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            PTEN is a master regulator of multiple cellular processes and a potent tumor 

suppressor. Its biological function is mainly attributed to its lipid phosphatase activity 

that negatively regulates the PI3K-AKT signaling pathway. A fundamental and highly 

debated question remains whether PTEN can also function as a protein phosphatase in 

cells. This study demonstrates that PTEN is a protein tyrosine phosphatase that 

selectively dephosphorylates insulin receptor substrate-1 (IRS1), a mediator for 

transduction of insulin and IGF1 signaling.  IGF signaling is defective in cells lacking 

NEDD4, a PTEN ubiquitin ligase, whereas AKT activation triggered by EGF or serum 

is unimpaired in these cells. Surprisingly, the defect of IGF signaling caused by 

NEDD4 deletion, including the of phosphorylation of IRS1, upstream of PI3K, can be 

rescued by PTEN ablation, suggesting PTEN may be a protein phosphatase for IRS1. 

The nature of PTEN as an IRS1 phosphatase is demonstrated by direct biochemical 

analysis and confirmed by cellular reconstitution. Further, we find that NEDD4 

supports insulin-mediated glucose metabolism, and is required for the proliferation of 

IGF1 receptor (IGF1R)-dependent but not EGFR-dependent tumor cells. Taken 



 
 

together, PTEN is a protein phosphatase for IRS1, and its antagonism by the ubiquitin 

ligase NEDD4 promotes IGF/insulin signaling. 

           Finally, we also identified a novel form of PTEN, which is a translational 

variant, termed UPP, and characterized it using biochemical and cellular studies. UPP 

is a fast turnover subpopulation of PTEN, and demonstrates a distinctive subcellular 

localization from PTEN. Co-localization imaging studies indicated that UPP is 

involved in endocytosis membrane trafficking and adherens junctions. UPP still 

functions as a lipid phosphatase for PIP3, antagonizing PI3K signaling. Furthermore, 

UPP was found to be a better binding partner for the PTEN protein substrate, IRS1, in 

cells.  
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CHAPTER ONE 

GENERAL INTRODUCTION  

 

Insulin and IGF signaling pathway 

               Insulin, insulin-like growth factor-1 (IGF1) and insulin-like growth factor-2 

(IGF2) belong to a group of secreted growth factors with essential roles in growth, 

development, and metabolism (Yakar and Adamo, 2012). Insulin and IGF1 are 

structurally homologous growth factors, which function through binding to specific 

receptors (Insulin receptor and IGF1 receptor (IGF1R) respectively) on the surface of 

target cells. The closely related receptors share the same tetrameric structure 

composed of two extracellular Ŭ subunits including the ligand-binding domain and 

two transmembrane ɓ subunits containing the tyrosine kinase domain. Binding of 

ligands to Ŭ subunits leads to activation and auto-phosphorylation of tyrosine residues 

in the ɓ subunits (Pautsch et al., 2001). Signaling is subsequently mediated by the 

phosphorylation of specific substrates by the activated receptors.   

              The principal substrates for insulin and IGF1 receptors are insulin receptor 

substrate proteins (IRS proteins), which mediate activation of two main downstream 

signaling pathways (White, 1998). After tyrosine phosphorylation at multiple sites, 

IRS1 binds to either the regulatory p85 subunit of phosphatidylinositol 3-kianse 

(PI3K), or the adaptor molecule Grb2, which associates with son-of-sevenless (SOS) 
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to activate the Ras--mitogen-activated protein kinase (MAPK) pathway (Figure 1.1). 

The PI3K-AKT pathway is responsible for most of the metabolic actions of insulin, 

while the MAPK pathway regulates gene expression and cooperates with the PI3K 

pathway to control cell growth and differentiation. 

                PI3K belongs to a conserved family of lipid kinases involving in 

intracellular signaling propagation (Cantley, 2002). PI3K phosphorylates 

phosphatidylinositol-4,5-biphosphate (PIP2) in the plasma membrane to generate 

phosphatidylinositol-3,4,5-triphosphatate (PIP3).  PIP3 is a critical second messenger 

which binds to various signaling proteins containing the pleckstrin homology (PH) 

domains, including the serine/threonine kinase AKT and PDK1 (Manning and Cantley, 

2007). AKT is activated by phosphorylation at T308 in the activation loop by PDK1 

and phosphorylation on the hydrophobic motif S473 by mTOR complex 2 (mTORC2). 

Activated AKT promotes cell survival, growth, proliferation, and inhibit apoptosis, 

through phosphorylating various downstream targets.               

                 The functions of the insulin and IGF components in development were 

demonstrated by mice with genes disrupted by homologous recombination (Taniguchi 

et al., 2006). IGF1R knockout led to the immediate postnatal death from respiratory 

failure, with a dramatic reduction in body weight (more than 50% reduction) (Liu et 

al., 1993). While heterozygous mice are normal, but show a ~15% decrease in body 

mass. In contrast, insulin receptor-disrupted mice are born normal, but develop early 

postnatal diabetes and die of ketoacidosis (Kitamura et al., 2003). IRS1-deficient mice 
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are born alive, but have defective insulin response in the muscle and general 

retardation in body growth due to IGF1 resistance (Liu et al., 1993).  

