


Phosphoinositides I: Enzymes of Synthesis
and Degradation



SUBCELLULAR BIOCHEMISTRY

SERIES EDITOR

J. ROBIN HARRIS, University of Mainz, Mainz, Germany

ASSISTANT EDITOR

P.J. QUINN, King’s College London, London, U.K.

Recent Volumes in this Series

Volume 33 Bacterial Invasion into Eukaryotic Cells
Tobias A. Oelschlaeger and Jorg Hacker

Volume 34 Fusion of Biological Membranes and Related Problems
Edited by Herwig Hilderson and Stefan Fuller

Volume 35 Enzyme-Catalyzed Electron and Radical Transfer
Andreas Holzenburg and Nigel S. Scrutton

Volume 36 Phospholipid Metabolism in Apoptosis
Edited by Peter J. Quinn and Valerian E. Kagan

Volume 37 Membrane Dynamics and Domains
Edited by P.J. Quinn

Volume 38 Alzheimer’s Disease: Cellular and Molecular Aspects of Amyloid beta
Edited by R. Harris and F. Fahrenholz

Volume 39 Biology of Inositols and Phosphoinositides
Edited by A. Lahiri Majumder and B.B. Biswas

Volume 40 Reviews and Protocols in DT40 Research
Edited by Jean-Marie Buerstedde and Shunichi Takeda

Volume 41 Chromatin and Disease
Edited by Tapas K. Kundu and Dipak Dasgupta

Volume 42 Inflammation in the Pathogenesis of Chronic Diseases
Edited by Randall E. Harris

Volume 43 Subcellular Proteomics
Edited by Eric Bertrand and Michel Faupel

Volume 44 Peroxiredoxin Systems
Edited by Leopold Flohd J. Robin Harris

Volume 45 Calcium Signalling and Disease
Edited by Ernesto Carafoli and Marisa Brini

Volume 46 Creatine and Creatine Kinase in Health and Disease
Edited by Gajja S. Salomons and Markus Wyss

Volume 47 Molecular Mechanisms of Parasite Invasion
Edited by Barbara A. Burleigh and Dominique Soldati-Favre

Volume 48 The Coronin Family of Proteins
Edited by Christoph S. Clemen, Ludwig Eichinger and Vasily Rybakin

Volume 49 Lipids in Health and Disease
Edited by Peter J. Quinn and Xiaoyuan Wang

Volume 50 Genome Stability and Human Diseases
Edited by Heinz Peter Nasheuer

Volume 51 Cholesterol Binding and Cholesterol Transport Proteins
Edited by J. Robin Harris

Volume 52 A Handbook of Transcription Factors
Edited by T.R. Hughes

For further volumes:
http://www.springer.com/series/6515



Tamas Balla • Matthias Wymann • John D. York
Editors

Phosphoinositides I:
Enzymes of Synthesis
and Degradation

2123



Editors
Dr. Tamas Balla Dr. John D. York
National Institutes of Health Duke University Medical Center
NICHD Pharmacology and Cancer
Bethesda, MD Biology
USA Durham, NC

USA
Dr. Matthias Wymann
University of Basel
Cancer- and Immunobiology
Basel, Switzerland

ISBN 978-94-007-3011-3 e-ISBN 978-94-007-3012-0
DOI 10.1007/978-94-007-3012-0
Springer Dordrecht Heidelberg London New York

Library of Congress Control Number: 2012931684

© Springer Science+Business Media B.V. 2012
No part of this work may be reproduced, stored in a retrieval system, or transmitted in any form or by
any means, electronic, mechanical, photocopying, microfilming, recording or otherwise, without written
permission from the Publisher, with the exception of any material supplied specifically for the purpose of
being entered and executed on a computer system, for exclusive use by the purchaser of the work.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

When I was approached to shape a book about phosphoinositide signaling, I first felt
honored and humbled. On second thought, this appeared to be an impossible task.
Phosphoinositides have grown from being just a curious lipid fraction isolated from
bovine brain, showing increased radioactive metabolic labeling during intense stimu-
lation protocols, to become the focus of immense interest as key regulatory molecules
that penetrate every aspect of eukaryotic biology. The expansion of this field in the
last three decades has been enormous: it turned from a basic science exercise of a
devoted few to highly translatable science relevant to a large number of human dis-
eases (isn’t this the nature of good basic science?). These include cancer, metabolic-,
immuno- and neurodegenerative disorders, to name just a few. Reviewing the large
number of enzymes that convert phosphoinositides would fill a book—let alone the
diverse biological processes in which phosphoinositides play key regulatory roles.
Given the interest, a collection of up-to-date reviews compiled in a book is clearly
warranted, which was enough to sway me to accept this assignment. As one editor
is unable to handle this enormous task, I was delighted when Matthias Wymann and
John York were kind enough to join me in this ambitious effort.

When thinking about potential authors, the obvious choice would have been to
approach the people whose contributions have been crucial to push and elevate this
field to the level it is today. Bob Michell, prophetically placed phosphoinositides in
the center of signal transduction in a 1975 Biochem. Biophys. Acta review (Michell
1975), Michael Berridge had a key role in linking phosphoinositides and Ca2+ sig-
naling and whose fascinating reviews have inspired many of us (Berridge and Irvine
1984). Robin Irvine, whose group found that InsP3 was a mixture of two isomers,
the active Ins(1,4,5)P3 and an inactive Ins(1,3,4)P3, and who described the tetrak-
isphosphate pathway (Irvine et al. 1986), and who always challenges us with most
provocative ideas. Philip Majerus, who has insisted on the importance of inositide
phosphatases (Majerus et al. 1999) very early on. The group of Lewis Cantley, with
the discovery of PI 3-kinase activities and the mapping of downstream effectors
(Whitman et al. 1988; Franke et al. 1997), or the Waterfield lab where the first PI
3-kinase catalytic subunit was isolated and cloned (Otsu et al. 1991; Hiles et al.
1992). Peter Downes, who recognized the translational value of phosphoinositide
research. Jeremy Thorner and Scott Emr, whose work in baker’s yeast still forms the
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foundation of our understanding of the role of inositol lipids in trafficking (Strahl
and Thorner 2007) or Pietro De Camilli, whose group documented the central role of
inositides in brain and synaptic biology (Cremona et al. 1999). There are many others
who made valuable or even greater contributions to phosphoinositide research. The
above list reflects my bias, as these researchers had the largest impact on my thinking
and the directions of my work. Research is, however, a constantly evolving process
and we (now Matthias and John being involved) wanted to involve contributions
of scientists who represent a second or third wave of researchers infected with the
interest in phosphoinositides. We made an effort to recruit authors who have been
trainees of these founding laboratories. With this selection our goal was to sample
the view of the current and future generation. By selecting their trainees, we feel
that we pay tribute to the “Founding Fathers”, and show that the research they put
in motion is alive and continues with fresh ideas, new ambitions and a translational
and therapeutic value.

Phosphoinositide research in the 1980s went hand in hand with research on Ca2+
signaling pursued in “non-excitable” cells and was also marked with the discovery of
the family of protein kinase C enzymes, regulated by diacylglycerol, one of the prod-
ucts of phosphoinositide-specific phospholipase C enzymes. These areas of research
developed and expanded to form their own fields, and could not be discussed here in
detail—even though they are linked historically to the development of phosphoinosi-
tide signaling. The enormous work of the groups of Yasutomi Nishizuka on protein
kinase C, and Katsuhiko Mikoshiba on cloning and characterizing the Ins(1,4,5)P3

receptors are prime examples of these achievements. Although we could not cover
all these areas, we included a chapter on Ca2+ signaling via the Ins(1,4,5)P3 recep-
tor by Colin Taylor, a trainee of the Michael Berridge’s lab, where important links
between Ca2+ release and Ins(1,4,5)P3 receptor signaling were discovered. We also
decided to allocate some space to inositol phosphates, the soluble counterparts of
some of the phosphoinositides. These molecules for long had been viewed only as
the metabolic products of the second messenger Ins(1,4,5)P3 but recently gained
significant prominence as regulators of important physiological processes. With the
discovery of the highly phosphorylated and pyrophosphorylated inositols and the
enzymes that produce them, it became clear that this system represents a whole new
regulatory paradigm with exciting new developments.

Finally, it was a difficult dilemma whether to include a Chapter on the early
history of phosphoinositides. We decided against it for a number of reasons. First,
the really interesting history is traced back to studies that preceded the landmark 1975
Bob Michell review and included the work of the Hokins (1987), Bernard Agranoff
(2009) and other pioneers of phosphoinositide research. Nobody could tell these early
developments better than Bob Michell in his several recollections (Michell 1995) or
Robin Irvine who commemorated the 20 years of Ins(1,4,5)P3 and the period leading
to its discovery (Irvine 2003). We encourage the young readers to go back and read
these recollections, as they show several examples of how seemingly uninspiring
observations formed the beginning of something that became huge as it unfolded.
What came after these landmark discoveries is so overwhelming that each one of
us has own views and subjective memories and stories to tell on some aspects of
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it. As Editors we felt that our views should not be elevated above others on these
historical aspects, and leave it to the authors of the individual Chapters to elucidate
the diversity in this respect. The only exception is a Chapter on the history of PI
3-kinases by Alex Toker that we felt deserves special emphasis as it had the most
transforming impact on the field since the late 1980s.

One needs to understand that selection of authors is a subjective process and does
not always reflect on who contributed the most in a selected field. However, we are
confident that proper credit is given in the individual Chapters to each groups and
individuals whose work has moved this field forward. It should also be understood
that a field that generates over 10,000 entries in PubMed with each keyword that
relates to phosphoinositides cannot be covered without missing some aspects that
could be important. However, we trust that this collection will be found useful for
both the experts and the novices.

References

Agranoff BW (2009) Turtles all the way: Reflections on myo-Inositol. J Biol Chem 284(32):21121–
21126

Berridge MJ, Irvine RF (1984) Inositol trisphosphate, a novel second messenger in cellular signal
transduction. Nature 312:315–321

Cremona O, et al (1999) Essential role of phosphoinositide metabolism in synaptic vesicle recycling.
Cell 99:179–188

Franke TF, Kaplan DR, Cantley LC, Toker A (1997) Direct regulation of the Akt protooncogene
product by PI3,4P2. Science 275:665–668

Hiles ID et al (1992) Phosphatidylinositol 3-kinase: structure and expression of the 110 kDa catalytic
subunit. Cell 70:419–429

Hokin LE (1987) The road to the phosphoinositide-generated second messengers. Trends Pharmacol
Sci 8:53–56

Irvine RF (2003) 20 years of Ins(1,4,5)P3, and 40 years before. Nat Rev Mol Cell Biol 4(7):586–590
Irvine RF, LetcherAJ, Heslop JP, Berridge MJ (1986) The inositol tris/tetrakis phosphate pathway—

demonstration of inositol (1,4,5)trisphosphate-3-kinase activity in mammalian tissues. Nature
320:631–634

Majerus PW, Kisseleva MV, Norris FA (1999) The role of phosphatases in inositol signaling
reactions. J. Biol Chem 274:10669–10672

Michell B (1995) Early steps along the road to inositol-lipid-based signalling. Trends Biochem Sci
20(8):326–329

Michell RH (1975) Inositol phospholipids and cell surface receptor function. Biochim Biophys Acta
415:81–147

Otsu M et al (1991) Characterization of two 85 kDa proteins that associate with receptor tyrosine
kinases, middle-T/pp60c-src complexes, and PI3-kinase. Cell 65:91–104

Strahl T, Thorner J (2007) Synthesis and function of membrane phosphoinositides in budding yeast,
Saccharomyces cerevisiae. Biochim Biophys Acta 1771(3):353–404

Whitman M, Downes CP, Keeler M, Keller T, Cantley L (1988) Type-I phosphatidylinositol kinase
makes a novel inositol phospholipid, phosphatidylinositol-3-phosphate. Nature 332:644–646



Contents

1 The Phosphatidylinositol 4-Kinases: Don’t Call it a Comeback . . . . . . 1
Shane Minogue and Mark G.Waugh

2 PIP Kinases from the Cell Membrane to the Nucleus . . . . . . . . . . . . . . . 25
Mark Schramp, Andrew Hedman, Weimin Li, Xiaojun Tan
and Richard Anderson

3 The Phospholipase C Isozymes and Their Regulation . . . . . . . . . . . . . . . 61
Aurelie Gresset, John Sondek and T. Kendall Harden

4 Phosphoinositide 3-Kinases—A Historical Perspective . . . . . . . . . . . . . . 95
Alex Toker

5 PI3Ks—Drug Targets in Inflammation and Cancer . . . . . . . . . . . . . . . . 111
Matthias Wymann

6 Phosphoinositide 3-Kinases in Health and Disease . . . . . . . . . . . . . . . . . 183
Alessandra Ghigo, Fulvio Morello, Alessia Perino and Emilio Hirsch

7 Phosphoinositide Phosphatases: Just as Important as the Kinases . . . 215
Jennifer M. Dyson, Clare G. Fedele, Elizabeth M. Davies,
Jelena Becanovic and Christina A. Mitchell

8 The PTEN and Myotubularin Phosphoinositide 3-Phosphatases:
Linking Lipid Signalling to Human Disease . . . . . . . . . . . . . . . . . . . . . . . 281
Elizabeth M. Davies, David A. Sheffield, Priyanka Tibarewal,
Clare G. Fedele, Christina A. Mitchell and Nicholas R. Leslie

Erratum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E1

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

ix



Abbreviations

AD Alzheimer’s disease
AMPK 5′-AMP-activated protein kinase
ALL Acute lymphocytic leukemia
ALS Amyotrophic lateral sclerosis
AML Acute myeloblastic leukemia
ARNO Arf nucleotide binding site opener
ASK1 Apoptosis signal-regulating kinase 1
ATM Ataxia telangiectasia mutated
ATX Arabidopsis trithorax 1
Bad Bcl-XL/Bcl-2-associated death promoter
BAFF B cell activation factor of the TNF family
BCR B cell receptor
Bcr/Abl Break point cluster region/Abelson kinase fusion protein
Btk Bruton’s tyrosine kinase
c-Kit Stem cell growth factor receptor
CAD Caspase activated DNase
CCR(L) C-C chemokine receptor (ligand) type
CDK Cyclin-dependent kinase
CDKN2A Cyclin-dependent kinase inhibitor 2A
CERT Ceramide transfer protein
CIN85 Cbl-interactin protein of 85kD (also Ruk (regulator of ubiqui-

tous kinase), SETA (SH3 domain-containing gene expressed in
tumorigenic astrocytes))

CML Chronic myeloid leukemia
CMT Charcot-Marie-Tooth
COPI/II Coatomer protein complex I/II
CXCR(L) C-X-C chemokine receptor (ligand) type
DAAX Death domain-associated protein
DAG Diacylglycerol
DGK Diacylglycerol kinase
DH Dbl-homology
DMSO Dimethyl sulfoxide

xi



xii Abbreviations

DNA-PKcs DNA-dependent protein kinase, catalytic subunit
DOCK2 Dedicator of cytokinesis 2
Dpm1 Dolichol phosphate mannosyltransferase
EGF(R) Epidermal growth factor (receptor)
eEF1A Eukaryotic elongation factor 1A
eIF4E Elongation initiation factor 4E
EMT Epithelial-to-mesenchymal transition
EnaC Epithelial sodium channel
ER Estrogen receptor, or endoplasmic reticulum
ErbB1 Epidermal growth factor receptor
ERM Ezrin/radexin/moesin
FAK Focal adhesion kinase
FAPP1 Phosphoinositol 4-phosphate adaptor protein 1
FAPP2 Phosphoinositol 4-phosphate adaptor protein 2
FcεRI High affinity receptor for Fc fragment of IgE
FOXO Forkhead transcription factor, class O
FYVE Fab1, YOTB, Vac1, EEA-1 homology
G6P Glucose-6-phosphatase
Gab Grb2-associated binder
GAP GTPase-activating protein
GEF Guanine nucleotide exchange factor
GFP Green fluorescent protein
GIST Gastrointestinal stromal tumors
GK Glucokinase
GLUT4 Glucose transporter type 4
GM-CSF Granulocyte and macrophage colony stimulating factor
GPCR G protein-coupled receptors
GRK2 G protein-coupled receptor kinase 2 (also βARK1 (adrenergic

receptor kinase 1)
Grp1 General receptor for phosphoinositides
GSK-3 Glycogen synthase kinase-3
GST-2xFYVE Glutathione S-transferase-tagged to tandem FYVE domains
HAUSP Herpesvirus-associated ubiquitin-specific protease
Hdac2 Histone deacetylase 2
HSCs Hematopoietic stem cells
IκBK IκB kinase
ING2 Inhibitor of growth protein 2
Inpp5e/INPP5E 72 kDa inositol polyphosphate 5-phosphatase
Ins Myo-inositol
IGF1(R) Insulin-like growth factor (receptor)
ILK Integrin-linked kinase
Ins(1,4)P2 Inositol 1,4-bisphosphate
Ins(1,4,5)P3 Inositol 1,4,5-trisphosphate; also used InsP3

