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PTEN is a master regulator of multiple cellular processes and a potent tumor
suppresor.lts biologicalfunctionis mainly attributed to it8pid phosphatasactivity
that negatively regulates the PIAKT signaling pathwayA 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 subsirgtRS1), a mediator for
transduction oinsulin and IGF1 signalg. IGF signaling is defective in cells lacking
NEDD4, a P'EN ubiquitin ligase, whereasKT activationtriggeredby EGF or serum
is unimpairedn these cellsSurprisingly, he defect of IGF signalingaused by
NEDD4 deletionincludingthe ofphosphorylation of IRSypstream of PI3Kg¢an be
rescued by PTEN ablan, suggesting PTEN may be a protein phosphatase for. IRS1
The nature of PTEN as an IRS1 phosphatdemonstrated by direct biochemical
analysis and confirmed by cellular reconstauati Further, we find that NEDD4
supports insulirmediated glucose nmatolism, and is required for the proliferation of

IGF1 receptor (IGF1Rjlependent but not EGF&Rependent tumor cells. Taken



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

ligase NEDD4promotedGF/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 PTEMd demonstrates a distinctive subcellular
localization from PTEN. Cdocalization 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 foundo be a better binding partner for the PTEN protein substrate, IRS1, in

cells.



BIOGRAPHICAL SKETCH

Y uji Shi was born in 1983, atahyang of Sichuan province, a small city in
southwest of China. She wentdohool there until gduation from high school in
2002. The same year, she was enrolled in Tsinghua University in Beijing. In 2006, she
finished her undergraduate thesis studieSwactures of Su(varj3i n Dr . Zi he
laboratory and received her B.S. degree with a majbiological sciences. In 2006,
she was enrolled in the graduate program of BCMB at Weill Graduate School of
Medical Sciences of Cornell University in New York City. In 2007, she joined the
laboratory of Dr. Xuejun Jiang at Memorial Sleldattering Cance€enter to study
the regulation of tumor suppressor PTEN. During the years, she published ene first

author, one secorauthor paper and one firatithor review.

Ra



ACKNOWLEDGMENTS

| am greatly grateful for the opportunity of workingn Dr . Xuej un
laboratory. His wisdom and passion for biological science has guided me through the

whole process. | really appreciate his patience and encouragement.

| wish to express my gratitude to my thesis committee memberspbghSi
Shi, Neal Rosen and Eric Holland for their help and scientific advice for my thesis. |
also want to thank Dr. Sarat Chandarlapaty for the discussion and great help for my

paper, Dr. Cole Haynes and Dr. Michael Overholtzer for their sug@guipmaent.

It is so fortunate for me to have so many wonderful lab members ready to
help and discuss science. Particularly Dr. Xinjiang Wang and Dr. Noor Gammoh
offered their guidance and assistance for many years. Also Dr. Junru Wang provided
excelent technical supporfoy Lee volunteered to contribute to the project for 6

months.

| want to thank my dear friends for their constant support. Espedvlip.
candidate Daniel Marks offered great suggestion and emotional suppo# fasih
four and half years and eventually praebd my thesis. Last but not least, | owe my
life andPh.D.degree to my beloved mom who endures years of sepagaat

loneliness for my degree.

Ji ai



TABLE OF CONTENTS

Biographical Sketch-------------=-m o iii
ACKNOWIEAgEMENTS- === m e m oo v
Table of Contents--------------------------- e e Vv
List of Abbreviations---------=-=-= = Vi
List Of FIQUIeS ------m-mm oo o viii
Chapter One: General INtroduCtion -----==========mmmmmmm oo 1
Chapter Two: Function of NEDD4 in IGF Signaling -------------=-=-=-=-===-n=o-m--- 15
Introduction--------------=-=-----m---- e 15
Results-----=-=m=smmmmmememe oo eeeeeen m-mmmmmemeeeenees m-emmmeneee- 16
DiSCUSSION:========mmm e mm e e e e e e e e e e e e 33
Chapter Three: PTEN is Protein Tyrosine Phosphatase for IRS1---------------- 36
INtrOAUCH 0N m == oo e e 36
RESUItS === mm oo o e o e 37
DiSCUSSION =-=-=-=====n=smmmemnenenemeaanaan e 55
Chapter Four: Characterize a New Form of PTEN Tumor Suppressor---------- 58
INtrOAUCH ON=-- === m o m o momeeeeeeeeeeeee- 58
ReSUItS - m e 59
DS CUS SIONt === === = e e 88
Chapter Five: Materials and Methods -------------=-====-=ememememeeeem --=-=-=--- 90
Materials--------=-=-=-=n=emememmmememmeeeeee e 90
Methods-------------- et I EEEES I EEEEE R e R 9
References----- memmmememmmmmemeeeeeeeeeeeeeeeeeeee m=memmmmmnes 101




