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ABSTRACT 
 

PTEN is a potent tumour suppressor protein. Aggressive and metastatic prostate cancer 

(PC) is associated with a reduction or loss of PTEN expression. PTEN reduction often 

occurs without gene mutations, and its downregulation is not fully understood. Herein, we 

show that PTEN is incorporated in the cargo of exosomes derived from cancer cells, and 

this is an exclusive characteristic of cancer cells; normal cells do not incorporate PTEN in 

their exosomes. We found that this process is affected by the expression of oncogenes, 

with activation of oncogenic molecules leading to increased PTEN incorporation into 

exosomes. PTEN expressed in exosomes can be transferred to other cells that have a 

reduction or loss of PTEN expression. The transferred PTEN is active, as cells showed a 

substantial increase in phosphatase activity upon treatment with PTEN-bearing exosomes. 

PTEN transferred through exosomes is also competent to confer tumour-suppression 

activity to acceptor cells. After incubation with PTEN-bearing exosomes, recipient cells 

exhibited decreased AKT phosphorylation, changes in the expression of cell cycle 

mediators indicating cell cycle arrest, and decreased proliferation. These data suggest that 

exosomal PTEN may be able to compensate for PTEN loss in cancer cells, by transferring 

the active protein to cancer cells where it can then perform its role as a tumour 

suppressor. 
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CHAPTER 1: INTRODUCTION 

 
1.1 Prostate Cancer 

 Prostate cancer (PC) is the common cancer (excluding non-melanoma skin cancer) 

and the third leading cause of cancer-related deaths among Canadian men. In 2012, an 

estimated 26,500 men were diagnosed with PC and 4,000 will die of it (Canadian Cancer 

Society, 2012). In Canada, 1 in 7 men will be diagnosed with prostate cancer during their 

lifetime, with 25% of these men eventually dying of prostate cancer (Fradet et al., 2009).  

 There are several established risk factors for PC occurrence and likelihood of 

disease severity. Risk of PC occurrence increases with age, and high risk disease is more 

likely after the age of 75 (Bechis et al., 2011; Wilt & Ahmed., 2013). Family history of 

PC is also an established risk factor, with likelihood of disease occurrence increasing with 

number of affected relatives (taking into account the patient’s age) (Brandt et al., 2010). 

PC risk is also tied to ethnicity, with African American men developing prostate cancer at 

a significantly higher rate than other ethnicities (Glass et al., 2013). Modifiable lifestyle 

factors may also play a role, with moderate exercise found to decrease risk of PC 

(Antonelli et al., 2009), and smoking linked to greater prostate cancer mortality and risk 

of recurrence (Kenfield et al., 2011).  

 The typical advancement of PC from local to disseminated disease is well 

characterized. Early stage prostate tumours are dependent on androgens for growth. 

Androgens bind to the Androgen Receptor (AR), a nuclear transcription factor that 

regulates the transcription of pro-growth and pro-survival proteins upon ligand binding 
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(Saraon et al., 2011). Local PC is treated with radical prostatectomy or radiation. If PC 

recurs or is diagnosed at a more advanced stage, androgen ablation therapy is used. 

Androgen ablation is the depletion of androgens through orchiectomy or pharmacological 

methods (more commonly used). Pharmacological methods include Gonadotropin-

releasing hormone (GnRH) super-agonists, which can be paired with AR antagonists for 

total androgen ablation (Feldman et al., 2001). Although androgen ablation is effective in 

reducing cancer growth, the cancer will eventually progress to become androgen 

independent and no longer responsive to hormone therapy (Hormone Refractory Prostate 

Cancer: HRPC).  

 Progression to HRPC occurs because cancer cells that lose androgen dependency 

are selected for through androgen ablation therapy. Loss of androgen dependence occurs 

through several mechanisms, some involving alterations in AR signalling and others 

through changes in growth and survival pathways independent of AR (Debes et al., 2004). 

Common AR signalling alterations include AR gene amplification or mutation and 

changes in expression of AR corregulators, leading to increased androgen sensitivity or 

activation of the receptor by binding partners other than androgens. Loss of androgen 

dependence can also occur through mutations in tumour suppressor genes such as PTEN 

or proto-oncogenes such as Bcl-2, allowing cancer cell survival and growth without the 

need for AR signalling (Debes et al., 2004). Androgen independent HRPC is not curable, 

and patients typically succumb to the disease within 2 years (Sadar, 2012). 
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1.2 Microvesicles 

           Microvesicles are small (40-1000 nm) membrane-bound vesicles shed by a variety 

of cell types under both physiological and pathological conditions. The term microvesicle 

has been used to define the heterogeneous population of vesicles secreted by cells, which 

are formed by at least two major mechanisms (exosomes, through the endosome pathway, 

and ectosomes, through plasma membrane budding). They carry a cell and cell-state 

specific cargo, and have been associated with important intercellular signaling functions. 

They are a unique form of communication with exciting possibilities, because they allow 

the transfer of  insoluble molecules, active proteins, intact membrane-bound receptors, 

genetic material (mRNA, miRNA), and combinations of molecules which may interact to 

exert surprising effects (van Doormaal et al., 2009). Microvesicles are found in most bio-

fluids, including blood, urine, lymph, and cerebrospinal fluid (CSF), allowing them to 

conduct messages to distant tissues (Lee et al., 2011).  

This important mechanism of intercellular communication has also been 

implicated in several pathologies, notably cancer. Cancer cells shed a higher volume of 

microvesicles than normal cells due to oncogenic activation. For example, amplified K-

ras and EGFR (or EGFRvIII) activity leads to increased formation and secretion of 

microvesicles (Al-Nedawi et al., 2008). Microvesicle release is also increased under 

conditions of UV irradiation, oxidative stress, membrane cholesterol depletion, and 

intracellular calcium amplification (Pant et al., 2012). Cancer cell derived microvesicles 

have been implicated in many aspects of tumourigenesis. Microvesicles transfer cancer-

promoting mRNA and oncoproteins to a variety of cell types, including indolent cancer 
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cells, endothelial cells, and immune cells (Castellana et al., 2010). Indolent cells can be 

transformed to exhibit cancerous characteristics by the transfer of mutated receptors. For 

example, EGFRvIII bearing microvesicles from cancerous glioma cells can transfer this 

receptor to the surface of indolent cells (Al-Nedawi et al., 2008). This transfer results in 

the induction of cancerous changes in the recipient cells, including growth and survival 

enhancing signaling pathway activation (Al-Nedawi et al., 2008). Microvesicles have also 

been implicated in the promotion of a pro-tumour microenvironment (Anderson et al., 

2010), invasion and angiogenesis (Al-Nedawi et al., 2009), local and systemic cancer-

associated hypercoagulability (Al-Nedawi et al., 2005), and immune evasion (Taylor & 

Gercel-Taylor, 2011). 

1.3 Exosome Formation 

Exosomes are a subgroup of microvesicles that are formed through the endosome 

pathway (Figure 1). They are smaller in size (40-100 nm), and characterized by the 

presence of proteins involved in endocytosis (Rab-5a, Rab-5b, Alix, Tsg 101), lipid raft 

related proteins (Caveolin-1), heat shock proteins (Hsp70, Hsp90), flotillin-1, and 

tetraspanins (CD63, CD9, CD81) (Yang & Robbins, 2011). Exosome formation begins 

with vesicle cargo assembly at clatherin-coated sites of the plasma membrane, which then 

invaginate, forming early endosomes. This process may also be clatherin independent in 

some cases. The endosome then matures to form a multivesicular body (MVB) through 

inward budding of the limiting endosomal membrane to form intraluminal vesicles (ILV). 
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Figure 1. The formation and release of exosomes through the 

endosome pathway. 