IPMK Inositol polyphosphate multikinase
IRS Insulin receptor substrate



Abbreviations xiii

ITAM Immunoreceptor tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibitory motif
JAK Janus-activated kinase
JNK Jun N-terminal Kinase
Kv1.3 Voltage-gated K+ channel
LAT Linker for activation of T cells
LOH Loss of heterozygosity
LSCs Leukemic stem cells
LTP Long term potentiation
MAPK Mitogen-activated protein kinase
MAPKAP-2 Mitogen-activated protein kinase-activated kinase 2
M-CSF Macrophage colony-stimulating factor
MDM2 Murine double minute 2
MDS Myelodysplastic syndrome
MEFs Mouse embryonic fibroblasts
miRNA Microrna
MPP(+) 1-methyl-4-phenylpyridinium iodide
MSN Medium sized spiny projection neurons
MTM Myotubularin
MTMR Myotubularin related
mTOR Mammalian target of rapamycin, see also TOR
MVB Multivesicular body
MVP Major vault protein
Nedd4 Neural-precursor-cell-expressed developmentally down-regulated 4
NFκB Nuclear factor κB
NLS Nuclear localization signal
NMDA(R) N-methyl-D-aspartate (receptor)
NOS3/eNOS NO-synthase 3
NTAL Non-T cell activation linker, also named LAB (Linker of activation

for B cells) or LAT2
OSBP Oxysterol binding protein
OCRL Oculocerebrorenal syndrome of Lowe
OGD Oxygen–glucose deprivation
PAO Phenyalrsine oxide
PCAF p300/CBP-associated factor
PDE Phosphodiesterase
PDGF(R) Platelet-derived growth factor (receptor)
PDZ Post synaptic density protein, Drosophila disc large tumor suppres-

sor, zonula occludens-1 protein
PDK1 Phosphoinositide-dependent kinase 1
PEPCK Phosphoenolpyruvate carboxy kinase
PEST Proline, glutamic acid, serine, threonine
PH Plecktrin-homology
PHD Plant homeodomain
PH-GRAM Pleckstrin homology glucosyltransferase Rab-like GTPase activator



xiv Abbreviations

PHTS PTEN hamartoma tumor syndrome
PI3K Phosphoinositide 3-kinase; catalytic subunits of class I PI3K are

referred to as p110α, p110β, p110γ and p110δ
PI3Kc PI3K catalytic domain
PI3Kr PI3K regulatory subunit
PI4K Phosphatidylinositol 4-kinase
PI4KII Type II phosphatidylinositol 4-kinase
PI4KIII Type III phosphatidylinositol 4-kinase
PICS Pten-loss–induced cellular senescence
PID Phosphoinositide interacting domain
PIKE PI-3-kinase enhancer
PIKK Phosphoinositide 3-kinase-related kinase
PIP4K Phosphatidylinositol 5-phosphate 4-kinase (also called type II PIP

kinase)
PIP5K Phosphatidylinositol 4-phosphate 5-kinase (also called type I PIP

kinase)
PIPP Proline-rich inositol polyphosphate 5-phosphatase
PIX PAK-associated guanine nucleotide exchange factor
PKA Protein kinase A
PKB/Akt Protein kinase B, also called Akt after the transforming kinase

encoded by the AKT8 retrovirus
PKC Protein kinase C
PLC Phospholipase C
PLD Phospholipase D
PM Plasma membrane
PML Promyelocytic leukemia protein
PPI Polyphosphoinositide
pRB Retinoblastoma protein
PRD Proline-rich domain
P-Rex PtdIns(3,4,5)P3-dependent Rac exchanger
PSD95 Post synaptic density protein 95
PtdIns Phosphatidylinositol
PtdIns4P Phosphatidylinositol 4-phosphate; short PIP
PtdIns3P Phosphatidylinositol 3-phosphate; PIP should not be used here
PtdIns5P Phosphatidylinositol 5-phosphate; PIP should not be used here
PtdIns(4,5)P2 Phosphatidylinositol 4,5-bisphosphate; short PIP2

PtdIns(3,4)P2 Phosphatidylinositol 3,4-bisphosphate; the abbreviation PIP2

should not be used here.
PtdIns(3,5)P2 Phosphatidylinositol 3,5-bisphosphate; the abbreviation PIP2

should not be used here.
PtdIns(3,4,5)P3 Phosphatidylinositol 3,4,5-trisphosphate; short PIP3

PtdOH Phosphatidic acid (also used PA)
PTEN Phosphatase and Tensin homolog deleted on chromosome Ten,

[also MMAC (mutated in multiple advanced cancers), TEP1
(TGF-β-regulated and epithelial cell enriched phosphatase 1)]



Abbreviations xv

PX Phox-homology
RAN Ras-related nuclear protein
RID Rac-induced recruitment domain
RNAi Ribonucleic acid interference
ROS Reactive oxygen species
RSK Ribosomal S6 kinase
R-SMAD Receptor regulated SMAD
RTK Receptor tyrosine kinase
Rb2 Retinoblastoma-related gene p130Rb2

RYR1 Type 1 ryanodine receptor
Sac Suppressor of actin
SCIP Sac domain-containing inositol phosphatases
SCV Salmonella-containing vacuole
SGK Serum- and glucocorticoid-induced protein kinase
SH2 Src homology 2
SHIP SH2 domain-containing inositol 5’-phosphatase
SID Set interacting domain
siRNA Short-interfering RNA
SKICH SKIP carboxy homology
SKIP Skeletal muscle and kidney enriched inositol phosphatase
SNP Single nucleotide polymorphism
SSC Squamos cell carcinoma
Star-PAP Poly(A) polymerase
Syk Spleen tyrosine kinase, member of the Src tyrosine kinase family
TAC Transverse aortic constriction
TDLU Terminal ductal lobuloalveolar units
TGFβ Transforming growth factor β
Tiam T-lymphoma invasion and metastasis inducing protein
TNF Tumour necrosis factor
TopoIIα Topoisomerase IIα
TOR Target of rapamycin (also called FRAP or mTOR)
TPIP TPTE and PTEN homologous inositol lipid phosphatase
TPTE Trans-membrane phosphatase with tensin homology
TRAPs Transmembrane adapter proteins, link immune-receptors to

downstream signaling cascades. Examples: LAT, NTAL/LAB
TSC Tuberous sclerosis complex
UTR Untranslated region
Vps34p Vacuolar protein sorting mutant 34 protein
WASP Wiskott Aldrich Syndrome protein
Wm Wortmannin
WT Wild type



Chapter 1
The Phosphatidylinositol 4-Kinases:
Don’t Call it a Comeback

Shane Minogue and Mark G. Waugh

Abstract Phosphatidylinositol 4-phosphate (PtdIns4P) is a quantitatively minor
membrane phospholipid which is the precursor of PtdIns(4,5)P2 in the classical
agonist-regulated phospholipase C signalling pathway. However, PtdIns4P also gov-
erns the recruitment and function of numerous trafficking molecules, principally in
the Golgi complex. The majority of phosphoinositides (PIs) phosphorylated at the
D4 position of the inositol headgroup are derived from PtdIns4P and play roles in a
diverse array of fundamental cellular processes including secretion, cell migration,
apoptosis and mitogenesis; therefore, PtdIns4P biosynthesis can be regarded as key
point of regulation in many PI-dependent processes.

Two structurally distinct sequence families, the type II and type III PtdIns 4-
kinases, are responsible for PtdIns4P synthesis in eukaryotic organisms. These
important proteins are differentially expressed, localised and regulated by distinct
mechanisms, indicating that the enzymes perform non-redundant roles in trafficking
and signalling. In recent years, major advances have been made in our understand-
ing of PtdIns4K biology and here we summarise current knowledge of PtdIns4K
structure, function and regulation.

Keywords Golgi complex · Membrane traffic · Phosphatidylinositol 4-phosphate ·
Signalling

1.1 Introduction

The phosphatidylinositol kinases (PtdInsKs) of eukaryotes have a long history. Their
existence was originally inferred by the discovery of their enzymatic products,
the phosphoinositides (PIs), whose synthesis from phosphatidylinositol (PtdIns)
in the exocrine pancreas could be induced with cholinergic agonists (Hokin and

S. Minogue (�) · M. G. Waugh
Centre for Molecular Cell Biology, Department of Inflammation, Division of Medicine, University
College London, Rowland Hill Street, Hampstead, London NW3 2PF, United Kingdom
e-mail: s.minogue@medsch.ucl.ac.uk

T. Balla et al. (eds.), Phosphoinositides I: Enzymes of Synthesis and Degradation, 1
Subcellular Biochemistry 58, DOI 10.1007/978-94-007-3012-0_1,
© Springer Science+Business Media B.V. 2012



2 S. Minogue and M. G. Waugh

Table 1.1 Mammalian PI4K encoding genes

Locus Common SwissProt/ Accession Interacts Reference Gene Map
name Protein nr. Hs with MIM (Hs/Mm)

(UniProt)

PIK4CA PI4K230,
PI4K55

PI4KA_
human

NM_058004
NM_002650

(Wong and
Cantley 1994)
MIM 600286

22q11.21
16 A3

PIK4CB PI4K92 PI4KB_
human

NM_002651 (Meyers and
Cantley 1997)
MIM 602758

1q21
3 F2.1

PI4K2A PI4KIIα PI4K2A
human

NM_018425 AP-3 Barylko et al.
[2001];
Minogue et al.
[2001]; Craige
et al. [2008]

10q24
19 C3;
19 47.0 cm

PI4K2B PI4KIIβ PI4K2B
human

NM_018323 Rac1,
Hsp90

Minogue et al.
[2001]; Balla
et al. [2002];
Wei et al.
[2002]; Jung
et al. [2008]

4p15.2
5 C1;5

Hokin 1953). The enzymes themselves were first identified in membrane fractions
and tissue extracts as activities that could transfer the γ-phosphate of radiola-
belled ATP to PtdIns (Michell et al. 1967, Harwood and Hawthorne 1969). It
soon became apparent that biochemically distinct activities could be detected in
these extracts, and these were subsequently named the type I, II and III phos-
phoinositide kinases (Endemann et al. 1987; Whitman et al. 1987). The type I
PI kinase was later shown to phosphorylate the D3 position of the inositol head-
group and these enzymes are now better known as the phosphoinositide 3-kinases
(PI3Ks). The type II and III enzymes both phosphorylate at the D4 position but
exhibit very different biochemical properties for example, the type II isoforms
are inhibited by adenosine but not PI3K inhibitors and have KmATP in the mi-
cromolar range; meanwhile, the type III isoforms are larger proteins, insensitive
to adenosine and inhibited by PI3K inhibitors, albeit at higher concentrations
than PI3Ks (Pike 1992; Balla and Balla 2006; Hunyady et al. 1983). For many
years these biochemical characteristics were the only means of distinguishing
PtdIns4K activities in experiments and furthermore, results were sometimes con-
founded by the presence of trace amounts of the highly active type II activity
(Yamakawa et al. 1991). Final and unambiguous identification of the isoforms had
to wait until the proteins were characterised at the molecular level (Table 1.1) and
this was finally made possible during the genomics age of the 1990s. The cloning
of the type II (PtdIns4KIIα and PtdIns4KIIβ) and type III isoforms (PtdIns4KIIIα
and PtdIns4KIIIβ) revealed that they belong to divergent sequence families with the
PtdIns4KIIIs showing a greater degree of similarity to the PI3K/protein kinase super-
family. Thus the biochemical differences, particularly the relative sensitivity to PI3K
inhibitors, were finally explained and sequence specific reagents, along with some
inhibitors, became available to study PtdIns4K functions. These have contributed to
a resurgence of interest in these key activities and the last few years have seen the
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Fig. 1.1 Metabolism of D4
phosphorylated
phosphoinositides. The
glycerophospholipid
phosphatidylinositol (PtdIns)
is a component of membranes
in all eukaryotic cells. It is
made up of a hydrophobic
diacyglycerol backbone (R1
and R2, are predominantly
stearoyl and arachidonyl in
mammalian cells) linked to a
polar inositol headgroup. The
headgroup can be
phosphorylated at the D3, D4
and D5 positions by various
kinase activities to generate
eight higher
phosphoinositides (PIs); PIs
phosphorylated by PtdIns
4-kinases (PtdIns4Ks) are
shown. Reverse
(dephosphorylation) reactions
catalysed by specific PI
phosphatases are shown

12

3 4
5

6
P

R1 R2

OH

OHOHHO

HO

PtdIns

PtdIns(3,4,5)P3 PtdIns(3,4)P2

PtdIns 4P

PtdIns(4,5)P2

PtdIns4KIIα
PtdIns4KIIβ
PtdIns4KIIIα
PtdIns4KIIIβ

Sac1

PtdIns(4)P 5-kinases

Class I PI3-kinasesPTEN

Synaptojanin
OCRL

emergence of numerous new and unexpected functions for the PtdIns4Ks, the first
PtdInsK activities to be identified all those years ago.

In order to understand PtdIns4K function it is often necessary to study the
enzymatic output of individual isoforms, that is, not just PtdIns4P but also the
D4 metabolic derivatives whose levels may change in response to modulation of
PtdIns4K activity. Due regard should also be paid to dephosphorylation reactions
by PI phosphatases since together these activities determine the flux of intermedi-
ates through PI pathways (Fig. 1.1). Herein lie the central technical problems in PI
research: firstly, different PI species are not evenly distributed between organelles
and biochemical methods that rely on total PI analysis are unable to distinguish sep-
arate pools of PIs which, although chemically identical, may not have equivalent
functions. Secondly, the steady-state subcellular localisation of PI kinase protein is
not a reliable indicator of its locus of activity. The study of PtdInsK activity is there-
fore increasingly reliant on protein domains which bind PIs in vitro and such reagents
have been widely used as overexpressed GFP chimeras to report PtdIns4K activity in
cultured cells (Balla et al. 2000b; Szentpetery et al. 2009). However, whilst useful,
these tools are sometimes of dubious specificity in vivo and their overexpression
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may sequester PIs preventing further metabolism or interaction with effector pro-
teins (Balla et al. 2000b). Thus the cell models we rely on may be prone to observer
effects where the experimental system can generate complex and uninterpretable
phenomena. Fortunately other strategies are available, for instance, using recombi-
nant PI-binding domains to indirectly stain fixed cells to report steady-state levels of
PIs (Watt et al. 2002; Hammond et al. 2009). Nevertheless, our inability to accurately
image specific pools of PIs and unambiguously attribute results to specific PI kinase
activities in vivo remains a significant technical limitation. A similar caveat applies
to the use of RNAi as a method of studying loss of function. Although convenient,
RNAi only reveals phenotypes after 48–72 h of knockdown—a relatively long period
of time during which a cell may respond by upregulating other PtdInsK activities or
compensating by making previously separate pools of PIs available. This last prob-
lem may be circumvented by the use of cell-permeable drugs able to specifically
inhibit PI kinases but there are currently few such compounds available. A separate
approach, which acutely targets individual PI pools by inducing the heterodimeri-
sation of a specific PI phosphatase with organelle markers has been employed to
selectively hydrolyse PIs (Varnai and Balla 2006). No perfect strategy yet exists but
used together, approaches such as these have revealed a great deal about PtdIns4K
function in cells.

As with many conserved PI kinases, our understanding of PtdIns4K function has
been hugely aided by genetic studies in the yeast S. cerevisiae and, despite the vast
differences between yeast and multicellular eukaryotic biology, these studies have
often led the way in elucidating gene function in higher organisms. This fact is
perhaps best illustrated by Pik1, the yeast orthologue of mammalian PtdIns4KIIIβ,
which was the first PtdIns4K gene identified in any organism and which shares many
functional features with its mammalian counterpart. Since several extensive and
authoritative reviews have been published recently (Balla and Balla 2006; Strahl and
Thorner 2007), this chapter will concentrate mainly on the function of PtdIns4Ks
in animal cells and genetic models. However, we will discuss those functions that
overlap with or provide particular insight into the relevant mammalian orthologues.

1.2 The Type II PtdIns 4-Kinases

1.2.1 PtdIns4KII Gene Family and Domain Structure

Sequences homologous to PtdIns4KII exist in all metazoan genomes and all ver-
tebrates appear to contain genes encoding the two closely related alpha and beta
isoforms. Our analysis indicates that most invertebrate genomes, with the exception
of C. elegans, contain just a single PtdIns4KII gene. Lower eukaryotic organisms
such as the yeasts also contain just one gene and it is difficult to determine whether
these are more closely related to the mammalian alpha or beta isoforms.

The mammalian alpha and beta PtdIns4KIIs are both membrane proteins of
∼55 kDa and the human proteins share 68% identity in their conserved catalytic
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Fig. 1.2 The mammalian type II PtdIns 4-Kinases. A schematic illustration of conserved features
in the sequences of mammalian PtdIns4KIIs. The PtdIns4KII isoforms share homology in the
conserved catalytic core with the exception of an insert region of varying length in different species.
The pre-eminent conserved feature is the cysteine-rich region in the kinase domain which mediates
membrane targeting and probably places the enzyme in close proximity to membrane-bound PtdIns
substrate. The N-termini are highly dissimilar: whereas PtdIns4KIIα is proline-rich and amphiphillic
in character, the N-terminus of PtdIns4KIIβ is highly acidic

domains. No X-ray structures currently exist and the proteins have only weak ho-
mology to the PI3K/protein kinase superfamily of phosphotransferase enzymes.
Nevertheless, local regions of homology corresponding to recognisable protein
kinase subdomains are present (Minogue et al. 2001) and the requirement for in-
variant residues within these conserved sequences has been tested by site-directed
mutagenesis (Barylko et al. 2002). The conserved catalytic core is separated by a
non-conserved insert region which varies in length between species (Balla and Balla
2006) (illustrated in Fig. 1.2).

