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ABSTRACT 

PTEN, the most frequently mutated gene in human prostate cancer, is a 

tumour suppressor that inhibits angiogenesis by regulating the expression of 

several pro- and anti-angiogenic factors.  The goal of this project was to identify 

novel angiogenic factors and other secreted proteins that are regulated by PTEN. 

Proteomics techniques were employed to identify proteins that were differentially 

expressed in the conditioned media of PTEN-null and PTEN-expressing human 

prostate cancer cells.  16 proteins were identified, 4 of which were up-regulated 

by PTEN and 12 of which were down-regulated by PTEN.  Gene expression 

analysis and polysome profiling revealed that 2 proteins were transcriptionally 

regulated by PTEN and 5 proteins were regulated at the level of translation.  

Three of the PTEN-regulated factors identified in this study, spondin 2 (SPO2), 

Zn-alpha-2-glycoprotein (ZAG), and cystatin C (CST3) are up-regulated in 

various cancers and could be useful serum biomarkers for the diagnosis of 

prostate cancer. 
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RÉSUMÉ 

 

PTEN est un gène supresseur de tumeur. Il est fréquemment muté chez les 

humains ayant un cancer de la prostate.  Un de ses rôles est d’inhiber 

l’angiogénèse en régulant l’expression de plusieurs facteurs pro- et anti-

angiogéniques.  L’objectif de cette étude était d’identifier de nouveaux facteurs 

angiogéniques et de nouvelles protéines secretées qui sont régulés par cette 

protéine.  L’utilisation de différentes techniques protéomiques, sur le milieu de 

culture de cellules prostatiques cancéreuses, nous a permis d’identifier 16 

protéines ayant des niveaux d’expression différents selon que la protéine a 

l’étude, PTEN, était ou non exprimée.  Parmi elles, 4 ont un niveau d’expression 

moindre en présence de la protéine PTEN alors que les 12 autres présentent un 

niveau d’expression plus élevé.   L’analyse du profil de polysomes et de 

l’expression génique pour 7 d’entre elles montrent que la protéine PTEN en 

régule deux au niveau transcriptionnel et cinq au niveau traductionnel.  La forte 

expression de trois protéines identifiées dans cette étude, spondin 2 (SPO2), Zn-

alpha-2-glycoprotein (ZAG), et cystatin C (CST3), dans plusieurs cancers pourrait 

les qualifier comme nouveaux biomarqueurs dans le diagnostique du cancer de la 

prostate. 
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1. INTRODUCTION 

 

1.1 Angiogenesis 

During the process of tumour formation, mutations and epigenetic effects 

allow cancer cells to acquire capabilities that promote uncontrolled growth.  Such 

capabilities include insensitivity to negative growth signals, resistance to 

apoptosis, uncontrolled cell cycle progression, and enhanced angiogenic 

potential1.  Cancer cells are no different from normal tissues in that they require a 

vasculature system to provide oxygen and nutrients that are critical for survival 

and growth. As a general rule, most cell types in the human body exist within 

100-200 μm of a capillary blood vessel – the diffusion limit of oxygen2.  During 

embryogenesis, blood vessels are formed from endothelial precursor cells through 

the process of vasculogenesis.  Subsequently, angiogenesis, the process of 

formation of new blood vessels from the existing vasculature, expands this 

network2.  In adults, new blood vessels are produced exclusively through 

angiogenesis3.  Physiological angiogenesis occurs in adults only in very specific 

situations such as during the female reproductive cycle and wound healing. 

However, several human diseases have been associated with inappropriate 

induction of angiogenesis including psoriasis, macular degeneration, and cancer3.  

 Angiogenesis is a complex multi-step process involving several different 

cell types.  First, the pericytes surrounding the existing blood vessel detach and 

the vessel dilates.  Next, the basement membrane surrounding the existing blood 

vessel is degraded to allow endothelial cells to invade into the perivascular space.  

The endothelial cells then proliferate and form a migrating column that moves 

through the perivascular space toward the angiogenic stimuli produced by the 

tumour cells or stromal cells.  Behind the migrating column, endothelial cells 

change shape and adhere to each other to form a new capillary tube.  This is 

accompanied by basement membrane formation and pericyte attachment.  Lastly, 

the newly formed sprouts fuse with other vessels, thereby beginning to circulate 

blood to the newly vascularized region3,4. 
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1.2 Angiogenesis and Cancer 

1.2.1 Tumour blood vessels  

Pathological tumour angiogenesis is similar to that in normal tissues 

except that the resulting blood vessels are abnormal in terms of their structure and 

their function.  In contrast to the highly ordered network of venules, arterioles and 

capillaries of the normal vasculature, the tumour vasculature is very 

disorganized4.   Tumour vessels are dilated and tortuous, have uneven diameter, 

and exhibit excessive branching2.   Furthermore, tumour blood vessels have high 

vascular permeability due to abnormalities in the vessel walls.  Together, these 

abnormalities cause irregular blood flow through the tumour, which leads to 

hypoxic and acidic regions2. 

 

1.2.2 The angiogenic switch 

Angiogenesis has been an important topic in cancer research since 1971, 

when Judah Folkman proposed that tumour growth is dependent on angiogenesis5.   

It is now well established that the “angiogenic switch” – the induction of tumour 

vasculature – is a necessary step in the progression from a small, avascular lesion 

of less than 2 mm in diameter to a large, vascularized tumour4.  In the avascular 

phase, tumour cells proliferate, but this proliferation is counteracted by apoptosis, 

thus the tumour remains dormant6.  The angiogenic switch is activated by a 

change in the balance of pro- and anti-angiogenic factors found in the 

extracellular space3. These endogenous pro- and anti-angiogenic factors signal to 

the endothelial cells to either promote or inhibit proliferation and migration.  

Changes in the balance of these factors can be induced by physiological stimuli 

such as hypoxia, by signaling through extracellular growth factors, by activating 

mutations of oncogenes such as Ras, Myc, and PI3K or by inactivating mutations 

of tumour suppressor genes including p53, RB, PTEN, and VHL4,6.  Once the 

angiogenic switch has been activated, the tumour progresses to the vascular phase.  

Now that the tumour has its own blood supply, the cancer cells can acquire the 

oxygen and metabolites required for massive proliferation, and the tumour grows 

exponentially6.  Therefore the angiogenic switch is a crucial step in cancer 
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progression as it allows tumours to advance from a dormant stage to a stage of 

exponential growth. 

 

1.3 Major Regulators of Angiogenesis 

The net balance of pro- and anti-angiogenic factors in the extracellular 

space controls angiogenesis.  Today, we know of at least 22 activators and 29 

inhibitors of angiogenesis7-9.  Endogenous pro-angiogenic factors are mostly 

growth factors secreted by the tumour or the stroma.  On the other hand, many of 

the endogenous anti-angiogenic factors are fragments derived from extracellular 

matrix (ECM) proteins.  Here we present some of the best-characterized 

endogenous regulators of angiogenesis. 

  

1.3.1 Pro-angiogenic factors 

VEGF 

 Vascular endothelial growth factor (VEGF, or VEGF-A) is one of the 

most highly studied pro-angiogenic factors.  VEGF is a member of the platelet 

derived growth factor (PDGF) family, whose other members include placental 

growth factor (PlGF), VEGF-B, VEGF-C, and VEGF-D10.  VEGF is secreted 

from tumour or stromal cells, and binds to VEGF receptor-1 or VEGF receptor-2 

on endothelial cells.  These VEGF receptors are receptor tyrosine kinases, which 

undergo dimerization and autophosphorylation upon VEGF binding, thus 

triggering a downstream signaling cascade which promotes cell proliferation10. 

 High VEGF levels are sufficient to induce angiogenesis in quiescent 

vessels4.  VEGF promotes angiogenesis in several different ways.  VEGF 

increases vascular permeability and promotes migration of endothelial cells10.  

Furthermore, VEGF protects endothelial cells from apoptosis by inducing 

expression of the anti-apoptotic proteins Bcl-2 and survivin10.  Because VEGF is 

such a potent inducer of angiogenesis, several inhibitors of VEGF are being 

studied as anti-angiogenic cancer therapies. 

 VEGF gene expression is regulated by growth factors and by 

physiological stimuli such as hypoxia.  PDGF, fibroblast growth factor (FGF) and 
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tumour necrosis factor (TNF) are some of the tumour-derived growth factors that 

promote VEGF expression10.  Hypoxia is also known to regulate VEGF 

expression through hypoxia-inducible factor 1 (HIF-1).  HIF-1 is a heterodimeric 

transcription factor composed of an oxygen-sensitive alpha subunit (HIF-1 ), and 

a constitutively expressed beta subunit (HIF-1 )11.  When stabilized by hypoxia, 

HIF-1  dimerizes with HIF-1  in the nucleus and binds to hypoxia response 

elements in the promoters of its target genes, including VEGF11.  Loss of 

expression of tumour suppressor genes or activation of oncogenes can promote 

VEGF transcription by stabilizing HIF-1 .  

 

Angiopoietins 

 The angiopoietins, ANG-1 and ANG-2, are secreted factors that influence 

tumour angiogenesis by binding to the endothelial cell-specific TIE-2 receptor6.  

ANG-1 promotes angiogenesis and tumour growth by recruiting perivascular cells 

to endothelial cells, thus promoting maturation of new blood vessels12.  ANG-1 

also prevents endothelial cell apoptosis by suppressing caspase activity12.  

Moreover, increased ANG-1 expression is associated with increased tumour 

malignancy in many types of cancer.   

Conversely, ANG-2 blocks angiogenesis and tumour growth by 

antagonizing ANG-1-TIE-2 signaling, thus promoting detachment of perivascular 

cells from vessel endothelial cells6.  Overexpression of ANG-2 in glioma cells 

results in delayed tumour growth and metastasis12.  It has been proposed that the 

balance between ANG-1 and ANG-2 levels could be a major regulator of the 

angiogenic switch, with ANG-1 promoting angiogenesis and ANG-2 blocking 

angiogenesis6.   

