of the endosome compartment thereby regulating the transcription of 

tumor-suppressor activated pathway-6 (TSAP-6) to enhance exosome production (Yu et al., 

2006). Another explanation for these observations in cancer cells could be due to the 

mutation and upregulation of Rab GTPase family (Rab Family are very well-known to 

promote exosome secretion) in cancer cells (Ponnambalam and Baldwin, 2003)(Ostrowski et 

al., 2010). In this study while a significant difference was observed both in number and size of 

cancer serum derived EVs ,statistically significant differences were not observed in number 

or size of PCa patient urine derived EVs when compared to urine EVs from healthy 

controls, although a trend towards lower and higher respectively was apparent. Therefore 

based on NTA data alone, monitoring the number of EVs released into blood is superior to 

urine and could lead to an earlier diagnosis for determining prognosis of pathological disorders 

including PCa. 

During the last several years mass spectrometry-based EVs analyses (proteomic 

and lipidomic) have greatly facilitated the understanding of EVs molecular biology and their 

membrane structure. While these technologies have tremendously improved our 

understanding of the molecular mechanisms and proteins involved in EVs cargo sorting 
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and biogenesis, the major aim of clinical EV proteomic analysis is to discover and identify 

disease biomarkers in biological fluids which could facilitate the inexpensive, easy and 

early diagnosis of the disease (Choi et al., 2014)(Pisitkun et al., 2004). The main challenge 

in this process is to overcome the proteome complexity of biological fluids and improve the 

detectability of low abundance proteins with diagnostic and/or prognostic biomarker potential. 

Blood samples in particular typically contain more than 10,000 different proteins, 

the concentration of the high serum abundance protein, albumin, is 35-50 mg/ml which is 1010 

higher than the concentration of Interleukin 6 with the 0.5 pg/ml concentration in plasma 

(Honda et al., 2013). Glauser et al (2000) have also determined that the concentration of 

THP/Creatinine varies between 1.38 to 2.08 mg/mmol in healthy male and female 

donors (Glauser et al., 2000). Therefore, improving both EV isolation protocols to 

remove abundant proteins as well as proteomic technologies to provide more in depth 

information about low abundance proteins is urgently needed. To this date conventional 

proteomic analysis falls short in biomarker discovery with respect to EVs due to the limited 

separation peak capacity as well as the dynamic range of detection (Zocco et al., 2014) 

Adding several steps of washing with different buffers, using buoyant density 

gradient ultracentrifugation as well as incubation of urine derived EVs with DTT are 

some of the procedures that have been used to eliminate or denature the abundant proteins in 

biological fluid derived EVs (Pisitkun et al., 2004)(Choi et al., 2014). While all these 

preparative steps may improve the removal of these proteins partially, the final proteomic 

analysis demonstrates the presence of these highly abundant circulating proteins remaining 

predominant in the analysis. This is almost certainly due to association of these proteins 

with EV proteins or EV membrane (Hiemstra et al., 2011) as their removal leads to 
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extensive loss of EVs as observed in serum processed using an ‘Albumin Out’ column 

which resulted in quite effective and parallel removal of both albumin and EV’s when 

compared in proteomic analysis (Data not shown). Zhou et al (2006) has studied the 

collection, storage and preservation of human urinary exosomes. Their result revealed 

several critical parameters for future urinary exosomes research. They have demonstrated 

that protease inhibitors are necessary for preservation of exosome-associated proteins 

during the collection process. Their results also confirmed that -80°C is the best 

temperature for urine storage to preserve their urinary exosome-associated proteins as well 

as demonstrating that extensive vortexing after thawing improves the recovery of the 

exosome fraction (Zhou et al., 2006). 

For the purpose of our study even though urine samples were stored at -80°C and 

were vortexed extensively after thawing the absence of protease inhibitor (which is essential 

to inhibit the degradation of exosome-associated proteins) at the time of urine sample 

collection could explain the lower number of identified proteins in our proteomic analysis 

when compared to similar proteomic research carried out on urinary EVs. 

In addition, Zhou et al (2006) has indicated that only 3% of the total urinary 

protein excreted from normal human adult subjects was in exosomes (48% was in sediment 

and 49% was soluble)(Zhou et al., 2006). Therefore isolation and purification of urinary EVs 

can lead to a very large enrichment of urinary proteins which could therefore be very valuable 

in biomarker studies. 

When populations of biological fluid derived EVs are being studied, it is essential to 

aim for longitudinal sampling (especially for urine) and to eliminate any co-contamination to 

ensure authentic and reliable results. In this study, in addition to PBS washing steps that 
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were added to the exosome isolation protocol, as referred to previously, we also used an 

“Albumin Out” column and DTT incubation for blood and urine sample respectively. 

While the Coomassie staining profile of our serum/urine derived EVs reveals a significant 

reduction in the level of both proteins after these treatments, no significant differences were 

observed regarding the quality of our proteomic analyses. 

In addition to searching for PCa biomarkers, many researchers have investigated 

prostate specific exosome protein markers to purify the prostate derived EVs subpopulation 

from those derived from other organs. FOLH-1, CD13, survivin and PTEN are a few 

examples of claimed prostate or PCa specific protein markers that have been used for 

prostate derived exosome purification (Tavoosidana et al., 2011)(Khan et al., 2012)(Gabriel 

et al., 2013). 

In our previous publication we successfully identified 220 proteins in six different 

prostate cell lines (Mascot score>40 and Peptide number 2), out of these 50 protein 

biomarkers were identified. Our list also consisted of protein biomarkers that were 

present in cancer derived exosomes (AR+/- ve) and not in our benign cell line (Hosseini-

Beheshti et al., 2012). 

While we were expecting to see more overlap in proteins identified from 

exosomes derived from our clinical and PCa cells, an overlap of only 6 proteins were 

observed when the two sets were compared. This is in agreement with the observation of 

Duijvesz et al. (2013) where only 42 mutual proteins were determined upon comparison of 

their PCa derived exosomes proteomic analysis to ours (Hosseini-Beheshti et al., 

2012)(Duijvesz et al., 2013). In addition to the described complexities of biological samples 

this difference could be partially due to different isolation protocols used for clinical samples 
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versus PCa cell line derived exosomes. 

Building upon our previous findings we successfully identified 85 proteins in 

serum derived EVs from 12 patients and 3 control serum samples. To better understand the 

differences between the patient derived and healthy control derived groups and 

considering the lack of detailed information about the tumor stage or GS, we further 

categorized them as PSA<50 and PSA>50. 

In comparison to other published blood or urine derived EVs proteomic data, we 

found that more than 20 proteins (from mutual data set of all three groups) have already been 

reported in other blood or urinary exosome proteomics research (e.g. Hemopaxin, 

lysosomal-associated membrane protein 2, regulator of G-protein signaling 20, complement 

component 3, alpha-2- macroglobulin, CD14, CD59, ceruloplasmin, vitamin D binding 

protein, haptoglobin, heterogeneous nuclear ribonucleoprotein M, inter-alpha-trypsin inhibitor 

heavy chain 2, leucine- rich alpha-2-glycoprotein 1, mannan-binding lectin serine peptidase 2, 

phosphoinositide-3-kinase interacting protein 1, transferrin (Prunotto et al., 2013)(Zubiri et 

al., 2013)(Saraswat et al., 2014) (Benito-Martin et al., 2013). Prunotto et al. (2013) have 

published a very comprehensive proteomic analysis of the podocyte exosome-enriched 

fraction from normal human urine and identified more than 1,000 proteins with at least two 

unique peptides using one-dimensional gel electrophoresis and LC-MS/MS in normal urinary 

EVs (Prunotto et al., 2013). Conversely, there are several reports describing the detection of 

prostate tumor exosomes and their protein content. In an attempt to discover urine markers 

for the specific detection of PCa, Chen et al. (2011) recently published a list of blood 

and urinary markers (Chen et al., 2011). Immunoglobulin superfamily member 8 (blood 

and urine), Apolipoprotein D (urine), complement factor H (blood) and retinol binding protein 
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4 (urine) were mutually identified in our proteomic data set when compared to the list 

provided by Chen et al. (2011). 

Among the proteins identified with biomarker potential such as diagnosis, 

prognosis, disease progression, efficacy and response to therapy, 11 serum exosome 

(Albumin, apolipoprotein A-I, apolipoprotein B, fibrinogen alpha chain, Haptoglobin, 

serpin peptidase inhibitor- clade A (alpha-1 antiproteinase, antitrypsin)-member 1 

coagulation factor II (thrombin), proline dehydrogenase (oxidase) 1, neuronal pentraxin II, 

serum amyloid A1, S100 calcium binding protein A9) and 12 urine exosome proteins were 

identified with known diagnostic application (Albumin, keratin 1, keratin 6A, keratin 6B, 

keratin 9, secreted phosphoprotein 1, apolipoprotein A-I, apolipoprotein B, coagulation 

factor II (thrombin), haptoglobin, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, 

antitrypsin), member 1). All of these diagnostic proteins were investigated to obtain further 

information pretaining specifically to PCa and Apoliprotein, a high density lipoprotein which 

is mainly produced in the brain and testes and is a biomarker for androgen insensitivity 

syndrome, was the only protein that we identified that has already been reported as a potential 

PCa biomarker. 