Exosome formation begins with endocytosis, forming early endosomes. 

Early endosomes mature to form multivesicular bodies, which are 

targeted to the plasma membrane and fuse with the membrane to release 

exosomes, or are degraded upon fusion with a lysosome. Released 

exosomes participate in local cell signaling, as well as signaling to 

distant targets when secreted to the bloodstream. (Ludwig & Giebel, 

2012) 
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This process is facilitated by the ESCRT complexes (endosomal sorting complex required 

for transport), which recognize and organize ubiquitinated proteins within late endosomes 

and initiate membrane budding to form ILVs (Wollert & Hurley, 2010). The mature 

MVBs are then targeted to the cell membrane, fusing with the membrane to release ILVs 

(exosomes) into the extracellular space (de Gassart et al., 2003). Various Rab-GTPases 

(Rab 5, Rab 7, Rab 11, and Rab 27a and b) are involved in this process, facilitating 

maturation of early endosomes to late endosomes, membrane docking, and fusion of 

MVBs with the cell membrane (Huotari &Helenius, 2011; Ostrowski et al., 2009; Ludwig 

& Giebel., 2012).  Alternately, MVBs fuse with lysosomes, at which point they are 

degraded. The well-known function of the endosome pathway in which endosomes are 

targeted for degradation is dependent on ESCRT complexes -I through –II (de Gassart et 

al., 2003).  

ESCRT independent mechanisms of exosome formation and protein sorting have 

also been identified (Simons & Raposo, 2009). These mechanisms are dependent on 

ceramide, a sphingolipid that promotes membrane invagination and stabilizes lipid rafts. 

Ceramide has been found to be crucial for the sorting of proteins and lipids into ILVs 

destined for release as exosomes rather than degradation, and this process has been found 

to be ESCRT-independent (Trajkovic et al., 2008).  Ceramide-rich domains may also 

attract tetraspanins, transmembrane proteins that form large webs involving 

transmembrane and cytosolic proteins. Several tetraspanins are highly represented in 

exosomes, and have been demonstrated to be involved in protein sorting into exosomes 

(Rana & Zöller, 2011; Chairoungdua et al., 2010). Lipid rafts are also likely to be 



MSc. Thesis - Kathleen Gabriel                                                                  Medical Science 

                           
 7 

 

involved in exosome secretion, as exosomes are enriched in raft lipids, and the interface 

between the lipid raft and surrounding membrane is highly conducive to membrane 

budding (Simons & Raposo, 2009). 

1.4 Ectosome Formation 

The other major class of microvesicles is ectosomes, larger vesicles (100-1000 

nm) formed through direct outwards budding of the plasma membrane. These vesicles are 

characterized by the presence of phosphatidylserine (PS)  residues on their outer surfaces, 

raft lipids, flotillin-1, tissue factor, adhesion molecules (PSGL-1, integrin beta-1), matrix 

metalloproteinases (MMPs), Arf6, and EMMPRIN (Lee et al., 2011). The process of 

ectosome formation remains somewhat speculative, however some aspects of their 

biogenesis have been uncovered. Ectosomes are formed preferentially at lipid rafts, 

plasma membrane regions rich in cholesterol and sphingolipids. Ectosome formation sites 

are also areas with PS relocation to the outer leaflet of the plasma membrane. This 

relocation is accomplished by the actions of flippases (Camussi et al., 2011). Deficiencies 

in these enzymes results in defects in platelet microvesiculation, demonstrating their 

importance in the formation of ectosomes (Piccin et al., 2007). This flippase-induced lipid 

asymmetry encourages membrane curvature, promoting the formation of ectosomes. 

Membrane-associated proteins are also important in ectosome biogenesis, promoting 

membrane curvature, disrupting membrane interactions with the cytoskeleton, and 

allowing final release of the ectosome (Muralidharan-Chari et al., 2010). 
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1.5 PTEN 

PTEN (phosphatase and tensin homolog deleted on chromosome 10) is an important 

tumour suppressor that is deleted or downregulated in a wide array of cancers. PTEN is a 

lipid/protein phosphatase, whose major biological function involves dephosphorylating 

the 3-phosphoinositide products of PI3K. These PI3K products are activators of the AKT 

survival and growth stimulating pathway, so PTEN acts as a negative regulator of AKT 

through dephosphorylation of PI3K products (Hollander et al., 2011) (Figure 2). PTEN 

has an N-terminal domain containing the phosphatase active site, and a C2 regulatory 

domain with no catalytic activity (Lee et al., 1999). The C-terminal domain contains five 

phosphorylation sites which regulate the protein’s stability, and is responsible for binding 

the plasma membrane (Steelman et al., 2004). 

PTEN activity is regulated through many mechanisms, including phosphorylation, 

ubiquitination, and differential targeting. C-terminal phosphorylation of PTEN by casein 

kinase 2 (CK2) and glycogen synthase kinase 3(GSK3) protein kinases results in a 

“closed” conformation, in which the protein is more stable, but also less active, exhibiting 

lower phosphatase activity, membrane association, and nuclear localization (Leslie et al., 

2008). This increased stability is due in part to the decreased membrane localization 

associated with phosphorylated PTEN, because membrane-localized PTEN is more 

susceptible to ubiquitination (Maccario et al., 2010). Ubiquitination is an important 

control mechanism for PTEN stability and localization. PTEN mono-ubiquitination by 

Nedd-4 ubiquitin ligase leads to nuclear localization, while poly-ubiquitination leads to 

cytoplasmic retention and degredation (Trotman et al., 2007). PTEN ubiquitination has  
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Figure 2. PTEN signaling  

The tumour suppressor PTEN is a lipid/protein phosphatase that dephosphorylates 

PIP3 to PIP2.  This antagonizes the Akt pathway, preventing the initiation of 

downstream pro-growth, proliferation, and survival signaling. (Keniry & Parsons, 

2008) 
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been shown to decrease protein activity by inhibiting its phosphatase activity (Maccario et 

al., 2010). PTEN localization can also be modified by plasma membrane characteristics. 

PTEN is recruited to acidic, PS, PI, and PIP3-rich regions of the plasma membrane. 

PTEN membrane localization can thus be altered by changes in plasma membrane lipid 

composition, or by the actions of phospholipase C (Leslie et al., 2008). In many cancers, 

PTEN transcription is downregulated through promoter methylation, and PTEN mRNA is 

targeted by the overexpression of miRNAs (Hollander et al., 2011). 

1.6 PTEN as a tumour suppressor 

PTEN acts as a tumour suppressor protein by inhibiting the PI3K-AKT-mTOR 

pathway. When PTEN function is reduced and this signaling cascade is activated, several 

different changes occur that contribute to tumourigenesis. Uninhibited signaling through 

this pathway leads to increased proliferation, promoting rapid tumour growth. PTEN 

reduction can also lead to the promotion of epithelial-to-mesenchymal transition, leading 

to increased cancer cell invasiveness and motility (Song et al., 2009). PI3K-AKT-mTOR 

signaling leads to metabolic reprogramming, promoting glucose uptake and anaerobic 

glycolysis even in the presence of oxygen (the Warburg effect), which enables rapid 

cancer cell growth (Eguez et al., 2005; Fang et al., 2010). Reduction of nuclear PTEN 

leads to increased genomic instability, causing an accumulation of mutations in cancer 

cells (Puc et al., 2005).  