 

1.3.2 Anti-angiogenic factors 

Thrombospondins 

 The thrombospondins, TSP-1 and TSP-2 are large ECM-derived 

glycoproteins.  TSP-1 was the first endogenous angiogenesis inhibitor to be 

discovered13.  Overexpression of TSP-1 inhibits angiogenesis and tumour growth, 
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while loss of TSP-1 leads to increased angiogenesis14. Similarly, TSP-2 inhibits 

tumour growth by reducing the number and size of tumour blood vessels14.  

Furthermore, TSP-1-null mice and TSP-2-null mice both display enhanced 

tumour angiogenesis14. The anti-angiogenic activity of both TSP-1 and TSP-2 is 

localized to the N-terminus, in the pro-collagen-like domain and the globular 

domain, respectively14. 

  

Collagen-derived anti-angiogenic factors 

 The basement membrane of blood vessels is a specialized, collagen-rich 

extracellular matrix that provides structural support to the endothelium8.  Several 

collagen isoforms in the basement membrane contain C-terminal peptides that, 

when proteolytically cleaved, have anti-angiogenic activity.  These collagen-

derived anti-angiogenic factors (CDAFs) include arresten, derived from the 1 

collagen IV chain, tumstatin, derived from the 3 collagen IV chain, and 

endostatin, derived from the 1 collagen XVIII chain15.  CDAFs have been shown 

to inhibit endothelial cell proliferation, migration, and tube formation as well as 

inducing apoptosis15.  Through these complex inhibitory mechanisms, CDAFs 

have a potent anti-angiogenic effect. 

 

1.4 The PI3K Pathway 

The phosphatidylinositol 3-kinase (PI3K) pathway is a major driver of cell 

growth and survival (Figure 1).  PI3K is a lipid kinase that is activated by various 

receptor tyrosine kinases (RTK) upon binding of their extracellular growth factor 

ligands16.  PI3K is composed of two subunits: a p110 catalytic subunit and a p85 

regulatory subunit17.  PI3K converts the lipid second messenger 

phosphatidylinositol (4,5) bisphosphate (PIP2) into phosphatidylinositol (3,4,5) 

triphosphate (PIP3)
18.  PIP3 then recruits phosphatidylinositol-dependent kinase 1 

(PDK1) and Akt to the membrane, where Akt is phosphorylated18.   

Akt, also known as protein kinase B (PKB), is a serine/threonine kinase 

that is responsible for the phosphorylation of many downstream targets and thus 

acts as a central node in the PI3K pathway.  Akt promotes cell growth by 
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activating protein synthesis.  Akt phosphorylates mammalian target of rapamycin 

(mTOR), which in turn phosphorylates and activates the ribosomal protein S6 

kinase and inactivates 4E-binding protein 1 (4E-BP1)19. Consequently, inhibition 

of eukaryotic initation factor 4E (eIF4E) is blocked, and cap-dependent protein 

translation is activated.   

Moreover, active Akt enhances cell survival by inhibiting apoptosis.  By 

phosphorylating and inactivating the forkhead (FOXO) transcription factors, Akt 

blocks transcription of genes involved in promoting apoptosis and cell cycle 

arrest20.  Furthermore, Akt directly phosphorylates pro-apoptotic factors including 

caspase-9 and BAD, thereby inhibiting their pro-apoptotic function20.  
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Figure 1.  The PI3K pathway.    

PI3K is activated by the binding of various extracellular growth factors to their 

cell-surface RTKs.  PI3K catalyzes the phosphorylation of the membrane lipid 

PIP2 to form PIP3.  PDK1 is then recruited to the cell membrane, where it 

phosphorylates Akt, which, in turn, phosphorylates many downstream targets.  

Akt phosphorylates and inactivates the FOXO transcription factors, thereby 

inhibiting apoptosis.  Phosphorylation by Akt activates mTOR, which then 

activates eIF4G and S6K, and inhibits the respressive factor 4E-BP in order to 

initiate protein synthesis.  PTEN, a direct antagonist of PI3K, dephosphorylates 

PIP3, and thereby inactivates downstream signaling, thus inhibiting protein 

synthesis and cell growth and promoting apoptosis. 
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1.5 PTEN 

Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is 

the second most frequently mutated gene in human cancer.   PTEN, also known as 

MMAC1 or TEP1, was first identified on human chromosome 10q23 as a region 

that is homozygously mutated in many clinical cancer samples and tumour cell 

lines21,22. Functionally, the PTEN protein acts as both a lipid and protein 

phosphatase. The major lipid substrate for PTEN is PIP3
23.  This lipid phosphatase 

activity, which directly antagonizes PI3K, is the main tumour suppressive 

function of PTEN24,25. 

 

1.5.1 PTEN mutations 

 PTEN is mutated in 30% of human cancers26.  Many different types of 

mutations occur, including point mutations leading to catalytic inactivity, and 

structural rearrangements of the PTEN gene including inversions, insertions, 

deletions and duplications27.  Moreover, the PTEN promoter has been shown to be 

methylated in many cancers28.  Two common sites of point mutations are cysteine 

124, the catalytic residue, and glycine 129.  Mutations in C124 abolish lipid and 

protein phosphatase activity, while G129 mutations affect only the lipid 

phosphatase activity of PTEN29. 

In addition to inactivating mutations of PTEN, activating mutations of 

PI3K subunits or Akt also lead to enhanced PI3K activity.  Akt1 and Akt2 gene 

amplifications have been observed in a small percentage of cancers27.  Activating 

mutations in PIK3CA, the gene which encodes the p110  catalytic subunit of 

PI3K, are common in colon, breast, lung, and gastric cancers27. 

 

1.5.2 Genetic disorders associated with PTEN loss 

There are several autosomal dominant disorders associated with germline 

mutations in PTEN, including Cowden syndrome (CS), Bannayan-Riley-

Ruvalcaba syndrome (BRRS), Proteus syndrome (PS) and Proteus-like syndrome 

(PLS)30. Cowden syndrome patients develop multiple hamartomas and have a 

predisposition to breast, thyroid and endometrial cancer31.  Similarly, BRRS 
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patients develop lipomas and hemangiomas32.  Often these four disorders are 

grouped together as the PTEN Hamartoma-Tumour Syndrome (PHTS) due to 

their common etiology and similar symptoms30. 

 

1.5.3 PTEN mouse models 

 Many mouse models have been created to study the effects of loss of 

PTEN.  PTEN is required for embryonic development since homozygous Pten 

knockout mice die by E7.533.   Mice with heterozygous deletion of Pten 

spontaneously develop tumours in numerous organs, including the thyroid, colon, 

endometrium, prostate, breast and liver33-35.  Furthermore, prostate-specific 

deletion of Pten leads to development of advanced prostate cancer and 

metastasis36,37.  Many other tissue-specific Pten knockout mouse models have 

been created, most of which show an increased susceptibility to cancer.  

Interestingly, these Pten-deficient mouse models mimic the human disease, 

further highlighting the importance of PTEN in tumour suppression. 

 

1.5.4 Regulation of PTEN 

PTEN was initially thought to be a constitutively active phosphatase, 

however recent studies have shown that PTEN is regulated by transcription 

factors, protein degradation, and post-translational modifications. PI3K represses 

transcription of PTEN through modulation of nuclear factor B (NF- B), 

peroxisome proliferator-activated receptors  and  (PPAR / ), and tumour 

necrosis factor  (TNF )16.  Furthermore, PTEN is transcriptionally repressed by 

Ras and JNK signaling pathways16.  Conversely, transcription of PTEN is 

activated by the tumour suppressor p5338.    

Protein levels of PTEN are controlled by post-translational modifications.  

PTEN can be phosphorylated at several sites on its C-terminal tail, which 

stabilizes the protein39.  Several kinases, including casein kinase 2 (CK2) and 

glycogen synthase kinase 3  (GSK3 ) have been reported to mediate the 

phosphorylation of PTEN26.  PTEN is also controlled by the E3 ubiquitin ligase 

neural precursor cell expressed developmentally downregulated-4-1 (NEDD4-1), 
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which targets PTEN for degradation40.  Monoubiquitination of PTEN induces its 

transport into the nucleus, while polyubiquitination promotes its proteasomal 

degradation in the cytoplasm41.  

 

1.5.5 Protein phosphatase activity of PTEN 

 In addition to its important tumour-suppressive role as a lipid phosphatase, 

PTEN is also known to be a protein phosphatase.  PTEN has been shown to 

interact with and dephosphorylate focal adhesion kinase (FAK) in vivo42.  

PTEN’s protein phosphatase activity also regulates MAP kinase (MAPK) 

phosphorylation and cyclin D1 expression43,44. Interestingly, it appears that 

nuclear PTEN regulates these processes as a nuclear localization-defective PTEN 

mutant was not able to block MAPK and cyclin D1 activity45.  This suggests that 

PTEN may dephosphorylate lipid substrates in the cytoplasm, while 

dephosphorylating proteins in the nucleus. 

 

1.6 The Role of PTEN in Angiogenesis 

 Over the last ten years, it has become clear that PI3K and PTEN signaling 

regulate tumour angiogenesis. Loss of function of PTEN in clinical prostate 

cancer samples was found to be associated with increased microvessel number 

and density46.  Jiang and colleagues were the first to directly link PI3K signaling 

to angiogenesis. Their 2000 study showed that overexpression of PI3K in the 

chorioallantoic membrane (CAM) of the chicken embryo induced led to sprouting 

of new blood vessels and enlargement of exisiting vessels47.   Furthermore, 

overexpression of PTEN or dominant negative mutants of PI3K inhibited 

angiogenesis47.  More recently, PTEN has been shown to regulate several pro- and 

anti-angiogenic factors and to prevent endothelial cell proliferation through 

inhibition of PI3K. 

 

1.6.1 PTEN & VEGF 

 PTEN and PI3K regulate the pro-angiogenic factor VEGF by controlling 

protein levels of its transcription factor, HIF-1 .  Reintroduction of PTEN into 



 11

PTEN-null U373 glioblastoma cells inhibited the stabilization of HIF-1 , and 

thereby blocked the transcription of VEGF and other HIF-1 -regulated genes48. 