An interesting feature of the otherwise highly related type II PtdIns4K isoforms
is that they contain divergent amino termini: PtdIns4KIIα has a proline-rich region
(Balla and Balla 2006) followed by a stretch of hydrophobic and charged residues,
which are predicted to adopt the structure of an amphipathic helix and may mediate
membrane insertion (Barylko et al. 2009); meanwhile PtdIns4KIIβ contains a highly
acidic amino terminus. Both PtdIns4KII isoforms contain a conserved CCPCC motif
within the predicted kinase domain which undergoes palmitoylation (Barylko et al.
2001). This motif is present across species but acylation may be less important in
lower eukaryotes such as the yeasts where the cysteine residues are conservatively
substituted by a hydrophobic residue (Barylko et al. 2009).

1.2.2 PtdIns4KII Expression, Localisation and Regulation

The PtdIns4KIIs are widely expressed in human tissues with PtdIns4KIIα somewhat
enriched in brain and kidney (Minogue et al. 2001; Balla et al. 2002); meanwhile,
PtdIns4KIIβ is relatively enriched in liver and cell lines of haematopoietic origin
(Balla et al. 2002). In cultured cells, both isoforms are membrane proteins (Waugh
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Table 1.2 The subcellular localisation and functions of PtdIns4K isoforms

PtdIns4K isoform Subcellular localisation Function

PtdIns4KIIα TGN Recruits adaptors AP-1 and GGA
TGN-PM transport

Late endosome Interacts with AP-3; regulates degradation of EGFR
PM Not known
ER Not known

PtdIns4KIIβ PM Recruited in response to PDGF and V12Rac
Endosomes Not known

PtdIns4KIIIα ER Resupply of PM PtdIns4P
Nucleus Not known
Golgi Recruitment of GBF1

PtdIns4KIIIβ TGN Golgi-to-PM traffic
Nucleus Not known

et al. 2003b) which localise to the trans-Golgi network (TGN), endosomes and
plasma membrane (PM) (Balla et al. 2002; Wang et al. 2003; Salazar et al. 2005;
Minogue et al. 2006) (Table 1.2).

Both PtdIns4KII isoforms can undergo palmitoylation in the conserved CCPCC
motif and this appears to be an important, though not exclusive, determinant of
membrane localisation and probably therefore, access to PtdIns substrate. Although
PtdIns4KIIα lacks identifiable transmembrane sequences it is tightly membrane
associated, effectively behaving as an integral membrane protein. Deletion of
174CCPCC178 (human numbering will be used throughout) prevents the incorpora-
tion of radiolabelled palmitate and is sufficient to render the enzyme extractable from
membranes in sodium carbonate buffers at pH 10–11, but not 1 M NaCl (Barylko
et al. 2001; Barylko et al. 2009). This indicates that the deacyl form retains the
ability to interact tightly with membranes, albeit in a peripheral manner. Deletion of
174CCPCC178 also dramatically reduces kinase activity. Since the CCPCC motif lies
within the conserved catalytic domain, this could be due to gross effects on kinase
structure. However, this does not seem to be the case because inhibition of acyla-
tion with 2-bromopalmitate or by mutation of all the cysteine residues to serine has
identical effects on activity, membrane binding and subcellular localisation (Barylko
et al. 2009).

All four cysteine residues in PtdIns4KIIα are capable of accepting [3H]-palmitate
in metabolic labelling experiments (Barylko et al. 2009). Site-directed mutagenesis
indicates that the first two are preferentially palmitoylated and better able to support
integral membrane binding and activity (Barylko et al. 2009). This observation has
interesting implications for the regulation of PtdIns4KII enzymes of lower eukary-
otes, where the first two cysteines are substituted with hydrophobic residues. The sole
PtdIns4KII of S. cerevisiae Lsb6 is, however, palmitoylated outside of this conserved
motif on a C-terminal cysteine residue (Roth et al. 2006) which may contribute to
membrane binding.

Palmitoylation is a potentially reversible modification but as yet, no compelling
evidence has been presented to suggest that dynamic palmitoylation regulates
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PtdIns4KIIα. Unlike all other PI kinases, PtdIns4KIIα is constitutively membrane-
associated, and therefore the mechanism responsible for the observed active pool
in membrane fractions (Waugh et al. 2003b) probably occurs within the membrane
itself. Indeed, good evidence exists for an intrinsic mechanism of regulation because
PtdIns4KIIα activity is extremely sensitive to membrane environment and, in partic-
ular, intra-membrane cholesterol concentration. Targeting to cholesterol-containing
membranes alters the lateral diffusion kinetics of PtdIns4KIIα and there is strong
evidence that a high activity and slowly diffusing pool of PtdIns4KIIα associates
with lipid-raft like domains of the TGN (Minogue et al. 2010). Moreover the size of
the mobile pool of PtdIns4KIIα is affected by TGN membrane connectivity, indicat-
ing that the enzyme’s biophysical properties are affected by the overall membrane
architecture (Minogue et al. 2010). A further level of cholesterol-dependent control
may result from PtdIns4KIIα being highly responsive to oxysterol-binding protein
(OSBP)-generated sterol gradients on Golgi and post-Golgi membranes (Banerji
et al. 2010). Therefore, PtdIns4P generation by PtdIns4KIIα is a function of sterol-
based membrane ordering and topological organisation. In future work, it may be
interesting to consider the degree to which PtdIns4P and sterol concentrations syn-
ergistically determine both the functional and morphological identity of PtdIns4P
and cholesterol-rich membranes such as those of the TGN.

PtdIns4KIIβ also contains the conserved CCPCC motif but in contrast to
PtdIns4KIIα, the enzyme is partially cytosolic. The membrane-bound fraction is
palmitoylated and displays ∼20-fold higher activity (Jung et al. 2008) suggesting that
the enzyme is dynamically acylated resulting in membrane targeting. PtdIns4KIIβ is
recruited to the PM in response to PDGF or overexpression of constitutively active
Rac; this appears to require the C-terminal 160 amino acids of PtdIns4KIIβ in COS
cells and is accompanied by activation of kinase activity (Jung et al. 2008). The
enzyme is also phosphorylated in vivo on a serine residue in the N-terminus but the
significance of this modification is unclear since mutation at this site does not affect
kinase activity, palmitate incorporation or membrane localisation (Jung et al. 2008).

Phosphopeptides derived from PtdIns4KIIα have been identified in several pro-
teomic screens and indicate potential for regulation by phosphorylation (Olsen
et al. 2006; Villen et al. 2007). In one such study PtdIns4KIIα phosphorylation
was agonist-dependent (Olsen et al. 2006), reminiscent of earlier work showing
the co-immunoprecipitation of PtdIns4KII activity with activated EGF receptors in
a phosphoprotein-containing complex (Cochet et al. 1991; Kauffmann-Zeh et al.
1994). No endogenous protein regulators of PtdIns4KIIα activity have yet been de-
scribed, however, along with some other interfacial enzymes such as PLD2 (Chahdi
et al. 2003), the activity of PtdIns4KIIα can be greatly stimulated by the wasp venom
peptide mastoparan and related amphipathic peptides (Waugh et al. 2006). The phys-
iological significance of these biochemical observations have yet to be determined;
however, it is noteworthy that the cationic phospholipid phosphatidylcholine has also
been shown to be a potent in vitro activator of PtdIns4KII activity (Olsson et al. 1993),
inferring that alterations to membrane charge may augment PtdIns4P synthesis
in vivo.
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Fig. 1.3 The mammalian type III PtdIns 4-kinases. A schematic illustration of conserved features
in the sequences of mammalian PtdIns4KIIIs. The catalytic domains of the PtdIns4KIIIa and Pt-
dIns4KIIIb display minimal homology to the type II PtdIns4Ks and are instead more similar to
the PI3K family of enzymes. This similarity includes the presence of the conserved lipid kinase
unique (LKU) domain. PtdIns4KIIIa contains an N-terminal proline-rich domain and PH domain.
Non catalytic domains in PtdIns4KIIIb include a proline-rich sequence, the LKU, a region of ho-
mology (H2) shared with other PtdIns4KIIIb orthologues including the S. cerevisae Pik1p, regions
implicated in the binding of NCS-1 and Rab11 and a serine-rich region which is phosphorylated by
PKD

1.3 The Type III PtdIns 4-Kinases

1.3.1 Gene Family and Domain Structure

PtdIns4KIIIβ and PtdIns4KIIIα were first identified in S. cerevisae as the essential
gene PIK1 (Flanagan et al. 1993) and STT4, whose mutation confers sensitivity
to the protein kinase C (PKC) inhibitor staurosporine (Yoshida et al. 1994). Both
PtdIns4KIIIα and -β sequences are present in all metazoan genomes.

The type III PtdIns4Ks are larger enzymes whose catalytic domains display strong
sequence similarities to the PI3Ks. Like the PI3Ks and the more closely related ser-
ine/threonine kinases TOR, ATM and DNA-PK, they also contain the so-called lipid
kinase unique (LKU) domain which is predicted to adopt a helical structure (Balla
and Balla 2006) and which, in the yeast PtdIns4KIIIβ orthologue at least, is essen-
tial for kinase activity (Strahl and Thorner 2007) (Fig. 1.3). In PtdIns4KIIIα the
LKU region is closely juxtaposed with a PH domain (Wong and Cantley 1994) and
although this PH domain has poor homology to other such domains, the isolated
region from a plant PtdIns4KIIIα binds PtdIns4P in lipid overlay assays (Stevenson
et al. 1998) and may contribute to product inhibition (Stevenson-Paulik et al. 2003).
Binding sites for NCS-1 and Rab11 have been identified in PtdIns4KIIIβ (discussed
in Sect. 4.2.4) close to a homology region (Hom2) conserved in other PtdIns4KIIIβ
orthologues. This region, situated between the LKU and catalytic domain, also con-
tains a serine-rich domain that is phosphorylated by protein kinase D (Sect. 4.2.4). A
splice variant exists which extends this serine-rich region by 15 amino acids (Balla
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and Balla 2006). This insert can be phosphorylated by casein kinase II in vitro but the
modification does not lead to substantial activation of kinase activity (S. Minogue,
unpublished data).

The high degree of conservation between the PtdIns4KIII and PI3K proteins
confers sensitivity to inhibitors such as wortmannin and LY294002, with in vitro
IC50 values that are approximately 20–100 fold higher than those for class I PI3Ks.
Whilst this property has proved useful in distinguishing between type II and type III
activities, it is not an effective way to discriminate between PtdIns4KIII activities.
However, the recent characterisation of PIK93, a cell-permeable inhibitor relatively
selective for the PtdIns4KIIIβ isoform (Knight et al. 2006; Balla et al. 2008) offers
a means of selectively inhibiting PtdIns4KIIIβ function.

1.3.2 PtdIns4KIIIα Expression, Localisation and Regulation

PtdIns4KIIIα is widely expressed in tissues but is particularly enriched in brain
(Wong et al. 1997; Gehrmann et al. 1999; Zolyomi et al. 2000). PtdIns4KIIIα
predominantly localises to the ER in mammalian cells (Wong et al. 1997) but it has
also been detected in the pericentriolar Golgi region (Nakagawa et al. 1996). Many
studies have been forced to use overexpressed protein to determine the pattern of
subcellular distribution because of problems detecting endogenous PtdIns4KIIIα and
this may affect the observed localisation of the protein. However, immuno-electron
microscopy of endogenous PtdIns4KIIIα in the rat CNS localised the protein to the
ER and atypical membranes surrounding mitochondria, and multivesicular bodies
(Balla et al. 2000a). It is tempting to speculate that these membranes represent
some form of inter-organelle junction (Levine and Rabouille 2005) that permits
the communication of PtdIns4 or PtdIns4KIIIα protein between closely juxtaposed
compartments. Endogenous PtdIns4KIIIα has also been detected in the nucleolus
(Kakuk et al. 2006).

1.3.3 PtdIns4KIIIβ Expression, Localisation and Regulation

PtdIns4KIIIβ is ubiquitously expressed in mammalian tissues (Balla et al. 1997) and
localises to cis- and trans-regions of the Golgi complex (Wong et al. 1997; Godi
et al. 1999). Golgi localisation is brefeldin A-sensitive and therefore likely to depend
on Arf (discussed in Sect. 4.2.4). PtdIns4KIIIβ binds Rab11 in a region between
residues 401–506 (Fig. 1.3) and it appears that this interaction, which is conserved
in yeast, is required to recruit Rab11 to Golgi membranes rather than PtdIns4KIIIβ
(de Graaf et al. 2004). Like PtdIns4KIIIα, PtdIns4KIIIβ has also been detected in
the nucleus (de Graaf et al. 2002). The mechanism of nuclear localisation has not
been determined but it is notable that the yeast orthologue Pik1 was identified as a
component of the nuclear pore complex (Garcia-Bustos et al. 1994).
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1.4 Cellular Functions of PtdIns4Ks

1.4.1 PtdIns4Ks in Signalling Pathways

PtdIns4P is the immediate precursor of PtdIns(4,5)P2, the major in vivo substrate for
receptor-linked phospholipase C (PLC) and PI3K enzymes. Both PIs have been found
at the PM where they can be detected with monoclonal antibodies and PH domains
(Hammond et al. 2006, 2009); meanwhile, PtdIns4KIIα, PtdIns4KIIβ and possibly
PtdIns4KIIIα all localise to the PM (Table 1.2). Historically, type II PtdIns4K activity
was linked to agonist-regulated pathways because of its association with activated
EGFR (Cochet et al. 1991; Kauffmann-Zeh et al. 1994). However, these studies
were performed prior to the availability of sequence-specific reagents and therefore
we cannot rule out the contribution of PtdIns4KIIβ in these results or the possibility
that PtdIns4KIIα associates with the receptors in an endosomal trafficking complex
(Minogue et al. 2006).

1.4.1.1 PtdIns4KIIs in Signalling Pathways

Although there is evidence for regulated membrane association and kinase activa-
tion, relatively little is known about PtdIns4KIIβ function. Partial recruitment in
response to PDGF and constitutively active Rac expression is intriguing (Wei et al.
2002) and suggests that the isoform may be acutely regulated by receptor activa-
tion and GTP-Rac, although details of the mechanism remain elusive. Rac is a well
known signalling molecule regulating cell adhesion and migration (Heasman and
Ridley 2008) and one report links PtdIns4KIIβ to hepatocellular cancer cell mi-
gration: PtdIns4KIIβ co-immunoprecipitates with overexpressed tetraspannin CD81
from HepG2 lysates and the proteins partially colocalise by immunofluorescence mi-
croscopy. The mechanism linking PtdIns4KIIβ and CD81 is as yet unclear but loss of
CD81 expression in hepatocellular carcinoma correlates with poorly differentiated
and metastatic tumours (Mazzocca et al. 2008).

An interesting development has been the recent finding that PtdIns4KIIα is a com-
ponent of the canonical Wnt pathway (Pan et al. 2008). The Wnts (from wingless,
the Drosophila mutation) are a large and conserved family of hydrophobic ligands
which control an array of developmental and oncogenic processes (Kikuchi et al.
2009). In the canonical β-catenin-dependent Wnt pathway in the absence of ligand,
β-catenin is phosphorylated by GSK3β and CKIα and is subsequently ubiquity-
lated and targeted for degradation in the proteosome, thereby regulating levels of
β-catenin. When Wnt ligands bind to their cognate receptors LRP5 or 6, β-catenin
phosphorylation and subsequent proteosomal degradation is suppressed, leading to
increased cytosolic levels. β-catenin is then able to translocate to the nucleus where it
stimulates expression of a number of genes. PtdIns4KIIα was initially identified in a
siRNA library screen aimed at identifying proteins involved in the Wnt3a-dependent
phosphorylation of LRP6 and therefore the β-catenin pathway to the nucleus (Pan
et al. 2008). PtdIns4P 5-kinases were also identified in this screen suggesting that
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together the kinases form a PtdIns(4,5)P2 biosynthetic complex. Supporting this is
the finding that exogenous PtdIns(4,5)P2 stimulates Wnt3a-dependent LRP5/6 phos-
phorylation in vitro and that reduction of endogenous PtdIns(4,5)P2 levels using a
5-phosphatase has the opposite effect (Pan et al. 2008). Wnt3a also stimulates the
production of PtdIns4P and PtdIns(4,5)P2 but this is abolished in HEK293 cells
treated with siRNA to knockdown PtdIns4KIIα and PtdIns4P 5KIβ (Pan et al. 2008;
Qin et al. 2009).

Wnt3a probably regulates PtdIns4KIIα and PtdIns4P 5KIβ activities by directly
interacting with the scaffold protein dishevelled (Dvl), a critical adaptor protein in
Wnt signalling. Dvl co-immunoprecipitates with PtdIns4KIIα and PtdIns4P 5KIβ
in a tripartite complex when the proteins are overexpressed in HEK293 cells and the
activity of both enzymes is activated by Dvl binding in vitro (Qin et al. 2009). In the
case of bacterially expressed PtdIns4KIIα protein at least, this interaction does not
appear to involve the enzyme’s divergent N-terminal region (Qin et al. 2009).