 

Figure 1.1 

 

IGF and Insulin Signaling Pathways. The binding of growth factors insulin and 

IGF1 to their receptors on cell surface lead to the recruitment of adaptor proteins, 

including SHC and IRS proteins. Tyrosine phosphorylation of IRS promotes binding 

of PI3K and Grb2/SOS, resulting in the activation of the downstream AKT and 

MAPK pathway.  
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               The IRS proteins possess pleckstrin-homolog (PH) domains and 

phosphotyrosine-binding (PTB) domains at the N-terminus that are responsible for the 

high affinity for IR/IGF1R (Boura-Halfon and Zick, 2009). There are up to 20 

potential tyrosine-phosphorylation sites between the center and C-terminus of the IRS 

proteins. After tyrosine phosphorylation by IR/IGF1R, IRS proteins can bind to 

proteins that contain Src-homolog-2 (SH2) domains. Phosphorylation of tyrosines 465, 

612, 632, 662, 941 and 989 of IRS1 YXXM motifs are predicted to bind the SH2 

domain of the p85 regulatory subunit of PI3K, resulting in activation of the p110 

catalytic subunit (Sesti et al., 2001) . Studies have shown that Tyr612 and Tyr632 in 

human IRS1 (corresponding to positions 608 and 628 in rat or mouse IRS1) are 

important for full activation of insulin-stimulated PI3K activity and translocation of 

GLUT4 in adipose cells (Esposito et al., 2001).  

Tumor suppressor PTEN 

            Since its discovery in 1997 (Li and Sun, 1997; Li et al., 1997; Steck et al., 

1997), PTEN (phosphatase and tensin homolog) has been established as one of the 

most frequently mutated tumor suppressor genes in human cancer, including 

endometrial carcinoma, glioblastoma multiforme, skin and prostate cancers (Salmena 

et al., 2008). Biochemically, PTEN is a phosphatase for the lipid second messenger 

PIP3, catalyzing its conversion to PIP2 (Maehama and Dixon, 1998). Therefore, PTEN 

functions as a major regulator of the cellular concentration of PIP3 to antagonize the 

signaling cascades downstream of receptor tyrosine kinases (RTKs) and PI3K ((Figure 

1.2). Interestingly, PTEN might also possess protein phosphatase activity with several 
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potential protein substrates reported (Gu et al., 1999; Mahimainathan and Choudhury, 

2004; Raftopoulou et al., 2004; Tamura et al., 1998).  

            Importantly, PTEN is involved in regulating many cellular processes. Many of 

these functions can be attributed to its lipid phosphatase activity. For example, PTEN 

regulates cell proliferation and apoptosis. These effects are mediated by suppressing 

AKT activation and subsequent alteration of the function of AKT substrates, such as 

forkhead box protein O (FOXO), the E3 ubiquitin ligase Mdm2, and Bcl2 antagonist 

of cell death (BAD) (Tamura et al., 1999).  

            PTEN has a crucial role in regulating the self-renewal and differentiation of 

human embryonic stem cells and hematopoietic stem cells as well as the timing of 

follicle activation through the regulation of oocyte growth (Reddy et al., 2008). PTEN 

also regulates the chemotaxis of neutrophils, and all these functions require its lipid 

phosphatase activity (Heit et al., 2008). Moreover, PTEN can regulate various cellular 

events independently of its lipid phosphatase activity. For example, it can inhibit cell 

cycle progression by modulating the activity of the anaphase promoting 

complex/cyclosome (APC/C) in the nucleus in a manner that is independent of 

PTENôs enzymatic activity (Song et al., 2011). Furthermore, it can inhibit cell 

invasion and migration, likely through its protein phosphatase activity (Tamura et al., 

1998). PTEN can control the size of DNA-damaged cells by regulating the actin-

remodeling process through a mechanism that is likely independent of its lipid 

phosphatase activity (Kim et al., 2011). Deficiency of any of these functions can 

contribute to tumorigenesis.  
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Figure 1.2 

 

PTEN is the major negative regulator of PI3K-AKT pathway . Physiologically, 

PTEN is a lipid phosphatase for PIP3 at the plasma membrane, antagonizing the 

activity of PI3K. PTEN negatively regulates PIP3 levels, which are essential for AKT 

activation and multiple biological processes.  
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              PTEN contains multiple domains, including an N-terminal phosphatase 

domain, a central C2 domain and a C-terminal tail (Song et al., 2012). The 

phosphatase and C2 domains form a minimal enzymatic unit that is sufficient for 

metabolizing PIP3. The C-terminal tail is a long flexible fragment that is mainly 

involved in PTEN regulation.  