PTEN and PI3K were shown to affect protein levels of HIF-1 , but not mRNA 

levels49.  HIF-1 -dependent transcriptional activity was inhibited by expression of 

wild-type PTEN or dominant negative mutants of PI3K in prostate cancer cells49. 

Moreover, treatment of prostate cancer cells with the PI3K inhibitor LY294002 or 

the mTOR inhibitor rapamycin inhibited transcription of VEGF49,50.  

Overexpression of PTEN inhibited VEGF transcription, whereas overexpression 

of a lipid phosphatase mutant of PTEN increased VEGF transcription50.  

More recently, two studies have demonstrated that PTEN’s ability to 

inhibit VEGF transcription mediates its anti-angiogenic activity.  Knockdown of 

the PI3K p110  catalytic subunit using siRNAs decreased HIF-1  levels and 

VEGF expression, also resulting in decreased tumour growth and angiogenesis, as 

shown in the CAM model51.  Moreover, introduction of PTEN into PTEN-null 

prostate cancer cells blocked angiogenesis by decreasing expression levels of 

HIF-1  and VEGF52.  Altogether these studies suggest that PI3K promotes 

angiogenesis by regulating VEGF levels through HIF-1 , and that the lipid 

phosphatase activity of PTEN reverses this effect. 

 

1.6.2 PTEN & TSP-1 

Conflicting evidence exists regarding the role of PI3K signaling in 

regulating the expression of TSP-1, a secreted glycoprotein that suppresses 

angiogenesis and tumour growth. PTEN has been shown to both activate and 

inhibit TSP-1.  Reconstitution of PTEN-null U87MG glioblastoma cells with 

wild-type PTEN increased mRNA and protein levels of TSP-153.  However, re-

introduction of PTEN into PTEN-null thyroid cancer cells resulted in decreased 

expression of TSP-154.   

Moreover, PI3K and Akt have been shown to both activate and inhibit 

TSP-1 expression. Treatment of endothelial cells and Ras-expressing kidney-

derived cells with the PI3K inhibitor LY294002 resulted in increased expression 

of TSP-1, suggesting that PI3K represses TSP-1 expression55,56.  Conversely, 
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tumour and endothelial cells from an Akt-deficient mouse model were shown to 

have decreased protein levels of TSP-1 compared to cells from wild-type mice, 

suggesting that PI3K and Akt activate TSP-1 expression57. It is possible that 

PTEN and PI3K affect TSP-1 expression differently in different cell types, 

however more studies are required to conclude the role of the PI3K pathway in 

regulating TSP-1. 

 

1.6.3 Other PTEN-regulated factors 

 Maspin is a secreted protein previously shown to have anti-angiogenic and 

anti-metastatic activity.  PTEN reconstitution in PTEN-null glioblastoma cells 

resulted in increased protein levels of maspin in response to hypoxia58.   PTEN 

controls maspin expression through its complex network with p5358.  Cytoplasmic 

PTEN activity blocks Akt-induced phosphorylation of Mdm2, thereby preventing 

its translocation to the nucleus59.  Mdm2 is a ubiquitin ligase which degrades p53 

only in the nucleus, thus by preventing its translocation to the nucleus, PTEN 

stabilizes p5359.  In turn, p53 transcriptionally regulates PTEN, thus forming a 

feedback loop59.  Interestingly, both PTEN and p53 activity were necessary to 

activate maspin expression in glioblastoma cells58.  

 Pleiotrophin is a secreted growth factor with oncogenic and pro-

angiogenic activity60.  Pleiotrophin mRNA and protein levels were increased in 

PTEN-null mouse embryonic fibroblasts61.  Expression of constitutively active 

mutants of Akt increased pleiotrophin levels, while treatment with the PI3K 

inhibitor LY294002 or expression of PTEN decreased pleiotrophin levels61.  

Together these results suggest that PTEN inhibits pleiotrophin expression through 

its ability to antagonize PI3K signaling. 

 Osteopontin (OPN) is a secreted glycophosphoprotein that is commonly 

overexpressed in human cancers62.  OPN is known to promote tumour 

angiogenesis and metastasis62. OPN mRNA levels were elevated in PTEN-null 

prostate cancer and colon cancer cells37,63.  Additionally, PTEN has been shown 

to decrease mRNA and protein levels of OPN in melanoma cells64.  Treatment 
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with the PI3K inhibitor LY294002 produced a similar effect, suggesting that 

PTEN’s lipid phosphatase activity mediates its inhibitory effects on OPN64.  

 Adrenomedullin is a secreted peptide that promotes tumour 

angiogenesis65.  PTEN decreases adrenomedullin mRNA levels in glioma cells 

and endometrial cancer cells66,67.  Adrenomedullin expression is induced by 

hypoxia, and its promoter has several putative hypoxia response elements65, thus 

PTEN may control adrenomedullin expression through its effects on HIF-1 . 

   

1.6.4 PTEN/PI3K signaling in endothelial cells 

 In addition to its important function in tumour cells, PI3K signaling also 

plays a role in endothelial cells to regulate angiogenesis.  PI3K is activated in 

endothelial cells by binding of growth factors such as VEGF and angiopoietins, 

and subsequently promotes endothelial cell proliferation and migration68.  

Conversely, overexpression of PTEN in cultured endothelial cells inhibits vessel 

sprouting and tube formation induced by VEGF69. 

 Evidence suggests that downstream signaling through Akt and mTOR 

mediates the pro-angiogenic effects of PI3K in endothelial cells.  Mice expressing 

an endothelial cell-specific constitutively active mutant of Akt have leaky, 

tortuous vessels which mimic those observed in human tumours70.  Furthermore, 

the mTOR inhibitor rapamycin has been shown to block angiogenesis and tumour 

growth71.  Rapamycin treatment rescues the vascular permeability defect seen in 

Akt mutant mice70, inhibits VEGF-dependent endothelial cell proliferation, and 

decreases VEGF secretion by tumour cells71. Moreover, rapamycin has been 

shown to inhibit proliferation and differentiation of endothelial precursor cells72.  

Together, these results indicate that mTOR may be acting downstream of PI3K 

and Akt to control endothelial cell proliferation and tumour angiogenesis. 

Several mouse models have explored the effects of the loss of PTEN and 

PI3K in endothelial cells on angiogenesis.  In an endothelial cell-specific Pten 

knockout mouse model, mice with a homozygous deletion of Pten died by 

embryonic day 11.5 due to excessive bleeding and cardiac failure73.  In 

heterozygotes, partial loss of Pten made the endothelial cells hypersensitive to 
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growth factors including VEGF, and led to enhanced angiogenesis and more rapid 

tumour growth73.  Similarly, mice with endothelial cell-specific knockout of the 

p85 regulatory subunit of PI3K also died during embryonic development due to 

excessive bleeding74.  However, mice with a heterozygous deletion of PI3K-p85 

in endothelial cells had smaller vessel size, and decelerated tumour growth 

compared to control mice74.  Together these two mouse models indicate that 

expression of both PI3K and PTEN in endothelial cells is essential for vessel 

formation during embryogenesis, but that the two proteins play opposite roles 

during tumour progression. 

 

1.6.5 Summary 

PTEN inhibits angiogenesis through its effects on both tumour cells and 

the endothelial compartment.  PTEN inhibits the expression of pro-angiogenic 

factors including VEGF, pleiotrophin, osteopontin, and adrenomedullin in tumour 

cells.  Moreover, PTEN increases expression of anti-angiogenic factors including 

thrombospondin-1 and maspin.  Interestingly, the ability of PTEN to antagonize 

PI3K signaling through its lipid phosphatase activity seems to mediate its ability 

to control expression of these angiogenic factors. 

Furthermore, PTEN suppresses the activation of PI3K in endothelial cells, 

thus preventing formation of new blood vessels.  In the future it will be important 

to continue to elucidate the mechanism through which PTEN inhibits 

angiogenesis, as well as addressing possible roles of PTEN’s protein phosphatase 

activity. 

 

1.7 Prostate Cancer 

Prostate cancer is one of the leading causes of cancer mortality in men.  

The prostate gland is located at the base of the bladder, surrounding the urethra.  

Its main function is to secrete proteins that liquefy the semen, including prostate 

specific antigen (PSA).  The typical process of prostate cancer progression begins 

with a precancerous lesion called prostatic intraepithelial neoplasia (PIN).  Over 

time, the PIN progresses to a localized adenocarcinoma, which can be treated with 
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androgen ablation therapy.  Eventually, the tumour becomes insensitive to 

androgen ablation, and metastasizes to other organs75. 

 

1.7.1 Treatment of prostate cancer 

Prostate cancer treatment generally consists of radiation, chemotherapy, or 

surgical removal of the prostate (radical prostatectomy).  Upon relapse, patients 

are treated with androgen ablation therapy, which can consist of surgical 

castration and/or treatment with anti-androgens.  Androgen ablation is generally 

successful, however, the tumour may eventually undergo hormone relapse and 

develop the ability to grow in the absence of testosterone76.  Androgen-insensitive 

prostate cancer almost inevitably results in death within two years of recurrence77.  

There are very few targeted therapies approved for the treatment of prostate 

cancer.   

 

1.7.2 Prostate cancer biomarkers 

Levels of some of the factors secreted by the prostate become altered in 

prostate cancer patients.  These prostate-derived proteins can serve as biomarkers 

to diagnose and monitor prostate cancer.  For many years, the serine protease PSA 

has been the gold standard of diagnostic biomarkers for prostate cancer.  

Normally, PSA levels are high in semen, but relatively low in the blood.  

However, blood PSA levels are increased by up to 105-fold in men with prostate 

cancer compared to healthy individuals78.  High PSA levels correlate with larger 

tumour size and clinical stage of disease, as men with metastatic prostate cancer 

have higher PSA levels than men with localized disease78.  In addition to its 

usefulness as an early predictor of prostate cancer, PSA also serves as a predictor 

of recurrence after radical prostatectomy. 