LIST OF ABBREVIATIONS

NEDD4: Neural precursor cell expressed developmentally eegulated protein 4

PTEN: Phosphatase and tensin homolog on chromosome ten

IRS1: Insulin recefor substrate 1

IRS2: Insulin receptor substrate 2

IGF1: Insulinlike growth factor 1

IGF2: Insulinlike growth factor 2

EGF: Epidermal growth factor

EGFR: Epidermal growth factor receptor

IGF1R: Insulinrlike growth factor 1 receptor

MAPK: Rasmitogenactivated protein kinase

RTK: receptor tyrosine kinase

PI3K: phosphoinositide-Rinase

AKT: alsoknown as protein kinase B (PKB)

Vi



PIP;: phosphatidyl inositeB,4,5trisphosphate

PIP,: phosphatidylinosite#,5-biphosphate

PH: pleckstrin homology

PTB: phosphtyrosinebinding

MTORC2: mammalian target of rapamycin complex 2

UPP: upper protein band of PTEN

ER: endoplasmic reticulum

MEFs: mouse embryonic fibroblasts

Vi



LIST OF FIGURES

Figure 1.1-----m-mmmmmm oo - 3
Figure 1.2------- e - 6
FIQUre 1.3 -mmmmmmmm e oo 14
Figure2.1 -------—--m-mm oo mmmmmmmmeee - 18
Figure2.2 -----—-—--m-mmmmm e m-mmmmmeee- - - 19
Figure2.3 -------—----m-m oo e - 20
FIQUI@2.4 —-mmmmmm e - - 23
Figure2.5 ------- e - - 24
Figure2.6 ------- e —-mmmmee- 25
FIQUI@2. 7~ e 29
Figure2.8 ------- e - 31
FIQUI2.9 ~mmm e e 32
FIQUI@3. 1~ e 40
QU 3. 2 o mm e e e e e e e e e e e 41
FIQUre3.3 ==-memmmmmmme e e e e e e e e e e e e 42
QU 3.4 - mmm e e e e e e e e 46
FIgUre3.5 ==-memmmmm e oo e e e e e e e e e e 47
[ A R 48
FIQUIe 3. 7 -mmmmm e e e - 49
L R R 52



FIQUre3.9 —--mmmmmmm e - 53

Figure3.10 --------------=-mommm- S - 94
Figure4.1 -----—-—--m-mmmm e m-mmmmmmmmeeee- 61
Figure4.2 -------mmmmm e 62
Figure4.3 -----=-mmmm e -63
Figure4.4 -----m-mmmm e - 65
FIQUI@A4.5 ~mmm e e 70
Figure4.6 -----=---m-memmmme oo eeeee m-mmmmmmmeoee- m-mmmmeee- 71
FIQUI@4. 7 —mm e 72
Figure4.8 -------c-mmmmmmeee e eeeee m-mmmmmmmseeee- m-mmmmeee- 4
FIQUIe4.9 —--mmmmmm e - 75
FIQUI@4. 110 ~--mmmmmm e 76
Figure4.11 ----------------------- mmmmmmmmemeeeeeeeoeeeeeeeeoees 79
Figure4.12 -------------m-mmmoom oo mmmmmmeemeeeeoeeeoeeeeoeeeoees 81
Figure4.13 ---------------m--mm--- mmmmmmmmmmmmememeseseoeoeoeoooo- 83
Figure4.14 ---------------mo-mo- - mmmm oo 86
Figure4.15---------------ememeem - e e e e e 87



CHAPTER ONE

GENERAL INTRODUCTION

Insulin and IGF signaling pathway

Insulin, insulirlike growth factorl (IGF1) and insulidike growth factof2
(IGF2) belong to a group of secreted growth factors with essential roles in growth,
development, and metaboligiviakar and Adamo, 2012sulin and IGF1 are
structurally homologous growth factomhich function through binding tepecific
receptors (Insulin receptor and IGF1 recefl@F1R)respectively) on the surface of
target cells. The closely related receptors share the same tetramsziure
composed of two e xihcudingthd lijandbiading ddmagn@idu ni t s
t wo transmembr an e thétyrosinelkinase donsain.Boding@i ni n g
|l i gands t o stdactvatiornuand atitghospherglation of tyrosine residues
i n tubwits@autsch et al., 2001$ignalingis subsequentlynediated by the

phosphorylation of specific substrates by the activated receptors.

The principal substrasdor insulin and IGF1 receptors are insulin receptor
substrate proteins (IRS proteins), which mediate activation of two agoamstream
signaling pathwgs (White, 1998) After tyrosine phosphorylation at multiple sites,
IRS1 binds teeither theregulatory p85 subunit of phosphatidylinositekianse

(PI3K), or the adaptor molecule Grb2, which associates wittoservenless (SOS)



to activate the Rasnitogenactivated prote kinase (MAPK) pathwayFigure 1.).
The PIBKAKT 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 contratell growth and differentiation.