              The functional diversity of PTEN demands a collection of delicate regulatory 

mechanisms, including transcriptional and posttranslational regulation in a tissue- and 

context-dependent manner. The PTEN promoter is regulated by many transcription 

factors, which operate at specific times and in different cell types (Shi et al., 2012). 

PTEN mRNA is susceptible to post-transcriptional regulation by a variety of 

microRNAs (miRNAs), including miR-21, which is the most frequently up-regulated 

onco-miRNA in solid tumors (Meng et al., 2007). Additional complexity results from 

the regulation of PTEN expression by non-coding RNAs, such as the PTEN 

pseudogene PTENP1 mRNA (Poliseno et al., 2010). PTENP1 genetically resembles 

PTEN in its protein coding region. Unlike PTEN mRNA, however, PTENP1 mRNA 

cannot be translated into a protein as a result of a mutation in its initiator codon. The 

PTENP1 mRNA is generally subject to the same miRNA-mediated regulation and thus 

can function as decoys to sequester miR-21. Interestingly, in sporadic colon cancer, 

PTENP1 undergoes a copy number loss that is concurrent with PTEN down-regulation. 

Similarly, ZEB2, another endogenous RNA, was reported to serve as an miRNA 

decoy for the PTEN mRNA, and its loss contributes to melanomagenesis (Karreth et 

al., 2011). However, it is important to bear in mind that only 25% of cancer patients 
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show a correlation between PTEN protein loss and its mRNA level (Chen et al., 2011), 

which emphasizes the importance of PTEN regulation at the posttranscriptional and 

posttranslational levels. 

             PTEN is subject to various posttranslational modifications, including 

phosphorylation, acetylation, oxidation, S-nitrosylation and ubiquitination (Figure 1.3). 

These modifications regulate the enzymatic activity of PTEN, its interaction with 

other proteins and its subcellular localization.  

            Phosphorylation: The first phosphorylation sites mapped on PTEN were a 

cluster of serine and threonine residues in its C-terminal tail (Vazquez et al., 2000). 

Mutation of these residues to alanine leads to elevated membrane affinity, higher 

enzymatic activity and more rapid degradation of PTEN. When these residues are 

phosphorylated, the C-terminal tail can interact with the N-terminal C2 and 

phosphatase domains, which suggests that phosphorylation of the C-terminal tail 

functions as an auto-inhibitory mechanism, controlling both PTEN membrane 

recruitment and lipid phosphatase activity (Odriozola et al., 2007; Rahdar et al., 2009). 

Several kinases have been reported to phosphorylate PTEN. Casein kinase 2 (CK2) 

mainly phosphorylates Ser370 and Ser385 (Torres and Pulido, 2001), whereas 

glycogen synthase kinase 3 beta (GSK3-ɓ) targets Ser362 and Thr366 (Al -Khouri et 

al., 2005). In contrast with the function of C-terminal tail phosphorylation, it seems 

that Thr366 phosphorylation can promote PTEN degradation (Maccario et al., 2007). 

Additionally, glioma tumor suppressor candidate region 2 (GLTSCR2, also known as 

PICT-1) has been shown to interact with PTEN, enhance its phosphorylation at Ser380 
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and stabilize it (Okahara et al., 2006; Yim et al., 2007). Moreover, RhoA-associated 

kinase (ROCK) has been shown to phosphorylate PTEN at Ser229, Thr232, Thr319 

and Thr321, which are all located in the C2 domain, and promote its membrane 

targeting in chemoattractant-stimulated leukocytes (Li et al., 2005). A Src family 

tyrosine kinase, RAK has been reported to interact with PTEN and phosphorylate it on 

Tyr336, thereby protecting it from neural precursor cell expressed, developmentally 

downregulated-4-1 (NEDD4-1)-mediated proteasomal degradation (Yim et al., 2009). 

             Acetylation: Similar to phosphorylation, acetylation can also regulate PTEN 

activity. The histone acetyltransferase p300/CBP-associated factor (PCAF) has been 

reported to interact with PTEN and promote PTEN acetylation on Lys125 and Lys128 

in response to growth factors (Okumura et al., 2006). As these residues are within the 

catalytic pocket, PTEN acetylation by PCAF negatively regulates its enzymatic 

activity. PTEN is also acetylated on Lys402, within the C-terminal PDZ domain-

binding motif ThrïLyzïVal sequence (Ikenoue et al., 2008). This potentially affects 

the interaction between PTEN and PDZ domain-containing proteins. Nuclear cap-

binding protein (CBP) and the sirtuin SIRT1 have been identified as the major PTEN 

acetyltransferase and deacetylase, respectively. 