More recently a few other prostate cancer biomarkers have been 

introduced.  Free plasma DNA (FPDNA) is DNA derived from tumour cells that 

circulates through the bloodstream.  High FPDNA levels correlate with tumour 

stage in men with prostate cancer79.  Another prostate cancer biomarker is 

circulating tumour cells (CTCs).  CTCs can be detected in blood by PCR for 
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prostate-specific transcripts such as PSA.  Increased levels of CTCs are associated 

with tumour stage in prostate cancer79. 

 

1.7.3 PTEN and prostate cancer 

PTEN is the most frequently mutated gene in metastatic prostate cancer80, 

and is mutated in up to 80% of patients81.  Consequently, Akt is highly activated 

in prostate cancer82.  Many prostate cell lines, including PC-3 and LNCaP, are 

null for PTEN expression.  Furthermore, PTEN loss is associated with resistance 

of prostate cancer to chemo- and radiotherapy (reviewed in 83).  PTEN is also 

known to protect from cancer recurrence after radical prostatectomy 84.  Together, 

these studies indicate that PTEN is critical for the inhibition of prostate cancer 

initiation and progression. 

 

1.8 Secreted Proteins 

1.8.1 The secretome 

 The secretome is the full complement of proteins found in the conditioned 

media of cultured cells85.  This includes a mixture of classical secreted proteins, 

proteins secreted through non-classical pathways, and exosomal proteins85.  

Studying the secretome has become increasingly popular in recent years.  Many 

groups have studied the secretome of tumour cell lines in order to identify novel 

cancer biomarkers.  Studying plasma and other bodily fluids is very challenging 

because these samples contain a complex mixture of proteins and growth factors 

derived from various sources (tumour cells, stromal cells, and blood cells)86.  

Therefore examining the secretome of cultured cells greatly simplifies the study 

of extracellular proteins. 

 

1.8.2 The secretory pathway 

 The traditional secretory pathway consists of the endoplasmic reticulum 

(ER), the Golgi apparatus and vesicular transport between the two compartments.  

Most secreted proteins contain an N-terminal signal sequence, which is 20-30 

residues in length87.  A ribonucleoprotein known as the signal recognition particle 
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(SRP) binds to the signal sequence of a protein as it is being translated by a 

ribosome and targets the ribosome-polypeptide complex to the ER surface87.  

Upon termination of translation, the protein migrates through a translocon into the 

ER lumen, where molecular chaperones assist in folding the protein88.  In the ER, 

post-translational modifications, including proline hydroxylation and 

glycosylation occur88.  The protein is then packaged into a vesicle and transported 

to the Golgi apparatus88.  In the Golgi, glycosylation continues and proteolytic 

processing (removal of the signal sequence), sulfation and phosphorylation 

occur89.  The fully processed protein is then packed into a vesicle and transported 

to the plasma membrane.  The vesicle fuses with the plasma membrane thus 

releasing the enclosed proteins into the extracellular space90.  

 Many secreted factors, including FGF-1 and FGF-2, do not contain an N-

terminal signal sequence and are not processed through the ER-Golgi network90.  

These “non-classical” secreted proteins are synthesized on free ribosomes and 

folded by cytosolic chaperone proteins90.  These factors can exit the cell by direct 

translocation, by a lysosome-dependent mechanism, or by exosomal transport90. 

Exosomes are membrane-derived microvesicles that are used to transport factors 

including RNA, proteins and lipids from one cell to another91. 

 

1.9 Proteomics 

Proteomics, the study of all proteins synthesized by a certain cell at a 

given time, is a valuable tool to obtain a complete and unbiased answer to a 

biological question.  Instead of seeking the answer to a specific question such as 

“is protein x regulated by protein y?” proteomics allows us to answer broader 

questions such as “which proteins are regulated by protein y?”   Many different 

techniques exist to analyze the proteome.  This section will focus on 2D 

electrophoresis, the technique applied in this study. 

 

1.9.1 2D Electrophoresis 

 Two-dimensional electrophoresis (2DE) is a technique that was developed 

in the 1970s in order to separate a complex mixture of proteins (from a 
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cytoplasmic extract, for example)92.  First, proteins are separated on a pH 

gradient, where each protein equilibrates at its isoelectric point.  Then the proteins 

are further resolved by SDS-PAGE, which separates based on molecular weight.  

Finally, the gel is stained with a protein-binding dye, such as silver nitrate, and 

two gels can be compared to determine if a protein is more highly expressed in 

one experimental condition than the other.  For many years, 2DE served as the 

gold standard for proteomics studies.  However, some fundamental issues 

remained unsolved, including poor reproducibility and a lack of sensitivity93.  

Furthermore, gel-to-gel variations, caused by differences in acrylamide 

polymerization, fluctuations in electricity or temperature during electrophoresis, 

and differential precipitation of proteins during the isoelectric focusing step, made 

it very difficult to draw reliable conclusions94. 

 

1.9.2 2D-DiGE 

 A variation on 2DE called 2D fluorescence difference electrophoresis (2D-

DiGE) was developed by Unlu and colleagues in 1997 to reproducibly detect 

differences in protein levels between two samples95.  In 2D-DiGE, two or three 

samples are labeled with fluorescent dyes, and then run on the same 2D gel.  The 

DiGE dyes are N-hydroxysuccinimidyl ester derivatives of the cyanine dyes Cy3 

and Cy5, which react with primary amine groups such as the N-terminus of 

proteins and lysine residues93.  Both dyes have a single positive charge, and differ 

in mass by only 2 Da93.  Furthermore, the emission spectra of Cy3 and Cy5 are 

very different (590 nm and 680 nm respectively), so there is little crosstalk 

between the fluorescent signals94.  A third dye, Cy2 was later added in order to 

incorporate an internal standard into each gel.  Cy2 is a less ideal match to Cy3 

and Cy5 since its mass is somewhat lower and its emission spectrum overlaps 

slightly with that of Cy394.  Generally a minimal labeling strategy is used, wherein 

a small amount of dye is incubated with a protein sample such that only 1-2% of 

the total lysine residues are labeled93.  Thus generally only a single dye molecule 

is associated with each protein, and the shift in electrophoretic mobility of the 

dye-conjugated protein compared to the unlabeled protein is minimized94.  Once 
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the minimal labeling is complete, free lysine is added to quench the reaction by 

binding all unincorporated dye. 

The internal standard, which is a pool of all samples from all replicates of 

the experiment, allows for accurate quantification of changes in protein levels 

between samples.  The Cy3 and Cy5 fluorescent signals (from the two 

experimental samples on each gel) are compared to the Cy2 internal standard 

signal in order to detect a change in the level of a specific protein spot in one 

sample compared to the total level of that protein.  This also allows us to assign 

statistical significance to the observed changes in protein levels between samples. 

 For a typical 2D-DiGE experiment, equal amounts of two protein samples 

are incubated with Cy dyes and then the reaction is quenched with free lysine.  

Next, the protein samples are mixed together and separated by isoelectric focusing 

and SDS-PAGE, as in traditional 2DE.  The gels are then imaged using a scanner 

compatible with fluorescent dyes.  The resulting gel images are then compared 

using sophisticated computer software.  Once the significantly different protein 

spots have been identified, the gel is stained with a visible dye such as Coomassie 

blue or silver nitrate, or a fluorescent total protein stain such as Sypro Ruby or 

Deep Purple.  The interesting protein spots are then cut from the gel and analyzed 

by mass spectrometry to identify the differentially regulated proteins. 

 In conclusion, DiGE offers several key advantages over traditional 2DE.  

DiGE minimizes gel-to-gel variation by allowing multiple protein samples to be 

run on a single gel.   Moreover, the use of fluorescent dyes improves the range of 

protein detection from 40-fold (the range for silver-stained 2D gels) to 20 000-

fold93.  Finally, the pooled internal standard allows for accurate and reproducible 

quantification of differences in protein expression between samples. 

 

1.10 Rationale and Research Objective 

PTEN is an important tumour suppressor that inhibits angiogenesis by 

regulating the expression of several pro- and anti-angiogenic factors.  However, 

the study of PTEN in angiogenesis is a fairly new field, and much more can be 

learned regarding the mechanism by which PTEN inhibits this process.  
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The objective of this project was to identify novel anti-angiogenic factors 

and other secreted proteins that are regulated by PTEN. 2D-DiGE was used to 

identify proteins that were differentially expressed in the conditioned media of 

PTEN-null and PTEN-expressing human prostate cancer cells.  16 proteins were 

identified, 4 of which were up-regulated by PTEN and 12 of which were down-

regulated by PTEN.  Gene expression analysis and polysome profiling were 

employed to examine whether these newly identified factors are regulated by 

PTEN at the level of transcription or translation. 

The identification of novel PTEN-regulated secreted factors in this study 

has expanded our knowledge of downstream targets in the PI3K signaling 

pathway and led to a better understanding of the molecular mechanism by which 

PTEN inhibits tumour angiogenesis. Moreover, the identified PTEN-regulated 

secreted factors could serve as blood biomarkers to diagnose prostate cancer.  As 

of right now, the only way to monitor PI3K pathway activation in patients is to 

take a tissue biopsy and perform immunohistochemistry to examine levels of pAkt 

or other downstream PI3K targets.  The PTEN-regulated secreted proteins 

identified in this study could provide a valuable, non-invasive diagnostic tool to 

monitor PTEN status in prostate cancer patients. 
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2. MATERIALS AND METHODS 

 

2.1 Western Blotting 

Whole cell lysates were prepared by lysing cells in Laemmli buffer and 

boiling samples for 5 minutes.  Protein concentrations of lysates were measured 

using the RC DC protein assay (BioRad).  25-30 μg of total protein from each 

lysate were run on 10% polyacrylamide gels, and then transferred to 0.45 μm 

nitrocellulose membranes (BioRad).  Antibodies used were rabbit anti-PTEN 

(Cell Signaling #9559), rabbit anti-phospho-Akt (Cell Signaling #4058), rabbit 

anti-Akt pan (Cell Signaling #4685), rabbit anti-actin (Sigma), rabbit anti-SPON2 

(Sigma-Aldrich AV52336), mouse anti-ZAG [1E2] (Santa Cruz sc-21720), and 

goat-anti Cystatin C (R&D Systems AF1196). Horse radish peroxidase-coupled 

secondary antibodies (anti-rabbit, anti-mouse, or anti-goat; Jackson 

ImmunoResearch) and Western Lightning Plus enhanced chemiluminescence 

substrate (Perkin Elmer) were used to visualize proteins on autoradiography film. 