1.4.1.2 PtdIns4KIIIs in Signalling Pathways

Despite the association of PtdIns4KII with activated receptors and involvement in
Wnt signalling, far stronger evidence supports a role for the type III PtdIns4Ks in
agonist-regulated turnover of PIs, indeed the wortmannin sensitivity of angiotensin
II (AngII) and PDGF-sensitive pools was identified long ago (Nakanishi et al. 1995).
Evidence of a signalling role for PtdIns4KIIIα also exists from S. cerevisiae where
the orthologue Stt4p localises to the PM and participates in the yeast non-PLC-
linked PKC-MAPK cascade (Audhya et al. 2000). More recent work has sought to
identify the PtdIns4K isoform responsible for maintaining the PM pool of PtdIns4P
for PtdIns(4,5)P2 biosynthesis, using a combination of pharmacological inhibitors
and siRNA targeting of specific PtdIns4K isoforms (Balla et al. 2008a). Use of the
PH domain from OSH2 fused to GFP and the PLCδ1 PH domain fused to mRFP
allowed simultaneous monitoring of PM PtdIns4P and PtdIns(4,5)P2, respectively.
The PM localisation of both fusion proteins was sensitive to wortmannin as were the
sustained hydrolysis of PM PtdIns(4,5)P2, changes in levels of total [32P]-labelled
PtdIns4P, PtdIns(4,5)P2, [3H]-InsP3 and Ca2+ in AngII-stimulated cells (Balla et al.
2008a). Both PtdIns4KIII isoforms are sensitive to wortmannin but the availability of
the new inhibitor PIK93 (Knight et al. 2006; Balla et al. 2008b), relatively selective
for PtdIns4KIIIβ, allowed investigators to rule out this isoform in the response to
AngII stimulation (Balla et al. 2008b).

This work clearly implicates PtdIns4KIIIα as the isoform responsible for main-
tenance of the G-protein coupled agonist-responsive pool of PtdIns4P. Curiously
however, endogenous PtdIns4KIIIα is present on ER and Golgi membranes but
cannot be detected at the PM. This means that either only a very small amount
of PtdIns4KIIIα is necessary for PtdIns4P supply to the PLC signalling pathway,
or that PtdIns4P is rapidly transported from the ER to replenish that consumed
at the PM, possibly via ER-PM junctions. How this might be accomplished is
mysterious and, although PtdIns4KIIIα binds to a PtdIns transfer protein (Aikawa
et al. 1999), such proteins are not known to transfer PtdIns4P. However, there is
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also evidence that Golgi PtdIns4P can replenish that consumed at the PM during
acute signalling, because depletion of the Golgi pool of PtdIns4P using targeted
Sac1 PtdIns4P-phosphatase markedly affects the replenishment of PM PtdIns(4,5)P2

(Szentpetery et al. 2010). PtdIns4P is regarded as the dominant PI species at the
Golgi apparatus and the cell’s ability to use this pool of precursor during sustained
signalling indicates that metabolic compartmentation of PtdIns4P may be leaky
under certain circumstances. Fascinating though this phenomenon is, the mecha-
nism by which Golgi PtdIns4P reaches the signalling pool at the PM remains to
be determined and, since no protein is known to transfer PtdIns4P, vesicular traffic
remains a likely prospect. An earlier study investigating the membrane localisation
of PtdIns4P-binding PH domains from FAPP1 and OSBP determined that the do-
mains bound PLC-sensitive lipid pools when transfected cells were challenged with
Ca2+ ionophores. The PM-localised domains re-associated particularly strongly fol-
lowing Ca2+ ionophore treatment and this re-association was inhibited by siRNA
downregulation of PtdIns4KIIIα but not PtdIns4KIIIβ or PtdIns4KIIα (Balla et al.
2005).

PtdIns4KIIIα has been found in a complex containing the P2X7 ion channel (Kim
et al. 2001). The significance of this interaction is not clear but P2X7 activation leads
to rapid cytoskeletal rearrangements, suggesting that the receptor is linked, directly
or indirectly, to second messenger signalling. PtdIns4KIIIβ is also stimulated by
the tumour-associated elongation factor eEF1A2 (Jeganathan and Lee 2007). This
occurs through direct interaction of eEF1A2 with PtdIns4KIIIβ and has been mapped
to a region between residues 163–320 (Jeganathan et al. 2008). It is not clear whether
this interaction takes place in the Golgi complex but it is responsible for a relatively
large increase in PM PtdIns(4,5)P2 accompanied by actin remodelling.

1.4.2 PtdIns4Ks in Intracellular Traffic

Whilst all PtdIns4Ks have been detected at the Golgi complex (Table 1.2), only
PtdIns4KIIα and PtdIns4KIIIβ are known to synthesise PtdIns4P at this location. The
PtdIns4P they generate is responsible for the localisation of a number of PtdIns4P-
binding proteins involved in anterograde traffic, the biosynthesis of sphingomyelin
and glycosphingolipids. In many cases the PtdIns4P-binding proteins in question
have a relatively low affinity and specificity for the lipid in vitro and rely on additional
protein factors or sequences outside the lipid binding domain to bind membranes
specifically and with sufficient affinity (Levine and Munro 2002; Carlton and Cullen
2005).

1.4.2.1 Type II PtdIns4Ks and Intracellular Trafficking Pathways

In cultured cells, endogenous PtdIns4KIIα protein has a broad distribution localising
primarily to membranes of the TGN (Wang et al. 2003), endosomes (Balla et al. 2002)
and, to a lesser extent, the PM (Minogue et al. 2006) and ER (Waugh et al. 2003a)
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(Table 1.2). It is likely that the distribution of the enzyme between these organelles
is cell-type specific because PtdIns4KIIα is a component of synaptic vesicles (SVs)
(Guo et al. 2003); PtdIns4KIIα is also enriched in Bergmann glia, astrocytes, Purkinje
cell bodies and selected populations of neurons in rat brain (Simons et al. 2009).
This and the fact that PtdIns4KIIα is dynamically trafficked may partially explain
the discrepancies between subcellular localisations in published work.

The first evidence that PtdIns4KIIα is involved in membrane traffic was pro-
vided by the finding that overexpression of kinase-inactive mutant PtdIns4KIIα
or PtdIns4KIIβ affected the traffic of transferrin and AngII (Balla et al. 2002).
Subsequently, knockdown of PtdIns4KIIα was shown to decrease levels of Golgi
PtdIns4P and block recruitment of the major TGN adaptor AP-1 to Golgi mem-
branes (Wang et al. 2003). AP-1 was shown to be a PtdIns4P binding protein in
vitro and exogenous synthetic PtdIns4P, but not other lipids, were sufficient for res-
cue of AP-1 recruitment to membranes. AP-1 is a clathrin adaptor that mediates
TGN-to-endosome traffic but the Golgi is also a key organelle mediating protein
processing and late secretory traffic to the PM. Knockdown of PtdIns4KIIα did not
affect intra-Golgi traffic of haemaglutinin cargo but did affect the non-AP-1 de-
pendent transport of GFP-VSVG to the PM. Interestingly, this pathway could only
be rescued with synthetic PtdIns(4,5)P2 indicating that PtdIns4KIIα can also con-
tribute PtdIns4P for generation of PtdIns(4,5)P2 in the late secretory pathway (Wang
et al. 2003). PtdIns4KIIα knockdown affects the localisation of the Golgi-localised,
γ-ear-containing, Arf-binding protein (GGA) family of adaptors which are also in-
volved in TGN-to-endosomal traffic. GGA1, GGA2 and GGA3 binding to the TGN
is dependent on a PtdIns4P and Arf1 coincidence mechanism (Wang et al. 2007).

1.4.2.2 PtdIns4KIIα and Endosomal Traffic

PtdIns4KIIα localises to endosomal membranes staining positive for the early en-
dosomal autoantigen EEA1, transferrin, AngII (Balla et al. 2002) and particularly
well to late endosomal compartments staining for lamp-1, CD63, syntaxin 8 and
internalised EGF (Minogue et al. 2006). In live cells, PtdIns4KIIα traffics on highly
dynamic endosomal carriers and inhibition of PtdIns4KIIα with an inhibitory anti-
body or by knockdown with siRNA prevents the correct degradation of the EGFR,
presumably by impairing traffic to the lysosome (Minogue et al. 2006). PtdIns4KIIα
knockdown also affects the steady-state distribution of lamp-1 and CD63, two other
markers of lysosomal traffic (Minogue et al. 2006) and this suggests a general
trafficking defect is responsible for the effects on receptor degradation.

PtdIns4KIIα has been identified as a component ofAP-3-containing vesicles from
PC12 cells and the two proteins show substantial colocalisation together, and with,
AP-3 cargoes such as the Zn2+ transporter ZnT3 and lamp-1 (Salazar et al. 2005).
PtdIns4KIIα also co-precipitates with AP-3 and ZnT3 in in vivo crosslinked com-
plexes (Craige et al. 2008). Forms of AP-3 are expressed in both neuronal and
non-neuronal cells where they control the selection of lysosomal cargo, often defined
by the presence of a dileucine sequence for lysosomal traffic. The normal steady-
state localisation of PtdIns4KIIα is AP-3 dependent and conversely, the subcellular
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localisation ofAP-3 is PtdIns4KIIα dependent, thus the two proteins appear to control
their localisations in a reciprocal manner. This relationship is supported by the discov-
ery of a dileucine AP-3 sorting motif in the N-terminus of PtdIns4KIIα required for
endosomal localisation; therefore, the enzymatic product of PtdIns4KIIα may regu-
late AP-3 function through recruitment in a manner analogous to AP-1 at the TGN.
However, despite the observation that kinase activity is required for the traffic of lyso-
somal cargoes (Craige et al. 2008), no evidence for direct interaction ofAP-3 with Pt-
dIns4P or other D4 PIs exists. Sections of brain tissue from theAP-3-deficient mocha
mouse lack PtdIns4KIIα staining in specific areas including nerve termini of mossy
fibre neurons of the hilus and hippocampus (Salazar et al. 2005). In this respect it is in-
teresting that PtdIns4KIIα localises to SVs (Guo et al. 2003) because the correct gen-
eration of SVs and synaptic-like micro vesicles in neuroendocrine cells is dependent
on an AP-3 pathway, suggesting that PtdIns4KIIα functions along with the BLOC-1
and AP-3 trafficking machinery in the biogenesis of SVs (Salazar et al. 2009).

1.4.2.3 Type III PtdIns4Ks and Membrane Traffic

PtdIns4KIIIα

Although PtdIns4KIIIα is the isoform most strongly implicated in agonist-dependent
signalling (see Sect. 4.1.2), the protein localises to the ER and Golgi apparatus
(Wong et al. 1997). Nevertheless, PtdIns4KIIIα may participate in certain trafficking
functions in COS-7 cells because the protein colocalises with the Golgi brefeldin A
resistance factor (GBF1) in the Golgi region. siRNA of PtdIns4KIIIα ablates Golgi
localisation of GBF1 (and also the adaptor GGA3) (Dumaresq-Doiron et al. 2010),
suggesting that the kinase drives recruitment of GBF1. GBF1 is not known to bind
PtdIns4P but it is an exchange factor for Arf1 and overexpression of constitutively
active Arf1 leads to a small increase in Golgi targeting of a FAPP1 PH domain
(Dumaresq-Doiron et al. 2010). Another possible role for PtdIns4KIIIα comes from
a siRNA screen of membrane trafficking host factors required for hepatitis C virus
(HCV) replication. Knockdown of PtdIns4KIIIα resulted in a large reduction in
HCV replication and virus production but did not affect virus entry as might be
expected for an enzyme responsible for PtdIns(4,5)P2 production at the PM. GFP-
PtdIns4KIIIα localised to intracellular membranes containing viral dsRNA and the
HCV protein NS5A in HCV replicon-transfected hepatoma cells. Thus given its
known ER localisation, PtdIns4KIIIα may be involved in the formation of an ER-
derived membrane domain in which HCV replicates (Berger et al. 2009). Supporting
this is the earlier finding that PtdIns4KIIIα was found in a yeast two-hybrid screen
for binding partners of the HCV NS5A protein (Ahn et al. 2004).

PtdIns4KIIIβ

PtdIns4KIIIβ is a peripheral enzyme recruited to the Golgi of COS-7 cells by GTP-
boundArf1. This is accompanied by activation of the kinase generating both PtdIns4P
and PtdIns(4,5)P2 (Godi et al. 1999). Although PtdIns4KIIIβ localises to other
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subcellular compartments (Table 1.2), it functions principally at the Golgi complex
where it maintains structural integrity of the organelle and mediates key transport
processes such as TGN-to-PM of nascent proteins and sphingolipids. These functions
are directly dependent on either PtdIns4P or its metabolic derivatives and there is
some functional overlap with PtdIns4KIIα, the other major TGN-localised PtdIns4K
(Wang et al. 2003). In MDCK cells, PtdIns4KIIIβ regulates multiple trafficking steps
(Bruns et al. 2002) including the intra-Golgi traffic of influenza haemagglutinin and
the basolateral to apical delivery of vesicular stomatitis virus glycoprotein cargo
(VSVG) (Weixel et al. 2005). Further evidence of pleiotropic roles of PtdIns4KIIIβ
comes from the observation that it functions in regulated exocytosis from mast cells
(Kapp-Barnea et al. 2006) and neuroendocrine cells (de Barry et al. 2006; Gromada
et al. 2005) implying that the enzyme can perform PtdIns(4,5)P2-dependent roles
outside of the Golgi in specialised cell types.

The yeast orthologue of PtdIns4KIIIβ, Pik1, accounts for ∼45% of total PtdIns4P
and ∼40% of PtdIns(4,5)P2 production (Strahl and Thorner 2007) and the gene
is essential for cell survival. Like PtdIns4KIIIβ, Pik1p is a TGN enzyme which
also localises to the nucleus (Strahl et al. 2005). Pik1p is a downstream effector
of a small N-myristoylated protein frequenin (Frq1p), which not only determines
Pik1p localisation to the TGN but also tightly binds and stimulates PtdIns4K activity
(Hendricks et al. 1999). Some aspects of this interaction are evolutionarily conserved
because the mammalian orthologue of Frq1p, the neuronal calcium sensor NCS-1,
interacts with and stimulates PtdIns4KIIIβ (Weisz et al. 2000; Haynes et al. 2005).
NCS-1 and Frq1p belong to a family of myristoylated proteins that bind multiple
targets, often in a Ca2+-dependent manner. PtdIns4KIIIβ is actually under the dual
control of Arf1 and NCS-1 because the enzyme binds both in a Ca2+-dependent
manner and both stimulate kinase activity, however, Arf1 and NCS-1 do not act
synergistically to increase activity: Arf1 antagonises NCS-1 stimulation of regulated
secretion of recombinant human growth hormone from PC12 cells whilst, conversely,
Arf1 overexpression antagonises the constitutive trafficking of VSVG from the TGN
(Haynes et al. 2005). The implications of these data are that Arf1 or NCS-1 and Ca2+
but not both, can activate PtdIns4KIIIβ. It is interesting that the Golgi complex can
act as a Ca2 + store and localised Ca2 + release may affect numerous trafficking steps
(Pinton et al. 1998); PtdIns4KIIIβ function may therefore also be under the control
of local Ca2+ signals. In this regard it is worth mentioning that the other major Golgi
activity, PtdIns4KIIα, is extremely sensitive to Ca2+ in vitro, suggesting that these
two activities may be differentially regulated in order to control PtdIns4P synthesis
in the Golgi complex.

Many neuronal and secretory functions have been described for NCS-1 and the
protein is highly expressed in brain tissues, localising to numerous intracellular
membranes including synaptic vesicles in rat axon terminals (Taverna et al. 2002).
NCS-1 plays a role in regulated secretion in neuroendocrine cells (McFerran et al.
1998) but is also present in non-neuronal cell types. In different cell systems NCS-
1 appears to promote both secretion and endocytic recycling (Kapp-Barnea et al.
2006). It localises to the TGN of rat hippocampal neurons (Martone et al. 1999) and
the TGN and PM of COS-7 (Bourne et al. 2001). NCS-1 and PtdIns4KIIIβ increase
glucose-induced insulin secretion by increasing the pool of available vesicles in
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pancreatic β-cells (Gromada et al. 2005), indicating that the enzyme has roles in
regulated exocytosis as well as constitutive secretion.

PtdIns4KIIIβ can be phosphorylated by protein kinase D (PKD) isoforms PKD1
and PKD2, which are known to regulate the fission of TGN-derived transport in-
termediates (Liljedahl et al. 2001). PKD phosphorylation at PtdIns4KIIIβ S294
stimulates PtdIns4K activity and enhances PM traffic of VSVG compared to a mu-
tant PtdIns4KIIIβ in which the S294 is mutated to an alanine residue. Interestingly,
activation of PtdIns4KIIIβ is stabilised by interaction with 14-3-3 proteins, which
bind phosphorylated PtdIns4KIIIβ. However, the extensive Golgi tubulation charac-
teristic of PKD mutants is not phenocopied by expression of a PtdIns4KIIIβ(S294A)
mutant suggesting that other Golgi-localised PtdIns4Ks are sufficient to supply the
PtdIns4P required for this trafficking process.