           Oxidation:  Another mechanism that can potentially regulate the catalytic 

activity of PTEN is direct oxidation by reactive oxygen species (ROS). ROS can 

oxidize Cys124 in the active site, thereby forming an intramolecular disulfide bond 

with Cys71 (Lee et al., 2002). Oxidative inactivation of PTEN has been reported in 

studies using hydrogen peroxide or endogenous ROS production in macrophages 
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(Kwon et al., 2004; Leslie et al., 2003). PTEN activity can also be indirectly inhibited 

by oxidation through modulation of PTEN binding partners. Oxidation of the 

antioxidant DJ-1 (also known as PARK7) leads to its binding to PTEN and the 

subsequent inhibition of the PTEN lipid phosphatase activity (Kim et al., 2009). 

          S-nitrosylation:  A few studies have demonstrated the importance of another 

redox mechanism, S-nitrosylation, in the regulation of PTEN. The level of S-

nitrosylation on PTEN substantially increases in the early stages of Alzheimerôs 

disease, and this correlates with reduced PTEN protein levels and elevated AKT 

phosphorylation (Kwak et al., 2010a). Nitrogen Oxide (NO) signaling induces PTEN 

S-nitrosylation, thereby inactivating the lipid phosphatase, down-regulating its protein 

level through NEDD4-1-mediated degradation, and leading to downstream AKT 

activation. Another report has shown that PTEN is selectively S-nitrosylated on Cys83 

by low concentrations of NO (Numajiri et al., 2011). Moreover, S-nitrosylated PTEN 

has been detected in the core and penumbra regions of ischemic mouse brains, likely 

as a protective mechanism to promote AKT activation. 

Ubiquitin ligase NEDD4 

               The modification of ubiquitination is made by sequential transfer of activated 

ubiquitin to substrate protein, involving ubiquitin-activating enzyme (E1), ubiquitin-

conjugating enzyme (E2) and ubiquitin ligase (E3) (Mani and Gelmann, 2005). E3s 

catalyze the transfer of ubiquitin to Lys residues in the substrate and covalent 

conjugation between the carboxyl group of the carboxy-terminal Gly residue of 
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ubiquitin and the Ůïamino group of an internal Lys in the substrate, therefore dictating 

the specificity of ubiquitination. A substrate protein can be mono-ubiquitinated at one 

site, multi-ubiquitinated at various residues or poly-ubiquitinated through formation of 

chains of ubiquitin (Ikeda and Dikic, 2008). Usually the fate of the substrate depends 

on the length and architecture of ubiquitin chain. Among the seven Lys residues (K6, 

K11, K29, K33, K48 and K63), Lys 48 and Lys 63 are the most commonly utilized. 

Generally, K48-linked polyubiquitination targets substrates for degradation by the 26S 

proteasome, while monoubiquitination and K63-linked polyubiquitination regulate 

multiple cellular processes, including signal transduction and protein subcellular 

localization (Rotin and Kumar, 2009).  

             NEDD4-1 belongs to one of the two main classes of E3 ligases, HECT 

(Homologous to E6-AP C-Terminus) E3 enzymes (Yang and Kumar, 2010). 

Mammalian NEDD4 contains an N-terminal calcium/lipid and/or protein binding C2 

domain, three (in mouse or rat) or four (in human) WW domains (protein-protein 

interaction domains), and a C-terminal HECT domain (Anan et al., 1998; Kumar et al., 

1997; Staub et al., 1996). The Nedd4 gene was initially identified by a subtraction 

cloning as a transcript which highly expressed in the mouse embryonic brain and 

decreased as development progressed (Kumar et al., 1992). NEDD4 protein is detected 

in various embryonic tissues and widely expressed in mammalian adult tissues. 

NEDD4 protein, around 120 kDa, localizes to the cellular cytoplasm, mainly in the 

perinuclear region and cytoplasm periphery (Anan et al., 1998; Kumar et al., 1997). 

NEDD4 interacts with specific E2 enzymes containing Ubc4, UbcH5B, UbcH5C, 
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UbcH6 and UbcH7 (Anan et al., 1998). Systematic analysis of the types of ubiquitin 

chains showed that NEDD4, with UbcH5, formed exclusively Lys63 ubiquitin chains 

(Kim et al., 2007). 

             Using a biochemical purification approach, NEDD4 was identified as an E3 

ligase that ubiquitinates PTEN (Wang et al., 2007b). NEDD4 physically interacts with 

PTEN and its overexpression leads to both mono- and poly-ubiquitination of PTEN. 