Using WB analysis we also attempted to validate our previously published in vitro 

PCa biomarker list using the data obtained for the serum and/or urine derived exosomes 

(Hosseini- Beheshti et al., 2012). While it is not possible to draw any conclusions from the 

data obtained (data not shown) considering the lack of descriptive information regarding the 

stage of PCa in our samples, FOLH1, FASN, FLMN and ANXA2 data suggest some 

significant differences when compared to control samples and could be interesting targets for 

further PCa biomarker studies. 
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Similar to our previous publication we went on to fully characterize the biological 

fluid derived EVs and to investigate whether EVs cholesterol content could be a diagnostic 

indicator of PCa. Our group has previously shown evidence of de novo androgen synthesis 

from cholesterol pre-cursors within local tumor microenvironment and shown that this 

mechanism contributes to CRPC (Locke et al., 2008). Furthermore, our group was the first 

group who demonstrated the presence of CYP17, a member of the cytochrome P450 enzyme 

family and a key enzyme in de novo steroidogenesis, in human serum exosomes, which 

confirmed the role of exosomes in PCa progression (Locke et al., 2009). In line with these 

observations we also reported that exosomes derived from PCa cell lines contain 

significantly more cholesterol than their benign counterpart cell line RWPE-1(Hosseini-

Beheshti et al., 2012). Therefore, in this study the cholesterol content of both serum and urine 

derived exosomes were measured and compared to their source of origin. 

While no enrichment or significant differences were observed between different 

groups of serum derived exosomes (Control, PSA<50, PSA>50) when compared to serum, 

our research revealed a significant enrichment in the cholesterol content of urinary exosomes 

when compared to urine. This may be a reflection of higher overall enrichment during 

urine processing and/or lower lipid/lipoproteins available in urine for association and co-

extraction with EV’s. Our quantitative cholesterol content of urinary EVs also shows that 

the cholesterol level of PCa derived EVs are significantly lower than the control group. 

These findings are in line with our previous statement about the role of cholesterol in de 

novo synthesis of androgen and CRPC. While more studies are needed to draw definitive 

conclusions, any correlative decrease in cholesterol content of urinary exosomes may be 

an interesting PCa diagnostic or prognostic indicator. 
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In conclusion, the cumulative biomarker discovery path contextual to the 

characterization of PCa EVs holds an encouraging future. In this study we attempt to form a 

solid platform for PCa derived exosome biomarker study. There are clearly substantial 

issues that require improvement in EV isolation from clinical specimens to further drive a 

discovery based biomarker search using EVs. Future blood and urinary EVs proteomic and 

lipidomic analysis will most certainly extend and build on what we have described and 

ultimately progress to allow development of more highly multiplexed targeted proteomic 

and lipidomic assessment of EV enriched specimens. Thus, future proteomic and lipidomic 

analysis of EVs can extend and build on what is have reported herein. 
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  Exosomes Confer Pro-Survival Signals to Alter the Phenotype of Prostate Cells Chapter 4:

in Their Surrounding Environment 

4.1 Introduction 

Since the initial description by Trams in 1981 (Trams, 1981) followed by Pan 

and Johnston (Pan and Johnstone, 1983) EV research has grown exponentially. Cancer cell 

derived exosomes in particular have been one of the main areas of interest for EV 

scientists not only because of their biomarker potential but also because of their detrimental 

effects on the immune system. These effects occur via blocking or inducing specific pathways 

and is possible as a result of their extensive range of bioactive molecules (Taylor & 

Gercel-Taylor, 2005)(Liu et al., 2006)(Abusamra et al., 2005)(Koga et al., 2005)(Qu et al., 

2009). 

It is very well known that cancer cells produce many of their own growth factors in 

order to sustain independent proliferative growth signalling. MAPK and PI3K/Akt 

pathways are recognized as the main cytoplasmic signalling pathways that play a 

central role in growth signalling (Arcaro et al., 2007). Due to their containment of a large 

array of proteins as well as their role in disease progression, numerous studies have already 

looked into the effects of cancer cell derived exosomes on different signalling pathways 

within the neighbouring cells in their microenvironment (Umezu et al., 2014)(Ostenfeld et 

al., 2014). 

Therefore, in the present study we investigate the role of AR +/- ve, PCa cell 

derived exosomes on PCa tumour growth and progression. We have also reported the effects of 

exosomes derived from PCa cells on the PSA level and tumor growth of mice bearing human 

PCa tumour xenografts when they have been systemically introduced via IV injection. 
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While the primary emphasis of this research was to understand the effects of 

different PCa cell derived exosomes, with distinct AR phenotypes, on cell-cell 

communication as they confer changes in cellular properties of neighboring cells in a tumour 

population, further studies are required to achieve a deeper and more precise understanding 

of the role of exosomes at the molecular level as it pertains to cancer progression and 

metastasis. 

 

4.2 Materials and Methods 

4.2.1 Cell Culture 

PC3 and DU145 human PCa cells (ATCC) were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM), LNCaP cells (ATCC) were cultured in RPMI 1640 

supplemented with 5% FBS (Invitrogen) and antibiotic, at 37 °C in 5% CO2. RWPE-1 

(ATCC) cells were maintained in keratinocyte-SFM (KSFM) with growth supplement 

(GIBCO) and 1% penicillin streptomycin (Invitrogen, Carlsbad, CA). CLUGFP stably 

over-expressing LNCaP cells were maintained in 200 mg/ml G418 (Invitrogen) containing 

RPMI supplemented with 10% FBS and 1% antibiotics at 37 °C in 5% CO2. 

All cells were grown to 60–70% confluency, washed with sterile PBS buffer and 

removed from serum and incubated in culture media for 72 hours for exosome collection and 

purification. 

 

4.2.2 Exosome Isolation 

Exosomes were purified from the serum free media of AR +ve and –ve PCa cell 

lines following exposure to LNCaP and DU145 cells for 72 hours. For exosome purification, 
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200 ml of each cell line’s conditioned medium was cleared by centrifugation at 6,000 g at 

4°C for 10 minutes to remove cell debris and protein aggregates. The precleared medium was 

concentrated to 2 ml using a 100 kDa MWCO Centricon Plus-20 filter capsule (Millipore, 

Billerica, MA). Samples were transferred to ultracentrifuge tubes containing 300µl of 30% 

sucrose-deuterium oxide (D2O). Sample tubes were then ultracentrifuged at 100,000g for 70 

minutes at 4°C (using a fixed angel 70.1 Ti rotor (Beckman Coulter)). Purified exosomes 

(350 µl) were collected from the cushion of sucrose and washed with PBS prior to any 

exosome treatment (350 µl exosomes were isolated from 10,000,000 originally seeded cells). 

 

4.2.3 Transmission Electron Microscopy of Exosomes 

Isolated exosomes (2.5µl) were dried onto freshly ‘glow discharged’ 300 mesh 

formvar/carbon- coated TEM grids (Ted Pella, Redding, CA), negatively stained with 2% 

aqueous uracyl acetate and observed with a Hitachi H7600 TEM (Hitachi High-

Technologies Corp., Tokyo, Japan) operated at 80kV. Images were captured with a side 

mounted 1K AMT Advantage digital camera (Advanced Microscopy Techniques, Corp. 

Woburn, MA). 

 

4.2.4 Western Blot Analysis 

Exosomes and cell lysates were analyzed for total protein concentration using the 

BCA protein determination kit (Sigma, Oakville, Ontario, Canada). Thirty micrograms of total 

protein associated with purified exosomes as well as their cell lysate were loaded on 12% 

acrylamaide gel. Relative enzyme levels were quantified using antibodies specific for 

exosome markers, specficially: mouse monoclonal Actin (1:1000 Sigma) mouse 



177 

 

monoclonal Alix and mouse monoclonal HSP70 (1:1000 Santa Cruz Biotechnology, Inc., 

Santa Cruz, CA). In order to evaluate the purity of the exosome preparations, all exosomes 

samples were also blotted against GRP94 (1:1000 Cell Signaling) to demonstrate the 

absence of cellular contaminants from cell lysate in our exosome preparation. The activation 

of MEK/ERK pathway was demonstrated using rabbit polyclonal p-MEK1/2, t-MEK1/2, p-

ERK1/2, and t-ERK1/2 (1:1000 Cell signalling) antibodies. 

 

4.2.5 Nanoparticle Tracking Analysis of Exosomes 

Size distribution and the estimated concentration of nanoparticles in purified 

exosomes isolate were analysed using a light scattering technology via measurement of the rate 

of Brownian motion with the NanoSightTM LM10 system (NanoSightTM Ltd, Amesbury, 

UK) configured with a (488 nm) laser and a high sensitivity digital camera 

(OrcaFlash2.8, Hamamatsu C11440, NanoSightTM Ltd). 

All samples were diluted with nanoparticle-free water so the concentration was within 

the range of 5×107 to 5×109. Samples were administered and recorded under controlled flow 

(infusion rate of 100) using a NanoSightTM syringe pump and script control system. The 

ambient temperature was set at 25ºC, with the camera sensitivity and detection threshold set 

between 9 to 12 for maximum particle detection. Five different videos of 60 seconds from 3 

different replicates were collected and analysed using NTA-software (version 2.3) for each 

sample. 