Disruption of PTEN activity is a common feature of many cancer types. Reduced 

PTEN expression has been documented in glioblastoma, endometrial cancer, non-small 
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cell lung cancer, breast cancer, ovarian cancer, and colorectal cancer (Soria et al., 2002; 

Mutter et al., 2000; Perren et al., 1999; Bose et al., 2002; Kurose et al., 2001; 

McMenamin et al., 1999; Zhou et al., 2002). PTEN is reduced 70-80% in prostate 

primary tumours, and it is the most mutated gene in metastatic prostate cancer (Whang et 

al., 1998; Gray et al., 1995; Cairns et al., 1997; Suzuki et al., 1998). PTEN is a 

haploinsufficient tumour suppressor protein in some tissues, and mutation of PTEN at one 

allele only is common in prostate cancer (Salmena et al., 2008). Small reductions in 

PTEN expression or activity can affect its tumour suppressor function, causing increased 

cancer susceptibility and accelerating tumour progression (Alimonti et al., 2010). 

Although PTEN gene mutations are frequently seen in cancer, PTEN protein expression 

is often reduced in the absence of gene mutation (Salmena et al., 2008).  

1.7 EGFR 

 EGFR (epidermal growth factor receptor) is a receptor tyrosine kinase that plays 

an important role in cell growth and survival (Figure 3). EGFR overexpression or 

oncogenic mutation is implicated in cancer development and progression (Mitsudomi & 

Yatabe, 2010). EGFR (also known as ErbB-1), is a member of the ErbB family of 

receptors, which also includes ErbB-2, ErbB-3, and ErbB-4 (Burgess, 2008). All 

members of the ErbB family contain four functional domains; an extracellular ligand-

binding domain, a transmembrane domain, an intracellular tyrosine kinase domain, and a  
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Figure 3. EGFR signaling. 

Upon ligand binding, EGFR dimerizes with another ErbB family member, initiating 

autophosphorylation of the intracellular tyrosine kinase domain. Adaptor proteins 

bind to the phosphorylated tyrosine residues, allowing signal transducing molecules to 

bind and initiate signaling cascades. Activated pathways include PI3K/Akt, 

MAPK/ERK, and STAT, leading to the promotion of cell proliferation, invasion, 

survival, and metastasis. (Mitsudomi & Yatabe, 2010) 
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C-terminal regulatory domain (Hynes & MacDonald, 2009). ErbB receptor ligands 

include EGF (epidermal growth factor), TGF-α (transforming growth factor alpha), 

epigen, amphiregulin, and others (Riese & Stern, 1998). Ligand binding to the 

extracellular domain of the receptor initiates the formation of homo- or hetero-dimers. 

Dimerization stimulates activation of the intracellular tyrosine kinase domain, leading to 

autophosphorylation of tyrosine residues within the C-terminal domain (Holbro & Hynes, 

2004). Adaptor proteins then bind to the phosphorylated tyrosines, anchoring signal 

transducing molecules which initiate downstream signaling pathways. Signaling 

pathways initiated by EGFR activation include the MAPK/ERK, PI3K/AKT, and STAT 

pathways (Normanno et al., 2006). Receptor signaling is inactivated when the receptor-

ligand complex is internalized through endocytosis, and then degraded or recycled to the 

cell surface (Yarden, 2001). EGFR signaling pathways play an important role in cancer 

development through the promotion of cell proliferation, invasion, survival, and 

metastasis (Mitsudomi & Yatabe, 2010). 

1.8 EGFRvIII 

 EGFRvIII is a mutated, oncogenic form of EGFR. EGFRvIII contains a deletion 

of exons 2-7, resulting in the loss of the first two regions of the extracellular ligand-

binding domain (Wikstrand et al., 1998). The deletion is an in-frame deletion, and results 

in the insertion of a new glycine residue at the fusion junction (Figure 4). This mutation is 

most common in glioblastoma multiforme (20-30% of glioblastoma cases) (Gan et al., 

2009), and is frequently accompanied by gene amplification (Voldborg et al., 1997). 
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Figure 4. EGFRvIII structure. 

EGFRvIII is a mutated, oncogenic variant of EGFR. It contains a deletion of exons 

2-7, resulting in the loss of two extracellular domains and the insertion of a novel 

glycine residue. (Gan et al., 2009) 
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EGFRvIII has a constitutively activated tyrosine kinase domain, meaning that no ligand 

binding is required to initiate signaling (Mitsudomi & Yatabe, 2010). EGFRvIII has only 

approximately 10% of the activity level of wild-type EGFR. However, EGFRvIII is not as 

easily endocytosed as wild-type EGFR, so it remains at the cell surface longer, 

compensating for its lower signaling efficiency (Gan et al., 2013). EGFRvIII signaling 

primarily activates the PI3K/AKT pathway, leading to increased proliferation, enhanced 

tumorigenesis and resistance to chemotherapy in vivo (Gan et al., 2013). 
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1.9 Hypothesis 

Based on the observation that PTEN is found in cancer cell-derived exosomes but is not 

present in exosomes produced by normal cells, we propose that the inclusion of PTEN in 

cancer cell exosomal cargo is under the control of oncogenes. We propose that these 

PTEN-bearing exosomes can transfer PTEN to cells not expressing the protein, and that 

the transferred PTEN can functionally compensate for PTEN loss in recipient cells. 

1.10 Objectives 

I. To assess the status of PTEN in cancer cell and normal cell exosomes and the role 

of oncogenic molecules in PTEN incorporation into exosomes. 

The observation that PTEN is included in cancer cell exosomes but not normal cell 

exosomal cargo suggests that this may be a cancer cell-specific mechanism under the 

control of oncogenes. We will assess PTEN status in exosomes after EGFR and 

EGFRvIII transfection into cells, and under conditions of EGFR activation and inhibition. 

II. To assess the intercellular transfer of PTEN through exosomes to PTEN-negative 

cells. 

We will assess the capacity of PTEN-bearing exosomes to transfer PTEN to other cells. 

PTEN-reduced and PTEN-negative cells will be incubated with PTEN-bearing exosomes, 

and PTEN acquisition will be assessed. PTEN mRNA levels in acceptor cells will be 
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assessed following incubation with PTEN-bearing exosomes to determine if exosomes 

affect PTEN transcription. 

III. To assess the functional consequences of PTEN transfer through exosomes, to 

determine whether exosomal PTEN can compensate for PTEN loss. 

We will assess changes in PTEN-negative cells following incubation with PTEN-bearing 

exosomes to determine whether transferred PTEN is active, and whether PTEN activity is 

adequate to compensate for PTEN loss. Characteristics to assess will include 

proliferation, PTEN phosphatase activity, AKT phosphorylation status, and levels of cell 

cycle mediators.  
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CHAPTER TWO: METHODS 

 

2.1 Antibodies  

Monoclonal antibodies for PTEN, AKT, Flotilin-1, p27, EGFR, B-actin, and cyclin D1 

were purchased from Cell Signaling Technology (Danvers, MA). All the corresponding 

HRP-conjugated secondary antibodies were purchased from Cell Signaling Technology. 

Alexa Fluor 488 secondary antibodies were purchased from Molecular Probes (Eugene, 

OR). 