 

2.2 Cell Culture and Adenovirus Infection 

LNCaP were cultured in RPMI-1640 1x (Wisent Bioproducts) 

supplemented with 15% fetal bovine serum (FBS) and 1% penicillin/streptomycin 

(Wisent Bioproducts).  Adenoviruses expressing wild-type PTEN, a catalytically 

inactive mutant of PTEN (C124S), and -galactosidase (LacZ) were amplified in 

293 cells.  The construction of the adenoviruses has been previously 

described69,96.  The adenoviruses were purified by ultracentrifugation on a cesium 

chloride gradient, and titered using the TCID50 method.   

At least 24 hours prior to adenoviral infection, LNCaP were seeded onto 

15 cm dishes at a density of 6.5 x 106 cells per dish.  The next day, cells from one 

extra dish were trypsinized and counted to determine the number of cells per dish.  

This value was then used in order to calculate the volume of adenovirus required 

to infect the cells at a multiplicity of infection (MOI) of 100 plaque forming units 

per cell (unless a different MOI is stated).  The adenovirus was diluted in 2 mL 

RPMI per plate.  Media was aspirated from the cells, then 2 mL of diluted 
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adenovirus was added to each plate, and the cells were incubated for 1 hour at 

37°C.  The virus mix was aspirated from the cells, and 20 mL RPMI + 15% FBS 

was added to each plate.  For 2D-DiGE experiments, 24 hours after infection, 

cells were washed twice in PBS, then 12 mL of RPMI + 1% insulin transferrin 

selenium (ITS) was added to each plate and left to condition for 24 hours. 

 

2.3 Protein Purification from Conditioned Media 

Conditioned media (CM) was collected from adenovirus-infected LNCaP 

(12 mL per 15 cm dish) and centrifuged at 1500 rpm for 5 minutes to pellet cell 

debris.  The supernatant was filtered into a 50 mL tube using a 0.45 μm syringe 

filter.  A scaled-up variation of chloroform-methanol protein precipitation was 

used to precipitate the proteins from the conditioned media97.  4 volumes of 

methanol, 1 volume of chloroform, and 3 volumes of water were added to each 

sample, and vortexed to mix.  Samples were then centrifuged for 40 minutes at 

4750 rpm in a table-top centrifuge at 4°C.  The upper aqueous phase was 

discarded, while the proteins remained in the interface between the lower and 

upper phases.  3 volumes of methanol were added and the samples were vortexed.  

Samples were centrifuged  for 20 minutes at 4750 rpm and 4°C.  The supernatant 

was removed, and the pellet was washed with 25 mL of methanol, and centrifuged 

once more for 20 minutes at 4750 rpm and 4°C.  The supernatant was removed, 

and the pellets were left to air-dry for 30-45 minutes. 300 μL of DiGE lysis buffer 

(7M Urea, 2M Thiourea, 4% CHAPS, 30 mM Tris, 5 mM DTT, pH 8.5) was 

added to each protein pellet, and samples were left to overnight on a thermal 

shaker at 22°C and 750 rpm to resuspend pellets.  Samples were then stored at  

-20°C. 

 

2.4 2D-DiGE 

2.4.1 DiGE Cy Dye Labeling 

LNCaP CM proteins were collected and precipitated from four 

independent experiments.  Protein concentrations were measured using the 2D 

quant kit (GE Healthcare). Proteins were labeled with CyDye DiGE Fluor 
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minimal dyes (GE Healthcare) following standard protocol (see “Ettan DiGE 

System User Protocol”, GE Healthcare, 2005). 50 μg of protein from each sample 

(PTEN and LacZ) of each replicate was incubated with 400 pmol of either Cy3 or 

Cy5 dye.  A pooled internal standard, consisting of 25 μg of protein from each 

sample of each replicate (200 μg total) was incubated with 1600 pmol of Cy2 dye.  

Samples were incubated with the dyes for 30 minutes, and then 1 μL of 10 mM 

lysine solution was added to each reaction to quench the dye.   

 
2.4.2 First Dimension Isoelectric Focusing 

Following CyDye labeling, PTEN and LacZ samples were combined 

together, according to the randomized experimental design (Table 1), and 50 μg of 

pooled internal standard was added to each strip.  This mixture was then 

combined with 4.5 μL of 1% immobilized pH gradient (IPG) buffer (GE 

Healthcare), 5.4 μL of DeStreak Reagent (GE Healthcare), and a variable volume 

of rehydration buffer (7M Urea, 2M Thiourea, 4% CHAPS, 0.002% Bromophenol 

blue), to bring the total volume for each IPG strip up to 450 μL.  Samples were 

then loaded onto four 24 cm pH 3-11 non-linear Immobiline DryStrips (GE 

Healthcare).  Active rehydration and isoelectric focusing (IEF) were then 

performed using the Ettan IPGphor IEF system (GE Healthcare).  The program 

used is demonstrated in Table 2. 



 24

Table 1.  Randomized sample combination for 2D-DiGE.  Samples were labeled 

with the indicated Cy dye and then combined and run on polyacrylamide gels. 

 

Gel # Cy3 Cy5 

1 LacZ I PTEN II 

2 LacZ II PTEN IV 

3 PTEN VII LacZ IV 

4 PTEN I LacZ VII 

 

 

 

Table 2.  Isoelectric focusing program. Step 1 is the active rehydration step, and 

steps 2-6 are IEF steps. 
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2.4.3 Second Dimension SDS-PAGE 

Immediately following completion of the IEF protocol, the IPG strips were 

removed from the strip holders and equilibrated in two different equilibration 

buffers (100mM Tris, 6M Urea, 30% Glycerol, 2% SDS, 0.002% Bromophenol 

blue).  First, each strip was equilibrated in 10 mL of Equilibration Buffer + 5 

mg/mL DTT for 15 minutes.  Next, the strips were equilibrated in Equilibration 

Buffer + 45 mg/mL iodoacetamide.  IPG strips were then loaded into the wells of 

12.5% SDS-PAGE gels, and sealed in place using a 1% agarose solution.  The 

four gels were then loaded into the Ettan DALTsix electrophoresis unit.  The gels 

were run overnight at 10W, until the bromophenol blue dye front reached the 

bottom of the gel.  When the gels finished running, they were immediately 

scanned using the Typhoon Trio+ scanner (GE Healthcare).  Scanning voltage for 

each channel was optimized at low resolution, and then high-resolution scans 

were obtained of all channels (Cy3, Cy5, and Cy2) for each gel.  Immediately 

following scanning, the gels were removed from their glass plates and placed in 

fixative solution (40% methanol, 5% acetic acid) overnight.  Following fixation, 

the gels were left in double-distilled water for long-term storage. 

 

2.4.4 Data Analysis 

 2D gels were analyzed using DeCyder image analysis software (GE 

Healthcare).  The Difference In-gel Analysis (DIA) module was used to detect 

around 2000 spots on each of the four gels.  These spot maps were then imported 

into the Biological Variation Analysis (BVA) module for further analysis.  Using 

the BVA module, spots from all four gels were matched to one “master gel”, and 

protein spot intensities were quantified and compared across gels and between 

sample groups.  The software calculated the ratio of protein abundance between 

PTEN and LacZ sample groups for each gel, and then calculated the average.  

These data were then statistically analyzed by independent student’s T-test.  

Proteins were filtered according to the following criteria:  

• Student’s T-test p-value less than 0.05 

• Average ratio PTEN/LacZ greater than 1.3 or less than -1.3 
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• Protein must appear on at least 3 of 4 gels 

A total of 60 proteins fit these criteria, and were flagged for further analysis.  

Next, the master gel was silver stained according to standard procedure.  The 60 

significant spots were cut with a scalpel and temporarily stored in 1.5 mL tubes at 

-20°C.  The protein spots were later analyzed by mass spectrometry. 

 

2.5 Real-Time PCR 

RNA was isolated from cells using TRIzol reagent (Invitrogen) according 

to the manufacturer’s protocol.  DNase treatment and cDNA synthesis were 

performed with the QuantiTect reverse transcription kit (Qiagen) using 1 μg of 

RNA as a template.  Real-time PCR (RT-PCR) was performed using a Realplex-2 

Mastercycler (Eppendorf) and QuantiFast SYBR green master mix (Qiagen) 

supplemented with 1 μL of cDNA and 0.5 μM final concentration of primers per 

reaction.  Primer sequences are listed in Table 3. Fold change PTEN/LacZ was 

calculated using the delta-delta Ct method relative to the housekeeping gene 

glyceraldehyde 3-dehydrogenase (GAPDH).  
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Table 3. RT-PCR primer sequences. 
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2.6 Polysome Profiling 

LNCaP cells were grown in 15 cm dishes and infected with 100 PFU/cell 

of Ad-PTEN or Ad-LacZ.  48 hours post-infection, cells were treated with 100 

μg/mL cycloheximide for 3 minutes.  The cells were then washed twice in cold 

PBS containing 100 μg/mL cycloheximide and collected by centrifuging at 1200 

rpm for 5 minutes at 4°C.  Pelleted cells were lysed in hypotonic buffer [5 mM 

Tris-HCl (pH 7.5), 2.5 mM MgCl2, 1.5 mM KCl, 100 μg/mL cycloheximide, 2 

mM DTT, 0.5% Triton X-100, 0.5% sodium deoxycholate, and 200 U/mL RNasin 

RNase inhibitor (Promega)], and cell debris was removed by centrifuging the 

lysates at 12 000 rpm for 5 minutes.  The RNA concentration of each lysate was 

measured using a NanoDrop 1000 spectrophotometer (Thermo Scientific).  Equal 

amounts of RNA from each lysate were then loaded onto sucrose gradients 

containing 10-50% density sucrose [200mM HEPES (pH7.6), 1M KCl, 50 mM 

MgCl2, 100 μg/mL cycloheximide, 200 U/mL RNasin] in centrifuge tubes 

(Beckman #331374).  The samples were then centrifuged at 37 000 rpm for 2 

hours at 4°C in an SW40Ti rotor (Beckman).   Following centrifugation, the 

gradients were fractionated (14 fractions, 750 μL volume) and the absorbance at 

254 nm was recorded using an ISCO fractionator (Teledyne Isco).  Fractions were 

stored at -80°C. 