PI3K belongs to a conserved family of lipid kinases involving in
intracellular signaling propagatig€antley, 2002)PI3K phosphorylates
phosphatidylinositelt,5-biphosphate (PHp in the plasma membrane to generate
phosphatidylinositeB,4,5triphosphatate (PHp. PIR; is acritical second messenger
which binds to various signaling proteins containing the pleckstrin homology (PH)
domains, including the serine/threonine kinase AKT and P#dnning and Cantley,
2007) AKT is activated byhosphorylation at T308 in the activation loop by PDK1
and phosphorylation on the hydrophobic motif S473 by mTOR complex 2 (nTORC?2).
Activated AKT promots cell survival, growth, proliferatigrand inhibit apoptosis,

through phosphorylating various dowrestm targets

The functions of the insulin and IGF components in development were
demonstrated by mice with genes disrupted by homologous recombifiai@guchi
et al., 2006)IGF1R knockouted to the immediate postnatal death from respiratory
failure, with a dramatic reduction in body weight (more than 50% redudtianigt
al., 1993) While heterozygous mice are normal, but show a ~15% decrease in body
mass. In contrast, insulin receptlisruptedmice are born normal, buedelop early

postnatal diabetes and die of ketoacid@isisamura et al., 2003)RSL-deficient mice



are born alive, but have defective insulin response in the muscle and general

retardation in body growth due to IGF1 resistafige et al., 1993)
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Figurel.l

IGF and Insulin Signaling Pathways The binding ofgrowth factoransulin and

IGF1 to their receptors on cell $ace bal totherecruitment of adaptor proteins
includingSHC and IRS proteins. Tyrosine phosphorylation of IRS promotes binding
of PI3K and Grb2/SOS, resulting the activation ofthedownstream AKT and

MAPK pathway.



The IRS proteinpossess pleckstrdnhomolog (PH) domains and
phosphotyrosindinding (PTB) domains at the-términusthat areresponsible for the
high affinity for IR/IGF1R(BouraHalfon and Zick, 2009)There are up to 20
potential tyrosingghosphorylation sitelsetweerthe center and @rminus of the IRS
proteins. After tyrosine phosphorylation by IR/IGF1R, IRS proteins can bind to
proteins that contain Sttomolog2 (SH2)domains. Phosmnylation of tyrosines 465,
612, 632, 662, 941 and 989 of IRS1 YXXM motifs are predicted tothm8H?2
domain of the p85 regulatory subunit of PI3K, resulting in activatiaheyp110
catalytic subuni{Sesti et al., 2001)Studieshaveshown that Tyr612 and Tyr632 in
human IRS1 (corresponding to pasis 608 and 628 in rat or mouse IRS1) are
important for full activation of insulkstimulated PI3K activity and translocation of

GLUT4 in adipose celléEsposito et al., 2001)

Tumor suppressorPTEN

Since its discovery in 199Li and Sun, 1997; Li et al., 1997; Steck et al.,
1997) PTEN (phosphatase and tensin homolog) has been sktabhs one of the
most frequently mutated tumor suppressor genes in human cancer, including
endometrial carcinoma, glioblastoma multiforme, skin and prostate c4Bed¢mgena
et al., 2008)Biochemically, PTEN is a phosphatase for the lggdond messenger
PIP;, catalyzing its conversion IP, (Maehama and Dixon, 1998herefore PTEN
functions as a major regulator of the cellular concentratidtiRfto antagonize the
signaling cascades downstreanrexfeptor tyrosin&inases (RTKs) and PI3KFigure

1.2). Interestingly, PTEN might also possess protein phosphatase activity with several



potential protein substrates repor{@&u et al., 1999; Mahimainathan and Choudhury,

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

Importantl, PTEN is involved in regulating many cellular processes. Many of
these functions can be attributed to its lipi@gbhatase 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 ubiquiigpse Mdm2, and Bcl2 antagonist

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

PTEN has a crucial role in regulating the sedhewal and differentiation of
human embryonistem cells antiematopoietic stem cslas well as the timing of
follicle activation through the regulatiar oocyte growth(Reddy et al., 2008PTEN
also regulates the chemotaxis of neutroplaifglall these functions require its lipid
phosphatasactivity (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 thetigity of the anaphase promoting
complex/cyclosome (APC/C) in the nucleus in a manner that is independent of
PTENS snzymatic activityfSong et al., 2011}urthermoreit can inhibit cell
invasion and migration, likely through sotein phosphatase activiffamura et al.,
1998) PTEN can control the size of DNdamaged cells by regulating the aetin
remodeling proessthrough a mechanism thatlikely independent of its lipid
phosphatase activif)Kim et al., 2011) Deficiency of any of these functions can

contribute to tumorigenesis.
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PTEN is the major negative regulator of PISKAKT pathway . Physiologicaly,
PTEN isalipid phosphatase for PIP3 at the plasma membrane, antagothiging
activity of PISK. PTENnegatively regulateBIP3levels whichareessential for AKT

activation and multiple biological processes.