PtdIns4K activities are implicated in the regulation of sphingolipid synthesis via
a class of lipid transfer proteins, which contain an N-terminal PtdIns4P-binding
PH domain along with a C-terminal lipid transfer domain. These unrelated proteins
have been dubbed the ‘COF’ family after the original members, ceramide transfer
protein (CERT), oxysterol binding protein (OSBP) and the ‘four phosphate adaptor
proteins’ (FAPPs) (De Matteis et al. 2007). CERT is important in the non-vesicular
transport of ceramide from the ER to the Golgi (Hanada et al. 2003) where it is
used in the synthesis of sphingomyelin (SM). CERT is targeted to the Golgi via its
PH domain but also associates with the ER-bound membrane protein VAP-A. These
interactions may define a transport junction between the ER and Golgi membranes
or allow CERT to shuttle between the two compartments and PtdIns4KIIIβ appears
to be the main activity responsible for generating the pool of PtdIns4P required for
CERT recruitment (D’Angelo et al. 2007; Toth et al. 2006). Like PtdIns4KIIIβ,
CERT is a substrate for PKD phosphorylation, which negatively regulates both its
ceramide transfer activity and affinity for PtdIns4P. Meanwhile, the synthesis of
SM is intimately linked to the generation of diacylglycerol (DAG) at the Golgi that
recruits and activates PKD, and together this leads to the inactivation of CERT and
the phosphorylation and activation of Golgi-localised PtdIns4KIIIβ (Hausser 2005,
p. 69). It is notable that PtdIns4KII, the other Golgi-resident PtdIns4P-synthetic
activity, interacts with PKD (Nishikawa et al. 1998) therefore the synthesis of SM
and PtdIns4P appear to be co-regulated in the TGN.

OSBP1 binds and transfers sterols and associates with the Golgi via its PH do-
main (Levine and Munro 1998), translocating there from cytosolic and vesicular
membranes in response to treatment with the cholesterol precursor 25-hydroxysterol
(Ridgway et al. 1992). OSBP also interacts with VAP-A and VAP-B in the ER and
therefore may act in a similar way to CERT. As well as PtdIns4KIIIβ, evidence exists
that PtdIns4KIIα is responsible for the Golgi recruitment of CERT and therefore SM
synthesis (Banerji et al. 2010). At steady-state, PtdIns4KIIα localises to cholesterol-
poor membranes and the increased sterol content of these, as the result of transfer
by OSBP, may stimulate PtdIns4P synthesis by PtdIns4KIIα at the TGN where both
lipids play important roles.

FAPP1 and FAPP2 are ubiquitously expressed metazoan proteins that are part
of a conserved gene family; the proteins play a role in constitutive TGN to PM
traffic (Godi et al. 2004) and to the apical surface in MDCK cells (Vieira et al.



1 The Phosphatidylinositol 4-Kinases: Don’t Call it a Comeback 17

2005). The TGN localisation of FAPPs is dependent on an intact PH domain, which
binds both PtdIns4P and Arf1 and inhibition of PtdIns4K activity using the rela-
tively non-specific compound PAO or expression of dominant negative kinase dead
PtdIns4KIIIβ prevents the correct TGN targeting of FAPPs. FAPP2 contains a glycol-
ipid transfer homology domain and the protein is required for non-vesicular transport
of glucosylceramide to from its site of synthesis in the Golgi complex to later Golgi
compartments where it is converted into complex glycosphingolipids. In this pro-
cess, the localisation of FAPP2 requires Golgi PtdIns4P generated by PtdIns4KIIα
and/or PtdIns4KIIIβ (D’Angelo et al. 2007). Together the COF proteins represent
PtdIns4P effector proteins that are recruited to the Golgi complex and, by virtue of
their lipid transfer activities, dictate the lipid composition of membranes that function
in important trafficking steps.

1.5 PtdIns4K Biology in the Whole Organism

Genetic models of PtdIns4K function have now been reported in S. cerevisiae,
Drosophila, zebrafish and mice and whilst these have led to a number of very inter-
esting phenotypes, the molecular mechanisms underlying knockout or knockdown
phenotypes are not yet fully understood in most cases. Nevertheless, these models
provide important clues to the more complex functions of PtdIns4K in whole organ-
isms and there can be no doubt that, in the future, these phenotypes will be explained
mechanistically at the molecular level.

In zebrafish, both the PI3K inhibitor LY294002 and morpholinos targeting expres-
sion of the zebrafish PtdIns4KIIIα homolog (pi4ka) cause multiple developmental
abnormalities including pectoral fin phenotypes reminiscent of defects in fibroblast
growth factor (FGF) signalling (Ma et al. 2009). LY294002 was used at a concentra-
tion not expected to affect PtdIns4KIIIs, but this treatment effectively phenocopied
the pi4ka morpholinos. FGF morphogens are known to control limb development
through the balance of two parallel pathways: the mitogen-activated protein kinase
(MAPK) pathway and the PI3K-Akt survival pathway. Thus the investigators con-
cluded that pi4ka functions in a PI3K-Akt pathway that is regulated by FGF, probably
by supplying PtdIns4P to PtdIns4P 5K and subsequently PI3Ks. Although not defini-
tively linked to PI3K signalling, developmental defects have also been identified in
Drosophila where the PtdIns4P-phosphatase Sac1 and the Drosophila PtdIns4KIIIα
orthologue are components of the Hedgehog signalling pathway (Yavari et al. 2010).
As with the S. cerevisiae mutation (Foti et al. 2001), inactivation of Sac1 pro-
tein leads to an accumulation of PtdIns4P. Loss of Sac1 in Drosophila causes the
normally vesicular Smoothened protein to translocate to the PM, resulting in the
activation of Hedgehog signalling in multiple tissues during development (Yavari
et al. 2010). Conversely, loss of the Drosophila PtdIns4KIIIα orthologue leads to a
phenotype similar to Hedgehog and Smoothened loss-of-function mutants (Yavari
et al. 2010). When the PM receptor for Hedgehog, and target for derepression by
Smoothened, is mutated, there is a marked increase in PtdIns4P synthesised by
PtdIns4KIIIα. This genetic model indicates that PI metabolism plays an important
role in the in the positive regulation of Hedgehog signalling at the level of PtdIns4P
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biosynthesis (Yavari et al. 2010). These findings are of great interest because the
Patched/Smoothened interaction is conserved and commonly disrupted in human
cancers (Rohatgi and Scott 2007).

Knockout of PtdIns4KIIα in mice by Gene Trap does not cause developmental
defects but instead leads to a late-onset neurodegenerative phenotype accompanied
by some loss of cerebellar Purkinje cells and degeneration of spinal cord axons
(Simons et al. 2009). Although mutations in the PtdIns4KIIα gene have yet to be
linked to human disease, the Gene Trap mouse phenotype has marked similarities
with symptoms of hereditary spastic paraplegia (HSP).

The Drosophila PtdIns4KIIIβ homolog four-wheel drive (Fwd) is required for
spermatocyte cytokinesis (Brill et al. 2000). Male fwd null flies are viable but sterile
with multinucleate spermatocytes, a phenotype that is the likely result of failure to
form a proper cleavage furrow during meiosis. Fwd localises to the Golgi in sperma-
tocytes where it is required for the formation of PtdIns4P and membrane organelles
localising to the midzone. A catalytically inactive PtdIns4KIIIβ partially rescues the
fwd mutant, suggesting that the protein probably functions by recruiting DmRab11
that binds Fwd and colocalises with PtdIns4P at the midzone (Brill et al. 2000).

1.6 Conclusions

The products of PtdIns4Ks have assumed great importance in intracellular membrane
traffic, indeed this role currently eclipses the traditional second messenger functions
of D4 PIs in PLC and PI3K signalling pathways. Several clear themes have emerged
from the large body of work that has been enabled by the molecular identification of
the PtdIns4Ks: (i) PtdIns4P plays fundamental roles in membrane traffic by acting as
a specific recruitment and localisation signal, principally in the Golgi complex and
often in concert with small GTPases such as Arf1. This dual localisation code, which
is based on the coincidence of a PI and a GTPase, is able to determine the recruitment
of trafficking machinery to a specific region or domain within an organelle and pro-
mote the formation of membrane carriers from that locus, thereby effecting vectorial
traffic between membranes. In many cases this traffic is constitutive, maintaining
membrane composition and therefore organelle structure and function. (ii) Whilst
many proteins recruited to the Golgi by PtdIns4P are adaptors that recruit cargo, a
class of lipid transfer proteins, the COFs, share a similar mechanism to effect the
non-vesicular traffic of ceramide and complex glycosphingolipids, lipids which play
important roles in the organisation of intra-membrane domains. (iii) Some PtdIns4Ks
may be able to compensate for the loss of each other: although PtdIns4Ks are required
for the acute supply of PIs in processes such as regulated secretion, PLC and PI3K
signalling, the requirement for individual isoforms is less than clear and it seems
that some redundancy exists amongst the PtdIns4Ks; however, this probably occurs
at the level of PtdIns4P and may be dependent on non-vesicular traffic to replenish
distal membrane pools.

Despite the great advances made in recent years, there are still many unanswered
questions: foremost is the role of PtdIns4Ks in agonist-dependent PLC and PI3K
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signalling. The paradox of PtdIns4KIIIα localisation and the apparent redundancy
amongst the PtdIns4K isoforms observed in some experiments (Balla et al. 2008a),
suggest that there is much to be learned about these pathways. The finding that
PtdIns4P is an important determinant of Golgi localisation critical for several funda-
mental trafficking processes has become a central paradigm in cell biology. However,
many as yet uncharacterised proteins contain potential D4 PI-binding domains and
the PtdIns4K isoforms controlling them are unknown.

It has been a long journey for the PtdIns4Ks and it is somewhat ironic that the first
PtdInsK activity to be described in tissue extracts should be the last PtdInsK cloned.
This delay can be largely explained by the technical difficulties experienced when
purifying PtdIns4KII activities and the striking lack of sequence similarity to other
kinases, which made identification difficult. Also, whilst S. cerevisiae was the first
eukaryotic genome to be fully characterised, the sequence data contained nothing
resembling a kinase that could account for the type II activity previously identified
by the Carman lab (Nickels et al. 1992). S. cerevisiae, the system that taught us so
much, therefore held on to its secret till the last (Han et al. 2002). So don’t call it a
comeback: the PtdIns4Ks have been around for years.
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Chapter 2
PIP Kinases from the Cell Membrane
to the Nucleus

Mark Schramp, Andrew Hedman, Weimin Li, Xiaojun Tan
and Richard Anderson

Abstract Phosphatidylinositol 4,5-bisphosphate (PIP2) is a membrane bound lipid
molecule with capabilities to affect a wide array of signaling pathways to regulate
very different cellular processes. PIP2 is used as a precursor to generate the second
messengers PIP3, DAG and IP3, indispensable molecules for signaling events gener-
ated by membrane receptors. However, PIP2 can also directly regulate a vast array of
proteins and is emerging as a crucial messenger with the potential to distinctly mod-
ulate biological processes critical for both normal and pathogenic cell physiology.
PIP2 directly associates with effector proteins via unique phosphoinositide binding
domains, altering their localization and/or enzymatic activity. The spatial and tem-
poral generation of PIP2 synthesized by the phosphatidylinositol phosphate kinases
(PIPKs) tightly regulates the activation of receptor signaling pathways, endocytosis
and vesicle trafficking, cell polarity, focal adhesion dynamics, actin assembly and
3′ mRNA processing. Here we discuss our current understanding of PIPKs in the
regulation of cellular processes from the plasma membrane to the nucleus.

Keywords Cell Migration · mRNA processing · Phosphatidylinositol phosphate
kinase (PIPK) · Phosphatidylinositol 4,5-bisphosphate (PIP2) · Vesicle trafficking

2.1 Introduction

Studies by Hokin and Hokin on exocrine tissue in the 1950s brought to light how
changes in phospholipids could regulate cellular processes (Hokin and Hokin 1953).
Later, discoveries in the 1980s advanced our understanding of how phosphatidyli-
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nositol 4,5-bisphosphate (PIP2) can be utilized by phospholipase C to generate IP3

(Streb et al. 1983), a molecule that mobilizes Ca2+ stores from the endoplasmic
reticulum, and by PI3K to generate PIP3, a signaling molecule initially discovered
downstream of the Src oncoprotein critical for cell proliferation and transformation
(Whitman et al. 1988). In 1985, Lassing and Lindberg discovered that PIP2 could
directly associate with profilactin and profilin (Lassing and Lindberg 1985). These
studies provided the backbone of PIP2 biology and illuminate the importance of PIP2

as a signaling nexus that not only is modified to generate PIP3, DAG and IP3, but can
also directly modulate the activities of an ever growing array of proteins to regulate
virtually every cellular process. The past few years have seen a resurgent interest in
the regulation of PIP2 synthesis. Unlike PIP3, PIP2 levels are relatively high and un-
dergo only small changes in total cellular content upon stimulation (Heck et al. 2007).
However, the spatial and temporal targeting of phosphatidyl-inositol phosphate ki-
nases (PIPKs), the molecules that generate the vast majority of cellular PIP2, via
the actions of its functional protein associates can result in a dramatic and localized
surge in PIP2 levels to coordinate the activation of its regulated signaling pathways
(Doughman et al. 2003b; Honda et al. 1999; Kisseleva et al. 2005; Sasaki et al. 2005).
The findings that PIPK activity is enhanced by Rho andArf family GTPases provided
regulatory mechanisms and clues to the processes that PIP2 generation might affect
(Krauss et al. 2003; Weernink et al. 2004). Perhaps even more surprising, roles for
PIPKs and PIP2 within the nucleus are defining how these molecules can regulate
mRNA processing and gene expression (Mellman et al. 2008). Thus how PIPKs are
regulated has emerged as crucial yet relatively unexplored frontier in molecular bi-
ology that could dramatically impact how we view normal and pathogenic behavior.
This chapter will focus on the role that PIPKs and PIP2 generation play in modulating
signaling pathways and cellular process from the plasma membrane to the nucleus.

2.2 The Enzymes. Sequence, Structure and Enzymology

2.2.1 Sequence and Structure of Phosphatidylinositol Phosphate
Kinases

There are three known families of PIP kinases, type I, II and III, which catalyze
the formation of phosphatidylinositol bisphosphates. Type I PIP kinases contain
three separate genes, α, β and γ, and primarily catalyze phosphorylation of PI4P to
PI4,5P2 (Anderson et al. 1999; Doughman et al. 2003a; Heck et al. 2007; Ishihara
et al. 1996; Jenkins et al. 1991; Loijens et al. 1996; Schill andAnderson 2009b). Type
II PIP kinases, also have three separate genes, α, β and γ, and generate PI4,5P2 by
phosphorylating the 4’OH position of PI5P (Boronenkov andAnderson 1995; Rameh
et al. 1997). First identified in yeast for their function in vacuole morphology, the
most recently discovered type III PIP kinases generate PI3,5P2 by phosphorylating
PI3P (Cooke et al. 1998; Gary et al. 1998; McEwen et al. 1999; Yamamoto et al.
1995). Within this family of kinases are the yeast Fab1p and the human PikFYVE
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(Cabezas et al. 2006; Sbrissa et al. 1999). At ∼ 2200 amino acids the type III PIP
Kinases are much larger in size than type I and II kinases and contain an N-terminal
FYVE domain that allows for association with endosomal compartments (Gary et al.
1998; Odorizzi et al. 1998; Sbrissa et al. 1999;Yamamoto et al. 1995). The conserved
feature of all PIP kinases is ∼ 280 amino acid kinase domain (Ishihara et al. 1996).

2.2.1.1 Sequences of PIP Kinases

There is little conserved sequence among PIPK subtypes, with 60% identity among
PIPKI, 60–77% identity among PIPKII, while PikFYVE and Fab1p only share 20%
identity. Compared to the yeast MSS4p, human type I PIPKs share only 20% identity
even though they catalyze the same reaction and can complement Mss4p deficient
cells (Homma et al. 1998). Little identity is conserved between PIPK subtypes, PIPKI
and PIPKII share less than 30% identity, while type PIPKIII shares less than 20%
identity with human PIPKI and PIPKII. In the C-terminal region of type I, II and
III PIPKs is the kinase homology domain, which is responsible for catalytic activity
and is the only region that shares significant homology between family members
(Anderson et al. 1999; Boronenkov and Anderson 1995; Ishihara et al. 1998; Loijens
et al. 1996). PIPKIα, β and γ are approximately 75–80% identical, PIPKIIα, β and γ
are 66–78% identical, and 41% identity is shared between the PikFYVE and Fab1p
kinase domains. There is ∼ 30% shared identity in the kinase domain between family
members.

While there is little overall sequence conservation among PIPKs, there are highly
conserved regions within the kinase domain that are important for catalytic activity
and substrate recognition. These essential components include the G-loop, catalytic
residues and the activation loop. Deletion of regions N-terminal and C-terminal to
the 280 amino acid kinase domain abrogate activity, indicating the importance of
these regions in maintaining structural integrity (Ishihara et al. 1998). Starting from
the N-terminus, PIPK kinase domains (highlighted in yellow) (Fig. 2.1) contain the
consensus sequence of GxSGS in PIPKI and a conserved IIK, corresponding to a
region found in protein kinases known as the G-loop, which consists of a glycine
patch followed by a downstream lysine that mediates nucleotide binding (Anderson
et al. 1999; Hanks et al. 1988; Heck et al. 2007; Ishihara et al. 1998; Rao et al. 1998;
Saraste et al. 1990). Mutations in this region can inhibit kinase activity. Mutation of
the murine PIPKIα Glycine 124 in the GxSGS consensus to Valine reduced kinase
activity by one third, while mutating the downstream Lysine, K138, to Alanine
completely abolished kinase activity (Ishihara et al. 1998). This Lysine in the IIK
sequence corresponds with Lysine 72 in Protein KinaseA, which together with Mg2+
coordinates the α and β phosphates in ATP. Mutation of K72 also abolishes kinase
activity of PKA and mutation of the corresponding residue abolishes activity of all
PIP kinases (Anderson et al. 1999; Heck et al. 2007; Iyer et al. 2005; Knighton et al.
1991a, 1991b; Rao et al. 1998; Taylor et al. 1992, 1993).