 

2.6.1 RT- PCR of polysome fractions 

RNA was isolated from the polysome fractions by adding 750 μL of 

TRIzol reagent (Invitrogen) to a 500 μL volume of each fraction, and then 

proceeding according to the manufacturer’s protocol.  cDNA was prepared for 

each fraction using 1 μg of RNA as a template. Quantitative RT-PCR was 

performed as described above.  The relative amount of transcript in each fraction 

was determined by normalizing the Ct values to the first LacZ fraction, which was 

set at a value of 1.  Semi-quantitative real-time PCR (sqRT-PCR) was performed 

on cDNA obtained from each individual polysome fraction using a Realplex-2 

Mastercycler (Eppendorf) and QuantiFast SYBR green master mix (Qiagen).   

RT-PCR reactions were stopped in the linear range of amplification, and PCR 
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products were run on agarose gels containing ethidium bromide and imaged under 

ultraviolet light. 



 30

3. RESULTS 

 
3.1 Optimization of conditions for 2D-DiGE 

The goal of this project was to use 2D-DiGE in order to identify secreted 

proteins that are regulated by PTEN.  To accomplish this, an experimental system 

was set up wherein an adenoviral vector was used to re-introduce wild-type PTEN 

expression in a PTEN-null cell line.  After testing several PTEN-null cell lines, 

LNCaP, a PTEN-null prostate cell line, was chosen.  Various conditions were 

optimized, including adenovirus multiplicity of infection (MOI), collection time 

point and growth media (Figure 2).  First, LNCaP were infected with 

adenoviruses expressing wild-type PTEN (Ad-PTEN) or the negative control -

galactosidase (Ad-LacZ) at a range of MOIs.  Western blotting was used to 

determine which MOI yielded the highest PTEN expression and activity, as 

assessed by decreased phospho-Akt (pAkt) levels (Figure 2A).  A dose-dependent 

increase in PTEN levels and concomitant decrease in pAkt levels were observed, 

up to an MOI of 100 PFU/cell, which was selected as the optimal MOI. 

Next, a time course experiment was performed to determine which time 

point post-infection resulted in the highest PTEN levels and lowest pAkt levels 

(Figure 2B).   At a time point of 48 hours post-infection, PTEN levels were 

maximal while pAkt levels were minimal.  Therefore the final conditions selected 

for 2D-DiGE used an adenovirus MOI of 100 PFU/cell and collection at 48 hours 

post-infection. 

Finally, a conditioning media was selected.  The ultimate goal of these 

experiments was to separate proteins from the conditioned media on a 2D gel and 

identify the spots by mass spectrometry.   In order to minimize contamination of 

the 2D gel with bovine proteins, it was important to remove fetal bovine serum 

(FBS) from the growth media.  Insulin transferrin selenium (ITS) is a minimal 

supplement commonly added to media in the absence of FBS.  Because insulin is 

a major activator of the PI3K signaling pathway, there was concern that adding 

ITS to the growth media might mask the inhibitory effects of PTEN on the PI3K 

pathway.   To assess this, Ad-PTEN and Ad-LacZ infected cells were conditioned 
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in RPMI alone, or RPMI containing ITS, and pAkt levels were monitored by 

Western blotting (Figure 2C).  PTEN-expressing cells showed an equal decrease 

in pAkt levels when conditioned with or without ITS, therefore ITS does not 

interfere with PTEN’s inhibitory effect on the PI3K pathway.   

When cell death occurs, intracellular proteins, including actin and tubulin, 

are released into the growth media.  To ensure that intracellular contamination of 

the media was minimized, extracellular levels of tubulin were examined (Figure 

2D).  Under the conditions chosen for further experiments (conditioning in RPMI 

supplemented with ITS and collecting 48 hours post-infection), extracellular 

tubulin levels were minimial. 
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Figure 2.  Optimization of 2D-DiGE conditions.   

(A) Optimization of adenovirus multiplicity of infection (MOI).  LNCaP were 

infected with Ad-PTEN or Ad-LacZ at MOIs ranging from 5-100 PFU/cell and 

lysed 48 hours post-infection.  PTEN, pAkt and total Akt levels were assessed by 

autoradiography.  (B) Optimization of time point. LNCaP were infected with 100 

PFU/cell of Ad-PTEN or Ad-LacZ, and lysed 24 – 96 hours post-infection. PTEN, 

pAkt and total Akt levels were determined by autoradiography.  (C) Optimization 

of conditioning media.  LNCaP were infected with 100 PFU/cell of Ad-PTEN or 

Ad-LacZ.  24 hours post-infection, cells were washed with PBS and then 

conditioned in RPMI or RPMI + 1% ITS for 24 – 48 hours before being lysed. 

PTEN, pAkt and total Akt levels were visualized by autoradiography.   

(D) Assessment of intracellular protein contamination in the media.  LNCaP were 

treated as in (C).  Conditioned media was collected and ethanol-precipitated.  

Equal amounts of protein were run on a 10% polyacrylamide gel.  Extracellular 

tubulin levels were examined by autoradiography. 
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3.2 Identification of PTEN-regulated proteins 

Now that the conditions were optimized, we were ready to use 2D-DiGE 

to identify proteins that were differentially expressed in PTEN-expressing and 

PTEN-null cells.  For the 2D-DiGE experiment, conditioned media and lysates 

were collected from four replicates of LNCaP infected with Ad-PTEN and Ad-

LacZ.  High PTEN and low pAkt levels were confirmed for all four replicates 

(Figure 3A).  Cell death was also monitored for each replicate, and no significant 

difference in percentage cell death was observed between LacZ- and PTEN-

infected cells (P > 0.05) (Figure 3B).  Proteins from the conditioned media were 

incubated with Cy dyes, and then run on four 2D gels (representative image 

shown in Figure 3C).  Two large aggregates, bovine serum albumin and 

transferrin, were observed in the low pH, high molecular weight region of the 

gels.  

The 2D gels were then analyzed using image analysis software.  Spots 

from all four gels were matched to one “master gel”, and protein spot intensities 

were quantified and compared across gels and between sample groups.  The ratio 

of protein abundance between PTEN and LacZ sample groups was calculated for 

each gel.  The average ratios of protein abundance between PTEN and LacZ were 

then statistically analyzed by independent student’s T-test.  Proteins that had a 

student’s T-test P-value less than 0.05, showed at least a 1.3-fold change between 

PTEN and LacZ, and appeared on at least 3 of the 4 gels were considered 

significant.  A total of 60 proteins spots fit these criteria, and were picked and sent 

for mass spectrometry analysis.  56 of the 60 significant proteins were down-

regulated by PTEN. 

33 of the protein spots were identified by mass spectrometry (Figure 4).  

These corresponded to only 16 different proteins, 4 of which were up-regulated by 

PTEN and 12 of which were down-regulated by PTEN (Table 4).  Three of the 

identified proteins, Spondin 2 (SPO2) and Zn-alpha-2-glycoprotein (ZAG), and 

cystatin C (CST3) were confirmed to be down-regulated by PTEN, as measured 

by Western blotting (Figure 5).   
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Figure 3.  2D-DiGE results. 

(A) Western blots of whole cell lysates collected from 2D-DiGE experiment. 

LNCaP were infected with 100 PFU/cell of Ad-PTEN or Ad-LacZ.  24 hours 

post-infection, cells were washed with PBS and then conditioned in RPMI + 1% 

ITS.  After 24 hours of conditioning, cells were lysed.  PTEN, pAkt and total Akt 

levels were assessed in all four replicates by autoradiography.  (B) Cell death was 

measured using Trypan blue exclusion.  Percentage cell death is the mean of 4 

replicates.  Cell death was not significantly different between PTEN and LacZ  

(P > 0.05).  (C) Representative image of a 2D-DiGE gel.  Extracellular proteins 

collected from Ad-LacZ and Ad-PTEN-infected LNCaP were labeled with Cy3 

(LacZ; green) and Cy5 (PTEN; red) dyes.  Proteins were equilibrated across a  

3-11 non-linear immobilized pH gradient, and then separated by SDS-PAGE. 
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Figure 4.  PTEN-regulated proteins identified by mass spectrometry. 

The localization of the identified proteins on a representative 2D gel is indicated. 

 
 
Table 4. PTEN-regulated proteins identified by mass spectrometry 

The average ratio of protein abundance between PTEN and LacZ samples for each 

protein was calculated using DeCyder software.  Protein levels were significantly 

different between PTEN and LacZ for all 16 proteins identified (P < 0.05).  Spot 

numbers correspond to Figure 4.  