2.2 Cell Lines 

DU145 (human prostate cancer cells), PC-3 (human prostate cancer cells), U87 (human 

glioblastoma astrocytoma), human normal cells [Human aortic endothelial cells 

(HAOEC), Human aortic smooth muscle cells (HAOSMC) and Human prostate epithelial 

cells (HPEC)], A549 (human alveolar adenocarcinoma), MDA-MB3 (human breast 

adenocarcinoma), HCT 116 (human colorectal carcinoma), and BxPC-3 (human 

pancreatic adenocarcinoma) were purchased from the ATCC (Manassas, VA). DU145 

cells with PTEN knockdown (DU145Kd) and DU145 cells transfected with nonspecific 

siRNA were originally generated in Dr Damu Tang’s laboratory at the Hamilton Kidney 

Research Centre (HKRC), McMaster University. DU145Kd cells were generated by 

transfection with PTEN siRNA expressed by a retroviral-based H1 promoter–driven 

shRNA vector (pRIH), as previously detailed (He et al., 2010). DU145vIII cells were 

generated by stable transfection of DU145 cells to express EGFRvIII. CHO and CHO-

EGFR cells were obtained previously as a generous gift from Dr Abhijit Guha’s 
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laboratory at The Hospital for Sick Children, Toronto.  All the cell lines used in this study 

were cultured in microvesicle-depleted FBS (by centrifugation for three hours at 100,000 

g).  

2.3 Isolation of Exosomes 

Exosomes from the conditioned media of different cell lines were collected as previously 

described (Al-Nedawi et al., 2005; Al-Nedawi et al., 2009). Briefly, conditioned medium 

was collected from cells at approximately 80% confluence, unless indicated otherwise, 

and this material was subjected to consecutive centrifugations at 300 g for 5 minutes and 

then at 12,000 g for 20 minutes to eliminate cells and debris. Finally, exosomes were 

obtained after centrifugation for 2 hours at 100,000 g and then washed twice with a large 

volume of phosphate buffered saline (PBS). Exosomal proteins recovered were measured 

using the Bradford assay (Bio-Rad, CA). This centrifugation protocol specifically isolates 

exosomes. 

2.4 PTEN expression profile  

Cells (DU145, DU145Kd, and DU145 with control siRNA) and primary cells (HAOEC, 

HAOSMC and HPEC), along with their corresponding exosomes, were lysed for 10 

minutes on ice in a lysis buffer (RIPA lysis buffer) containing: 10 mM Tris (pH 6.8), 5 

mM EDTA, 50 mM NaF, 30 mM sodium pyrophosphate, 2% (wt./vol) SDS, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), and 1 mM Na3VO4. Exosomes collected from 

A549, MDA-MB3, HCT 116, and BxPC-3cells were lysed in the same way. The lysates 

were resolved by SDS-PAGE and subjected to immunoblotting with rabbit monoclonal 
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antibodies for PTEN (Cell Signaling Technology, MA). Immunodetection was 

accomplished using the appropriate HRP-conjugated secondary antibody (Cell Signaling 

Technology) and chemiluminescence plus kit (ECL kit; Amersham Pharmacia, 

Buckinghamshire), after which the blots were scanned and protein bands quantitated 

using the Quantity One software (Bio-Rad). 

2.5 Detection of the effects of EGFR stimulation on PTEN incorporation into 

exosomes 

To determine the effects of EGFR on PTEN incorporation into exosomes, CHO and 

CHO-EGFR cells were grown in F12-K media, then starved in serum free media for 24 

hours. Exosomes were collected from the conditioned media as previously described (Al-

Nedawi et al., 2009). Cells were collected and lysed in RIPA lysis buffer. Cell and 

exosome lysates from both cell types were analyzed for PTEN content using 

immunoblotting. To assess the effect of EGFR stimulation on PTEN incorporation into 

exosomes, CHO-EGFR cells were plated in 100 mm dishes at a density of 2 x 10
5
 

cells/mL, grown briefly, and starved for 24 hours (in serum free F12-K media). Cells 

were treated for 24 hours with 0, 5, 10, and 20 ng/mL of EGF (epidermal growth factor). 

Media was collected from each treatment, and exosomes were isolated from the media. 

Exosomes were lysed and analyzed for PTEN content using immunoblotting.  
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2.6 Detection of the effects of EGFR inhibition on PTEN incorporation into 

exosomes 

To assess the effect of EGFR inhibition on PTEN incorporation into exosomes, DU145 

cells were plated in 100 mm dishes at a density of 2 x 10
5
 cells/mL, grown briefly, and 

starved for 24 hours (in serum free DMEM media). Cells were treated for 24 hours with 

two concentrations (5mM, and 10mM) of CI-1033, an irreversible inhibitor of EGFR. 

Exosomes were collected from the conditioned media, and PTEN incorporation into 

exosomes was assessed using immunoblotting.  

2.7 Detection of the effects of EGFRvIII on PTEN incorporation into exosomes 

The effect of EGFRvIII (a truncated oncogenic form of EGFR that does not require ligand 

binding to initiate signaling), on PTEN levels in exosomes was assessed using DU145vIII 

cells (DU145 cells stably transfected to express EGFRvIII). DU145 and DU145vIII cells 

were grown in DMEM media, then starved in serum free media for 24 hours. Media and 

cells were collected. Exosomes were isolated from the conditioned media, and cell and 

exosome lysates were assessed for PTEN levels using immunoblotting. 

2.8 Detection of signaling events related to PTEN  

To assess the impact of PTEN-bearing exosomes on DU145Kd cells, the latter were 

plated in 100 mm dishes at a density of 2 x 10
5
 cells/ml, grown briefly, and starved for 24 

hours (either in DMEM supplemented with 0.5% FBS, or in serum free DMEM). The 

cultures were then stimulated overnight with different concentrations of exosomes 

derived from DU145 cells. After exosome treatment, cell lysates were prepared and 
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analyzed for their signaling effector content using anti-phospho-AKT antibodies (Cell 

Signaling Technology), according to the supplier’s recommendations. Detection of the 

expression of p27 and cyclin D1 (Cell Signaling Technology) was performed using the 

same experimental settings used for the detection of pAKT. 

2.9 Fluorescent imaging of cells 

For in vitro analysis of PTEN expression, cells were grown in chamber slides (Nalge 

Nunc, NY). The cultures were washed with PBS and fixed in preheated (37°C) 4% 

(wt./vol) paraformaldehyde (PFA) in phosphate buffered saline for 5 minutes. Next, they 

were washed three times in PBS, and antiquenching was performed in 50 mM NH4Cl for 

10 minutes at room temperature. Cells were then permeabilized by incubation in 0.25% 

Triton X-100 in PBS for 10 minutes. Subsequently, the cells were washed three times 

PBS and incubated with BSA [1% (wt./vol) in PBS] for 30 minutes. Incubation with 

PTEN primary antibody (Cell Signalling Technology) was performed for 1 h, followed by 

three washes in PBS, and then incubation with Alexa-fluor 488(Molecular Probes) 

secondary antibody for 30 minutes. After staining, the slides were mounted using Dako 

fluorescent mounting medium and viewed under a confocal microscope to detect the 

presence of exosome content (PTEN) in the recipient cells. 

2.10 PTEN activity assay 

DU145Kd cells were treated with DU145-derived exosomes, lysed, and then subjected to 

immunoprecipitation using PTEN antibodies (Cell Signaling) and Protein G Sepharose 

(Sigma-Aldrich, MO). PTEN activity was assessed using the water-soluble substrate 
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DiC8PtdIns (3, 4, 5) P3 (Echelon Biosciences, UT). The released free phosphates were 

measured with BIOMOL Green reagent (Enzo Life Sciences, NY) and normalized against 

a reaction containing only PIP3 substrate. 

2.11 Detection of PTEN mRNA  

DU145Kd cells were treated with exosomes derived from DU145 cells, followed by 

extensive washing and the extraction of RNA using Trizol reagent (Invitrogen, NY). RT-

PCR analysis was performed using a single-step method (Qiagen, CA) where PTEN was 

detected using the primer sets: sense 50-ATGACAGCCATCATCAAAGAG-30 and 

antisense 50-GTGCCACTGGTCTATAATCCAG-30 (He et al., 2010). The reactions 

were conducted in 50 µL with the initial Taq activation at 95 °C for 30 minutes, followed 

by 30 cycles of denaturation at 95 °C for 30 seconds, primer annealing at 60 °C for 1 

minute, and extension at 72 °C for 30 seconds. The products were resolved on 1% 

agarose gel and photographed. GAPDH was used as internal control using the primer sets: 

sense 50-TGATGACATCAAGAAGGTGGTGAAG-30 and antisense 50-

TCCTTGGAGGCCATGTGGGCCAT-30. 