PTEN contains multipleamains, including an Nerminal phosphatase
domain, a central C2 domain and @g@minal tail(Song et al., 2012)The
phosphatase and C2 domains form a minimal enzymatic unit that is suffaie
metabolizingPIP;. The Gterminal 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 pasislational regulation in a tissuend
contextdependent manner. TRIENpromoter is regulated by many transcription
factors, which operate at specific times and in different cell t{leiset al., 2012)

PTEN mRNA is susceptibl® posttranscriptional regulation by a variety of
microRNAs (miRNAs), includingmiR-21, which is the most frequently wpgulated
oncamiRNA in solid tumorgMeng et al., 2007)Additional complexity results from
theregulation ofPTEN expression by necoding RNAs, such as tH&TEN
pseudogenPTENPIMRNA (Poliseno et al., 2010PTENP1genetically resembles
PTEN in its protein coding region. UnliEBTENmMRNA, howeverPTENP1IMRNA
cannot be translated into a protein as a result of a mutation in its initiator codon. The
PTENP1ImMRNA is generally subject toéhsame miRNAmediated regulation and thus
can function as decoys to sequester12iR Interestingly, in sporadic colon cancer,
PTENP1undergoes a copy number loss that is concurrentRiitBN down-regulation.
Similarly, ZEB2, another endogenous RNwas reported to serve asianiRNA

decoy for the®TENmMRNA, and its loss contributes to melanomagen@&sasreth et

al., 2011) However, it is important to bear in mind that only 25% of cancer patients



show a correlation between PTEN protein loss and its mRNA [€f&n 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, oxidationtn&rosylation and ubiquitinatio(Figure1.3).
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 waere
cluster of serine and threonine residues in itei@inal tail(Vazquez et al., 2000)
Mutation of these residues to alanine leads to elevated membrane affinity, higher
enzymatic activity and more rapid degradation of PT®/Ken these residues are
phosphorylated, the-€@rminal tail can interact with the-términal C2 and
phosphatase domains, which suggests that phosphorylation ofté¢nmi@al tail
functions as an autimhibitory mechanism, controlling both PTEN membrane
recruitment and lipid phosphatase actiiBdriozola et al., 2007; Rahdar et al., 2009)
Several kinases have been reported to phosphorylate PTEN. CaseenXk({Qa&2)
mainly phosphorylates Ser370 and Ser@B&rres and Pulido, 2001ywhereas
glycogen synthase kinase 3 beta (GSK3 t ar get s S @AKKhéuBletand Thr .
al., 2005) In contrast with the function of-@rminal tail phosphorylation, it seems
that Thr366 phosphorylation can promote PTEN degrad@iaccario et al., 2007)
Additionally, glioma tumor suppressor candidate region 2 (GLTSCRZ2, also known as

PICT-1) has been shown to interactvRTEN, enhance its phosphorylation at Ser380



and stabilize i{Okahara et al., 2006; Yim et al., 200Foreover, RhoAassociated
kinase (ROCK) has been shown to phosphorylate PTEN at Ser229, Thr232, Thr319
and Th321, which are all located in the C2 domain, and promote its membrane
targeting in chemoattractastimulated leukocyte@.i et al., 2005) A Src family

tyrosine kinase, RAKas been reported to interact with PTEN and phosphorylate it on
Tyr336, thereby protecting it from neural precursor cell expressed, developynenta

downregulatedi-1 (NEDD41)-mediated proteasomal degradat{diim et al., 2009)

Acetylation: Similar to phosphorylatiorgcetylation can &lo regulate PTEN
activity. The histone acetyltransferase p300/&BBociated factor (PCAF) has been
reported to interact with PTEN and promote PTEN acetylation on Lys125yafh#8
in response to growth factof®kumura et al., 2006As these residues are within the
catalytic pocket, PTEN acetylation by PCAF negatively regulates its enzymatic
activity. PTEN is also acetylated on Lys402, within thee@nind PDZ domain
binding motif Thi Lyzi Val sequencélkenoue et al., 2008Y his potentially affects
theinteraction between PTEN and PDZ domeantaining proteindNuclear 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 xidation 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



(Kwon et al., 2004; Leslie et al., 200BTEN activity can also be indirectly inhibited
by oxidation through modulation of PTEN binding partners. Oxidation of the
antioxidant DJ1 (also known as PARK?7) leads to its binding to PTEN and the

subsequent inhibition of the PTEN lipid phosphataseiaci{Kim et al., 2009)

S-nitrosylation: A few studies have demonstrated the importance of another
redox mechanism,-8itrosylation, in the reguteon of PTEN. The level of S
nitrosylation on PTENubstantiallf ncr eases in the early stag
disease, and this correlategh reduced PTEN protein levels and elevated AKT
phosphorylatiorfKwak et al., 2010a)Nitrogen Oxide (NO}¥ignaling induces PTEN
S-nitrosylation, thereby inactivating the lipid phosphatase, degualating its protein
level through NEDD41-mediated degradation, and leading to downstream AKT
activation. Another report has shown that PTEN is selectivelyr8sylated on Cys83
by low concentrations of NQNumajiri et al.,2011) Moreover, Snitrosylated PTEN
has been detected in the core and penumbra regions of ischemic mouse brains, likely

as a protectie mechanismd promoteAKT activation.