 

4.2.6 Confocal Microscopy 

In order to study the uptake of exosomes by different cancerous or non-cancerous 
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prostate cell lines (with distinct AR expression phenotypes) equal numbers of cells were 

seeded in four- well chamber slides (Lab-Tek II chamber slide with cover, Thermo Fisher 

scientific). In the next step as previously reported (Hosseini-Beheshti et al., 2012) fresh 

CLUGFP labelled exosomes were incubated with PC3 (AR-ve) and LNCaP (AR+ve) PCa cell 

lines as well as RWPE-1 representing a benign epithelial prostate cell line, for 12 h at 37 °C 

and 5% CO2. CLUGFP tagged exosomes were isolated from a CLUGFP stably 

overexpressing LNCaP cell line. After removal of media, cells were fixed with ice-cold 

MeOH/Acetone (3:1) for 10 minutes, and then washed in TBS buffer and permeabilized in 

0.1% Triton X-100 in TBS for 15 minutes at room temperature (RT). Non-specific binding 

was avoided by blocking in odyssey solution for 30 minutes at RT. Primary purified mouse 

anti E-Cadherin (1:250 BD Transduction Laboratories™) or rabbit anti Caveolin-1(1:250 

Santa Cruz, CA) were diluted in blocking agent and incubated with cells for 1 hour at RT. 

Secondary antibody, Alexa Fluor® 568 goat antimouse IgG or Alexa Fluor® 555 Donkey 

Anti-Rabbit IgG (1:500, Invitrogen), was incubated with cells for 30 minutes at RT. 

Finally, as described above, all slide chambers were mounted and monitored using a  x63 

objective on a confocal microscopy (LSM 780 Ziess, Heidelberg, Germany). 

 

4.2.7 Apoptosis Assay 

Caspase- 3/7 assay was carried out by mixing 10 μg of total protein extracts prepared 

from cells as above with Caspase-Glo 3/7 substrates (Promega) (Chan et al., 2010). The 

relative luminescence units (RLU) were measured using a Synergy H4 Hybrid Multi-Mode 

Microplate Reader (BioTek Instruments, Inc.). The percentage of apoptosis based on caspase 

3/7 activity was calculated relative to that of control samples. 
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4.2.8 Real Time Cell Analysis (xCELLigence) 

4.2.8.1 Proliferation 

A blank reading was taken with 30µl of RPMI + 5% FBS in each well. DU145 cells 

were seeded at a density of 7,000 cells per well and LNCaP and RWPE-1 cells were seeded at a 

density of 20,000 cells per well with a final volume of 100µl. Treatments of either DU145 

or LNCaP exosomes (0-400µg/ml) were added after 24 hours to a final volume of 200µl. Data 

was recorded once every 5 minutes for the first 25 sweeps, followed by once every 10 

minutes till completion of the experiment 72 hours post treatment. Data was normalized to a 

time point shortly prior to treatment delivery. 

 

4.2.8.2 Migration 

Media with 10% FBS was added to the bottom chamber and 30µl of serum free 

media was added to the wells of the top chamber of the CIM migration plates (Post 

equilibration of the two chambers). DU145 and RWPE-1 cells were seeded at a density of 

20,000 cells per well with a final volume of 100µl. Treatments of either DU145 or LNCaP 

exosomes (100µg/ml) was added after 24 hours to a final volume of 200µl. Data was 

recorded once every 5 minutes for the first 25 sweeps, followed by once every 10 minutes 

till completion of the experiment 48 hours post treatment. Data was normalized to a time 

point shortly prior to treatment delivery. 

 

4.2.8.3 Cell Motility 

In vitro cell migration assays were performed in a 24-well Transwell plate with 8-μm 

polycarbonate membrane filters (Corning) separating the lower and upper culture 
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chambers.RWPE-1 cells were grown to subconfluence (∼75%–80%) and were incubated with 

LNCaP or DU145-derived exosomes (100 µg/ml) or serum-free medium for 48 hours. After 

detachment with trypsin, cells were washed with PBS and resuspended in serum-free medium, 

after which the cell suspension (1×105 cells), supplemented with exosomes (100 µg/ml) or 

serum-free medium, was added to the upper chamber. Medium containing 10% FBS and 

exosomes (100 µg/ml) or serum-free medium was added to the bottom wells of the chamber. 

The cells that had not migrated were removed from the upper face of the filters using cotton 

swabs, and the cells that had migrated to the lower face of the filters were fixed with 

methanol and stained with 0.5% crystal violet solution. Images of at least 10 random fields 

were captured from each membrane using a x10 objective, and the number of migratory 

cells was counted. All values are representative of at least two independent experiments 

with similar results determined in each case. 

 

4.2.9 3D Migration 

Three-dimensional multicellular spheroids were prepared by the liquid overlay 

technique (Weiswald et al., 2010). In brief, tissue culture microplates were coated with 75µl 

of 1% agarose in water. RWPE-1 cells grown as a monolayer were resuspended with 

trypsin, and 2×103 cells were seeded in microwells so as to obtain, after 3 days, a single 

spheroid per well. 

Serum-free medium or serum-free medium supplemented with LNCaP or DU145 

exosomes (final concentration, 0.1 µg/µl) was added to the microwells containing spheroids. 

48 hours later, we performed the spheroid-based assay (Vinci et al., 2013). 

Briefly, RWPE-1 spheroids were transferred on a 50 µg/ml collagen I-coated surface (single 
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spheroid/96- well; 6 spheroids/treatment) in 300 μl respective media in the presence or 

absence of LNCaP or DU145 exosomes (final concentration, 0.1 µg/µl). The spheroids 

were imaged (Canon EOS Digital) and the migration was quantified recording the total 

area covered by RWPE-1 cells at the start of the experiment and at 12 and 24 hours. The 

covered areas were manually measured using ImageJ and the data have been normalized to 

the original size of each spheroid recorded at t = 0 (formula: (migrated area at t = x /migrated 

area at t = 0) × 100). In vivo Study in Mice bearing LNCaP Human Tumor Xenografts Six to 

eight week-old nude mice (Harlan Sprague Dawley, Inc.) weighing 25-31 grams were 

subcutaneously inoculated with LNCaP cells (106 cells in BD matrigel, BD Biosciences, 

New Jersey, USA) at the right posterior dorsal site. Body weight, tumor volume and serum 

PSA levels were measured weekly. When the tumor volume reached 100 mm3, mice were 

randomized into 3 treatment groups; vehicle, low dose (10 µg protein of LNCaP or DU145 

derived exosomes) and high dose (100 µg LNCaP or DU145 derived Exosomes) treatment. 

All mice were treated intravenously via the tail vein twice a week for 4 weeks. Calipers were 

used to measure the three perpendicular axes of each tumor. 

 

The above formula where L is the length, W the width, and H the height, was used 

to calculate the tumor volume. Mice were also weighed weekly and monitored daily for 

signs of toxicity including death, lethargy, blindness and disorientation. 

 

4.2.10 Immunohistochemistry 

This study was done on the total of 19 xenograft tumors from LNCaP cells. The 

H&E slides were reviewed and the desired areas were marked on them and their correspondent 
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paraffin blocks. TMA was manually constructed (Beecher Instruments, MD, USA) by 

punching multiple cores of 1 mm for each sample. All the specimen were from xenograft 

tumors. 

Immunohistochemical staining was conducted by Ventana autostainer model 

Discover XT
TM

 (Ventana Medical System, Tuscan, Arizona) with enzyme labeled biotin 

streptavidin system and solvent resistant Red Map kit by using 1:500 of ki67 rabbit 

polyclonal antibody (Thermoscientific) and 1:2,000 concentrations of Filamin mouse 

monoclonal antibody (abcam). Scoring System: Values on a four-point scale were assigned 

to each immunostain of Filamin C, Ki67. Descriptively, 0 represents no staining by any 

tumor cells, 1 represents a faint or focal, questionably present stain, 2 represents a stain of 

convincing intensity in a minority of cells and 3 a stain of convincing intensity in a majority 

of cells. 

Proliferation factor was scored by calculating of the average of cell counts of 3 HPF 

in each core. 

 

4.2.11 Statistical Analysis 

Unless indicated, analyses were performed on data generated from triplicate 

experiments. Results were expressed as mean ± standard deviation. For most experiments 

unless indicated, statistical significance for differences were evaluated by student t-test 

(P<0.05). 

In Real Time Cell Analysis (xCELLigence) experiments student t-test Level of 

significance was set at *P<0.05, **P<0.01, ***P<0.001 and the slope was calculated by 

using the RTCA 2.0 software (ACEA). 
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4.3 Results 

4.3.1 Purification and Characterization of Exosomes 

Exosomes were isolated and purified from two different PCa cell lines including 

LNCaP (AR +ve) and DU145 (AR –ve) based on their size and density. TEM, WB analysis 

and NTA were used to characterize their integrity and morphology, purity and size 

distribution.Transmission Electron Microscopy 

To evaluate their integrity and morphology, 2.5 µl of a diluted exosomes sample 

were loaded and fixed onto formvar-coated carbon EM grids and visualized by TEM after 

staining with 2% uracyl acetate as previously described (Hosseini-Beheshti et al., 2012). Our 

TEM observation revealed that our protocol isolated a very homogenous exosome mixture 

with a typical cup- shaped and round morphology with a diameter range of 30-200 nm 

(Figure 4.1 A.). 

 

4.3.1.1 Western Blot Analysis 

WB analysis was used to identify the presence or absence of a selection of exosomal 

and ER markers to confirm the efficiency of our exosome isolation protocol as well as purity 

of the exosome isolate. The presence of at least two or all the exosomes markers from three 

different categories including Alix (Regulating endosomal trafficking/Anti-Apoptosis), 

Actin (cytoskeleton) and HSP70 (Heat-Shock Protein) and the absence of GRP94 (ER 

marker) in our WB data confirm the purity of the exosomes isolate from both PCa cell lines 

(Figure 4.1 B.). 
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Figure 4.1  Exosome characterization. 