2.12 Proliferation assay  

Proliferation assays were performed using an assay kit (CHEMICON, CA) according to 

the manufacturer’s instructions. Briefly, 0.1 x10
4
 DU145Kd cells were plated in a 96-well 

plate, and after 24 hours the cells were treated with different concentrations of exosomes 

derived from DU145 cells. Other DU145Kd cells were treated with exosomes collected 

from DU145Kd cells to show the effect of exosomes with downregulated PTEN on 
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proliferation. DU145 cells were used as a control. This procedure was also used for U87 

and PC-3 cells. 

2.13 Statistical Analysis 

Experiments were reproduced at least three times with similar results. The quantitative 

data are presented as the average value of the replicates within the representative 

experiment ± SEM. Statistical significance was evaluated using a computerized 2-tailed 

Student’s t-test. The differences were considered significant at P < 0.05. 
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CHAPTER THREE: RESULTS 
 

3.1 PTEN status in cancer cell and normal cell exosomes, and the effects of 

oncogenic activation on PTEN incorporation into exosomes. 

I. PTEN status in exosomes from cancer cells and normal cells 

We determined the status of PTEN in the following PC cells: DU145, DU145 

transfected with PTEN siRNA (DU145Kd), and DU145 transfected with control siRNA 

(He et al., 2008). Exosomes were collected from the conditioned media of each cell type, 

and equal protein concentrations from the cells and exosomes were subjected to SDS-

PAGE and immunoblotting, and then probed with PTEN antibodies. Both DU145Kd cells 

(Figure 5A) and exosomes (Figure 5B) showed a downregulation of PTEN expression 

compared to the wild-type DU145 cells and DU145 cells transfected with control siRNA 

(Gabriel et al., 2013). We also assessed the phosphorylation status of PTEN in the 

exosomes derived from these cells. Phosphorylation of PTEN keeps it in a closed state 

protected from degradation, so that it will later be available to be activated in the 

cytoplasm, bind the cell membrane upon dephosphorylation, and then initiate cell 

signaling (Rahder et al, 2009). We found that the PTEN incorporated in exosomes is 

phosphorylated (Figure 5B, middle panel). Flotilin-1 was used as a loading control for the 

exosomes (Lespagnol et al., 2008). The proliferation rates of DU145 parental cells and 

DU145Kd cells (Figure 6) show that the PTEN knockdown cells exhibited a significantly 

higher proliferation rate. 
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To determine whether PTEN expression in exosomes is found in other types of 

cancer cells, we collected exosomes from lung carcinoma cells (A549), breast cancer cells 

(MDA-MB-231), colon carcinoma cells (HCT 116), and pancreas adenocarcinoma cells 

(BxPC-3). We performed immunoblotting, and found that PTEN is shed through 

exosomes in these cancer cell types (Figure 7A). Figure 7B is a scanning electron 

micrograph showing the shedding of exosomes from a cancer cell.  

Human primary cells (normal, non-cancerous cells), such as Human Aortic 

Endothelial Cells (HAOEC), Human Aortic Smooth Muscle Cells (HAOSMC), and 

Human Prostate Epithelial Cells (HPEC) express PTEN, but we found that PTEN is not 

incorporated into the exosomes of these cells (Figure 8). This finding suggests that the 

incorporation of PTEN in exosomes is a characteristic of cancer cells, but not of normal 

cells. 

II. PTEN incorporation into exosomes is affected by EGFR. 

To investigate the mechanism of incorporation of PTEN into exosomal cargo, we 

have tested the role of the oncogenic receptor Epidermal Growth Factor Receptor (EGFR) 

in this process. We used the Chinese Hamster Ovary (CHO) cell line, which is 

spontaneously immortalized (Wurm & Hacker, 2011) and has no EGFR expression. CHO 

cells stably transfected to express EGFR had similar PTEN levels to parental CHO cells 

(Figure 9A), and exosomes collected from the transfected cells had similar levels of 

PTEN as the parental cells (Figure 9B). Upon stimulation of CHO-EGFR cells with 
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5ng/mL of EGF, there was an increase in the amount of PTEN in exosomes (Figure 10). 

In addition, we tested the effect of inhibiting EGFR in DU145 cells on PTEN 

incorporation into exosomes. We treated the cells with the EGFR inhibitor CI-1033 (5, 10 

µM). Inhibiting EGFR decreased the incorporation of PTEN into exosomes in a 

concentration dependent manner (Figure 11). We also assessed the effects of EGFRvIII 

on exosomal-PTEN levels. DU145 cells transfected to stably express EGFRvIII exhibit 

increased PTEN levels in exosomes compared with exosomes derived from parental 

DU145 cells (Figure 12). 

3.2 The intercellular transfer of PTEN through exosomes to PTEN-negative cells. 

I. PTEN-negative cells acquire PTEN expression following incubation with PTEN-

bearing exosomes. 

To investigate the intercellular exchange of PTEN, exosomes derived from native 

DU145 PC cells were collected using the standard procedure of centrifugation. DU145Kd 

cells were incubated with an exosome preparation derived from parental DU145 cells. 

The apparent uptake of PTEN by DU145Kd cells was observed using 

immunocytochemistry (Figure 13). Background subtraction was performed using the 

untreated cells as control, and the fluorescence was subtracted from both nontreated and 

treated cells to show the acquisition of PTEN in exosome-treated cells. PTEN acquisition 

by DU145Kd cells following incubation with DU145 exosomes was also shown with 

immunoblotting (Figure 14). To determine if PTEN can be transferred from exosomes 

collected from other cancer cell types, we treated the PTEN-null prostate cancer cell line 
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PC-3 with exosomes derived from HCT 116 colorectal carcinoma cells. We tested for 

PTEN acquisition using immunocytochemistry, and found that the PC-3 cells acquired 

PTEN expression (Figure 15). 

II. PTEN expression in cells following incubation with PTEN-bearing exosomes is 

not due to stimulation of PTEN transcription by exosomes. 

To ensure that the increase of PTEN in DU145Kd cells post-incubation with 

DU145-derived exosomes did not result from the stimulation of PTEN transcription by 

exosomes, we performed RT-PCR for PTEN in DU145Kd cells treated with different 

concentrations of DU145-derived exosomes. We observed an inhibitory effect on PTEN 

transcription (Figure 16). To further ensure that we were observing the intercellular 

transfer of PTEN protein, as opposed to the stimulation of transcription, we used the 

glioblastoma cell line U87, a null genotype, which contains a mutation in both PTEN 

alleles (Wen et al., 2001). When treated with exosomes derived from DU145 cells, U87 

cells tested positive for PTEN (Figure 17). We also treated the PTEN-null prostate cancer 

cell line PC-3 with exosomes derived from DU145 cells, with similar results (Figure 18). 

These data confirm that the acquired PTEN in DU145Kd, U87, and PC-3 is solely related 

to the intercellular transfer of PTEN protein through exosomal exchange.  
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3.3 PTEN transferred through exosomes is active, and leads to functional changes in 

recipient cells. 

I Exosomes transfer active PTEN to recipient cells. 

To assess whether the PTEN transferred through exosomes is active, we treated 

DU145Kd cells with different concentrations of exosomes derived from the DU145 cells. 