C-terminal to the G-loop are two highly conserved regions responsible for PIPK
catalytic activity (highlighted in magenta) (Fig. 2.1). These are the DLKGS and
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Fig. 2.1 ClustalW multiple sequence alignment for human and yeast PIPK kinase domains.
Conserved regions are highlighted—G-loop (yellow) for ATP binding, catalytic kinase domain
sequences (Magenta), activation loop (cyan). Conserved residues (Red) PIPKIIβ K150, D216,
D278 and D369 are required for PIP kinase activity

MDYSL motifs. The DLKGS motif shows similarity to the HRDLK catalytic se-
quence in PKA, but is not equivalent based on structure (Anderson et al. 1999; Rao
et al. 1998; Yamamoto et al. 1995). However the conserved Aspartate in the DLKGS
motif has been shown to be required for kinase activity in PIPKIβ and PIPKIγ (An-
derson et al. 1999; Narkis et al. 2007). Furthermore, human D253 N mutations in
PIPKIγ that result in an NLKGS sequence lead to lethal contractural syndrome type
3 disease (Narkis et al. 2007). The PKA Aspartate 166 in the HRDLK motif func-
tions as a catalytic base, corresponding to Aspartate 278 within the MDYSL motif
in PIPKIIβ that superimposes on its structure (Krupa et al. 2004; Rao et al. 1998).
Additionally, the catalytic Aspartate 369 in PIPKIIβ, within the (G/A)IIDIL motif,
corresponds to Aspartate 184 in PKA found within a conserved DFG motif. This
region coordinates Mg2+ ions and is required for kinase activity (Heck et al. 2007;
Rao et al. 1998; Zheng et al. 1991). These four conserved residues (K138, D216,
D278 and D369 in PIPKIIβ) in PIPKs are essential for kinase activity.

Finally, at the C-terminus of the kinase homology domain is a region of 20–30
amino acids (highlighted in cyan) (Fig. 2.1), known as the activation loop, responsi-
ble for substrate specificity and PIPK intracellular targeting (Anderson et al. 1999;
Burden et al. 1999; Kunz et al. 2000, 2002; Rao et al. 1998). The activation loop is
common amongst protein kinases (Cox and Taylor 1994; Hanks and Hunter 1995;
Johnson et al. 1996; Rao et al. 1998) and its modification is one means to regu-
late these proteins. The activation loop of PIP kinases begins with the consensus
GIIDIL with the aspartate conserved among other protein kinases, and ending with
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an RF that is conserved in PIP kinases. In experiments where the activation loop of
PIPKIβ and PIPKIIβ were swapped, the specific activity of these chimeric PIP ki-
nases matched its activation loop, for example, PIPKIβ containing the IIβ activation
loop phosphorylated PI5P, while chimeric PIPKIIβ containing the Iβ activation loop
phosphorylated PI4P (Kunz et al. 2000). Additionally, these domain swaps altered
PIPKI targeting (Kunz et al. 2000). Furthermore, specific residues conserved within
PIPKI and PIPKII are essential for specificity. PIPKIIβ A381 to E point mutations
alter substrate specificity from PI5P to PI4P, while the reverse mutation, E362A,
in PIPKIβ allowed for PIP2 synthesis from PI4P and PI5P, demonstrating the im-
portance of this Glutamate in PI4P specificity (Kunz et al. 2002). The role of the
activation loop was further shown through complementation studies in yeast defi-
cient in Mss4p. Yeast cells lacking Mss4p can be rescued by the PIPKIIβ chimera
containing the Iβ specificity loop, thereby restoring type I activity, but not the PIPKIβ
chimera with the IIβ loop (Kunz et al. 2000). There is also a conserved KK motif in
the activation loop found among PIPKs. Mutation of this KK to NN reduced substrate
affinity, while a conservative KK to RR mutation did not alter function (Kunz et al.
2000). This suggests that this KK motif is important for lipid substrate interaction,
but not for recognition of specific PIP isomers.

2.2.1.2 PIP Kinase Structure

Structures have been solved for human PIPKIIβ (PDB ID: 1BO1) and PIPKIIγ (PDB
ID: 2GK9), with publications focusing on PIPKIIβ (Burden et al. 1999; Kunz et al.
2000; Rao et al. 1998). The PIPKIIβ structure reveals a homodimer, with two PIPKIIβ
monomers flush against one another. A set of antiparallel beta sheets and a single
alpha helix form a flat face that allows for membrane association (Burden et al.
1999). Ten basic residues result in a net charge of + 14 on this face; mutation of
three lysines on this face to glutamates (K72/76/78) inhibited lipid binding and
partially inhibited phosphoinositide binding, suggesting the basic face plays a role in
membrane association but is not the only requirement for substrate binding (Burden
et al. 1999). Figure 2.2a, b show that the planar face that interacts with the plasma
membrane consists primarily of a beta sheet and a single helix. Individual monomers
are shown in blue and green, with the basic residues found on the planar face, shown
in red. Figure 2.2c shows the molecules from the side, with the planar face that
interacts with the membrane facing downwards.

The conserved regions of the kinase domain described above are highlighted in
Fig. 2.3. The G-loop (yellow) links two beta strands. The kinase catalytic DLKGS
and MDYSL motifs (shown in magenta) are also in this pocket and the activation
loop (shown in cyan) faces the membrane. The conserved catalytic residues within
PIPKIIβ (K150, D216, D278 and D369) are highlighted in red. The structures of
ATP and the PIPKIIβ substrate, PI5P, were modeled onto the structure (Fig. 2.3b)
(Rao et al. 1998). This reveals a pocket, where the γ phosphate of ATP is oriented
such that it faces the membrane, while PI5P fits such that the four hydroxyl of the
myo-inositol ring faces this phosphate, consistent with PIPKIIβ function (Heck et al.
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Fig. 2.2 PIPKIIβ structure. a, b and c Pymol rendering of the PIPKIIβ structure (PDB: 1BO1).
PIPKIIβ forms a dimer (individual monomers in blue and green). a and b show the planar face that
binds to the membrane, with key basic residues highlighted in red. c shows the side view of PIPKIIβ
dimer, with membrane binding plane shown facing down

2007; Rao et al. 1998). Proposed residues necessary for ATP (133G, 136G, 139F,
148V, 150K, 201T, 203N, 204V, 205F, 278D, 282L, 368I, 369D) (Blue) and PI5P
binding (134R, 218K, 224R, 239K, 278D, 372T) (Red) in the model are shown in
Fig. 2.3b (Rao et al. 1998). The planar face of the dimer allows for the pocket to
interact with the phosphoinositide head group and allow for catalytic activity without
interfering with membrane structure.

2.2.2 Enzymology of PIPKs

The basic reaction catalyzed by PIP kinases is the ATP-dependent phosphorylation
of phosphatidylinositol monophosphates to produce phosphatidylinositol bisphos-
phates (Heck et al. 2007). The substrate specificity of PIPKI, II and III was discovered
through kinase activity on purified phosphatidylinositol phosphates from biological
sources and synthetic phosphoinositides. These studies identified the primary sub-
strate activity of PI4P for PIPKI, PI5P for PIPKII and PI3P for PIPKIII (Bazenet
et al. 1990; Cabezas et al. 2006; Rameh et al. 1997; Sbrissa et al. 1999; Zhang
et al. 1997). However, the PIP kinases can also utilize other PIP substrates with
lower activity. For example, PIPKIs can phosphorylate PI3P to produce PI3,4P2, and
subsequently PI3,4,5P3, or PI3,5P2 (Tolias et al. 1998; Zhang et al. 1997). While
the PIPKI affinity for PI3P is similar to PI4P, the reaction rate is higher for PI4P
(Zhang et al. 1997). Similarly, PIPKII can also catalyze the phosphorylation of PI3P
to PI3,4P2 but is not the preferred substrate (Rameh et al. 1997). Finally, PIPKIII has
been reported to generate PI5P from PI (Sbrissa et al. 1999; Shisheva et al. 1999).
Though the enzymes can make multiple products, the in vivo importance of enzyme
specificity can be observed through yeast complementation studies. Yeast deficient
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Fig. 2.3 PIPKIIβ structure. a and b Pymol rendering of PIPKIIβ highlighting conserved regions—G
loop (yellow), catalytic kinase domain sequences (magenta) and activation loop (cyan). Conserved
residues required for PIP kinase activity are shown in red (PIPKIIβ K150, D216, D278 and D369).
Highlighting residues believed to mediate ATP (blue) and PI5P (red) binding on PIPKIIβ structure

in MSS4p can be rescued using human PIPKI but not PIPKII (Homma et al. 1998),
while yeast deficient in Fab1p can only be rescued by human PIPKIII (McEwen et al.
1999). However, the function of substrate diversity for each kinase in vivo has not
been examined closely.

The activity of PIP kinases is regulated by a variety of stimuli, including lipids,
proteins and post-translational modifications. Following their initial purification,
phosphatidic acid was shown to enhance PIPKI kinase activity (Jenkins et al. 1994;
Moritz et al. 1992a, b). More recently, phosphorylation has been shown to regulate
PIPKs. Activation of Protein Kinase A (PKA) resulted in phosphorylation of PIPKIα
on Serine 214 in the kinase domain, reducing activity, and activation of PKC via
LPA treatment reduced PIPKIα phosphorylation and enhanced kinase activity (Park
et al. 2001). Also, PKD can phosphorylate the activation loop of PIPKIIα at Thr
376, and mutation of this site reduced kinase activity (Hinchliffe and Irvine 2006).
Phosphorylation of PIPKs does not always affect kinase activity as Casein Kinase
(CK) II phosphorylation of PIPKIIα at Ser304 affects localization, but not kinase
activity (Hinchliffe et al. 1999a, b). PIPKI and PIPKIII also have protein kinase
activity, as these enzymes can auto-phosphorylate, reducing enzyme activity (Itoh
et al. 2000; Sbrissa et al. 2000). Protein-protein interactions are also critical regulators
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Fig. 2.4 PIPKs are recruited to intracellular compartments by PIP2-effector proteins. 1 PIPKs
interact with proteins that mediate their localization within the cell. 2 Once at a specific site, PIPKs
generate PIP2. 3 The interacting proteins that targeted PIPKs to specific sites are then modulated
by the newly synthesized PIP2. 4 The activated PIPK effectors regulate various cellular processes

of PIP kinase activity. Interactions with GTPases and specific proteins such as Talin
and adaptor protein (AP) complexes have been shown to enhance PIPK activity
(Di Paolo et al. 2002; Krauss et al. 2006; Weernink et al. 2004). The roles of
phosphorylation and protein-protein interactors in regulating PIPK activity will be
described in detail later.

The unique sequences in PIPKs allow for specific interactions with proteins that
serve to target PIPKs to specific compartments. Often, these same interacting pro-
teins are PIP2 effectors (Heck et al. 2007). These protein-protein interactions target
PIP kinases to specific compartments to generate a local pool of PIP2, which can
then regulate the activity of its effectors. This hypothesis is illustrated in Fig. 2.4.
Multiple examples of regulation of PIP kinase targeted PIP2 production have been
demonstrated with diverse roles in cell-adhesion, migration, protein trafficking and
nuclear signaling.

2.3 Membrane Associated PIPKs Drive Cell Migration and
Vesicle Trafficking

2.3.1 PIPKs Help Regulate Directional Migration

Cell migration is a critical process for normal development, wound healing, cell
survival and immunological responses, but can also have deleterious effects as evi-
denced by its role seen in metastatic tumor formation. Cell migration requires a tight
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coordination of many molecular biological processes, including the establishment
of cell polarity, the organized formation and turnover of adhesive structures and a
regulated control of dynamic cytoskeletal rearrangements (Fig. 2.5a). Regulation of
these processes produces the well-characterized migration pattern defined by a con-
tinuous cycling between membrane protrusions at the leading cell front, anchoring
of the newly formed front, the rolling of the cell body forward, and the release of
posterior adhesions to retract the trailing cell membrane. Many signal transduction
pathways can influence these processes in large part due to their ability to regulate
the spatio-temporal generation of the key lipid messenger, PI4,5P2, herein referred
to as PIP2.

2.3.1.1 PIPKs Regulate PIP2 Synthesis at the Leading Edge to Drive
Membrane Protrusion

In 1985 Lassing and Lindberg discovered that PIP2 specifically interacts with pro-
filin, thus starting a long and multifaceted look at the role of phosphoinositides in
migration and invasion (Lassing and Lindberg 1985). Since then, PIP2 has been
shown to directly bind many actin-associated proteins that both directly and indi-
rectly regulate the cellular cytoskeletal machinery (Yin and Janmey 2003). Increased
PIP2 levels promote actin polymerization, whereas a decrease results in actin dis-
assembly. PIP2 controls actin polymerization at many levels, including inactivating
proteins involved in actin severing or depolymerization as well as enhancing actin
polymerization, branching and bundling (Sechi and Wehland 2000; Takenawa and
Itoh 2001). During cell migration, rampant F-actin synthesis at the migrating front
pushes the cell membrane forward (Fig. 2.5) resulting in the formation of subcellular
structures including membrane ruffles, lamellipodia, microvilli, motile actin comets,
filopodia, microspikes and dorsal ruffles (Janmey and Lindberg 2004; Nicholson-
Dykstra et al. 2005). All of these membranous protrusions have been observed in
different cell types overexpressing type I PIPKs, a family of kinases responsible for
the vast majority of PIP2 produced in a cell (Honda et al. 1999; Matsui et al. 1999;
Rozelle et al. 2000; Shibasaki et al. 1997;Yamamoto et al. 2001). Using GFP-tagged
PH domains or antibodies that specifically recognize PIP2, this lipid messenger was
found to concentrate in dynamic, actin-rich regions of the cell (Tall et al. 2000).

PIP2 plays a multifaceted role in regulating F-actin dynamics at these protrusive
cell fronts. PIP2 directly binds gelsolin, a capping protein found at the barbed end of
F-actin filaments, blocking its association with F-actin thereby inducing a rapid and
local actin polymerization (Niggli 2005). The association of PIP2 with profilin frees
up actin monomers so that they can be incorporated into the growing filaments (Lam-
brechts et al. 2002; Skare and Karlsson 2002). Using in vitro actin co-sedimentation
assays, PIP2 was shown to attenuate the association between F-actin and cofilin, an
actin-severing and depolymerizing factor (Gorbatyuk et al. 2006). However, cofilin
activity enhances migration (Sidani et al. 2007). The hydrolysis of PIP2 by Phos-
pholipase C (PLC) releases and activates a distinct membrane-bound pool of cofilin,
triggering the formation of membrane protrusions and the establishment of a lead-
ing edge (van Rheenen et al. 2007). A localized activation of cofilin enhances the
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Fig. 2.5 PIPKs are involved in multiple processes associated with cell migration. a PIPKs are
integral components at each step in the migration process. Cell migration involves a continuous
cycle of membrane protusion, adhesion formation and maturation at the leading edge, adhesion
disassembly (mediated by PIPKIβ) at the trailing edge and contractile forces to pull the cell body
forward. bAt the leading edge, PIPKIα regulates Rac and Cdc42 to initiate F-actin synthesis. PIPKIγ
isoforms are involved in the trafficking of proteins to the leading edge, the assembly of proteins
that mediate adhesions and the maturation of these adhesions to induce acto-myosin contractions
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number of F-actin barbed ends, setting a site for membrane protrusion, however,
curtailing that activity is also required to promote enhanced filament formation and
actin bundling required to push the membrane forward. The dynamic interplay be-
tween actin severing and F-actin synthesis is further observed in the association of
PIP2 with villin. PIP2 binding to villin differentially regulates the protein’s activities,
inhibiting its actin severing and capping activity while enhancing its ability to bundle
actin (Kumar and Khurana 2004; Kumar et al. 2004).

While uncovering roles for PIP2 in regulating actin-associated proteins has been
widely successful, defining the specific proteins involved in its synthesis during cell
migration has been less concrete. PIPKIα is recruited to membrane ruffles and in-
creases PIP2 levels in response to EGF and PDGF (Fig. 2.5b) (Doughman et al.
2003b; Honda et al. 1999). Depletion of PIPKIα in mouse embryo fibroblasts blocks
cell migration, and PIPKIα-deficient mast cells display atypical actin organization
(Kisseleva et al. 2005; Sasaki et al. 2005). Both PIPKIα and PIPKIβ have been shown
to directly bind Rac1, a member of the Rho family of small GTPases that help regulate
actin-cytoskeletal dynamics (Hall and Nobes 2000), and are thus thought to be Rac1
effectors (Weernink et al. 2004). PIPKIα is targeted to lamellipodia and its presence
within signaling cascades that include Rho-GTPases is widely known (Doughman
et al. 2003b). In addition, the uncapping of actin filaments in cells expressing a
constitutively active mutant of Rac1 could be blocked by the overexpression of a
dominant negative mutant of PIPKIβ but not a kinase-dead mutant of PIPKIα (To-
lias et al. 1998, 2000). However, conflicting evidence fails to define whether PIPKIα
is upstream or downstream of these proteins. Mutations in the PIPKIα binding region
on Rac1 prevents translocation to the plasma membrane and fails to activate down-
stream signaling responses to integrin-mediated adhesion (Del Pozo et al. 2002). A
more recent report shows that PIPKIα regulates Rac1 activation and downstream
F-actin assembly, focal adhesion formation and directed migration (Chao et al.).
Other reports identify PIPKIα as an effector of Rho-GTPases downstream of G
protein-coupled and growth factor receptor activation (Chatah and Abrams 2001).
GTPase activation is facilitated by guanine-nucleotide exchange factors (GEFs) that
are often activated by phosphoinositides including PIP2 (Di Paolo and De Camilli
2006). However, effectors of GTPases are often the PIPKs that generate phospho-
inositides (Di Paolo and De Camilli 2006). This positive feedback loop results in
the generation of membrane domains enriched for specific phosphoinosites. Oude
Weernink et al. have shown that all type I PIPK isoforms can associate with RhoA
and Rac1 but not Cdc42, another Rho family GTPase (Weernink et al. 2004). How-
ever, Cdc42 can stimulate PIP5K activity (Weernink et al. 2004). The concomitant
stimulation of neuronal Wiskott-Aldrich syndrome protein (N-WASP) by Cdc42 and
PIP2 increases actin filament nucleation and F-actin synthesis via activation of the
actin-related protein 2/3 complex (Arp2/3) (Prehoda et al. 2000).