Ubiquitin ligase NEDD4

The modification of ubiquitination isiadeby sequential transfer of activated
ubiquitin to substrate protein, involving ubiquiattivating enzyme (E1), ubiquitin
conjugating enzyme (E2) and ubiquitin ligase (B3ani and Gelmann, 2005[E3s
catalyze the transfef ubiquitin to Lys residues in the substrate and covalent

conjugation between the carboxyl group of the cardexminal Gly residue of

10



ubi qui t iiamina greup af dnentettial Lys in the substrate, therefore dictating
the specificity of ubiquitingon. A substrate protein can be memoiquitinated at one

site, multtubiquitinated at various residues or palyiquitinated through formation of
chains of ubiquitinlkeda and Dikic, 2008)Jsually 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, K48inked polyubiquitination targets substrafer degradation by the 26S
proteasome, while monoubiquitination and Ktked polyubiquitination regulate
multiple cellula processes, including signal transduction pradeinsubcellular

localization(Rotin and Kumar, 2009)

NEDDA4-1 belongs to one of the two main classes of E3 ligases, HECT
(Homologous to EAP C-Teminus) E3 enzymerang and Kumar, 2010)
Mammalian NEDD4 contains an-tdrminal calcium/lipid and/or protein bindir@2
domain,three(in mouse or rat) diour (in human) WW domains (protejorotein
interaction domains), and at€rminal HECT domaiifAnan et al., 1998; Kumar et al.,
1997; Staub et al., 1996)heNedd4gene wasriitially identified by a subtraction
cloning as a transcript which highly expressed in the mouse embryonic brain and
decreased as development progre¢kedhar et al., 1992)NEDDA4 protein is detected
in various embryonic tissues and widely expressed in mammalian adult tissues.
NEDD4 protein, around 120 kDa, localsge the cellular cytoplasm, mainly ithe
perinuclear region and cytoplasm periph@gan et al., 1998; Kumar et al., 1997)

NEDD4 interacts with specific E2 enzymes containing Ubc4, UbcH5B, UbcH5C,

11



UbcH6 and UbcHTANan et al., 1998)Systemaic analysis of the types of ubiquitin
chains showed that NEDDith UbcH5, formedexclusively Lys63ubiquitin chains

(Kim et al., 2007)

Using a biochemical purification approach, NEDD4 was identified as an E3
ligase that ubiquibates PTENWang et al., 2007TbNEDD4 physically interacts with
PTEN and its overexpression leads to both rmand polyubiquitination of PTEN.
Interestingly, moneaubiquitination of PTEN appears to be crucial for its nuclear
import (Trotman et al., 2007 Consstent with the function of the-@rminal tail of
PTEN in regulating its stability, deletion of this region makes PTEN a stronger
binding partner and better substrate for NEXR4ang et al., 2008 However, in most
experimental systems, PTEN appears to be a rather stable pdostéer.normal
growth condition, inhibitn 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 neuromalonal branching in retinal ganglion cells
(RGCs) and mainly functions through dowagulating PTENDrinjakovic et al.,

2010) Blocking NEDD4 function severely inhibits terminal branching in RGCs,
whereas PTEN knockdown rescues the branching deficiency. Also, Nfaizdiated
PTEN ubiquitination is essentialrfeegulating PISKAKT signaling for neuronal
survival in response to Zh(Kwak et al., 2010b)Furthermore, in cultured neuronal

models, NO signaling not only induces PTEMiIBosylation but also results in

12



enhancedTEN protein degradation through NEDID¥ediated ubiquitinatioKwak

et al., 2010a)

Seveal cellular proteins have been reported to modulate the association
between NEDD4 and PTEN, which might provide mechanistic insights into the
contextdependent regulation of PTEN by NEDDA4. In breast cancer cells, the tyrosine
kinase RAK positively regulasePTEN stability by phosphorylating PTEN oyr336.

This prevents PTEN from binding to NEDD4 and its subsequent degra@¥éiioret
al., 2009) ThePY (Prad Proi xi Tyr)-motif containing membrane proteihNkEDD4-
family interacting proteins (NDFIP) 1 and\®&hich are potent activators of NEDD4
family members, were shown to promote NEDBD4&diated ubiquitination and

degradation of PTENHowitt et al., 2012; Mund and Pelham, 2010)

Studies investigatinthe oncogenic activity of NEDD4 in various cell culture
and mouse models indicate NEDD4 is critical for targeting PTdENegradation in a
variety ofcancers. Oueexpression of NEDD4 promotes oncogeniRREismediated
transformation inp53’ primary MEFs in sofagarcolonyformation experiments
(Wang et al., 2007b)Analysis of invasie human bladder cancer samples showed that
PTEN leves wereinversely correlated with the lewwsdf NEDD4. Xenograft mouse
models using two human prostate cancer cell linesIBY(PTEN positive) and PC3
(PTEN negative) show that NEDD4 RNAI inhibits tungyowth in a PTEN
dependent manner. Immunohistochemical analysis on tissue microarrayssshalbn
cell lung carcinoma (NSCLC) revealed NEDD4 oegpression in 80% of tumors,

which correlated with the loss of PTEN protémodio et al., 2010)Furthermore,

13



inhibition of NEDD4 expression significantly reduces in vitro proliferation of NSLC
cells and tumor growth in xenograffinally, FoxM1, a transcription factor over
expressed in human glioma tissugth its expression level correlated with glioma
grade, upregulates the expression of NEDD4, promoting PTEN ubiquitination and

degradationn glioma cells(Dai et al., 201Q)
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Posttranslational modifications of PTEN. Summary of enzymes and key residues
of posttranslational modification of PTEN.
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CHAPTER TWO