The treated cells were subjected to immunoprecipitation for PTEN. The 

immunoprecipitates were assessed for PTEN activity using a lipid-phosphatase assay. 

DU145Kd cells showed a substantial increase in phosphatase activity upon treatment with 

exosomes derived from DU145 cells (Figure 19). 

To investigate whether the transferred PTEN is competent to alter cell signaling in 

acceptor cells, DU145Kd cells were treated with exosomes derived from DU145 cells for 

24 hours. The phosphorylation status of AKT, the main substrate for PTEN, was assessed. 

In DU145Kd cells, we found a decrease in the phosphorylation of AKT that reached 

levels comparable to DU145 parental cells (PTEN positive) and DU145 cells transfected 

with control siRNA (Figure 20). To determine whether the transferred PTEN affects 

downstream cell signaling pathways associated with AKT, we assessed cyclin-dependent 

kinase (CDK) inhibitor p27 (KIP1) expression. p27 regulates cell proliferation, cell 

motility, and apoptosis. A reduction in p27 expression is observed in most lethal 

epithelial cancers and is associated with poor patient outcomes (Chu et al., 2008). pAKT 

negatively regulates p27 to support antiapoptotic activity in cancer progression. We found 

that p27 expression is increased in DU145Kd cells when treated with DU145-derived 
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exosomes (Figure 21, top panel). It has been reported that G1 cell-cycle arrest is 

coordinated by PTEN lipid phosphatase activity through the upregulation of p27 and by 

PTEN protein phosphatase activity through the downregulation of cyclin D1 (Weng et al., 

2001). We determined that cyclin D1 is downregulated in the DU145 exosome-treated 

DU145Kd cells, as anticipated (Figure 21, bottom panel). 

II PTEN transferred through exosomes affects biological functions in the acceptor 

cells. 

To assess whether the biochemical changes observed in Figures 19-21 are 

associated with modification of biological function, we assessed the effect of PTEN-

positive exosomes (derived from DU145 cells) on the proliferation of three cell lines that 

lack PTEN expression. DU145Kd, PC-3, and U87 cells were treated with different 

concentrations of DU145 exosomes, and proliferation rates were inhibited in all three cell 

lines in a dose-dependent manner (Figures 22, 23, and 24). Exosomes lacking PTEN 

expression, derived from DU145Kd, showed little effect on the proliferation rates.  
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A B 

Figure 5. Prostate cancer cells produce exosomes containing PTEN  

A. DU145 prostate cancer cells were transfected with the retroviruses for PTEN 

siRNA and control mismatch siRNA. Cells transfected with PTEN specific siRNA 

(DU145Kd) showed clear knockdown of PTEN expression, and cells transfected 

with control mismatch siRNA showed no decrease in PTEN. 

B. Exosomes derived from DU145, DU145Kd, and DU145 with control siRNA show 

the same pattern of PTEN expression as seen in the cells from which exosomes are 

derived. Middle panel shows that PTEN incorporated into exosomes is 

phosphorylated, which means it is preserved against degradation and will be 

activated upon transfer to other cells. Exosomes are positive for Flotillin-1. 
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Figure 6. DU145Kd cells exhibit greater proliferation than parental DU145. 

Using a proliferation assay, PTEN knockdown cells (DU145Kd), exhibited 

enhanced proliferation compared to DU145 parental cells and DU145 cells with 

control siRNA; the results represent the mean of three experiments ±SEM. 

DU145 DU145 

(Control siRNA) 

DU145 Kd 



MSc. Thesis - Kathleen Gabriel                                                                  Medical Science 

                           
 33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 7. Exosomes from multiple cancer cell types express PTEN. 

A. PTEN is expressed on exosomes derived from different types of cancer cells. 

A549; Alveolar Adenocarcinoma, MDA-MB3; Breast Adenocarcinoma, HCT 

116; Colerectal Carcinoma, BxPC-3; Pancreas Adenocarcinoma. 

B. Scanning electron micrograph showing shedding of exosomes from a cancer 

cell. 
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Figure 8. Normal primary cell-derived exosomes have no detectable PTEN 

Human primary cells; Human aortic endothelial cells (HAOEC), Human aortic 

smooth muscle  cells (HAOSMC), and Human prostate epithelial cells (HPEC) 

and their exosomes were profiled for PTEN expression. All three cells have 

PTEN expression, but no PTEN is detected in their exosomes. The expression for 

both cells and their exosomes was normalized with Flotilin-1. 
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A B 

Figure 9. CHO-EGFR cells have similar levels of PTEN in exosomes as 

wild type CHO cells. 

A. Introducing EGFR in CHO cells showed no effect on the expression of 

PTEN in cells. 

B. CHO-EGFR cells have the same PTEN levels in exosomes as parental 

CHO cells.  
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Figure 10. Stimulation of EGFR with EGF increases 

PTEN incorporation into exosomes. 

CHO-EGFR cellswere cultured in 100 mm dishes and 

treated with the indicated concentrations of EGF (5, 10 and 

20 ng/mL) for 24 hours, then exosomes were collected for 

analysis of PTEN expression by immunoblotting. EGF 

treatment led to an increase in PTEN incorporation into 

exosomes. Flotillin-1 was used as a loading control. 
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Figure 11. EGFR inhibition decreases PTEN 

incorporation into exosomes. 

DU145 cells were cultured in 100 mm dishes, and treated 

with the indicated concentrations of the irreversible EGFR 

inhibitor CI-1033 (5, 10 µm). Exosomes were collected for 

analysis by immunoblotting for PTEN. CI-1033 treatment 

results in decreased PTEN incorporation into exosomes. 

Flotillin-1 was used as a loading control. 
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Figure 12. Introduction of EGFRvIII leads to increased incorporation of 

PTEN into exosomes. 

A. DU145 cells were transfected to stably express EGFRvIII (DU145vIII cells). 

DU145 parental and DU145vIII cells were collected, and immunoblotting for 

PTEN was performed. DU145vIII cells have similar levels of PTEN as parental 

DU145 cells. 

B. Exosomes were collected from DU145 parental and DU145vIII cells, and 

analysed for PTEN expression using immunoblotting. DU145vIII-derived 

exosomes have increased PTEN levels compared with parental DU145-derived 

exosomes. Flotillin-1 was used as a loading control. 

A B 
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Figure 13. PTEN-bearing exosomes transfer PTEN between prostate 

cancer cells.  

DU145Kd cells were cultured in slide chambers and treated with different 

concentrations of DU145 exosomes for 24 hours. Cells were then washed 

twice, fixed, permeabilized, and immunocytochemistry was performed with 

PTEN antibodies and Alex-fluor 488. The cells were visualised using confocal 

microscopy (IF; immunofluorescent). DU145Kd cells acquired PTEN (green) 

with both concentrations of exosomes. 
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Figure 14. Exosomes transfer PTEN between prostate cancer cells. 

 DU145Kd cells were cultured in 100 mm dishes and treated with different 

concentrations of exosomes derived from DU145 cells for 24 hours. Cell 

lysates were subjected to immunoblotting for PTEN expression. DU145Kd  

cells acquired PTEN expression.  
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Figure 15. HCT 116 –derived exosomes transfer PTEN to PTEN-null PC-3 

cells. 

PC-3 cells were cultured in slide chambers and treated with HCT 116-derived 

exosomes for 24 hours. Cells were then washed twice, fixed, permeabilized, and 

immunocytochemistry was performed with PTEN antibodies and Alex-fluor 488. 

The cells were visualised using confocal microscopy (IF; immunofluorescent). 

PC-3 cells acquired PTEN (green) with both concentrations of exosomes. 
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Figure 16. Exosomes have an inhibitory effect on the transcription of PTEN.  