Interestingly, mono-ubiquitination of PTEN appears to be crucial for its nuclear 

import (Trotman et al., 2007). Consistent with the function of the C-terminal tail of 

PTEN in regulating its stability, deletion of this region makes PTEN a stronger 

binding partner and better substrate for NEDD4 (Wang et al., 2008). However, in most 

experimental systems, PTEN appears to be a rather stable protein. Under normal 

growth condition, inhibition of NEDD4 expression does not affect cellular PTEN 

levels or AKT activation in several examined cell types, suggesting that regulation of 

PTEN by NEDD4 might be only relevant under specific biological contexts. For 

example, NEDD4 is required for neuronal axonal branching in retinal ganglion cells 

(RGCs) and mainly functions through down-regulating PTEN (Drinjakovic et al., 

2010). Blocking NEDD4 function severely inhibits terminal branching in RGCs, 

whereas PTEN knockdown rescues the branching deficiency. Also, NEDD4-mediated 

PTEN ubiquitination is essential for regulating PI3KïAKT signaling for neuronal 

survival in response to Zn
2+ 

(Kwak et al., 2010b). Furthermore, in cultured neuronal 

models, NO signaling not only induces PTEN S-nitrosylation but also results in 
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enhanced PTEN protein degradation through NEDD4-mediated ubiquitination (Kwak 

et al., 2010a).  

             Several cellular proteins have been reported to modulate the association 

between NEDD4 and PTEN, which might provide mechanistic insights into the 

context-dependent regulation of PTEN by NEDD4. In breast cancer cells, the tyrosine 

kinase RAK positively regulates PTEN stability by phosphorylating PTEN on Tyr336. 

This prevents PTEN from binding to NEDD4 and its subsequent degradation (Yim et 

al., 2009). The PY (ProïProïxïTyr)-motif containing membrane proteins NEDD4-

family interacting proteins (NDFIP) 1 and 2, which are potent activators of NEDD4 

family members, were shown to promote NEDD4-mediated ubiquitination and 

degradation of PTEN (Howitt et al., 2012; Mund and Pelham, 2010). 

              Studies investigating the oncogenic activity of NEDD4 in various cell culture 

and mouse models indicate NEDD4 is critical for targeting PTEN for degradation in a 

variety of cancers. Over-expression of NEDD4 promotes oncogenic K-Ras-mediated 

transformation in  p53
-/-

 primary MEFs in soft-agar-colony formation experiments 

(Wang et al., 2007b). Analysis of invasive human bladder cancer samples showed that 

PTEN levels were inversely correlated with the levels of NEDD4. Xenograft mouse 

models using two human prostate cancer cell lines, DU-145 (PTEN positive) and PC3 

(PTEN negative) show that NEDD4 RNAi inhibits tumor growth in a PTEN-

dependent manner. Immunohistochemical analysis on tissue microarrays of non-small 

cell lung carcinoma (NSCLC) revealed NEDD4 over-expression in 80% of tumors, 

which correlated with the loss of PTEN protein (Amodio et al., 2010). Furthermore, 
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inhibition of NEDD4 expression significantly reduces in vitro proliferation of NSLC 

cells and tumor growth in xenografts. Finally, FoxM1, a transcription factor over-

expressed in human glioma tissue, with its expression level correlated with glioma 

grade, up-regulates the expression of NEDD4, promoting PTEN ubiquitination and 

degradation in glioma cells (Dai et al., 2010). 

 

 

Figure 1.3  

 

Post-translational modifications of PTEN. Summary of enzymes and key residues 

of post-translational modification of PTEN.  
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CHAPTER TWO 

FUNCTION OF NEDD4 IN IGF SIGNALING * 

 

INTRODUCTION  

 

             The physiological function of NEDD4 was demonstrated by knockout mice 

studies (Cao et al., 2008; Fouladkou et al., 2008). NEDD4-null mice are small, due to 

delayed embryonic development, severe growth retardation and neonatal lethality, a 

phenotype reminiscent of that observed in mice with deletion of AKT1, IGF1 or 

IGF1R (Cao et al., 2008). Moreover, NEDD4
-/-

 mouse embryonic fibroblasts (MEFs) 

showed decreased IGF1, insulin signaling and reduced mitogenic activity, suggesting 

that NEDD4 is a positive regulator of cell proliferation and animal growth. The 

growth defect of the NEDD4
-/-

 embryos was attributed to a decrease of cell surface 

IGF1R and subsequent IGF1 signaling. Furthermore, there was an increase in the 

protein level of GRB10, an adaptor protein and negative regulator of IGF1 signaling 

(Smith et al., 2007; Wang et al., 2007a), in the NEDD4
-/-

 MEFs.  

             Previous studies showed that PTEN was regulated by ubiquitination and a 

substrate of the NEDD4 ubiquitin ligase (Wang et al., 2007b).  However, under 

normal growth conditions, inhibition of NEDD4 expression does not affect either 

cellular PTEN levels or AKT activation in several examined cell types (Fouladkou et 

*: citation 4 
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al., 2008), suggesting that regulation of PTEN by NEDD4 might be only relevant 

under specific biological contexts (Shi et al., 2012). 

              In this study, we sought to investigate whether insulin and IGF signaling 

required NEDD4-mediated PTEN suppression. By conducting both cellular and in 

vitro biochemical analysis, we discovered that suppression of PTEN by NEDD4 

played a physiologic role in maintaining AKT activation induced specifically by IGFs 

but not by other tested agonists. Consistent with this function, NEDD4 regulated 

IGF1R-dependent cancer cell growth and insulin-mediated glucose metabolism. 