A. Transmission Electron Microscopy. TEM images of exosomes derived from androgen 

sensitive and independent PCa cell lines; LNCaP and DU145. Exosomes were negatively 

stained with 2% uracyl acetate after removing the extra moisture. Cup-shaped structures, with 

30-200 nm size were identified as being exosomes. B. Western Blot analysis for 

exosomes marker in exosomes and cell lysate samples. Exosomes have been purified 

based on their unique size and density by ultracentrifugation with 30% sucrose-deuterium. 

Thirty micrograms of total protein associated with purified exosomes or cell lysate were 

analyzed by WB using different exosome markers in both cell lines. C. Nanoparticle 

Tracking Analysis. Bar chart showing the average percentage of nanoparticles within 30-

200nm, 200-500nm, and 500-1,000nm size in in vitro exosome preparation. 
 

4.3.1.2 SightTM Tracking Analysis 

NTA was used to characterize the size and estimated number/ml of isolated 

nanoparticles for both cell lines. To better measure the purity of our exosomes isolate, the 

percentage of larger nanoparticles with diameters between 200-500nm and 500-1000 nm, 

contained within our exosomes samples (nanoparticle with size varied between 30-200nm) 
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were calculated. As it has been demonstrated in Figure 4.1 C. our exosome isolation 

protocol which is based on size filtration and ultracentrifugation (100,000g sedimentation 

force) on a 30% sucrose cushion (density), purified 85-97% nanoparticles with size of 

30-200 nm, 3-15% of nanoparticles with diameters of 200-500nm, and maximum of 

0.05% of nanoparticles larger than 500nm (500- 1000nm). 

Figure 4.2 A. and 4.2 B. show the average size distribution of nanoparticles isolated 

using our exosomes isolation technique. In agreement with others peaks at 117 nm and 

164 nm for nanoparticles isolated from LNCaP and DU145 respectively were observed, 

which are within the 30-200nm size range characteristic of these EVs (Grecel-Taylor et al., 

2012)(Sarker et al., 2014). The average number of nanoparticles were also measured using 

the NTA system. The average nanoparticles number/ml was 1.7×1011 for LNCaP and 

1.5×1011 for DU145 (Figure 4.2 C.) (Data were compiled from five measurements per 

biological replicates (n=3)). 
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Protein concentration of exosomes was measured using a BCA assay (Figure 4.2 D.). While 

the protein concentration of LNCaP cell derived exosomes appeared to be lower than 

DU145 cell derived exosomes, no significant differences were seen between either the number/ml 

of nanoparticles or protein concentration of exosome isolates from AR +ve or –ve cell lines. 

 

Figure 4.2  Nanoparticle Tracking Analysis of exosomes. 

Size distribution of exosomes derived form A. DU145 and B. LNCaP were measured by 

nanoparticle tracking analysis (NTA) showed a peak at 117 +/- 0.3 nm (LNCaP) and 164 +/- 

1.0 nm (DU145). 

Bar Chart showing the C. particle number/ml for both PCa Cell lines. D. Protein 

Concentration of exosomes derived from DU145 and LNCaP Cell lines. Values are mean ± 

standard deviation, all values are representative of at least three independent experiments with 

four replicates. 
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4.3.2 Exosome Uptake 

The uptake of exosomes into AR –ve (PC3) and AR +ve (LNCaP) PCa cell lines 

were compared to a benign prostate epithelial cell line RWPE-1. CLUGFP tagged 

exosomes were isolated from a CLUGFP stably overexpressing LNCaP cell line. After 

cells were fixed using MeOH/Acetone in order to distinguish the cellular structure all three 

cells were stained with DAPI (Blue, Nucleus) as well as Caveolin-1 and/or E-Cadherin (Red, 

Cell membrane) prior to imaging cells using confocal microscopy (Figure 4.3 A., 4.3 B. and 

4.3 C.).As shown in our results PC3 and RWPE-1 were positive for the Caveolin marker, 

in fact, secretion of a huge PMV or oncosome rich in Caveolin was observed as captured in 

the PC3 cell image (Figure 4.3 A.), while in contrast LNCaP were only positive for E-

cadherin. 

To investigate the uptake and intercellular localization of exosomes cells were 

incubated with 100µl of CLUGFP tagged exosomes for 12 hours (overnight) at 37 ºC 

(Figure 4.3 D., 4.3 E. and 4.3 F.). As can be seen in the left panel of Figure 4.3 and in 

agreement with what we observed previously (Hosseini-Beheshti et al., 2012) exosomes have 

been taken up by both PCa cell lines regardless of their AR phenotype (very even distribution 

of CLUGFP tagged exosomes in LNCaP cells cytoplasm could be observed in Figure 4.3 E), 

as well as the benign RWPE-1 cells. Upon uptake of exosomes, the invagination of the cell 

membrane can be clearly seen in images of the PC3 and RWPE-1 cell lines (Figure 4.3 D, 

4.3 F). 
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Figure 4.3  Confocal microscopy. 

Confocal microscopy was used to visualize freshly isolated exosomes derived from a 

CLUGFP stably over-expressing LNCaP cell line, which contains CLUGFP, being taken up 

by A. and D. PC3 (AR-ve) and B. and E. LNCaP (AR+ve) PCa cell lines versus C. and F. 

benign epithelial prostate cell line RWPE-1, after overnight incubation. Both cell lines 

were further fixed and stained with DAPI and E- Cadherin/Caveolin-1 prior to imaging of 

the cells by confocal microscopy. 

 

4.3.3 In vitro Functions of Prostate Cancer Derived Exosomes 

4.3.3.1 Apoptosis Assay 

The apoptotic activity of cells was assessed by measuring the activities of caspase 3 

and caspase 7 as two of the key effectors in the apoptosis pathway. Caspase 3/7 activity was 

detected after LNCaP, DU145 and RWPE-1 cells were treated with exosomes derived from 

LNCaP or DU145 cells for 5, 10, 15, 30 minutes, 1, 6 and 24 hours. Our results show that 

while LNCaP and DU145 derived exosomes significantly reduce the caspase activity in 

LNCaP treated cells at almost all the time points and regardless of the exosomes source 
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(Figure 4.4 A.), none of the exosome treatments (LNCaP or DU145) influence DU145 

cell apoptotic activity significantly(Figure 4.4 B.). 

A similar phenomenon was seen with RWPE-1 cells treated with LNCaP-derived 

exosomes. Specifically, DU145-derived exosomes seem to be more effective in reducing 

the caspase 3/7 activity in the benign epithelial prostate cell line compared to LNCaP-

derived exosomes (Figure 4.4 C.). 

 

Figure 4.4  Apoptosis assay. 

Analysis of apoptosis in PCa Cell lines (LNCaP and DU145) and benign epithelial prostate 

cell (RWPE-1) after treatment with 100 μg/mL of exosome derived from LNCaP or DU145 

cells after 0, 5, 10, 15, 30 min, 1, 6, 24 hours. A. Both DU145 and LNCaP-derived exosomes 

significantly reduced the caspase 3/7 activity in LNCaP cell line in most of the time points. B. 

Exosomes derived from DU145 or LNCaP cells did not significantly influence the caspase 

3/7 activity in DU145 cells. C. Treatment with DU145-derived exosomes led to a significant 

reduction of apoptosis in RWPE-1 cells whereas the RWPE-1 cells did not display 

significant decrease of apoptosis after treatment with exosomes derived from LNCaP cells. 

All values are representative of at least two independent experiments with similar results, and 

are presented as the percentage of caspase 3/7 activity, where non-treated cells were regarded 

as 100% (P<0.05).Real Time Cell Analysis (xCELLigence) 
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xCELLigence is an electrical impedance based system in which cellular events such 

as proliferation, migration, and invasion can be monitored in real time without the 

incorporation of labels. In this system impedance is measured across interdigitated micro-

electrodes on tissue culture E-plates (ACEA, USA) (Roshan Moniri et al., 2015). 

To determine the seeding concentration for all three cell lines, LNCaP, DU145 

and RWPE-1 cells were seeded at numbers ranging from 2,500 to 40,000 cells/well of the E-

plates. Cell adherence and time required for maximum density were then automatically 

monitored every 10 minutes for 72 hours to obtain the optimal cell seeding density. 

 

4.3.3.1.1 Proliferation Assay 

To investigate the effects of PCa derived exosomes on the proliferation or migration 

of different prostate cell lines (LNCaP, DU145 and RWPE-1), all three cell lines were treated 

with 0-400 µg/ml of exosomes derived from LNCaP or DU145 cells for up to 72 hours. 

Assessment of proliferation by xCELLigence revealed a biphasic response that 

was concentration dependent. The concentration of LNCaP derived exosomes had a positive 

influence on the enhancement of proliferation in both LNCaP and DU145 cells when 

compared to control. Specifically,  our  real   time  cell  analysis  behavior  determined  

by  xCELLigence demonstrated that 50 and 100 µg/ml of LNCaP exosomes could 

significantly increase the proliferation rate of LNCaP cells (42-72 hour), while no significant 

effects were seen on DU145 cells when treated with LNCaP cell derived exosomes at 

different concentrations. (All slopes were compared with the control, *P<0.05, **P<0.01, 

***P<0.001, n=2) (Figure 4.5 A., 4.5 B.).Importantly, when RWPE-1 cells were grown in 

the presence of 0-400 µg/ml LNCaP exosomes there was a significant reduction in the  
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proliferation rate of this benign epithelial prostate cell line in almost all the LNCaP cell 

derived exosome concentrations (except 50 µg/ml in 42-72hr) (Figure 4.5 C.).
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Figure 4.5  Real time proliferation cell analysis. 