DU145Kd cells were treated with different concentrations of exosomes derived from 

DU145 parental cells. Total RNA was collected and RTPCR was performed using 

specific primers for PTEN; sense 50-ATGACAGCCATCATCAAAGAG-30 and 

antisense 50-GTGCCACTGGTCTATAATCCAG-30. GAPDH was used as a 

control using the primers; sense 50-TGATGACATCAAGAAGGTGGTGAAG-30 

and antisense 50-TCCTTGGAGGCCATGTGGGCCAT-30. RTPCR was performed 

using a one step RTPCR kit (Qiagen). The products were resolved on 1.1% agarose 

gel. The first three lanes show a comparison between mRNA levels in the three cell 

lines used in the study (DU145, DU145 with control siRNA, and DU145Kd cells).  
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Figure 17. Exosomes transfer PTEN to PTEN
-/- 

U87
 
cells. 

U87 cells were cultured in slide chambers and treated with exosomes 

derived from DU145 cells. The cells were washed twice, fixed, 

permeabilized, and stained with PTEN antibodies and Alexa-fluor 488 

secondary antibodies, and visualised using confocal microscopy (IF; for 

immunofluorescent). Cells became positive for PTEN after incubation 

with the DU145 exosomes. 
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Figure 18. Exosomes transfer PTEN to PC-3 PTEN
-/- 

prostate cancer 

cells. 

 PC-3 cells were cultured in slide chambers and treated with exosomes 

derived from DU145 cells. The cells were washed twice, fixed, 

permeabilized,  then stained with PTEN antibodies and  Alexa-fluor 488 

secondary antibodies. Slides were visualised using confocal microscopy (IF; 

for immunofluorescent).  
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Figure 19. Exosomes transfer active PTEN to acceptor cells.  

DU145Kd cells were treated with exosomes derived from DU145 cells. 

PTEN was immunoprecipitated with PTEN antibodies, and PTEN 

phosphatase activity assessed using the water soluble substrate 

DiC8PtdIns (3,4,5) P3 (Echelon). Released free phosphates were 

measured with BIOMOL Green reagent and normalised against a 

reaction containing PIP3 substrate only. The result represents the mean 

of three experiments ± SD; the results were significant P<0.01. 
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Figure 20. PTEN-positive exosomes decrease AKT 

phosphorylation in acceptor cells.   

AKT phosphorylation in DU145Kd cells incubated with different 

concentrations of exosomes derived from DU145. AKT 

phosphorylation decreased to be comparable to DU145 with control 

siRNA, and the parental counterpart DU145 (last two lanes on the 

right). The histogram represents the optical densities for the band in 

the blot; the optical densities were obtained using Image quantity 

one. 
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Figure 21. PTEN transferred through exosomes modulates the cell cycle 

arrest pathway of the acceptor cells.  

DU145Kd cells were plated in 100mm cell culture dishes and treated with 

different concentrations of exosomes derived from DU145 cells for 24 hours. The 

cells were lysed and subjected to immunoblotting with p27 and cyclin D1 

antibodies. PTEN induced the expression of p27 (upper panel), and reduced the 

expression of cyclinD1 (middle panel). These two events led to the cells entering 

into cell cycle arrest. B-actin used as a loading control protein.  
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Figure 22. Modulation of cell proliferation in DU145Kd cells by 

transferred exosomal-PTEN derived from DU145 cells. 

DU14Kd cells were treated with different concentrations of DU145 

exosomes. A proliferation assay was performed using an assay kit 

(Millipore), and according to manufacturer instructions. Proliferation 

rates were inhibited in a concentration dependent manner. DU145Kd 

cell proliferation rates reached levels comparable to DU145 cells, 

meaning that exosomes compensated for PTEN loss.  Exosomes derived 

from DU145Kd (lacking PTEN) showed no effect on cell proliferation.  

Results shown as the mean of three experiments ± SD. Differences from 

the control (0 exosomes) are shown as (significant * P<0.05, **P<0.01 

and # not significant).  
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Figure 23. Modulation of cell proliferation in PTEN-null PC-3 cells 

by transferred exosomal-PTEN derived from DU145 cells. 

PC-3 cells were treated with different concentrations of DU145 

exosomes. A proliferation assay was performed using an assay kit 

(Millipore), and according to manufacturer instructions. Proliferation 

rates were inhibited in a concentration dependent manner. Exosomes 

derived from DU145Kd (lacking PTEN) showed no effect on cell 

proliferation.  Results shown as the mean of three experiments ± SD. 

Differences from the control (0 exosomes) are shown as (significant * 

P<0.05, **P<0.01 and # not significant).  
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Figure 24. Modulation of cell proliferation in PTEN-null U87 cells by 

transferred exosomal-PTEN derived from DU145 cells. 

U87 cells were treated with different concentrations of DU145 exosomes. 

A proliferation assay was performed using an assay kit (Millipore), and 

according to manufacturer instructions. Proliferation rates were inhibited 

in a concentration dependent manner. Exosomes derived from DU145Kd 

(lacking PTEN) showed no effect on cell proliferation.  Results shown as 

the mean of three experiments ± SD. Differences from the control (0 

exosomes) are shown as (significant * P<0.05, **P<0.01 and # not 

significant).  
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CHAPTER FOUR: DISCUSSION 
 

The cancer-promoting effects of tumour-derived exosomes have been well 

established in the past few years. Cancer cell derived exosomes have been found to 

facilitate cancer growth through the horizontal transfer of mutant oncogenic proteins (Al-

Nedawi et al., 2008) and pro-growth mRNA (Skog et al., 2008). Exosomes have also 

been implicated in tumour immune evasion (Valenti et al., 2007), and remodeling of the 

tumour microenvironment to promote cancer growth (Sidhu et al., 2004). However, a 

subject that has received little attention is the potential tumour-suppressive characteristics 

of exosomes. 

An important observation made during the present study is that the tumour 

suppressor PTEN is expressed in exosomes derived from cancer cells (Figure 5), and it is 

not expressed in exosomes from normal cells, although the normal cells themselves 

express PTEN (Figure 8). Thus, the incorporation of PTEN in exosomes is an exclusive 

characteristic of cancer cells. This finding may suggest an exclusionary mechanism used 

by cancer cells to downregulate PTEN. The sequestering of anti-growth and pro-death 

molecules into exosomes by cancer cells has been noted in previous studies. K562 

erythroleukemia cells have been found to avoid complement-induced cell death by 

shedding accumulated membrane attack complex (MAC) from the cell membrane through 

exosomes (Pilzer et al., 2005). Cancer cells have also been shown to eliminate 

chemotherapeutic drugs by shedding them through exosomes. For example, ovarian 

carcinoma cells avoid doxorubicin-mediated death by packaging it into exosomes which 
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are shed from the cell (Shedden et al., 2003). The finding that cancer cells incorporate 

PTEN into exosomes may represent another cancer cell adaptation to allow uninhibited 

growth by removing the tumour suppressor from cancer cells through exosomes.   