 

RESULTS 

 

NEDD4 is required for IGF/insulin signaling but not EGF signaling 

          We found that in NEDD4
-/-

 MEFs, activation of AKT phosphorylation in 

response to IGF1 or insulin was greatly diminished compared to paired NEDD4
+/+

 

MEFs, whereas induction of AKT phosphorylation by serum or EGF was intact in 

NEDD4
-/-

 MEFs (Figure 2.1A). Similar to IGF1, IGF2 cannot stimulate AKT 

phosphorylation in NEDD4
-/- 

MEFs, though IGF2-induced AKT activation is normal 

in NEDD4
+/+

 MEFs (Figure 2.1B). Consistently, NEDD4 deletion did not abrogate 

EGF signaling when different doses of EGF were used to trigger the pathway (Figure 

2.1C). Even though EGF-induced AKT phosphorylation was comparable in both 
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MEFs, EGFR phosphorylation was slightly higher in NEDD4
-/- 

MEFs. To further 

confirm the effect of NEDD4 in IGF signaling, we engineered wild type (WT) MEFs 

to express two different shRNA sequences against NEDD4 in a doxycycline (Dox)-

inducible manner. Time course analysis of the cell lines showed that Dox caused 

marked reduction of NEDD4 expression within 2 days but little change of PTEN or 

Grb10 protein levels (Figure 2.2A). Similar to data from NEDD4 knockout MEFs, 

Dox-induced depletion of NEDD4 protein suppressed the ability of IGF1 to induce the 

phosphorylation of both AKT and tyrosine phosphorylation on upstream IRS1 (Figure 

2.2B). 

            The kinetics of signaling by IGF1, insulin and EGF were then examined in 

more detail. In WT MEFs, IGF1 rapidly induced the phosphorylation of IGF1R and 

IRS1, which persisted without decline for at least 60 minutes (Figure 2.3A). This was 

associated with a potent and equally persistent induction of AKT phosphorylation. 

After Dox-induced NEDD4 knockdown, although IGF1R phosphorylation was 

unaffected, induction of IRS1 phosphorylation at Y608 5 minutes after IGF1 

stimulation was significantly repressed and remained so up to 60 minutes later. This 

was accompanied by markedly reduced induction of AKT phosphorylation. Insulin 

signaling was similarly defective after NEDD4 knockdown, though phosphorylation 

of Insulin receptor was intact (Figure 2.3B). In contrast, NEDD4 knockdown had no 

effect on the magnitude or kinetics of the induction by EGF of phosphorylation of 

EGFR or AKT (Figure 2.3C). Thus, NEDD4 was specifically required for induction of 

the PI3K/AKT pathway by IGF1 and insulin but not by EGF or serum. 
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Figure 2.1  

 

NEDD4 specifically regulates IGF/insulin signaling but not EGF or serum 

signaling. (A) IGF1 and insulin signaling but not EGF or serum signaling is defective 

in NEDD4
-/-

 MEFs. NEDD4
+/+ 

and NEDD4
-/-

 MEFs were serum-starved for 3 hrs, and 

then stimulated with either 50 ng/ml IGF1, 100 ng/ml Insulin, 10% serum or 100 

ng/ml EGF for 5 min. (B) IGF2 signaling is defective in NEDD4
-/-

 MEFs. NEDD4
+/+ 

and NEDD4
-/-

 MEFs were serum starved for 3 hrs, then stimulated with either 10% 

serum, 50 ng/ml IGF1 or 50 ng/ml, 100 ng/ml IGF2 for 5 min. (C) Dose response of 

EGF showing NEDD4 is not required for EGF signaling. NEDD4
+/+ 

and NEDD4
-/-

 

MEFs were serum-starved for 3 hrs, and then stimulated with either insulin (100 ng/ml) 

or EGF (1, 5 or 20 ng/ml as indicated) for 5 min. 
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Figure 2.2  

 

Inducible NEDD4 RNAi blocks IGF1 signaling. (A) Analysis of WT MEFs with 

Dox-inducible NEDD4 shRNA. WT MEFs harboring non-targeting (NT) and Dox-

inducible NEDD4 shRNA constructs (shN4-A or shN4-B) were treated with or 

without 1 mg/ml Dox for indicated time. (B) Inducible NEDD4 RNAi blocks IGF1 

signaling. WT MEFs harboring Dox-inducible NEDD4 shRNA constructs (shN4-A or 

shN4-B) were treated with or without 1 mg/ml Dox for 3 days, serum-starved for 3 hrs, 

and then stimulated with 50 ng/ml IGF1 for 5 min.  

 

 

 

 

 

 

 

 

 

 



 
                          

20 
 

 

 

Figure 2.3  

 

Kinetic analysis of the effect of NEDD4 elimination on IGF/insulin/EGF signaling. 