FUNCTION OF NEDD4 IN IGF SIGNALING *

INTRODUCTION

The physiological function of NEDD4 wagemonstragd by knockout mice
studieg(Cao et al., 2008; Fouladkou et al., 2008EDD4-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 AKT11 l8F
IGF1R(Cao et al., 2008)Moreover NEDD4” mouse embryonic fibroblasts (MEFSs)
showed decreased IGF1, insulin signaling and reduced mitogenic activity, suggesting
that NEDDA4 is a positive regatior of cell proliferation and animal growth. The
growth defect of the NEDD4embryos was attributed to a decrease of cell surface
IGF1R and subsequent IGF1 signaling. Furtherntbexe was amcrease in the
protein level of GRB10, an adaptor proteimdanegative regulator of IGF1 signaling

(Smith et al., 2007; Wang et al., 2007ia)theNEDD4"~ MEFs.

Previousstudies showed that PTEMasregulated by ubiquitination and a
substrate of the NEDD4biguitin ligase(Wang et al., 2007b)However, under
normal growth conditiog) inhibition of NEDD4 expression does not affetther

cellular PTEN levels or AKT activation iregeral examined cell typ€souladkou et

*: citation 4 15




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

under specific biological contex{Shi et al., 2Q2).

In this study, we sought to investigate whether insulin and IGF signaling
requirel NEDD4-mediated PTEN suppression. By conducting both cellular and in
vitro biochemical analysis, we discovered that suppression of PTEN by NEDD4
playedaphysiologic role in maintaining AKT activatianduced specifically by IGFs
but not by other tested agonists. Consistent with this function, NEDD4 redjulate

IGF1R-dependent cancer cell growth and insutfidiated glucose metabolism.

RESULTS

NEDDA4 is requred for IGF/insulin signaling but not EGF signaling

We found that ilNEDD4” MEFs, activation ofAKT phosphorylation in
response t4GF1 or insulin was greatly diminishedmpared to paireMEDD4"*
MEFs whereas induction of AKT phosphorylatidoy serum or EGF was intact in
NEDD4" MEFs (Figure2.1A). Similar to IGF1, IGF2 cannot stimulate AKT
phosphorylation iNEDD4" MEFs though IGF2induced AKT activation is normal
in NEDD4"* MEFs (Figure2.1B). Consistently, NEDD4 deletion did not algaie
EGF signaling when different doses of EGF were used to trigger the pathway (Figure

2.1C).Even thoughEGFinduced AKT phosphorylation was comparable in both
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MEFs, EGFR phosphorylation was slightly higheNiBEDD4" MEFs To further

confirm the effecbf NEDD4 in IGF signaling, we engineeredd type (WT) MEFs

to express two different ShRNA sequences against NEDD4daxycycline(Dox)-
inducible manner. Time course analysighe cell lineshowed that Dox caused

marked reduction of NEDD4 expressiaithin 2 days bulittle change of PTEN or

Grb10 protein levelgFigure2.2A). 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 phosphatipn on upstream IRS1 (Figure

2.2B).

Thekinetics of signaling by IGF1, insulin and EGlengthenexamined in
more detail. INVT MEFs, IGF1 rapidly induced the phosphorylation of IGF1R and
IRS1, which persisted without decline for at leastr@Outes (Figur@.3A). This was
associated with a potent and equakysistentnduction of AKT phosphorylation.
After Dox-induced NEDD4 knockdown, although IGF1R phosphorylation was
unaffected, induction of IRS1 phosphorylation at Y608 5 minutes &tet |
stimulation was significantly repressed amthainedso up to60 minutes later. This
was accompanied by markedly reduced induction of AKT phosphorylétisulin
signaling was similarly defective aftsiEDD4 knockdown though phosphorylation
of Insulin receptor was intact (Figuge3B). In contrast, NEDD4 knockdown had no
effect on the magnitude or kinetics of the induction by EGF of phosphorylation of
EGFR or AKT (Figure2.3C). Thus,NEDD4 was specifically required for induction of

the PISK/AKT pathwa by IGFL and insulinbut not by EGF or serum.
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Figure2.1