 
Protein name Abbreviation Average ratio 

PTEN/LacZ 
Number of 

peptides  
Spot 

numbers 
Alpha-2-macroglobulin precursor A2M -1.35 1 1 
Alpha-1 collagen VI COL6A1 -1.46 6 2 
Putative LAR preprotein LAR -1.43 6 3 
Vinculin isoform VCL VCL -1.61 2 4 
Calsyntenin 1 CLSTN1 -1.38 27-29 5, 6 
Alpha actinin 4 ACTN4 1.37 24 7 
Desmoglein 2 preprotein DSG2 1.43 57 8 
Chaperonin containing TCP1, subunit 8 (theta) CCT8 1.52 3 9 
Ribonuclease/angiogenin inhibitor 1 RNH1 -1.45 4 10 
Beta-actin ACTB 1.42 15 11 
Spondin 2 precursor SPO2 -1.76 1-15 12-17 
Insulin-like growth factor binding protein 2 IGFBP-2 -1.64 7-17 18, 20-23 
Zn-alpha-2-glycoprotein ZAG -1.83 3-15 19 
Prostate specific antigen precursor PSA -2.14 3-17 24-31 
ATPase, H+ transporting lysosomal accessory 
protein 2 

HT028 -2.10 5 32 

Cystatin C CST3 -1.48 14 33 
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Figure 5.  PTEN regulates SPO2, ZAG, and CST3 protein levels. 

LNCaP were infected with Ad-PTEN or Ad-LacZ, and conditioned in RPMI + 1% 

ITS media. 48 hours post-infection, conditioned media was collected and ethanol-

precipitated.  Equal amounts of protein from 3 replicates were run on 

polyacrylamide gels.  SPO2, ZAG, and CST3 protein levels were assessed by 

autoradiography. 
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3.3 Effect of PTEN on transcription of the identified proteins  

Since PTEN can affect gene expression at the transcriptional level, we 

assessed whether PTEN affected the mRNA levels of the identified factors.  

mRNA levels of 14 of the factors identified by mass spectrometry were measured 

in LacZ- and PTEN-infected cells by RT-PCR (Figure 6A).  Only two of the 

factors tested, prostate specific antigen (PSA) and SPO2 were significantly down-

regulated by PTEN at the mRNA level (P < 0.05). 

To test whether the lipid phosphatase activity of PTEN mediates the 

observed repression of PSA and SPO2 transcription, cells were infected with an 

adenovirus expressing an active site mutant of PTEN.  The C124S active site 

mutation abrogates the lipid phosphatase activity of PTEN.  Cells infected with 

Ad-PTEN-C124S had elevated pAkt levels when compared to cells infected with 

wild-type PTEN (Ad-PTEN-WT) (Figure 6B).  The transcriptional repression of 

PSA and SPO2 observed in cells expressing PTEN-WT was abolished in cells 

expressing PTEN-C124S (Figure 6C).  These data suggest that the ability of 

PTEN to antagonize the PI3K signaling pathway is necessary to repress 

transcription of PSA and SPO2. 
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Figure 6.  PTEN regulates transcription of PSA and Spondin 2. 

(A) RNA was collected from LNCaP 48 hours post-infection with Ad-PTEN or 

Ad-LacZ.  RNA levels of the indicated transcripts were assessed by RT-PCR and 

normalized to the housekeeping gene GAPDH.  The fold change represents the 

mean of four replicates.  * indicates a statistically significant difference between 

PTEN and LacZ (P < 0.05).  (B) PTEN-C124S mutant is inactive.  LNCaP were 

infected with wild-type Ad-PTEN (Ad-PTEN-WT), an active site PTEN mutant 

adenovirus (Ad-PTEN-C124S), or Ad-LacZ.  Protein levels of PTEN, pAkt, total 

Akt and actin were assessed by autoradiography.  (C) LNCaP were infected with 

Ad-PTEN-WT, Ad-PTEN-C124S, or Ad-LacZ.  RNA was collected 48 hours 

post-infection.  RNA levels of PSA and SPO2 were assessed by RT-PCR and 

normalized to GAPDH.  The fold change relative to LacZ represents the mean of 

three replicates.  
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3.4 Effect of PTEN on translation of the identified proteins 



40
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Figure 7. PTEN regulates translation of IGFBP-2, PSA, SPO2, CST3, and HT028. 

(A) Sucrose gradient absorbance profiles (A254 nm) of cytoplasmic extracts from 

LNCaP infected with Ad-LacZ and Ad-PTEN.  The positions of 40S and 60S 

ribosomal subunits, 80S monosomes, and polysomes are indicated.  (B) 

Quantitative analysis of mRNA levels across the polysome profile.  RNA was 

isolated from each fraction of the polysome profile, and the levels of the indicated 

transcripts were determined by RT-PCR.  Values in each fraction were 

normalized to the first LacZ fraction, which was set at 1.  The data presented are 

representative of three replicates.  (C) Semi-quantitative analysis of mRNA levels 

across the polysome profile.  The levels of the indicated transcripts in each 

fraction of the polysome profile were determined by semi-quantitative RT-PCR.  

RT-PCR reactions were stopped in the linear range of amplification, and the 

products were run on agarose gels containing ethidium bromide and imaged under 

ultraviolet light. 



 42

4. DISCUSSION 

In this study, we identified 16 proteins that are controlled by PTEN, 4 of 

which are up-regulated and 12 of which are down-regulated by PTEN.  Two of 

the factors are regulated by PTEN at the level of transcription, and 5 are regulated 

at the level of protein translation. 

 

4.1. Factors previously shown to be PTEN-regulated 

 Two of the identified factors, PSA and insulin-like growth factor binding 

protein-2 (IGFBP-2) have previously been shown to be regulated by PTEN.  The 

fact that we were able to identify these two proteins as differentially regulated 

between LacZ- and PTEN-infected cells in this study validates the experimental 

system that we used.  As was previously mentioned, PSA is a widely used 

prostate cancer biomarker.  PSA transcription is regulated by PTEN through its 

inhibition of the androgen receptor (AR) transcription factor98.  We confirmed 

that PSA is transcriptionally down-regulated by PTEN, and demonstrated that 

PTEN also down-regulates PSA at the level of protein translation.   

IGFBP-2 is a member of the IGFBP superfamily of proteins, a group of at 

least 15 proteins found in serum and other biological fluids.  IGFBPs function as 

inhibitors of insulin signaling by binding insulin and insulin-like growth factors, 

and preventing them from binding to their receptors at the cell membrane99.  

Interestingly, IGFBP-2 has been proposed as a prostate cancer biomarker as 

serum IGFBP-2 levels are elevated in patients with prostate cancer relative to 

healthy individuals100.  Prior to this study, IGFBP-2 protein levels were known to 

be decreased by PTEN, however the mechanism of this down-regulation remained 

unknown101.  In this study, we demonstrated that PTEN controls its expression by 

decreasing translation of IGFBP-2 mRNA. 

 

4.2 Intracellular proteins and other artifacts 

 Although the goal of this study was to identify secreted proteins that are 

regulated by PTEN, some of the identified factors are intracellular proteins.  Such 
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factors include vinculin (VCL), alpha actinin 4 (ACTN4), chaperonin containing 

TCP1, subunit 8 (CCT8), ribonuclease/angiogenin inhibitor 1 (RNH1), and -

actin (ACTB).  Some of the other proteins identified in this study are 

transmembrane proteins, including putative LAR preprotein (LAR), calsyntenin 1 

(CLSTN1), and desmoglein 2 (DSG2).  Because one of the rationales for this 

project was to identify potential PTEN-regulated prostate cancer serum 

biomarkers, we chose to focus only on the extracellular proteins for subsequent 

analysis. 

 Alpha-2-macroglobulin (A2M) is an extracellular glycoprotein that 

inactivates various proteases, including plasmin, urokinase-type plasminogen 

activator, and matrix metalloproteases102.  Because only one A2M peptide was 

identified by mass spectrometry in this study, we cannot be confident that it is 

truly a PTEN-regulated protein.  Moreover, we were unable to detect A2M 

mRNA in LNCaP cells by RT-PCR, suggesting that A2M is either poorly 

expressed or not expressed at all in this cell line.  A2M is an abundant protein in 

bovine serum, so this may explain the source of the A2M peptide that was 

detected by mass spectrometry103. 

 Alpha-1 collagen VI (COL6A1) is a collagen isoform present in the ECM.  

COL6A1 is over-expressed in patients with astrocytoma and glioblastoma104. 

COL6A1 was also identified as a protein that is highly expressed in six different 

cancer cell lines105.  Moreover, treatment of LNCaP cells with the anti-cancer 

agent Se-methylselenocysteine decreased COL6A1 expression106.  In this study, 

COL6A1 was identified as a factor that is down-regulated by PTEN.  However, 

because COL6A1 mRNA levels and translational profiles did not appear to 

change appreciably between PTEN-positive and PTEN-null conditions, we chose 

not to conduct follow-up experiments on COL6A1 at this point. 

  

4.3 Cancer biomarkers regulated by PTEN 

 Three of the PTEN-regulated factors identified in this study, SPO2, ZAG, 

and CST3, are bona fide secreted proteins that are known to be up-regulated in 

cancer. Spondin 2 (SPO2), also known as DIL-1 and mindin, is a member of the 
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mindin-F-spondin family of ECM proteins.  Like all other classically secreted 

proteins, SPO2 contains an N-terminal signal sequence107.  SPO2 is implicated in 

immunological functions including microbial pathogen recognition and 

inflammatory cell recruitment108,109.   It is well known that SPO2 is up-regulated 

in cancer, however, very little is known about its function in tumorigenesis.  

SPO2 could be a promising new biomarker for various cancers, as SPO2 levels 

are increased in the serum of patients with ovarian and prostate cancer compared 

to healthy individuals110,111.  In this study, SPO2 was shown to be down-regulated 

by PTEN both at the level of mRNA transcription and protein translation.  This 

data corroborates with these previous studies, and suggests that the down-

regulation of SPO2 may be a newly defined tumour suppressive function of 

PTEN. 

 Zn-alpha-2-glycoprotein (ZAG) is an extracellular protein that is secreted 

by prostate epithelial cells.  ZAG has many functions, including lipolysis, which 

mediates its ability to promote cancer cachexia112,113.  Several studies show that 

ZAG levels are elevated in the serum of prostate cancer patients relative to 

healthy individuals or men with non-malignant prostate disease114,115. ZAG 

expression is also increased in breast116,117 and cervical118 cancers.  The data from 

this study indicate that ZAG expression is down-regulated by PTEN in prostate 

cancer cells.  Together with the published data indicating that ZAG is commonly 

overexpressed in cancer, these results suggest that ZAG may have tumour-

promoting activity, and that PTEN blocks tumour progression by inhibiting its 

synthesis. 