This new mechanism requires further investigation to characterize the molecules 

responsible for directing PTEN to exosomes. Because this mechanism is exclusive to 

cancer cells, we hypothesize that it might be under the control of oncogenes. Therefore, 

we studied the effect of introducing EGFR in CHO cells, which do not have any 

expression of EGFR. Introducing EGFR in these cells showed no effect on exosomal 

PTEN levels (Figure 9). However, when the introduced EGFR was activated by EGF 

treatment there was an increase in PTEN expression in exosomes (Figure 10). We also 

tested the effects of the irreversible EGFR inhibitor CI-1033 on the incorporation of 

PTEN in exosomes, and found that DU145 cells treated with the inhibitor decreased 

exosomal PTEN in a concentration dependent manner (Figure 11). We assessed the 

effects of introducing EGFRvIII, the truncated, constitutively active EGFR mutant, on 

PTEN incorporation into exosomes. We found that DU145 cells transfected to stably 

express EGFRvIII produced exosomes with higher levels of PTEN (Figure 12). Recently, 

it has been reported that Ndfip1, an adaptor protein for members of the Nedd4 family of 

E3 ubiquitin ligases, has a role in directing PTEN to exosomes (Putz et al., 2012). EGFR 

activation through EGF binding has been shown to activate Nedd4 ubiquitin ligase 

activity by increasing intracellular calcium (Wang et al., 2010). Nedd4 activation may 

result in increased PTEN incorporation into exosomes. This mechanism could explain the 

role of EGFR in the incorporation of PTEN into exosomes, but further study is needed to 
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confirm this pathway. Determining the mechanism of PTEN direction to exosomes could 

provide a new, cancer-exclusive pathway to target in the development of cancer 

therapeutics. Blocking this mechanism could lead to PTEN accumulation within cancer 

cells, causing cancer cell death or inhibition of growth. 

This study demonstrates the ability of PTEN-bearing exosomes to transfer PTEN 

to cells with no expression of the protein. After incubation with PTEN-positive DU145-

derived exosomes, PTEN knockdown DU145Kd cells (Figure 13) and PTEN null U87 

(Figure 17) and PC-3 cells (Figure 18) became positive for the protein. Other types of 

cancer cell exosomes were also found to be positive for PTEN (Figure 7A), and exosomes 

collected from the colorectal carcinoma cell line HCT 116 also transferred PTEN to PC-3 

cells (Figure 15). Our study suggests that the source of the PTEN observed in DU145Kd, 

PC-3, and U87 cells is related to the transfer of PTEN from PTEN-positive cells via 

exosomes. This is evidenced by the fact that exosomes have an inhibitory effect on the 

transcription of PTEN, as demonstrated by RT-PCR (Figure 16). This inhibitory effect 

may be explained by the expression of miRNA 21 in exosomes, which negatively 

regulates transcription of PTEN in acceptor cells (Collino et al., 2010). In the transfer 

experiments using U87 cells, PTEN was acquired from transferred exosomal PTEN, as 

U87 cells have mutations in both PTEN alleles, resulting in a null genotype (Wen et al., 

2001). Both approaches indicate that the presence of PTEN is solely related to PTEN 

transfer via exosomes. 
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PTEN transferred through exosomes is active. Upon uptake of PTEN-enriched 

exosomes, acceptor cells acquired significantly higher PTEN activity, demonstrated by a 

PTEN-activity assay (Figure 19). In addition, PTEN activity is evidenced by decreased 

phosphorylation of AKT in acceptor cells following incubation with PTEN-enriched 

exosomes, which is a reflection of the dephosphorylation of PIP3 to PIP2 by PTEN 

(Figure 20) (Di Cristofano et al., 1998; Stambolic et al., 1998; Wu et al., 1998). 

Furthermore, it is reported that PTEN coordinates cell-cycle arrest in G1 by 

downregulating cyclin D1 via PTEN protein phosphatase activity, and upregulating p27 

via PTEN lipid phosphatase activity (Weng et al., 2001). We found that p27 is 

upregulated by exosomal PTEN transfer, and that cyclin D1 is downregulated (Figure 21). 

After incubation with DU145-derived PTEN positive exosomes, DU145 Kd, PC-3, and 

U87 cells exhibited inceased proliferation (Figures 22, 23, and 24). Taken together, these 

findings imply that exosomal PTEN may be able to compensate for PTEN loss in cancer 

cells, by transferring the active protein to cancer cells where it can then perform its role as 

a tumour suppressor.  

There are some questions that arise from the observation that cancer cells remove 

PTEN though exosomes, a presumably pro-growth phenomenon, but also take up PTEN-

positive exosomes, resulting in decreased proliferation. Because of the novelty of the 

results, we do not yet understand the role of PTEN-exosomes in tumour pathology. The 

pro-growth effect of PTEN excretion and the anti-growth effect of PTEN uptake through 

exosomes may both play a role in tumour development, with the overall effect on tumour 

growth dependent on a range of other factors, including PTEN level and concurrent 
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mutations. Tumour-derived exosomes are found in the peripheral blood in high volumes, 

so PTEN-exosomes may also be flushed away into the bloodstream and have little effect 

on the tumour which produced them. Many questions remain surrounding the role of 

exosomal PTEN in cancer development and its potential as a cancer therapeutic, which 

should be addressed in future studies. 
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CHAPTER FIVE: CONCLUSIONS AND FUTURE 

DIRECTIONS 

  

 In conclusion, the present results suggest that the incorporation of PTEN into 

exosomes is a cancer-specific phenomenon not present in normal primary cells. This 

process may be regulated by oncogenic molecules, as we found that EGFR activation 

resulted in increased incorporation of PTEN into cancer cell exosomes. Cancer cells 

transfected to express EGFRvIII, the mutated, constitutively active form of EGFR, have 

greater levels of PTEN in exosomes. These findings suggest that the incorporation of 

PTEN into exosomes may be a cancer cell-specific mechanism which allows cancer cells 

to remove the tumour suppressor from the cell, preventing its anti- growth and survival 

activity. Another major finding of this study is that exosomal PTEN can be transferred to 

cells with reduced or absent levels of PTEN. PTEN transferred retains phosphatase 

activity, and is biologically active in recipient cells. PTEN transfer through exosomes 

resulted in decreased AKT phosphorylation, changes in levels of cell cycle mediators, and 

decreased proliferation in recipient cells. 

 

 The results of this project raise many questions which merit attention in further 

studies. One such result is the observation that PTEN is incorporated in cancer cell 

exosomes but not normal cell exosomes, and that this process may be under the control of 

oncogenic molecules. This indicates that the incorporation of PTEN into exosomes may 

be a cancer-specific mechanism, which may allow cancer cells to accelerate growth by 

ejecting the tumour suppressor from cells. If this is indeed a cancer-specific pathway, it 
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represents a promising new target for anti-cancer therapeutics, as shutting down this 

pathway would presumably not affect normal cells. If the molecules responsible for 

directing PTEN into exosomes could be determined, this pathway could potentially be 

blocked, causing the accumulation of PTEN in cancer cells and leading to cell cycle arrest 

or cell death.  

 

 Another therapeutic option that could potentially stem from this project is the use 

of PTEN-exosomes against PTEN-reduced or negative prostate cancers. This possibility 

stems from the observation that PTEN can be transferred through exosomes to cancer 

cells. Once transferred, PTEN performs its activity as a tumour suppressor in the recipient 

cell, resulting in decreased AKT phosphorylation, cell cycle arrest, and reduced 

proliferation. If exosomes could be loaded with PTEN and given intravascularly to 

prostate cancer patients, the exosomes could potentially serve as a delivery system to re-

introduce PTEN to PTEN-reduced or null tumours. However, many questions remain 

surrounding the half-life of exosomes in the bloodstream, as well as the specificity of 

their interactions with cells. The effectiveness of PTEN-exosomes as a delivery 

mechanism should be assessed using an in vivo model. PTEN-positive exosomes will be 

introduced through the tail vein in mice harbouring PTEN-reduced or negative tumours. 

Tumour growth rate and PTEN status will be compared between these mice and control 

mice injected with PTEN-negative exosomes. This will allow us to determine the ability 

of PTEN-exosomes injected into the bloodstream to reach the tumour and affect its 

growth. 
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