NEDD4 specifcally regulates IGF/insulin signaling but not EGF or serum
signaling. gA) IGF1 and insulinsignaling but not EGF or serum signaling is defective
in NEDD4™ MEFs. NEDD4"* andNEDD4” MEFs were serurstarved for 3 ts, and
then stimulated with either 50g/ml IGF1, 100 ng/ml Insulin, 10% serum dr00
ng/ml EGFfor 5 min. (B) IGF2signaling is defective in NEDD4ZMEFs. NEDD4"
and NEDD4" MEFs were serum starved for 8shthen Smulated with eitherl0%
serum,50 ng/mlIGF1 or50 ng/ml, 100 ng/mIGF2 for 5 min.(C) Dose response of
EGF showing NEDD4 is not required for EGF signalidEDD4™* and NEDD4"
MEFs were serurstarved for 3 ts,and then stimulated with either insu(tt00 ng/ml)

or EGF(1, 5 or D ng/mlas indicated) for 5 min.
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Figure2.2

Inducible NEDD4 RNAI blocks IGF1 signaling. (A) Analysis of WT MEFs with
Dox-inducible NEDD4 shRNA. WTMEFs harboringnontargeting (NT) and Dox
inducible NEDD4 sRNA constructs (shNA or shN4B) were treated with or
without 1 mg/ml Dox for indicated time. (B Inducible NED4 RNAI blocks IGF1
signaling. WT MEFs harboringddox-inducible NEDD4 shRNA constructs (shidor
shN4B) were treated with or withoutrdg/ml Dox for 3 days, serwstarved for 3 hrs,
and then stimulatedith 50 ng/ml IGF1 for 5 min.
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Kinetic analysis of the effect of NEDD4 elimination on IGF/insulin/EGF signaling.

(A) Time course showing NEDD4 RNAI ablates IGF1 signaling. MEFs harbaring
Dox-inducible NEDD4 shRNA construatere treatd with or without 1ug/ml Dox

for 3 days, serumstarved for 3 hrs, and then stimulated with 50 ng/ml IGFlHer
indicated time. (B) Time course showing NEDD4 RNAI ablates insulin signaling. 100
ng/ml Insulin was used for indicated time after 3 hrs ofirsestarvation. (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 PTENdependent

In NEDD4-deficient cells, lignd activation of IGF1R and insulin receptor
was normal, as monitored by the induction of thgiosinephosphorylationfFor
IGF1R, both its early phosphorylation at Y1135/1{B6&utsch et al., 200and that at
the juxtamembrane Y980 sit@ere not inhibited by NEDD4 deletion (FiguzetA).
However, induction of both IRS1 and AKhosphorylatiorwas defective when

NEDD4 was absent.

Because NEDD4s an E3 ubiquitin ligase foPTEN, we examined whether
the requirement of NEDD4 for IGF/insulin signalings due to its suppression of
PTEN function. Indeed, when PTEN wasokked down in NEDD4MEFs by two
differentDox-inducible shRNA constructs, IGHfAduced IRS1 phosphorylation and
AKT phosphorylation were restored, with no effect on IGF1R phosphorylation (Figure
2.4B). To rule out the possibility of offarget effect®f RNAI, we introduced back
shRNAresistant PTEN for rescue experimeitsleed, expression of shRNA&sistant
PTEN in the NEDD4 MEFs, consistently prevented rescue of IGkduced AT
activationby PTEN shRNA (Figur@.4C). These data suggedthat NEDD4 enable

IGF signaling by suppressing PTEN function.

To determine hoNEDD4 regulate PTEN upon IGF1 treatmerfirst, we
tested if IGFladditioncouldincreaseheinteraction between NEDD4 and PTbB\
co-immunoprecipitation (CdP) experments. Interestingly, endogenous PTEN

interacedwith endogenous NEDD4 constitutively (Fig@d®A). To explorethe
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possible mechanissiby whichPTEN regulatd IRS1 phosphorylation in a NEDD4
sensitive manner, we testwhether PEN interacedwith IRS1 As shown in Figure
2.5B, StaggedPTEN interaatdwith exogenousRS1 in293T cellsand this
interactionwasblocked by overexpression of wiledypebut notenzymatically
inactive NEDD4, suggesting NEDDdhibitedtheinteraction between PTEN and

IRS1 throgh its E3 ligasactivity.

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 whatvas the precise mechanism by which NEDD4 regdl&€EN in
response to IGF/insulin stimulation? Previoystematic analysis of the types of
ubiquitin chains showed that NEDD# collaborationwith E2, UbcH5, formed
homogenous chains exclusively Lys63 chafiem et al., 2007) So we tested if
PTEN polyubiquitination by NEDD4vas through K48 or K63 chain, vitro PTEN
ubiquitination assay. Employingarious ubiquitin mutants, we confirm that NEDD4
mainly formed K63-specific polyubiquitination chain on PTEN in vitro (Figuze),
suggesting suppression of PTEN by NEDW& probably through mechanisms athe
than proteasomal degradatiorwhich is exclusively mediated through K48

polyubiquitination chains.
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Figure2.4