 Cystatin C is a cysteine protease inhibitor that is found in almost all bodily 

fluids.  Cystatin C specifically inhibits the cysteine protease cathepsin B by 

forming a high-affinity enzyme-inhibitor complex119.  Cathepsin B promotes 

tumour metastasis by helping to degrade the ECM, thereby enabling circulating 

tumour cells to exit the bloodstream and invade new tissues.  Due to its ability to 

inhibit this pro-metastatic protease, cystatin C has been implicated as an inhibitor 

of invasion and metastasis120-122.   On the other hand, many clinical studies 

suggest that cystatin C is highly expressed in human cancer.  Elevated cystatin C 
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levels have been reported in serum and other bodily fluids collected from patients 

with various cancers, including ovarian123, melanoma124, colorectal125, lung126, 

head and neck127, breast128, and Non-Hodgkin B-cell lymphoma129.  Moreover, 

three different proteomics studies have identified cystatin C as an abundant 

protein in the conditioned media of breast cancer cell lines130-132.  Cystatin C 

expression is controlled by transforming growth factor beta (TGF- ), a protein 

that is known to have both tumour-promoting and tumour-suppressive effects133.  

Altogether, these studies suggest that cystatin C might act as both an oncogene 

and a tumour suppressor, like its regulator TGF- .  Interestingly, cystatin C has 

previously been linked to the PI3K signaling pathway, as a factor whose 

expression is decreased in cells that are null for PDK1134.  In this study, we 

determined that cystatin C is down-regulated by PTEN.  Thus deletion of PDK1 

and overexpression of PTEN both cause a decrease in cystatin C protein levels, 

suggesting that PTEN controls cystatin C expression through its antagonistic 

effects on the PI3K pathway. 

 

4.4 Down-regulation of a potential pro-angiogenic protein by PTEN? 

ATPase, H+ transporting lysosomal accessory protein 2 (HT028) is a 

transmembrane protein that functions as the cell-surface receptor for renin.  The 

renin-angiotensin system (RAS) is a key regulator of blood pressure.  Renin, the 

rate-limiting enzyme in the RAS, is synthesized as an inactive precursor called 

prorenin.  Maturation of prorenin into renin occurs in the juxtaglomerular cells of 

the kidney.  Once secreted into the bloodstream, renin acts as an aspartyl protease 

whose only known substrate is angiotensinogen.  Renin cleaves angiotensinogen 

to form angiotensin I (Ang I), which is later converted into angiotensin II (Ang II) 

by angiotensin-converting enzyme (ACE).  Ang II binds to its receptor on 

vascular smooth muscle cells to induce vasoconstriction135.  Chronic activation of 

the RAS and the resulting increase in Ang II levels contribute to cardiovascular 

diseases including hypertension.  Recently, Nguyen and colleagues demonstrated 

that HT028 is the cell-surface receptor for renin, and that binding of renin to 

HT028 greatly increases the rate of conversion of angiotensinogen to Ang I136. 
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 In addition to its role in regulating blood pressure, the RAS has also been 

implicated as an important regulator of tumour angiogenesis.  Several enzymes 

that are responsible for the downstream cleavage of Ang II to produce smaller, 

active proteins, have pro-angiogenic activity and are up-regulated in human 

cancer (reviewed in 137).  Furthermore, Ang II is known to stabilize HIF-1 , 

leading to increased VEGF production138.  Moreover, treatment of patients with 

ACE inhibitors has been shown to decrease the incidence of cancer137.  In this 

study, PTEN was found to down-regulate the renin receptor, HT028, at the level 

of protein translation.  By blocking HT028 synthesis, PTEN could decrease the 

efficiency of cleavage of angiotensinogen into its downstream cleavage products, 

thereby inhibiting tumour angiogenesis. 

  

4.5 Transcriptional effects of PTEN 

 Only 2 of the 16 proteins examined in this study were transcriptionally 

regulated by PTEN.  In a previous proteomics study of PTEN-expressing and 

PTEN-null Jurkat T cells, only 1 of the 22 identified proteins was regulated by 

PTEN at the mRNA level139.  Moreover, in a comparative study of cells 

expressing wild-type or mutant Akt, the effect of Akt on protein translation was 

significantly greater than its effect on transcription140.  Thus it is not surprising 

that PTEN had a minimal effect on transcription of the factors identified in this 

study.  

So far, PTEN has never been shown to directly affect mRNA transcription.  

However, PTEN is known to indirectly regulate transcription through modulation 

of various transcription factors, including p53, NF- B, the forkhead (FOXO) 

family, AR, and HIF-1 141.  In this study, we confirmed that PSA and SPO2 are 

transcriptionally down-regulated by PTEN.  PSA is already known to be AR-

responsive98, however little is known about SPO2.  Further experiments could be 

conducted to determine if PTEN regulates SPO2 transcription through its effects 

on one of the above-mentioned transcription factors. 
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4.6 Translational effects of PTEN 

 In this study, we showed that PTEN does not have an appreciable effect on 

the overall rate of protein synthesis, but it affects the rate of translation of five 

specific mRNAs: IGFBP-2, PSA, SPO2, CST3, and HT028. 

 The rate of protein synthesis is controlled by the rate at which the 

ribosome binds to the mRNA.  Various eukaryotic initiation factors (eIFs) help to 

guide the ribosome to the 5’ end of the vast majority of mRNAs, which contain a 

7-methylguanosine (m7G) cap.  The eIF4F complex is composed of the cap-

binding protein eIF4E, the scaffolding protein eIF4G, and the RNA helicase 

eIF4A.  eIF4E recognizes and binds the m7G cap, and then eIF4A begins to 

unwind the mRNA to facilitate binding of the 40S ribosomal subunit.  Another 

factor, eIF4B, promotes the helicase activity of eIF4A, and is necessary for 

efficient unwinding of the mRNA19.  mTOR controls the rate of protein synthesis 

by controlling the phosphorylation of three key proteins: eIF4B, eIF4G, and the 

4E-binding proteins (4E-BPs).  mTOR phosphorylates the ribosomal protein S6K, 

which in turn phosphorylates and activates eIF4B.  mTOR directly phosphorylates 

and activates the scaffolding protein eIF4G.  Phosphorylation of eIF4G by mTOR 

is thought to trigger a conformational change in the scaffolding protein that 

increases its affinity for its binding partners.  In their hypophosphorylated form, 

the 4E-BPs competitively bind eIF4E and prevent it from binding eIF4G.  

However, upon phosphorylation by mTOR, the 4E-BPs lose their affinity for 

eIF4E, thus allowing eIF4E to bind to eIF4G and eIF4A to form the eIF4F 

complex and activate cap-dependent protein synthesis19.  PTEN inhibits cap-

dependent protein translation by preventing the activation of mTOR and its 

downstream signaling factors.   

PTEN/PI3K signaling affects the rate of translation of a group of “eIF4E-

sensitive” mRNAs, including VEGF and FGF, which function to control cell 

growth and proliferation19.  Not all m7G-containing mRNAs are considered 

eIF4E-sensitive as some mRNAs maintain a high rate of translation, even in the 

absence of eIF4E.   These constitutively translated mRNAs include housekeeping 

genes such as GAPDH and -actin142.  Therefore although we showed that PTEN 
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does not affect the overall rate of protein synthesis, the ability of PTEN to 

specifically affect the rate of translation of IGFBP-2, PSA, SPO2, CST3, and 

HT028 might help to inhibit cell growth and proliferation. 

IGFBP-2 is known to be translationally regulated in response to androgen 

treatment of LNCaP cells143, however, ours is the first study to show that PTEN 

decreases IGFBP-2 translation. It is well known that PTEN decreases PSA mRNA 

levels, and that this results in decreased protein levels of PSA.  However, ours is 

the first study to directly show that PTEN regulates PSA by affecting its rate of 

protein synthesis.  This is the first study to show that PTEN decreases translation 

of SPO2 and HT028.  In this study, we showed that CST3 translation is decreased 

by PTEN, which confirms the results of an earlier study by Tominaga and 

colleagues.  Translation of CST3 was decreased in PDK1-null mouse embryonic 

stem cells relative to wild-type cells134.  Thus deletion of PDK1 and 

overexpression of PTEN have a similar effect on the translation of CST3.  

 

4.7 Future directions 

 Future experiments will aim to define the role of spondin 2, Zn-alpha-2-

glycoprotein, and cystatin C in angiogenesis and tumorigenesis.  First, SPO2, 

ZAG, and CST3 cDNAs will be cloned into mammalian expression vectors.  

These genes will be overexpressed in mammalian cells, and their effect on cell 

growth, migration and invasion will be monitored.  We will also test whether 

these factors promote angiogenesis by growing endothelial cells in conditioned 

media from cells overexpressing SPO2, ZAG, or CST3.  Increased endothelial 

cell proliferation will indicate a pro-angiogenic effect.  Moreover, we will inject 

nude mice with cells overexpressing SPO2, ZAG, and CST3 to determine whether 

these factors accelerate tumour growth in vivo.  To further clarify the effects of 

these factors on tumorigenesis, SPO2, ZAG, and CST3 will also be expressed in 

bacteria.  The resulting recombinant proteins will then be injected into mice, and 

tumour growth will be monitored. 

 Finally, a tumour bank containing tissue from patients with varying stages 

of prostate cancer will be analyzed.  Immunohistochemistry for SPO2, ZAG, and 
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CST3 will determine whether these factors are overexpressed in human prostate 

cancer.  Furthermore, tumours can be probed for PTEN and pAkt staining in order 

to ascertain whether high SPO2, ZAG, and CST3 levels correlate with loss of 

PTEN in patient samples.  This study will provide further evidence that PTEN 

regulates these factors, and will highlight the possibility of monitoring blood 

levels of SPO2, ZAG, and CST3 to diagnose prostate cancer. 
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