(A) Time course showing NEDD4 RNAi ablates IGF1 signaling. MEFs harboring a 

Dox-inducible NEDD4 shRNA construct were treated with or without 1 µg/ml Dox 

for 3 days, serum-starved for 3 hrs, and then stimulated with 50 ng/ml IGF1 for the 

indicated time. (B) Time course showing NEDD4 RNAi ablates insulin signaling. 100 

ng/ml Insulin was used for indicated time after 3 hrs of serum starvation. (C) Time 

course showing NEDD4 RNAi does not block EGF signaling. 100 ng/ml EGF was 

used for indicated time after 3 hrs of serum starvation. 
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The role of NEDD4 in IGF signaling is PTEN-dependent 

 

             In NEDD4-deficient cells, ligand activation of IGF1R and insulin receptor 

was normal, as monitored by the induction of their tyrosine phosphorylation. For 

IGF1R, both its early phosphorylation at Y1135/1136 (Pautsch et al., 2001) and that at 

the juxtamembrane Y980 site  were not inhibited by NEDD4 deletion (Figure 2.4A). 

However, induction of both IRS1 and AKT phosphorylation was defective when 

NEDD4 was absent. 

             Because NEDD4 is an E3 ubiquitin ligase for PTEN, we examined whether 

the requirement of NEDD4 for IGF/insulin signaling was due to its suppression of 

PTEN function. Indeed, when PTEN was knocked down in NEDD4
-/- 

MEFs by two 

different Dox-inducible shRNA constructs, IGF1-induced IRS1 phosphorylation and 

AKT phosphorylation were restored, with no effect on IGF1R phosphorylation (Figure 

2.4B). To rule out the possibility of off-target effects of RNAi, we introduced back 

shRNA-resistant PTEN for rescue experiments. Indeed, expression of shRNA-resistant 

PTEN in the NEDD4
-/-

 MEFs, consistently prevented rescue of IGF1-induced AKT 

activation by PTEN shRNA (Figure 2.4C). These data suggested that NEDD4 enabled 

IGF signaling by suppressing PTEN function.  

            To determine how NEDD4 regulates PTEN upon IGF1 treatment, first, we 

tested if IGF1 addition could increase the interaction between NEDD4 and PTEN by 

co-immunoprecipitation (Co-IP) experiments. Interestingly, endogenous PTEN 

interacted with endogenous NEDD4 constitutively (Figure 2.5A). To explore the 
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possible mechanisms by which PTEN regulated IRS1 phosphorylation in a NEDD4-

sensitive manner, we tested whether PTEN interacted with IRS1. As shown in Figure 

2.5B, S-tagged PTEN interacted with exogenous IRS1 in 293T cells and this 

interaction was blocked by over-expression of wild-type but not enzymatically 

inactive NEDD4, suggesting NEDD4 inhibited the interaction between PTEN and 

IRS1 through its E3 ligase activity. 

               However, we did not observe changes in gross PTEN protein expression 

when NEDD4 expression was knocked down in MEFs or when cells were stimulated 

with IGF1. So what was the precise mechanism by which NEDD4 regulated PTEN in 

response to IGF/insulin stimulation? Previous systematic analysis of the types of 

ubiquitin chains showed that NEDD4 in collaboration with E2, UbcH5, formed 

homogenous chains exclusively Lys63 chains (Kim et al., 2007). So we tested if 

PTEN polyubiquitination by NEDD4 was through K48 or K63 chain, in vitro PTEN 

ubiquitination assay. Employing various ubiquitin mutants, we confirm that NEDD4 

mainly formed K63-specific polyubiquitination chain on PTEN in vitro (Figure 2.6), 

suggesting suppression of PTEN by NEDD4 was probably through mechanisms other 

than proteasomal degradation, which is exclusively mediated through K48 

polyubiquitination chains.  
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Figure 2.4  

 

NEDD4 functions through PTEN in IGF1 signaling pathway. (A) IGF1-induced 

AKT and IRS1 phosphorylation, but not IGF1R phosphorylation, is defective in 

NEDD4
-/-

 MEFs. NEDD4
+/+ 

and NEDD4
-/-

 MEFs were serum-starved for 3 hrs, and 

then stimulated with 50 ng/ml IGF1 for indicated time. Activation of IGF1R, IRS1, 

and AKT was monitored by using indicated antibodies. (B) Inducible PTEN RNAi 

restores IGF1 signaling in NEDD4
-/-

 MEFs. NEDD4
-/-

 MEFs harboring inducible 

PTEN shRNA constructs (shPTEN-A or shPTEN-B) were treated with or without 1 

µg/ml Dox for 3 days, serum-starved for 3 hrs, and then stimulated with 50 ng/ml 

IGF1 for indicated time. (C) shRNA-resistant PTEN counters the effect of PTEN-

shRNA in NEDD4
-/-

 MEFs. NEDD4
-/-

 MEFs harboring inducible PTEN shRNA were 

reconstituted with either GFP or shRNA-resistant GFP-PTEN, and then subjected to 

serum-starvation followed by 50 ng/ml IGF1 stimulation for 5 min. o/e: 

overexpression. SC: scramble. 
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Figure 2.5  