Cell growth of A. LNCaP, B. DU145 and C. RWPE-1 cells were analysed using the 

xCELLigence system which relies on the generation of electrical impedance as cell growth 

by 16-well plates were used in the impedance based system, cells were seeded at specific 

densities (LNCaP, RWPE 20,000/well, and DU145 7,000/ well) after 24 hours, cells were 

treated with different final concentrations of the LNCaP exoxomes. All slopes were 

compared with the control (black bar, and red lines in the graphs at *P<0.05, **P<0.01, 

***P<0.001 n=2. Slope was calculated by using the RTCA 2.0 software (ACEA)) 

 

Next, we investigate the effect of DU145 exosomes on all the three cell lines 

(LNCaP, DU145 and RWPE-1). As may be seen in Figure 4.5 D. almost all concentrations 

of the DU145 derived exosomes significantly increase LNCaP cell proliferation (except 

400 µg/ml in 42-72 hour). Similar to what we observed in our LNCaP exosome treatment 

no significant differences were seen in DU145 cell proliferation when treated with its own 

exosomes (DU145 exosomes) (Figure 4.5 E.) 

Interestingly, as demonstrated in Figure 4.5 F. both exosomes have a very adverse 

effect on RWPE-1 cell proliferation as compared to with no treatment as well as to what have 

been seen in LNCaP cell derived exosome treatment. Apart from the 400 µg/ml DU145 

exosomes, which surprisingly and significantly increase the RWPE-1 cell proliferation, all the 

other concentrations of DU145 exosomes have an adverse effect on RWPE-1 cell 

proliferation. 
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Figure 4.5  Real time proliferation cell analysis. 

Cell growth of D. LNCaP, E. DU145 and F. RWPE-1 cells were analysed using the xCELLigence system which relies on the 

generation of electrical impedance as cell growth by 16-well plates were used in the impedance based system, cells were seeded at 

specific densities (LNCaP, RWPE 20,000/well, and DU145 7,000/ well) after 24 hours, cells were treated with different final 

concentrations of the DU145 exoxomes. All slopes were compared with the control (black bar, and red lines in the graphs 

(*P<0.05, **P<0.01, ***P<0.001, n=2) 
 



200 

 

4.3.3.1.2 Migration Assay 

We also investigated whether LNCaP or DU145 cell derived exosome treatments 

promote the migration of DU145 and/or RWPE-1 Cells (LNCaP cells didn’t migrate (data 

not shown)). Similar to the proliferation assay the effect of exosomes on DU145 and 

RWPE-1 cells were monitored using the xCELLigence CIM-plates. As described in the 

experimental procedure (section 4.2.8.2.) 100µg/ml of exosomes were added to each chamber 

and the real time migration of each cells from the upper chamber to the lower chamber were 

monitored over 48 hours. As indicated in Figure 4.6 A. both LNCaP and DU145 exosomes 

significantly increase the migration of DU145 cells when compared to the control (*P<0.05, 

**P<0.01, n=4). Importantly, DU145 cell derived exosomes have a greater effect on the 

migratory properties of DU145 cells in comparison to LNCaP cell derived exosomes. 

To test the effect of PCa derived exosomes on benign epithelial prostate cell line, 

RWPE- 1, 100µg/ml of LNCaP and DU145cell derived exosomes were added to RWPE-1, 

seeded in CIM-plates. Both PCa cell derived exosomes significantly stimulated and increased 

the migration of RWPE-1 cells in culture. Similar trends were seen in the migration slope 

of RWPE-1 cells when compared to DU145 cells. In both cases the DU145 cell derived 

exosomes had a greater effect (almost twice as LNCaP cell derived exosomes) on migratory 

properties of both cell lines (Figure 4.6 B.). Specifically, the migratory effects of both 

exosome treatments (LNCaP and DU145 exosomes) on RWPE-1 cell were more than 2 

times higher when compared to DU145 cells. 
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Figure 4.6  Time-dependent migratory pattern of DU145 and RWPE-1 cells after LNCaP 

and DU145 exosome treatment using xcelligence technology. 

A. DU145 and B. RWPE-1 cells were treated with 100µg/mL of LNCaP or DU145 

derived exosomes. Effect of exosome treatment on migratory properties of DU145 and 

RWPE-1 cells were determined using xCELLigence technology with CIM-16 plates. 20,000 

cells were seeded per well and treated with exosomes after 24 hr. All values are 

representative of at least 4 independent experiments with similar results, and are presented 

as cell index on the top, and slope of the lines in the bar graphs P<0.05, **P<0.01 n=4.
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4.3.3.2 Cell Motility 

The effects of exosomes derived from both PCa cell lines on migration properties 

of RWPE-1 cells have been confirmed using transwell (Figure 4.7) and tumor spheroid-

based migration assays (Figure 4.8). Exosome-educated RWPE-1 cells have been allowed to 

migrate to the underside of the chamber in the presence of 100 µg/ml of LNCaP or 

DU145 derived exosomes or serum free medium in both chambers using fetal bovine 

serum as the chemoattractant. This result in a significant increase of the cell number that 

migrated through the membrane pores upon treatment with exosomes derived from LNCaP 

(Figure 4.7 A.) and DU145 (Figure 4.7 B.). 

 
Figure 4.7  Exosomes increase RWPE-1 cell migration. 

RWPE-1 cells were incubated for 48 hours with exosomes (100 µg/ml) derived from A. 

LNCaP, B. DU145 cells or corresponding serum-free medium and loaded into the upper 

chamber of a transwell. Exosomes concentrations (100 µg/ml) or serum free-medium were 

maintained in upper and lower chambers. After 24 h incubation, the migration activity was 

quantified by counting the migrated cells on the lower surface of the membrane of at least five 

fields per chamber using a x10 objective. Representative photographs are shown in the left panel. 

Quantification of migrating cells is shown in the right panel. All values are representative of at 

least two independent experiments with similar results, and are displayed as mean ± SD, where 

***p < 0.001. 
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4.3.3.3 3D migration 

The importance of studying cancer cells in three-dimensional (3D) models has 

been emphasized because of the greater relevance to in vivo tissue structures (Smalley et al., 

2008). When cultured on agarose, the RWPE-1 cell line is able to form spheroids, a model 

considered to be mimicking micrometastasis or inter-capillary micro regions of solid tumors. 

We used the tumor spheroid-based migration assay described by Vinci et al. (2013) (Vinci et 

al., 2013). This assay attempts to mimic tumor cells spreading from a solid micro-tumor 

or micrometastasis. Exosome-educated spheroids were transferred onto type I collagen-

coated microwells and migration was scored after 12 and 24 hours by measuring the 

migrated cell area in presence of 100 µg/ml of LNCaP or DU145 exosomes or serum free 

medium. Our data showed that in the presence of exosomes derived from LNCaP (Figure 4.8 

A.) and DU145 (Figure 4.8 B.) following 12 hours of incubation, RWPE-1 cells have a 

significantly greater propensity to disseminate from the spheroid, validating the results 

obtained using 2D standard migrations assays. 
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Figure 4.8  Exosomes increase RWPE-1 cell migration on collagen I. 

RWPE-1 spheroids were incubated for 48 hours with exosomes (100 µg/ml) derived from 

A. LNCaP, B. DU145 cells or corresponding serum-free medium and transferred to microwells 

coated with type I collagen. The cell migration was scored at t=12 hours and t=24 hours by 

measuring the migrated cell area and normalizing to the migration seen at t=0. 

Representative photographs are shown in the upper panel. Quantification of migration area is 

shown in the lower panel. All values are representative of at least two independent 

experiments with similar results, and are displayed as mean ± SD, where ***p < 0.001. 

 

4.3.4 Pathway Analysis 

Overexpression of the MEK/ERK pathway has been associated with CRPC and 

poor prognosis (Gioeli et al., 1999)(Mukherjee et al., 2005)(Weber et al., 2004). While the 

mechanism of activation of this cascade in PCa is not fully understood we attempt to 

assess whether the observed decrease in apoptosis, increase of proliferation and migration 

after treatment of cell lines with exosomes correlate with MEK/ERK activation. We 

examined the activity of MEK1/2 and ERK1/2 at different time points (5, 10, 15 and 30 



205 

 

minutes and 1, 6 and 24 hours) after PC3, DU145, LNCaP, C4-2 and RWPE-1 cells were 

treated with 100 µg/ml of LNCaP cell derived exosomes. As shown in Figure 4.9, 100 

µg/ml of LNCaP exosomes increased the expression of p-MEK1/2 and/or p-ERK1/2 in PC3, 

DU145, LNCaP and RWPE-1 (Figure 4.9 A., 4.9 B. and 4.9 E.). While both DU145 and 

RWPE-1 cells demonstrated an increase in the p-ERK1/2 phosphorylation followed by p-

MEK1/2 activation, the levels of p-ERK were exactly equivalent to control for all time points 

in PC3 cells treated with LNCaP cell derived exosomes. Interestingly, while only the level of 

p-ERK1/2 increased in LNCaP cells after just 5 minutes treatment with LNCaP cell 

derived exosomes, the MEK1/2 and ERK1/2 level did not change in C4-2 cells compared 

with the zero-time point (control) (Figure 4.9 C., 4.9 D.). 
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Figure 4.9  Western Blot analysis (LNCaP Exosome). 

Five different prostate cell lines, including A. PC3, B. DU145 (androgen independent), C. 

LNCaP, 

D. C4-2 (androgen sensitive) and E. RWPE-1 (benign epithelial prostate cell line) were 

treated with one dose of 100 µg/mL of LNCaP derived exosomes for 5, 10, 15, 30 and 60 

min, 6 and 24 hr. as indicated. WB was used to analyse cell lysates with the indicated 

antibodies. 