2.3.1.2 PIPKIγ Regulates the Formation and
Maturation of Integrin-mediated Contacts

Following membrane protrusion at the migrating front, the cell anchors this region to
the underlying matrix via the formation of specialized adhesive structures, including
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focal adhesions, focal complexes, podosomes, invadopodia and hemidesmosomes
(Fig. 2.5) (Broussard et al. 2008; Webb et al. 2002). Cell migration requires a tight
coordination of the formation/turnover of these structures (Webb et al. 2002). Focal
adhesions are large, multi-protein complexes that physically link the cellular cy-
toskeleton to the extra-cellular matrix (ECM). Their formation generally involves
integrin molecules and is dependent on PIP2 (Ling et al. 2002). Many of the proteins
required for focal contact formation, such as α-actinin, vinculin, talin and ezrin,
are positively regulated by PIP2 (Ling et al. 2006). PIPKIγi2 is required for EGF-
stimulated directional migration and is phosphorylated by the EGFR and Src within
its C-terminus (Sun et al. 2007). PIPKIγi2 phosphorylation modulates an association
with talin, facilitating its assembly into dynamic adhesive complexes at the leading
edge (Ling et al. 2002, 2003). Talin is a scaffolding protein that can bind both β
integrin, resulting in its activation and engagement to the ECM, and F-actin or vin-
culin at nascent adhesions (Nayal et al. 2004). Furthermore, talin binds PIP2 and
this interaction is required for targeting talin to nascent contacts and enhancing its
association with β integrin (Ling et al. 2002; Martel et al. 2001). Expression of a
PIP2-specific PH domain blocked the membrane localization of talin essential for
focal adhesion maintenance (Martel et al. 2001). In addition, a local enrichment of
PIP2 enhances vinculin assembly into newly formed focal contacts (Chandrasekar
et al. 2005). PIP2 binding to vinculin disrupts its auto-inhibition, exposing protein
binding domains that mediate actin and talin association (Bakolitsa et al. 2004).
Additionally, PIP2 binding to vinculin exposes a proline rich domain resulting in a
vinculin/VASP association that recruits profilin/G-actin or Arp2/3, facilitating their
assembly into nascent contacts and enhancing F-actin nucleation and synthesis (De-
Mali et al. 2002; Millard et al. 2004). This suggests that PIPKIγi2 is recruited to
newly forming contacts and the generation of PIP2 aides their maturation. The result
is a rigid adhesive complex that strengthens the cell infrastructure, a critical step in
migration as contractile forces use these anchors to pull a cell in the direction of
migration.

2.3.1.3 Trafficking of Integrin-containing Vesicles to the Leading Edge Is
Mediated by PIPKIγ and PIP2

Coordinated cell migration requires the trafficking of newly synthesized and endo-
cytosed proteins to the leading edge (Caswell and Norman 2006; Prigozhina and
Waterman-Storer 2004; Schmoranzer et al. 2003). Impairment of the endocytosis,
trafficking and exocytosis of integrins drastically impairs the establishment of polar-
ity and directionality of cell migration (Tayeb et al. 2005; Zovein et al.). Furthermore,
PIP2 generation is required for vesicular trafficking (Wenk and De Camilli 2004).

PIPKIγ knockout studies have revealed vesicle trafficking defects both at the
plasma membrane and in endosome-like structures in neuronal cells (Di Paolo et al.
2004; Wenk et al. 2001). Furthermore, several studies define a pivotal role for the ex-
ocyst protein complex in the polarized trafficking of transmembrane proteins during
cell polarization and migration (Letinic et al. 2009). The exocyst complex consists
of eight subunits and facilitates the exocytosis of post-Golgi and endocytic recycling
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endosomes (including integrin-containing vesicles) to regions of rapid membrane
expansion, such as occurs in migrating cells (Yeaman et al. 2001). Depletion of
exocyst complex components inhibits wound healing and migration (Rosse et al.
2006). Rab11 and Arf6, two small GTPases that regulate PIPKs, also regulate the
exocyst complex and integrin trafficking (Oztan et al. 2007). Furthermore, at least
two exocyst subunits, Sec3 and Exo70, bind PIP2 via conserved basic residues in
their C-termini (Liu et al. 2007). PIPKIγi2 is able to associate with the exocyst
complex and regulate the trafficking of integrin molecules in migrating cells (un-
published data). PIPKIγ could play a role in the assembly of the exocyst complex
onto vesicles (Fig. 2.5). In epithelial cells, PIPKIγi2 is required for the basolateral
sorting and endocytosis of E-cadherin via the AP1B and AP2 adaptor protein (AP)
complexes respectively (Ling et al. 2007). This occurs by a novel mechanism where
PIPKIγ interacts directly with E-cadherin at regions within the PIP kinase domain
and then recruits specific AP complex subunits through interactions within its unique
C-terminus. This may be a mechanism for regulation of both cell adhesion and mi-
gration. In addition, a localized generation of PIP2 may be important for vesicle
fusion at the plasma membrane (Fig. 2.5). PIP2 and type PIPKI activity have been
shown to be critical during Ca2+-activated secretion of large dense-core vesicles
(Hay et al. 1995). A critical player in this process, synaptotagmin, binds PIP2 via
C2 domains and mediates membrane fusion (Bai et al. 2004). Furthermore, Gong
et al. showed that chromaffin cells taken from the adrenal gland of PIPKIγ –/– mice
displayed a defect in the readily releasable pool of vesicles containing catecholamine
and a delay in fusion pore expansion (Gong et al. 2005). Both Sec3 and Exo70 were
shown to bind PIP2 at the plasma membrane in yeast, a critical interaction for normal
exocytosis and maintenance of cell morphology (He et al. 2007; Zhang et al. 2008).

2.3.1.4 Rear Retraction of the Cell Requires the Dissociation and
Internalization of Integrin and Acto-myosin Contractility

During cell migration, new adhesions are formed along the protruding edge. Their
maturation develops a focal point used to generate of forces required to push the
membrane in the direction of migration. In addition, the maturation of focal adhe-
sions stabilizes forces used to pull the rear of the cell forward. Overexpression of
type I PIPKs has been shown to induce the formation of F-actin stress fibers, though
the formation of actin-based protrusions is inhibited at the cell rear (Shibasaki et al.
1997; Yamamoto et al. 2001). Instead, rear retraction occurs at least in part through
RhoA-regulated acto-myosin contractility (Yoshinaga-Ohara et al. 2002). In fibrob-
lasts, integrin-mediated adhesion to fibronectin results in a rapid increase in PIP2

synthesis and previous work has shown that PIPKIγ interacts with RhoA resulting in
enhanced PIP2 production (Fig. 2.5) (Weernink et al. 2004). Lokuta et al. show that
PIPKIγi2 is enriched in the uropod of directionally migrating neutrophils (Lokuta
et al. 2007). Overexpression of a kinase-inactive mutant of PIPKIγi2 compromised
uropod formation and retraction of the cell rear (Lokuta et al. 2007). When bound
to GTP, RhoA can signal through ROCK to initiate acto-myosin contractility via its
ability to enhance the phosphorylation of the myosin light chain both directly and
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indirectly through MLCK (Schramp et al. 2008). ROCK also plays a critical role
in the RhoA-mediated activation of PIP5 K to synthesize PIP2, a signaling pathway
utilized during neurite remodeling (van Horck et al. 2002; Yamazaki et al. 2002).

In addition, focal contacts at the rear of the cell need to be disassembled. A pre-
vailing theory of cell migration adheres to the idea that disassembled adhesions are
internalized via endocytosis and recycled to the protruding edge where they once
again are utilized in the formation of nascent adhesions (Pierini et al. 2000). The
protease calpain, FAK, phosphatases and kinases that regulate FAK, microtubules
and dynamin 2 have all been shown to regulate focal adhesion disassembly (Brous-
sard et al. 2008; Burridge et al. 2006; Ezratty et al. 2005; Franco et al. 2004). All
three isoforms of type I PIPKs have been implicated in clathrin-mediated endocy-
tosis (Franco and Huttenlocher 2005). Recently, Chao et al. showed that PIPKIβ is
required for b1 integrin uptake and adhesion turnover during cell migration (Chao
et al.). Localized PIPK recruitment and PIP2 formation can recruit molecules that di-
rectly regulate endocytosis to the plasma membrane and modulate proteins involved
in the inactivation of focal adhesions (Fig. 2.5). PIP2 can directly bind many endo-
cytic clathrin adaptors, including AP-2, AP180 and epsin (Qualmann et al. 2000).
Clathrin adaptor components and dynamin become enriched at focal adhesion sites
prior to internalization (Chao and Kunz 2009; Ezratty et al. 2005). Loss of PIPKIβ
blocked the assembly of clathrin adaptors at adhesion plaques and prevented an as-
sociation between dynamin and FAK, an interaction required for endocytosis (Chao
et al.). Interestingly, in addition to its role in promoting F-actin synthesis at nascent
contacts, a role for vinculin in promoting focal adhesion disassembly is also emerg-
ing. The introduction of a vinculin mutant unable to bind PIP2 into mouse melanoma
cells repressed its translocation from the membrane to the cytosol and blocked the
disassembly of focal adhesions, cell spreading and migration (Chandrasekar et al.
2005). Calpain is another PIP2 regulated protein that directly mediates focal adhe-
sion disassembly (Franco and Huttenlocher 2005; Franco et al. 2004). Calpain is a
protease that can cleave adhesion proteins including talin, vinculin, paxillin and β
integrin and is required for focal adhesion turnover and cell migration (Franco and
Huttenlocher 2005; Franco et al. 2004). However, the activation cues to signal these
processes remain to be fully uncovered.

PIPKs are proving to be integral components in helping regulate the many pro-
cesses required for cell migration. The existence of multiple PIPK isoforms may
enable cells to coordinate PIP2 synthesis at specific sites to regulate the forces that
induce membrane protrusion, the trafficking events that localize proteins at the lead-
ing edge, the assembly, maturation and endocytosis of adhesions and the forces
generated to retract the trailing rear of the cell.

2.3.2 PIP Kinases in Adaptor Protein Complex Assembly and
Protein Trafficking

In the past decade, considerable evidence has demonstrated that PIPKs and their
lipid biproducts, PIP2, are actively involved in various protein trafficking processes.
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Table 2.1 Adaptor complexes
consist of different subunits AP complex Subunits

AP-1A β1, γ, σ1, μ1A
AP-1B* β1, γ, σ1, μ1B
AP-2 β2, α, σ2, μ2
AP-3A β3A, δ, σ3, μ3A
AP-3B* β3B, δ, σ3, μ3B
AP-4 β4, ε, σ4, μ4

*Tissue specific AP complexes

Among these, the most widely characterized is the role of PIPKs in clathrin-mediated
endocytosis and endosomal recycling, both of which are dependent onAP complexes.
PIPKs directly bind AP complexes and their ability to synthesize a localized pool
of PIP2 results in AP complex assembly and activation. Here we will summarize
how PIPKs regulate different AP complexes to modulate distinct protein trafficking
processes.

2.3.2.1 AP Complexes

AP complexes are indispensible components of clathrin-coated vesicles in the endo-
cytic and post-Golgi trafficking pathways. AP complexes not only link clathrin to the
membrane, but also determine the specificity of cargo selection at various membrane
compartments (Nakatsu and Ohno 2003; Ohno 2006). To date, four ubiquitously
expressed AP complexes (AP-1A, AP-2, AP-3A, and AP-4) have been identified
(Dell’Angelica et al. 1999; Nakatsu and Ohno 2003), with two additional complexes,
AP-1B and AP-3B, found specifically in epithelial and neuronal cells respectively
(Fölsch et al. 1999; Nakatsu and Ohno 2003; Ohno 2006). Each AP complex consists
of two large adaptin subunits, one derived from the β-class (β1-4) and one of γ, α, δ or
ε, together with one medium subunit (μ1-4) and one small subunit (σ1-4) (Table 2.1)
(Jackson 1998; Ohno 2006). In each AP complex, the large adaptin subunits are
responsible for membrane association through PIP2 (Gaidarov et al. 1999; Ohno
2006; Rohde et al. 2002). The μ subunit determines specific cargo selection, while
the β subunit is required for clathrin recruitment (Ohno 2006). Therefore, different
AP complexes direct distinct cargo proteins at the membrane surface of vesicles
(Fig. 2.6).

2.3.2.2 PIP Kinases in Regulation of AP Complex Assembly

Recent studies have demonstrated that PIP kinases are involved in clathrin-mediated
vesicle trafficking at the plasma membrane. PIPKs have been found to directly bind
AP complexes, regulatingAP complex assembly and the formation of clathrin-coated
pits. Here we will discuss how PIPKs regulate protein trafficking at the plasma
membrane through specific interactions with AP complexes.
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Fig. 2.6 AP complexes mediate endocytic and post-Golgi trafficking. Different AP complexes
are involved in clathrin-mediated protein trafficking between different compartments. PIPKIγi2
interacts with AP-1B and AP-2 complexes, modulating basolateral transport and endocytosis

E-cadherin maintains epithelial cell morphology by forming adherens junctions
(AJs) with adjacent cells. The amount of E-cadherin on the plasma membrane di-
rectly determines the strength of AJs (Yap et al. 2007). In addition to E-cadherin
gene expression, post-translational regulations such as exocytosis, endocytosis, re-
cycling and lysosomal degradation have also been implicated as important factors
affecting the stability of AJs (Schill and Anderson 2009a). Furthermore, PIP2 has
been shown to be an essential regulator of different E-cadherin trafficking processes
(Schill and Anderson 2009a). PIPKIγ directly binds all type I classical cadherins
and colocalizes with E-cadherin in epithelial cells (Akiyama et al. 2005; Ling et al.
2007). Specifically, PIPKIγi2 has been found to regulate AJ assembly by modulating
E-cadherin trafficking between endosomes and the plasma membrane (Ling et al.
2007). Expression of wild-type PIPKIγi2 promotes both internalization and recy-
cling of E-cadherin, while a kinase dead mutant of PIPKIγi2 inhibits both of these
processes (Ling et al. 2007), indicating that phosphoinositide generation is required
for E-cadherin trafficking.

PIPKIγi2 can directly associate with both E-cadherin and the μ1B subunit of AP-
1B (Ling et al. 2007), suggesting that it could act as a scaffold to link these proteins
(Fig. 2.7). Within the unique PIPKIγi2 C-terminus is the sequence YSPL, Yxxφ
tyrosine-sorting motif (x represents any and φ represents a bulky hydrophobic amino
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Fig. 2.7 PIPKIγi2/AP-1B interaction regulates E-cadherin trafficking. PIPKIγi2 interacts with the
μ1B subunit of AP-1B through the Yxxφ motif in the C-terminus and recruits E-cadherin via the
kinase domain. Additionally, PIPKIγi2-generated PIP2 assembles PIP2-interacting proteins of the
AP-1B and clathrin vesicle complexes at specific sites

acid) recognized by the μ1B subunit of AP-1B (Bairstow et al. 2006; Bonifacino and
Traub 2003; Ling et al. 2007; Sugimoto et al. 2002). It has been demonstrated that
the PIPKIγi2YSPL sequence is responsible for the μ1B interaction, as a mutation of
tyrosine to a phenylalanine disrupted their interaction and subsequently decreased the
association between E-cadherin and μ1B (Ling et al. 2007). Interestingly, PIPKIγi2
also binds to the β2 subunit of AP-2 (Nakano-Kobayashi et al. 2007). Whether the
PIPKIγi2/AP-2 interaction is also involved in E-cadherin trafficking is not clear.