 

NEDD4 inhibits interaction between PTEN and IRS1. (A) PTEN interacts with 

NEDD4 constitutively in MEFs.  WT MEFs were treated as indicated, and then 

endogenous PTEN was immunoprecipitated by PTEN antibody. (B) NEDD4 inhibits 

the interaction between PTEN and IRS1 in a NEDD4 E3 ligase activity-dependent 

manner. 293T cells were co-transfected with vector or S-tagged PTEN (PTEN-S) and 

indicated NEDD4 plasmids. The cell lysates were immunoprecipitated with S-agarose 

and followed by immunoblotting for PTEN and IRS1. 
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Figure 2.6 

 

NEDD4 forms K63-specific polyubiquitination chain on PTEN. Purified 

recombinant PTEN protein was mixed with WT or ubiquitin mutants in PTEN 

ubiquitination assay. Assays were allowed to process for indicated time.  
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The effect of NEDD4 on the biological function of IGF/insulin signaling 

 

                 To investigate the impact of NEDD4 on the biological functions of 

IGF/insulin signaling, we first asked whether the requirement of NEDD4 in 

IGF1/insulin signaling had any effect on cell growth. Interestingly, we noticed that 

NEDD4 RNAi in WT MEFs led to decrease in basal IRS1 tyrosine phosphorylation, 

even though PTEN levels did not change (Figure 2.7A). Some cancer cells require 

IGF1R activity for the maintenance of proliferation, including the Ewingôs sarcoma 

cell line TC71 and the breast cancer cell line MCF7 (both PTEN-positive). Using 

pharmacologic inhibitors for IGF1R (OSI-906) and EGFR (erlotinib), we confirmed 

that IGF1R activity but not EGFR activity was required for maintaining AKT 

activation in TC71 (Figure 2.7B). By contrast, non-small cell lung cancer cell line PC9 

(PTEN-positive), which contained an activating mutant of EGFR, was dependent on 

EGFR signaling but not IGF1R signaling (Figure 2.7B). Similarly, we validated that 

IGF1R, but not EGFR, activity was required for maintaining AKT activation in MCF7 

(Figure 2.7C). However, breast cancer cell line MDA-MB468 (PTEN-negative) was 

dependent on neither (Figure 2.7C). Consistently, RNAi knockdown of NEDD4 also 

blocked AKT activation and upstream IRS1 tyrosine phosphorylation in TC71 (Figure 

2.7D). And NEDD4 was dispensable for AKT activation in PC9 cells (Figure 2.7E). 

NEDD4 RNAi caused a decrease in AKT phosphorylation in MCF7 while MDA-MB-

468 did not require NEDD4 expression for AKT activation (Figure 2.7F). 
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           NEDD4 was also selectively required for the proliferation of TC71 cells. In the 

IGF1R-dependent TC71 cells, NEDD4 knockdown potently reduced cell proliferation 

(Figure 2.8A), whereas in PC9 cells, NEDD4 knockdown had no discernible effect 

(Figure 2.8B). 

             Because insulin signaling was a major physiological regulator of glucose 

metabolism (Kitamura et al., 2003), NEDD4 could also be involved in glucose 

metabolism. For this reason, we examined the effect of NEDD4 knockdown on 

insulin-regulated glucose metabolism in MEFs. As expected, elimination of NEDD4 

by Dox-induced RNAi significantly reduced glucose uptake (Figure 2.9A) and 

associated lactate production (Figure 2.9B), whereas glutamine uptake (Figure 2.9C) 

and associated glutamate production (Figure 2.9D) were not affected. 
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Figure 2.7 

 

NEDD4 is required for AKT activation of IGF1R -dependent tumor cells. (A) 

NEDD4 RNAi effect on basal p-IRS1 in MEFs. (B) AKT activation in TC71 requires 

IGFR but not EGFR, while AKT activation in PC9 cells requires EGFR but not IGFR. 

TC71 cells were treated with either 5 µM IGF1Ri or 5 µM EGFRi for 1 hr. PC9 cells 

were treated with either 5 µM IGF1Ri or 5 µM EGFRi for 24 hrs. (C) The effect of 

IGF1R inhibitor, EGFR inhibitor on AKT activity in MCF7 and MDA-MB-468 cells. 

MCF7 and MDA-MB-468 cells were treated with either 5 µM IGF1Ri or 5 µM EGFRi 

for 3 hrs. (D) Dox-inducible NEDD4 RNAi blocks AKT activation in TC71 cells. (E) 

Dox-inducible NEDD4 RNAi does not block AKT activation in PC9 cells. NT: non-

targeting shRNA. (F) The effect of NEDD4 RNAi on AKT activity in MCF7 and 

MDA-MB-468 cells. 
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