We then repeated the same experiment for DU145, LNCaP and RWPE-1 cells 

with DU145 cell derived exosomes to understand whether exosomes from AR -ve PCa 

cell line influence this pathway differently. As expected, and similar to what we have 

observed with LNCaP cell derived exosomes treatment, MEK and ERK were both 

phosphorylated rapidly, after 5 minutes of treatment with DU145 cell derived exosomes 

(Figure 4.10 A. and 4.10 C.).  
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Figure 4.10  Western Blot analysis (DU145 Exosome). 

Three different prostate cell lines, including A. DU145 (androgen independent), B. 

LNCaP (androgen sensitive) PCa cell line and C. RWPE-1 (benign epithelial prostate cell 

line) were treated with one dose of 100µg/mL of DU145 derived exosomes for 5, 10, 15, 30 

and 60 min, 6 and 24 hr as indicated. WB was used to analyse cell lysates with the indicated 

antibodies. 
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4.3.5 In vivo Study in Mice Bearing LNCaP Human Tumor Xenografts 

On the basis of the above findings we hypothesized that treatment of mice bearing 

human PCa tumour xenografts with PCa cell derived exosomes would increase the tumour 

volume hence promote PCa cancer progression in a dose dependent manner. To further 

examine the role of PCa derived exosomes in tumor growth in vivo, 10 to 15 nude mice per 

each group were subcutaneously inoculated with LNCaP cells (106 cells in BD matrigel, 

BD Biosciences, New Jersey, USA) at posterior dorsal site. LNCaP xenografted mice were 

prepared as described in section 4.2.11. and treated (IV tail vein) with exosomes twice/week 

for four weeks. Our results demonstrate no significant differences in either tumor volume or 

PSA level of animals treated with LNCaP exosomes (low and high dose) when compared to 

control (Figure 4.11 A, B). 
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Figure 4.11  In vivo study using LNCaP xenograft bearing mice (LNCaP Exosome). 

The in vivo effect of LNCaP on the A. tumor volume B. PSA level of LNCaP mice xenograft. 

Data are presented as Mean ± SEM. (Vehicle n=10, 10µg LNCaP Exosome group n=11 

and 100µg LNCaP Exosome group n=11). 

 

Conversely, low and high dose treatment with DU145 exosomes stimulate the 

tumor growth in LNCaP xenograft bearing mice. In contrast to control mice, those treated 

with 100µg of DU145 exosomes showed a very significant increase in tumor size starting after 

only one week of treatment (p value <0.001; n=11). LNCaP xenograft bearing mice treated 

with low dose of DU145 exosomes (10 µg) also demonstrated a very significant increase in 

the tumor volume after the second week of treatment with exosomes (p value <0.001; 
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Vehicle n=15, 10µg DU145 Exosome group n=13 and 100µg DU145 Exosome group n=11) 

(Figure 4.12 A.). 

As shown in Figure 4.12 B., LNCaP xenograft bearing mice treated with DU145 

exosomes demonstrate a significant increase (p value <0.001, Vehicle n=15, 10µg DU145 

Exosome group n=13 and 100µg DU145 Exosome group n=11) in the serum PSA level 

starting one and two weeks after treatment for the high and low dose group in respectively. 

 

Figure 4.12  In vivo study using LNCaP xenograft bearing mice (DU145 Exosome). 

The in vivo effect of DU145 on the A. tumor volume B. PSA level of LNCaP mice xenograft. 

Data are presented as Mean ± SEM. (***) p value < 0.001 was considered extremely 

significant compared vehicle treated-mice (Vehicle n=15, 10µg DU145 Exosome group 

n=13 and 100µg DU145 Exosome group n=11). 
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4.3.6 Immunohistochemistry 

Upon immunohistochemical analysis of Ki67 and Filamin C expression in LNCaP tumors, 

obtained from LNCaP tumor-bearing nude mice treated with two different concentrations of 

DU145 exosomes (10 µg and 100 µg) we confirmed that the expression of Filamin C have 

increased upon DU145 exosome treatment. As presented in Figure 4.13 A. The level of Ki 67 

has slightly increased in the LNCaP tumors treated with 100 µg DU145 exosome. This is in 

agreement with our in vitro proliferation results as well as the tumor growth. We also 

previously have reported the presence of ANXA2 (Annexin A2), CLSTN1 (Calsyntenin 1), 

FASN (Fatty acid Synthesis), FLNC (Filamin C, gamma), FOLH1 (Folate Hydrolase 

(prostate specific membrane antigen)-1), GDF15 (Growth Differentiation Factor 15), as PCa 

biomarker in PCa cells derived exosomes (Hosseini-Beheshti et al., 2012). Among these 

Filamin C was one of the proteins that were only presented in DU145 and VCaP exosomes. As 

revealed in Figure 4.13 B. the Filamin C level has been upregulated significantly in a dose 

dependent manner in LNCaP tumors upon 10 µg and 100 µg DU145 exosome treatment. 
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Figure 4.13  Immunohistochemical analysis. 

Immunohistochemical analysis of A. Ki67 and B. Filamin C expression in LNCaP tumors 

upon 10 µg and 100 µg DU145 exosome treatment in comparison with vehicle treatment     

(* P < 0.01,** P < 0.05). 
 

4.4  Discussion 

During the last decade cancer derived EVs have been proposed to be crucial players 

in both anti-tumorigenic properties as well as cancer development and progression. 

While the molecular mechanisms regulating exosomes biogenesis and their subsequent 

functions, especially in cancer development and progression, have just began to be 

delineated, our main focus in this study was to investigate and understand the in vitro and in 

vivo relevance of PCa cell derived EVs using different functional assays in PCa models. The 
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initial step of this work was to isolate a homogenous mixture of exosomes from two different 

PCa cell lines with different AR phenotypes. Both isolated exosomes exhibited characteristic 

exosomal markers and lacked ER markers as validated by Western Blotting (Hosseini-

Beheshti et al., 2012). TEM imaging and NTA of purified exosomes revealed the typical 

artificial cup-shape (due to the TEM sample preparation procedure) morphology with 

diameters ranging between 30-200 nm (van der Pol et al., 2012). 

While the functional effects of EVs mainly rests on their release and uptake, 

mechanistic information is very limited in this area. Christianson et al (2013) have 

reported that several different molecules and pathways could be involved in exosome uptake. 

Their findings suggested that heparin sulfate proteoglycan dependent entry pathway is 

essential for exosome biological activity. However they proposed that exosomes may 

employ other functional activity through alternative internalization pathways, they found 

that protogelycan deficient cells may attenuate exosome mediated migration as well as ERK 

1/2 activation (Christianson et al., 2013). Although the mechanism of exosome 

internalization and uptake was not the focus of this chapter, it was very important to 

demonstrate that all prostate cell lines in this study uptake and internalize exosomes. 

Similar to our previous study (Hosseini-Beheshti et al., 2012) the internalization of 

exosomal CLUGFP (derived from the LNCaP cell line) to cancer and benign prostate cell 

lines with different AR phenotypes were clearly demonstrated. 

It is very well known that the equilibrium between programmed cell death and 

cell survival plays a key role in ultimate outcome of cancer cell fate (Ouyang et al., 

2012). In particular, regulation of apoptosis is known to have a central role in PCa 

development and its progression to CRPC partially due to the up-regulation of anti-apoptotic 
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genes after ADT (Li et al., 2004)(Zhang et al., 2005)(Gua et al., 2006). Different 

studies have demonstrated that increased resistance to apoptosis is the second main event 

associated with CRPC after therapeutic failure (Howell et al., 2000), due to up-regulation 

of anti-apoptotic genes. Tumor derived exosomes have been shown to transport apoptosis 

inhibitory proteins, such as survivin, which is induced under stress conditions, in order to 

promote survival (Khan et al., 2012). EVs are known to contain and carry different 

molecular cargo which are known to mediate the hallmarks of cancer. Yang et al. (2013) 

and Franzen et al (2014) have shown that bladder cancer cell derived exosomes inhibit tumor 

cell apoptosis through inhibition of the Akt and ERK pathways (Yang et al., 2013)(Franzen et 

al., 2014) . In addition, other studies have reported that cancer cell derived exosomes can 

create an immunosuppressive microenvironment by impairing the immune cell via induction 

of T-cell apoptosis. Apoptosis of T cells was found to be inducible via induction of 

adenosine (Liu et al., 2006)(Clayton et al., 2011) as well as FAS-FASL ligation (Huber et 

al., 2005)(Andreola et al., 2002) Therefore, in the next section of this chapter, the role of 

PCa cell derived exosomes on both cancer and benign prostate cell lines with different AR 

phenotypes were investigated. In agreement with what has been reported previously our 

results indicate that PCa derived exosomes inhibit apoptosis in both cancer and benign 

prostate cell lines and potentially promote tumorigenesis. 