NEDD4 functions through PTEN in IGF1 signaling pathway.(A) IGF1-induced
AKT and IRS1 phospho ylatlorh)ut not IGF1R phosphorylatipis defective in
NEDD4" MEFs. NEDD4" and NEDD4™ MEFs were serurstarved for 3 hrs, and
then stimulated with 50 ng/ml IGF1 for indicated time. Activation of IGF1R, IRS1,
and AKT was monitored by usi 4q indicated antibod{B3.Inducible PTEN RNAI
restores IGE signaling in NEDDZ MEFs. NEDD4~ MEFs harboring inducible
PTEN shRNA constructs (shPTEAIor shPTENB) were treated with or without 1
pg/ml Dox for 3 days, serwstarved for 3 hrs, and then stimulated with 50 ng/ml
IGF1 for |nd|cated time(C) shRNAreS|stant PTEN counters the effect of PFEN
shRNA in NEDD4~ MEFs. NEDD4" MEFs harboring inducible PTEN shRNA were
reconstituted with either GFP or shRN#@ésistant GFHPTEN, and then subjected to
serumstarvation followed by 50 ng/ml IGF1 stimulation fomin. o/e:
overexpression. SC: scramble.
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Figure2.5

NEDD4 inhibits interaction between PTEN and IRS1(A) PTEN interacts with
NEDDA4 constitutively in MEFs. WT MEFs were treated as indicaaed, then
endogenous PTENagimmunoprecipitated by PT¥Eantibody. (B)NEDD4 inhibits
theinteraction between PTEN and IRS1 in a NEDEBlligase activitydependent
manner 293T cells were ctransfected with vector @-tagged PTENRTEN-S) and
indicatedNEDD4 plasmids. The cell lysates werermanoprecipitateavith S-agarose
andfollowed by immunoblotting for PTEN and IRS1.
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NEDD4 forms K63-specific polyubiquitination chain on PTEN. Purified
recombinant PTEN protein was mixed with WT or ubiquitin mutants in PTEN
ubiquitination assay. Assaysve 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 whettiee requirement of NEDD4 in
IGF1/insulin signaling hdhany effect on cell growtHnterestingly, we noticed that
NEDD4 RNAIi in WT MEFs led to decrease in basal IRS1 tyrosine phosphorylation,
even though PTEN levedid not change (Figur2.7A). Some canaecells require
|l GF1R activity for the maintenance of prol
cell line TC71 andhe breast cancer cell line MCKHyoth PTEN-positive) Using
pharmacologic inhibitors for IGF1R (O8D6) and EGFR (erlotinib), we confied
that IGF1R activity but not EGFR activityas required for maintaining AKT
activation in TC71 (Figur@.7B). By contrast, nosmall cell lung cancer cell line PC9
(PTEN-positive), which contardan activating mutant of EGERas dependent on
EGFR signlng but not IGF1R signaling (Figu27B). Similarly, we validated that
IGF1R but not EGFRactivity was required for maintaining AKT activation in MCF7
(Figure2.7C). Howeverpreast cancer cell line MDAMB468 (PTENnegative)was
dependent on neitheriffare 2.7C). Consistently, RNAi knockdown of NEDD4 also
blocked AKT activation and upstream IRS1 tyrosine phosphorylation in TC71 (Figure
2.7D). And NEDD4was dispensable for AKT activation in PC9 cells (FigRri&E).
NEDD4 RNAI cause@ decrease in AKT posphorylation in MCF7 while MDAVIB-

468 dd not require NEDD4 expression for AKT activation (Figareér).
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NEDD4 was also selectively required for the proliferation of TC71 cells. In the
IGF1R-dependent TC71 cells, NEDD4 knockdown potently redwsdl proliferation
(Figure2.8A), whereas in PC9 cells, NEDD4 knockdown had no discernible effect

(Figure2.8B).

Because insulin signaling was a major physiological regulator of glucose
metabolismKitamura et al., 2003)NEDD4 could also be involved in glucose
metaolism. 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 (Figué&) and
associated lactate productidfigure2.9B), whereas glutamine uptake (Figdr8C)

and associated glutamate production (Figue®) were not affected.
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Figure2.7

NEDDA4 is required for AKT activation of IGF1R -dependent tumor cells(A)
NEDD4 RNAI effect on basal-fRS1 in MEFs(B) AKT activation in TC71 requires
IGFR but not EGFR, while AKT activation in PC9 cells requires EGFR but not IGFR.
TC71 cdls were treated with eithergM IGF1Ri or 5uM EGFRI for 1 hr. PC9 dks
were treated with either M IGF1Ri or 5uM EGFRI for 2 hrs. (C) The effect of
IGF1R inhibitor, EGFR inhibitor on AKT activity in MCF7 and MDBDMB-468 cells.
MCF7 and MDAMB-468 cdls were treated with eitherfiM IGF1Ri or 5uM EGFRI
for 3 hrs. (D) Doxinducible NEDD4 RNAI blocks AKT activation in TC71 cell&)
Dox-inducible NEDD4 RNAI does not block AKT activation in PC9 cells. NT:-non
targeting shRNA. (F) The effect of NEDD4 RNAIi on AKT activity in MCF7 and
MDA-MB-468 cells.
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