Several lines of evidence suggest that cancer derived exosomes transport paracrine 

signals and contribute to cancer development and progression via supporting the cancer cell 

or endothelial cell proliferation which results in enhanced tumor growth (Peinado et al., 

2012) and angiogenesis (Umezu et al., 2014). It has been previously reported that PC3 derived 

EVs induced osteoclast differentiation and osteoblast proliferation (Inder et al., 2014) As 
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part of this investigation into the role of PCa derived exosomes on different functional 

assays, our results demonstrated that LNCaP derived exosomes only increase the 

proliferation of LNCaP cells at two different doses and did not influence the DU145 cell 

proliferation, while DU145 derived exosomes increase LNCaP cell proliferation significantly 

but had a minimal influence on DU145 cell proliferation. These data were in agreement with 

the findings of Corcoran et al (2012) and Inder et al (2014) (Corcoran et al., 2012)(Inder et 

al., 2014). It was very interesting to see that the effect of PCa derived exosomes on benign 

epithelial prostate cell line (RWPE-1) is very similar to what has been previously reported 

for immune system cells such as T-cells. Except for the 400µg/ml dose DU145 treatment, 

both LNCaP and DU145 derived exosomes attenuated the RWPE-1 cell proliferation 

significantly. Positive and negative influences of PCa derived exosomes observed on 

proliferation of PCa and benign prostate cell lines respectively support the premise that they 

have relevance in tumorigenesis. Extracellular trafficking of different and unique 

protein/genomic signatures in LNCaP and DU145 derived exosomes (as has been partially 

described in Chapter 2 (Hosseini-Beheshti et al., 2012)) as well as unique differences 

between recipient cells, could explain the different responses that have been observed in 

these functional assays. 

In the next set of experiments the role of exosomes in migration and metastasis 

were delineated. A recent bulk of accumulating research evidence has contributed to a 

wealth of knowledge that exosomes are a key contributor to cell migration in both 

physiological and pathological conditions. Salomon et al. (2014) have established that 

exosomes are released into maternal blood as early as six weeks of gestation in a normal 

healthy pregnancy. Furthermore their results showed that the concentration of exosomes in 
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maternal blood increased significantly and these bioactive nanovesicles regulated endothelial 

cell migration (Salomon et al., 2014). On the other hand growing evidence has identified that 

cancer-derived exosomes can play a central role in various aspects of cancer progression, in 

particular these studies have revealed that these exosomes could promote cell motility and 

migration via activation of different pathways or release of different bioactive 

components. Activation of Wnt-planar cell polarity signaling pathway in breast cancer 

cells as a result of fibroblast-secreted exosomes treatment and secretion of HSP90α via breast 

cancer exosomes or EDIL-3 via bladder cancer are few examples which have been shown to 

be associated with cell migration and invasive behaviour in cancer models (Luga et al., 

2012)(McCready et al., 2012)(Beckham et al., 2014). 

In addition, Bijnsdorp et al (2013) and Morello et al. (2013) have clearly 

demonstrated that PCa derived exosomes or large oncosomes increase the migration and 

invasion of noncancerous and cancer associated fibroblasts (Bijnsdorp et al., 2013)(Morello et 

al., 2013). In agreement with all of the above our three independent migration assay results 

demonstrated that both AR+/-ve PCa derived exosomes promoted cell migration and 

motility significantly. Specifically, our results revealed that DU145 derived exosomes 

increase the cell migration in RWPE-1 and DU145 cells greater than LNCaP derived 

exosomes. However LNCaP cell derived exosomes appeared to have a greater effect on 3D 

migration when compared to DU145 derived exosomes. 

As discussed earlier the difference in molecular cargo of these two different 

exosome sources could greatly contribute to the different responses that have been 

observed in these functional assays. Although more focused mechanistic studies are 

needed to understand the pathway involve in these functional assays one simple explanation 
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could be the presence of major differences in their proteins signatures. As reported in our 

previous study, our proteomic data revealed the presence of 65 total proteins and 31 unique 

proteins in our LNCaP derived exosomes while the identified proteins in our DU145 derived 

exosomes were 117 with 83 unique proteins and an overlap of 34 proteins in both groups 

(Hosseini-Beheshti et al., 2012). As discussed, the main aim of this study was to confirm the 

role and relevance of PCa derived exosomes (with two different AR phenotypes) on PCa 

development and progression. While our results have proved that PCa derived exosomes may 

in fact be one of the main players in PCa progression via reduction of apoptosis and 

induction of proliferation, migration and invasion, we decided to investigate if the 

MEK/ERK activation pathway has any role in the manifestation of these observations. 

Aberrant regulation of MAPK cascade has been shown to be an essential contributor 

to many different cancers (Oka et al., 1995)(Gioeli et al., 1999). In particular, MAPK 

cascades are key signalling pathways that contribute to the regulation of cell proliferation, 

differentiation, survival, motility and metastasis (Pages et al., 1993)(Rubinfeld et 

al.,2005)(Lewis et al., 1998). While induction of MAPK activation has been shown to be 

consistent with tumor grade, stage and PCa progression (Gioeli et al., 1999), the inhibition of 

this pathway has also been the subject of intense pharmacological research scrutiny for cancer 

treatment (Roberts et al., 2007)(Deleault et al., 2008)(Qu et al., 2009)(Chalmin et al., 

2010)(Meckes et al., 2010)(Sirois et al., 2011) . 

A growing number of EV research describes the fact that exosomes attributed to 

cancer cell proliferation, migration and invasion via activation of MAPK (Morgan et al., 

2011). FASL+ exosomes have been shown to activate c-FLIPL, ERK and NF-κB pathways and 

therefore increase MMP expression in tumor cells which leads to tumor invasion (Cai et al., 
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2012). Ye et al. (2014) have also demonstrated that nasopharyngeal carcinoma derived 

exosomes mediate T-cell dysfunction such as proliferation, differentiation and cytokine 

secretion via downregulation of MAPK1 and JAK/STAT pathways (Ye et al., 2014). In 

agreement with these observations our results support the premise that PCa derived 

exosomes activate MEK/ERK pathway in both cancer and benign prostate cells. Aside from 

the results observed with C4-2 cells, either MEK or ERK phosphorylation was enhanced in all 

the other cell lines upon exosomes treatment. However the molecular and cellular mechanisms 

involved in each of the functional activities that we have observed upon exosomes treatment 

has not been determined. The activation of MAPK could somewhat explain these 

observations. 

In agreement with our in vitro observations we also show that DU145 derived 

exosomes have a role in tumour development and PSA induction in our LNCaP xenograft 

mouse model. The significant induction in the level of Filamin C upon the DU145 exosome 

treatment observed in LNCaP xenograft bearing mice seen in our immunohistochemical 

analysis provides further evidence supporting the role of exosomes in cancer progression 

and could also infer selective uptake of PCa derived exosomes by the PCa xenograft tumor. 

Our study has shed light on the functionality and importance of prostate cancer 

derived exosomes in prostate cancer development and progression. Taken together, this 

study has revealed the significant potential of exosomal influence on different 

functional assays and suggests that prostate cancer derived exosomes are likely to play a 

pivotal role in prostate cancer development and progression. However, further mechanistic 

studies and creative experimentations are needed to understand the molecular mechanisms 

involved in all these processes. Our study has raised several new insights in the involvement 
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of PCa derived exosomes in various cancer and benign prostate cell lines. Further studies are 

warranted to investigate new targets for preventive and/or therapeutic interventions for PCa. 
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 Conclusion Chapter 5:

5.1 General Conclusion 

It has been more than forty years since Anderson reported the discovery of 

membrane- enclosed vesicles in the matrix of epiphyseal cartilage (Anderson et al., 1969). 

EVs including exosomes are bi-layers lipid membrane vesicles with a size ranging from 30 

to 200 nm which carry a variety of bio-macromolecules, including nucleic acids, proteins 

and lipids (van der Pol et al., 2012). 

Depending upon their cell or tissue of origin these nanovesicle entities may play 

different roles in physiological and pathological conditions. EVs have proven to be a key 

player in many different functions from embryonic development to the facilitation of 

immune response (Whiteside et al., 2013) and from their role in tumor growth (D’souza-

schorey et al., 2012) to their tumor vaccine applications (Hsu et al., 2003) exosomes are 

proving to be unique as highly mobile, discrete packages of protein and nucleic acids that 

are essential for intercellular communications. 

In addition to their role and relevance in attenuating or inducing different 

mechanisms involved in disease progression, as discussed at length in Chapters One and Four, 

the accessibility of these vesicles through non-invasive procedures as well as the presence of 

different classes of proteins, lipids and nucleic acid in these nanovesicles positions them as a 

promising minimally invasive and novel source of diagnostic biomarkers (liquid biopsy) (the 

focus of Chapters Two and Three). 

In this thesis we tried to study the biomarker potential of these nanovesicles 

(Chapters Two and Three) as well as their role and relevance in PCa progression (Chapter 

Four) while I have tried to provide a very detail and precise discussion at the end of each 
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chapter in this final Conclusion Chapter I will mainly focus on the advantages, 

disadvantage/limitations, and future directions of each chapter. 

 

5.1.1 Exosomes as Biomarker Enriched Microvesicles: Characterization of Exosomal 

Proteins Derived from a Panel of Prostate Cell Lines with Distinct AR Phenotypes 

5.1.1.1 Advantages and Disadvantages 

The first question that we asked was whether all PCa cell lines release exosomes and 

if yes what are the main differences between these entities released from prostate cells with 

different AR phenotypes? 

As shown in Chapter Two, we observe the release of exosomes by six different 

prostate cells including PC3, DU145, VCaP, LNCaP, C4-2 and RWPE-1 and determine 

characteristic differences between exosomes released by parental cells of different 

characteristic and AR phenotypes. We then confirmed the transfer of fluorescence labeled 

exosomes to target cells in culture using confocal microscopy. We subsequently 

performed a comprehensive proteomic analysis of all six different prostate cell derived 

exosomes using mass spectrometry to understand differences between the protein profiles 

released via exosome externalization between prostate cell lines. We then investigate the 

difference in broad classes of lipids and cholesterol as constituents of different prostate 

cell lines and their exosomes. 

This broad understanding of a various aspects of PCa derived exosomes form a 

solid platform for future PCa derived exosome research. 

The main advantages of this study have been listed below: Our exosome isolation 

technique, which consisted of several centrifugation steps along with filtration, and a final 
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ultracentrifugation step at 100,000×g using a 30% sucrose cushion, decreases 

contamination with cell debris and produces high quality and homogenous purified 

exosomes, limited in contamination from other membrane vesicles or protein aggregates. 

1. One of the other main advantages of this study which has recently been cited as 

one of the main references in PCa derived exosomes related studies (Duijvesz et al., 

2013)(Drake and Kislinger, 2014) since it was published in 2012 was the use of six 

different cell lines with different AR phenotypes. While, due to the degree of the difficulty 

in vesicle isolation, most of the articles have focused on one or two cell lines, we 

decided to perform a comprehensive characterization of exosomes derived from six 

prostate cell lines which have distinct AR +/-ve expression phenotypes (Hosseini-Beheshti et 

al., 2012). 

2. The comprehensive proteomic analysis in this study not only provides a basis 

for evaluating transfer of identified composite exosome proteins between different PCa cells 

as part of a recognised cell communication phenomenon but also forms a platform for 

future clinical validation research using exosomes as biomarkers for PCa diagnosis as well 

as potential therapeutic targets which could be important in the treatment of CRPC. 

3. While the protein and nucleic acid (e.g. mRNA and miRNA) profile of 

nanovesicles have been the centre of attention for biomarker discovery, our cholesterol 

data suggests that exosomes derived from PCa cell lines contain significantly more 

cholesterol than their benign counterpart cell line RWPE-1. While this is in line with our 

previous work which indicates that cholesterol is likely to play a role in PCa progression 

(Locke et al., 2008)(Leon et al., 2009), this was the first time that cholesterol content of 

exosomes has ever been shown to be a potential biomarker for PCa diagnosis. In addition to 
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all listed advantages, there were also a couple of disadvantages/limitations in this study. 

1. While we tried to include as many prostate cell lines as possible in this study, 

we strongly believe that having a couple more benign or normal prostate cell lines would have 

added valuable information to our proteomic/lipidomic and cholesterol analysis. 

2. The lack of a standardized exosome isolation protocol as well as the absence 

of valid exosome marker for data normalization is a major issue in exosome research and 

this has been of relevance to our research also. 

 

5.1.1.2 Future Directions for Chapter Two 

As mentioned above the absence of a known exosome marker which could be used 

to normalize data is a major hurdle for all in vitro and clinical exosome studies, therefore one 

of the major future direction should be focused on finding a exosome marker which could 

be used to standardize quantitation of all different exosomes. 

The work presented in this chapter provides a broad characterization of PCa 

derived exosomes. A comparison study between exosomes derived from Prostatic 

Intraepithelial Neoplasia (PIN) and PCa derived exosomes would provide interesting 

insight into the development of prostate tumors and androgen responsiveness. 

Similar studies investigating the difference between BPH derived exosomes and 

PCa derived exosomes would be useful to better understand the role of prostatic 

inflammation in the initiation of BPH and PCa. Exosomes as Biomarker Enriched 

Microvesicles Characterization of Exosomal Protein Derived from the Biological Fluids 

Obtained from Prostate Cancer Patients 
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5.1.1.3 Advantages and Disadvantages 

In follow up to our novel findings in the second chapter of this thesis, we purify EVs 

from the blood and urine of normal and PCa patients and attempt to determine differences 

between the two sources (blood vs urine) and the two sample groups (normal vs PCa). In 

follow up to our previous chapter, we also performed a comprehensive MS-based 

proteomic analysis on these samples to understand the major differences between exosomes 

derived from blood vs. urine in control and cancer groups as well as possible underlying 

differences in protein profiles. An additional part of this study was to investigate the 

cholesterol level in EVs isolates as a potential diagnostic tool. Taken together in this 

chapter, we examined the potential of direct MS based proteomic and/or cholesterol 

profiling of EVs derived from different biological fluids and their uses for biomarker 

analysis in biological fluids. 

There were considerable advantages to using clinical samples in this study: 

 

1. Using two biological sources (blood and urine) for exosome isolation in this 

chapter provide a better understanding of exosomes composition. 

2. This study validates some of our proteomic findings determined using cell 

line derived exosomes in Chapter Two. 

3. This study performs a parallel comparison in blood and urine samples 

obtained from the same patients allowing for a better comparative analysis to be conducted 

and thus more concrete conclusions be determined for the use of different biological 

samples for different purposes. 

The major disadvantages of working with biological samples were: 
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1. Although our study set a platform for future diagnostic EV research, it suffers 

from the lack of standardized EV collection, isolation and storage protocol. 

2. Access to the limited volumes of biological fluids compared to conditioned 

media (µl vs ml) as well as the presence of abundant housekeeping proteins (e.g. albumin, 

uromodulin) in these samples which adds an extra layer of complexity to the development 

of an isolation protocol to purify the targeted class of nanovesicles which have an acceptable 

degree of purification for further analysis such as MS based proteomics. 

3. The presence of abundant proteins (serum albumin, uromodulin) in our 

exosomes samples compromise our ability to procure proteomic data to some degree. 

4. While extra washing and centrifugation steps may be needed to improve 

the removal of the abundant proteins partially, the final proteomic analysis demonstrates the 

presence of these highly abundant circulating proteins remaining predominant in the 

analysis. This is almost certainly due to association of these proteins with EV proteins or 

EV membranes (Hiemstra et al., 2011) as their removal leads to extensive loss of EVs. 

 

5.1.1.4 Future Directions for Chapter Three 

Standardized methods for sample collection and storage for clinical exosomes studies 

is urgently need for clinical exosomes and EV research. A unified protocol for such studies 

could eliminate various handling/storing errors inherent to the process and make data 

analysis easier and more streamlined. It is also very important to focus on developing a 

protocol for better quality and cleaner exosome preparation from different biological sources, 

especially blood and urine. In addition to the removal of unwanted debris and abundant 

proteins this protocol is needed to purify exosomes of interest from the total population of 
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exosomes in biological samples (e.g. Purification of PCa derived exosomes from other 

exosomes in blood samples). 

Using two-dimensional gel electrophoresis proteomics or targeted proteomic 

analysis could provide more information on the protein profile of these exosomes. 

 

5.1.2 Exosomes Confer Pro-survival Signals to Alter the Phenotype of Prostate Cells in 

their Surrounding Environment 

5.1.2.1 Advantages and Disadvantages 

In the last chapter of this thesis we focused on investigation of the role of AR +/- ve, 

PCa cell derived exosomes on PCa tumour growth and progression. We have also reported the 

effects of exosomes derived from PCa cells on the PSA level and tumor growth of mice 

bearing human PCa tumour xenografts when they have been systemically introduced via IV 

injection. 

The advantages of this study were: 

4. Similar to the second chapter we used exosomes derived from cell lines 

with different AR phenotypes to investigate their role and relevance in both in PCa 

development and progression in both in vitro and in animal models. 

5. We performed several different functional experiments to address the role of 

PCa derived exosomes in PCa development and progression. 

 

5.1.2.2 Future Directions for Chapter Four 

Similar to the second chapter in which we included exosomes derived from 

normal/benign prostate cell lines, this strategy could improve on and provide a clearer 
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conclusion for future investigation into the role and relevance of PCa derived exosomes in 

PCa development and progression. 

 

5.2 Future Direction for Exosome Research 

EV research is a very fast-growing and exciting field which, during last decade, 

has provided numerous plausible new rationales to explain various physiological and 

pathological phenomena. As I have attempted to highlight some potential future directions for 

each chapter of my thesis, there are still many unknowns in EV field. 

I strongly believe that once some of the technical challenges in the EV field have 

been overcome, such as the limitations in isolation and purification of subpopulations of EVs, 

and the definition of specific markers for each EV categories, many more functional and 

mechanistic studies could be done to better understand the role of specific EV 

populations in different physiological and pathogenic functions. This understanding then 

could assist scientists and physicians working in the field to develop novel diagnostic and 

therapeutic strategies that exploit EVs. 

Although pages could be written (beyond the scope of this thesis) on hundreds of 

different specific future directions we propose three major directions for future novel 

therapeutic strategies using EVs. 

 While the major focus of this thesis was to introduce exosomes as 

potential biomarkers for PCa diagnosis, exosomes could be a potential chemotherapeutic drug 

transporter that may be able to target the metastatic sites therefore increase the drug 

efficacy (Pitt et al., 2014)(Tran et al., 2015)(Gong et al., 2015) . 

 Successful delivery of macromolecular therapeutic agents across the blood 
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brain barrier to the central nervous system is a major current challenge in the treatment of 

neurological diseases. Recently exosome research has shown that these nanovesicles cross 

the brain blood barrier and therefore provide a basis for a novel drug delivery vehicle. More 

studies are needed to investigate the potential of these vesicles as drug delivery system in 

different pathological disorders (El Andaloussi et al., 2013)(Yang et al., 2015). 

 Elimination of EVs derived from cancer cells in the circulation, inhibition of 

EVs formation, blocking EVs release and inhibition of EVs uptake by target cells are 

also other exciting avenues of research which have the potential to be developed in the future 

(Shelke et al., 2014)(Roseblade et al., 2015). 
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Appendix 

 

 

Prostate cell derived exosomes protein concentration 

Bar chart showing the protein concentration of Prostate cell derived exosomes. 
 