Current evidence supports a model where PIPKIγi2 acts as both a scaffold and di-
rect regulator of complex assembly through the generation of PIP2 during E-cadherin
trafficking to the plasma membrane (Fig. 2.7). The μ subunit of the AP complex is
the predominate molecule mediating selection through a direct interaction with cargo
proteins (Ohno 2006; Sugimoto et al. 2002). However, PIPKIγi2 could function as
a scaffold protein that links E-cadherin to the μ1B subunit of the AP-1B complex.
At the same time, PIPKIγi2 also functions by temporally and specifically producing
PIP2, which in turn recruits and regulates AP complex proteins and other compo-
nents of the clathrin-coated vesicle. Certain patients suffering from hereditary diffuse
gastric cancer have been found to contain a mutation within the PIPKIγi2-binding
site in the C terminus of E-cadherin (Yabuta et al. 2002; Ling et al. 2007). The
mutated E-cadherin shows inhibited interaction with PIPKIγi2, and localizes mostly
to cytoplasmic compartments rather than the plasma membrane, losing the ability to
form AJs (Ling et al. 2007; Suriano et al. 2003; Yabuta et al. 2002). These results
underscore the role of PIPKIγi2 in E-cadherin trafficking to the plasma membrane.
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Fig. 2.8 PIPKIγi2/AP2 interaction modulates endocytosis. a PIPKIγi2 directly interacts with the
AP-2 complex through multiple sites. b PIPKIγi2 facilitates clathrin-AP-2-mediated endocytosis of
Yxxφ-motif-containing cargos. Activated Arf6 recruits and activates PIPKIγi2, leading to PI4,5P2

generation, which in turn recruits AP-2 (1). Dephosphorylation of PIPKIγi2 by calcineurin or an-
other upstream molecule (2) induces PIPKIγi2-binding to the Ear domain of the β2 subunit of
AP-2, further activating PIPKIγi2 (3). Conformational change in μ2 caused by Thr156 phosphory-
lation (4) promotes cargo binding (5) to μ2 throughYxxφ motif with the help of PI4,5P2. This results
in μ2 binding to and activating the PIPKIγi2 kinase domain (6). Clathrin-engagement to AP-2 dis-
rupts PIPKIγi2 association with the β2 subunit (7). PI4,5P2 accumulation in step 1, 3, and 6 recruits
proteins involved in clathrin vesicle formation. PIPKIγi2 is removed from AP-2 by phosphorylation
at Ser645 or other unidentified mechanisms before maturation of the clathrin-coated vesicle (8).
c PIPKIγi2 may enhance clathrin-AP-2-mediated endocytosis of Yxxφ-independent cargos. Con-
formational change in μ2 caused by Thr156 phosphorylation (4) promotes PIPKIγi2 association
with μ2 through one of the two Yxxφ motifs in the C-terminus of PIPKIγi2 (5), which may in turn
enhance the interaction between PIPKIγi2 kinase domain and the μ2 subunit (6).Yxxφ engagement
to μ2 may allow cargo selection through Yxxφ-independent mechanisms (7). Clathrin-binding to
β2 (8) might facilitate these processes

During clathrin-mediated endocytosis, PIPKIγi2 regulates AP-2 complex assem-
bly by directly binding multiple subunits in the AP-2 complex (Fig. 2.8a). The kinase
domain of PIPKIγi2 binds to the μ2 subunit, an association that does not block cargo
engagement to μ2 (Krauss et al. 2006). In this situation, cargo proteins bind to μ2
through tyrosine or dileucine sorting motifs. This interaction can then potentially
activate PIPKIγi2 activity (Kahlfeldt et al. 2010; Krauss et al. 2006). In addition to
this, the tyrosine-based sorting motif (641SWVYSPL647) within the PIPKIγi2 spe-
cific C-terminal tail has also been found to directly bind to the μ2 subunit of AP-2
(Bairstow et al. 2006). A recent study discovered another tyrosine-based sorting motif
(495RSYPTLED502) within the C terminus of PIPKIγi2 that can bind to the μ2 subunit
(Kahlfeldt et al. 2010). Moreover, the C-terminal tail of PIPKIγi2 can also interact
with the β2 subunit of AP-2, enhancing PIPKIγi2 activity (Kahlfeldt et al. 2010;
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Nakano-Kobayashi et al. 2007; Thieman et al. 2009). Where PIPKIγi2 interacts with
the AP-2 complex is believed to mediate the formation of different clathrin-coated
vesicles that regulate the trafficking of various cargo proteins (Kahlfeldt et al. 2010;
Kwiatkowska 2010).

The PIPKIγi2/AP-2 interaction is subject to regulation by phosphorylation of the
PIPKIγi2 C-terminus. Src-mediated phosphorylation of PIPKIγi2 at Tyr644 (Tyr 649
in the human isoform) inhibits its interaction with the μ2 subunit (Bairstow et al.
2006; Ling et al. 2003) and based on crystallographic data could impair PIPKIγi2
binding to the β2 subunit (Kahlfeldt et al. 2010). In addition, phosphorylation of
PIPKIγi2 at Ser645 (Ser650 in the human isoform) by cyclin-dependent kinase-5
(Cdk5) diminishes PIPKIγi2 interaction with the β2 subunit (Nakano-Kobayashi
et al. 2007; Thieman et al. 2009), while dephosphorylation of PIPKIγi2, possibly
by calcineurin upon plasma membrane depolarization, enhances this binding affinity
in clathrin-mediated endocytosis at the presynapse (Nakano-Kobayashi et al. 2007).
Interestingly, it has been shown that phosphorylation of either Tyr644 or Ser645
inhibits the phosphorylation of the other (Lee et al. 2005). Therefore, dephosphory-
lation of both Tyr644 and Ser645 promotes PIPKIγi2 interaction with both β2 and μ2,
while Tyr644 phosphorylation alone inhibits this interaction and Ser645 phosphory-
lation alone might increase PIPKIγi2 binding to the μ2 subunit. As clathrin competes
with PIPKIγi2 for the same binding site in the β2 subunit (Thieman et al. 2009), a
PIPKIγi2 binding switch from β2 to μ2 via phosphorylation changes of Tyr644 and
Ser645 might occur during AP-2 complex assembly (Kwiatkowska 2010).

PIPKIγi2-mediated PIP2 generation recruits AP-2 complex components
(Fig. 2.8b) (Höning et al. 2005). Dephosphorylation of PIPKIγi2 by upstream signals
triggers its binding to the Ear domain of the β2 subunit, which activates PIPKIγi2 to
produce PIP2. In the presence of PIP2, phosphorylation of μ2 subunit atThr156 causes
a conformational change that favors cargo engagement through tyrosine sorting mo-
tifs (Höning et al. 2005; Olusanya et al. 2001). Although cargo association with μ2
subunit via acidic dileucine motifs is not enhanced by the Thr156-phosphorylation-
mediated conformational change, the μ2 subunit has the highest affinity towards
both cargo signals when PIP2 is present (Höning et al. 2005). Cargo engagement
induces μ2 to interact with the kinase core domain of PIPKIγi2 enhancing its ac-
tivity. Dynamic PIP2 production recruits other proteins, such as AP180, epsin and
dynamin-2, to facilitate the formation of the clathrin-coated vesicles during endocy-
tosis. It is noteworthy that although PIPKIγi2 plays important roles in clathrin-AP-2
complex assembly, it is not enriched in clathrin-coated vesicles (Thieman et al. 2009;
Wenk et al. 2001), suggesting that PIPKIγi2 functions in the dynamic assembly of
AP-2 complex and clathrin-coated pits, but it is not a component of mature vesicles.
Clathrin binding to the β2 subunit has been found to eliminate PIPKIγi2 association
with β2 through the C-terminus (Thieman et al. 2009), yet whether this removes
PIPKIγi2 from the AP complex or only causes a binding switch of PIPKIγi2 from
β2 to μ2 still needs to be determined.

An alternative hypothesis is that PIPKIγi2 Yxxφ motifs associates with μ2 like a
cargo protein (Kahlfeldt et al. 2010; Kwiatkowska 2010) (Fig. 2.8c). This alternative
Yxxφ/μ2 interaction might provide a mechanism forYxxφ sorting motif-independent
cargo selections. Yxxφ/μ2 interactions have been suggested to facilitate μ2 interac-
tions with the kinase core domain of PIPKIγi2 and activate PIPKIγi2 (Kahlfeldt et al.
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2010; Kwiatkowska 2010). Kahlfeldt et al. showed that PIPKIγi2 activity could be
increased when purified μ2 and the C-tail of PIPKIγi2 were incubated with cell
lysates containing overexpressed PIPKIγi2. However, it is possible that the PIPKIγi2
C-terminus mimicks the effects of a cargo protein like EGFR, as they did not see
any increase in PIPKIγi2 activity when the lysates were incubated with μ2 alone
(Kahlfeldt et al. 2010). Although evidence shows that PIPKIγi2 can interact with
μ2 through either the kinase core domain or through one of the two Yxxφ motifs
(Bairstow et al. 2006; Kahlfeldt et al. 2010), whether the μ2-PIPKIγi2 complex
alone can lead to PIP kinase activation in vivo or whether inhibiting the μ2 asso-
ciation with the PIPKIγi2 C-terminus impairs PIPKIγi2 functions in AP-2 complex
assembly is not clear. Future studies are needed to understand how the interaction
between μ2 and theYxxφ motifs in the C-terminus of PIPKIγi2 correlates withYxxφ
sorting motif-independent cargo selections.

2.4 Nuclear Localized PIPKs Regulate Gene Expression and
mRNA Processing

2.4.1 Nuclear PIP Kinases and Phosphoinositides

Much as how the discovery of the phosphatidylinositol (PI) cycle became fundamen-
tal to our understanding of signal transduction and overall cell biology (Gurr et al.
1963; Hokin and Hokin 1953; Kleinig 1970), the discovery of nuclear phospholipid
signaling has revolutionized our view of the processes regulated by phospholipids
(Cocco et al. 1987, 1988). Still, nuclear phospholipid signaling is fulfilled by lipid
second messengers and requires an array of coordinated activities from lipid kinases,
phosphatases, and effectors. However, the lipid kinases within the nucleus appear to
be more selective, in that not all identical lipid kinases exist in the nucleus and the
phosphoinositides they generate differ both spatially and temporally. Interestingly, a
substantial pool of nuclear phosphoinositides does not appear to be associated with
the nuclear membrane (Payrastre et al. 1992). These observations are helping to
unravel another facet of phospholipid signaling found in cells.

2.4.1.1 PIPKs and PIP2 at the Nuclear Envelope

Continuous with the ER, the nuclear envelope is a bilayered membranous struc-
ture. Pioneering studies on isolated rat liver nuclei revealed the existence of PI
and PIP pools in the nuclear envelope (Smith and Wells 1983a). A recent study
in sea urchin sperm identified an atypical composition of polyphosphoinositides in
the nuclear membrane, as much as 51% of the total phospholipids, an enrichment
conserved in mammalian sperm (Garnier-Lhomme et al. 2009). Incubation of iso-
lated nuclear envelopes with [γ−32P]ATP resulted in rapid labeling of phopholipid
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products, later identified as phosphatidylinositol 4-phosphate (PI4P), phosphotidyli-
nositol 4, 5-bisphosphate (PI4,5P2), and phosphatidic acid (PA), suggesting nuclear
envelopes contain PIK, PIPK, and diacylglycerol kinase (DGK) activity (Smith and
Wells 1983b). Additionally, substantial evidence demonstrates the requirement of
PIP2, diacylglycerol (DAG), and phospholipase C (PLCγ) in the membrane fusion
events leading to nuclear envelope formation during mitosis (Dumas et al. 2010).
In conjunction with this, PKC βII was identified as a mitotic lamin kinase and its
phosphorylation of lamin B is critical for nuclear envelope disassembly, providing
evidence that phosphoinositde signaling extended from the nuclear membrane into
the nucleus (Goss et al. 1994; Thompson and Fields 1996). The hydrolysis of PIP
by phosphomonoesterases and a PIP-dependant ATPase are also associated with the
nuclear envelope (Smith and Wells 1984a, b). Besides the canonical PIPKs, phos-
phatidylinositol 3-kinase (PI3K) may also produce PI3,4P2 at the nuclear surface
and therefore act as a “PIPK” (Yokogawa et al. 2000). These studies suggest that
a crucial phosphotidylinositide metabolic cycle is present at the nuclear membrane
and is required for normal cellular processes. Interestingly, PIPKs and PIP2 were not
found to be associated with the invaginations of the nuclear envelope (Boronenkov
et al. 1998), indicating that PIPK activity and PIP2 production are temporally and
spatially regulated. At present, it is unclear which phosphoinositides (other than PI4P,
PI3,4P2, and PI4,5P2) and which PIPKs are involved in the synthesis of phospho-
inositides at the nuclear envelope and even less is known about how nuclear PIPKs
are regulated.

2.4.1.2 The Intra-nuclear PIPKs and PIP2

Studies by Cocco et al. in the late 1980s revealed that not all PIPKs in the nucleus
appeared to be associated with the nuclear membrane. Using highly purified nuclei
from mouse erythroleukemia (MEL) and Swiss 3T3 cells, nuclear membranes were
stripped away using detergents and the remaining matrix was able to produce both
PI4P and PIP2 (Cocco et al. 1987, 1988). The existence of phosphoinositides in
non-membranous structures within the nucleus raised the question of where these
second messengers and the enzymes that generate them localize. Plausible hypothe-
ses include the nuclear matrix/nucleoskeleton, chromatin, and protein complexes that
are associated with these nuclear microenvironments (Fig. 2.9). Payrastre and col-
leagues showed nuclear matrix-associated PI4 K, PIPKIs, DGK, and PLC in mouse
NIH 3T3-fibroblasts and rat liver cells (Payrastre et al. 1992). Using laser scan-
ning confocal microscopy and immunofluorescence staining, PIP, PIPKIα (PIPKIβ
in mouse), PIPKIIα (PIP4Kα), PIPKIIβ (PIP4Kβ), PI(4,5)P2, and PI(3,4)P2 were
identified at nuclear speckles (interchromatin granule clusters) (Boronenkov et al.
1998). However, the amount of PI4P is about 20-fold higher than that of PI5P in
nucleus, and [γ−32P]ATP incubation with isolated rat liver nuclei determined the
relative labeling ratio for PI4,5P2 generation at the 5 vs. 4 OH position was ∼ 1.8,
suggesting that PIPKIs are the major kinase for PIP2 synthesis within the nucleus
(Keune et al. 2010; Vann et al. 1997).
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Fig. 2.9 The nuclear PIPKs and PIP2 pools. The nuclear envelope continues from the ER and
contains PIP2 as well as associated PIPK activities in both outer and inner bilayers. The interchro-
matin granule clusters (nuclear speckles) nest another PIPK and PIP2 pool. Some protein complexes
docked on the nuclear matrix may also serve to recruit PIPK and PIP2 or that the PIP2/PIPK can
regulate the assembly of such matrices

So far, nuclear PIPKIα has been identified in complex with a speckle targeted
PIPKIalpha regulated-poly(A) polymerase (Star-PAP), a PIP2-sensitive protein ki-
nase, CKIα, and mRNA processing factors (Mellman et al. 2008). The yeast Mss4p
(mammalian PIPK homologue) contains a functional nuclear localization signal
(NLS) and can shuttle between the cytoplasm and the nucleus (Audhya and Emr
2003). However, it remains to be determined whether PIPKIα can shuttle between
the cytoplasm and nucleus or is capable of generating the majority of the nuclear
PIP2. Recently, another PIPKI family member, PIPKIγi4, was identified in the nu-
cleus (Schill and Anderson 2009b). PIPKIγi4 is the only PIPKIγ subfamily member
to be detected in the nucleus though its function remains to be characterized. PIPKIIβ
predominantly localizes in the nucleus in certain cell lines owing to a specific
17-amino-acid α-helix insertion (Ciruela et al. 2000). PIPKIIα also partially localizes
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Table 2.2 The identified nuclear PIP kinases

PIPK Substrate Product Localization Reference

PIPKI α PI4P PIP2 Nuclear speckle Boronenkov et al. 1998; Mellman et al. 2008
PIPKIγi4 PI4P PIP2 Nucleus Schill and Anderson 2009
PIPKII β/α PI5P PIP2 Nucleus Boronenkov et al. 1998; Ciruella et al. 2000;

Bultsma et al. 2010

to the nucleus via PIPKIIβ an interaction that is indispensible for protecting PIPKIIβ
from degradation via the nuclear ubiquitin ligase, Cul3-SPOP (cullin 3-speckle-type
POZ domain protein) (Bultsma et al. 2010; Bunce et al. 2008). It appears that the
principle role of nuclear PIPKIIβ is to regulate PI5P levels rather than generate
PIP2 (Bultsma et al. 2010; Keune et al. 2010). The different PIPK isoforms in the
nucleus and potentially different localizations of these kinases (Table 2.2) suggest
the production of PIP2 is spatially and temporally regulated, which could result in
differential control of the cellular signaling and biological functions.

2.4.2 Regulation and Functions of the Nuclear PIPKs

Compared to the vast amount of data detailing the functions of PIPK and PIP2 in the
cytoplasm, the nuclear functions of these molecules are less understood. Emerging
data indicate that nuclear PIP2 regulates diverse processes including stress response,
cell cycle control and mitosis, transcription, mRNA processing and export, DNA
repair, chromatin remodeling, and gene expression (Barlow et al. 2010; Bunce et al.
2006b; D’Santos et al. 1998; Gonzales and Anderson 2006; Irvine 2003; Keune
et al. 2010). It is becoming clearer that specific nuclear PIPKs produce localized
PIP2 in response to different external and internal signals. Nuclear PIPKs could be
associated with scaffolds containing other proteins including effector proteins or
even phospholipids, which are organized into the nuclear matrix. The resources of
PIPs can be supplied locally or delivered by phosphoinositide-carrier proteins. Upon
PIPK stimulation and PIP2 production, conformational/stoichiometric changes in
effector proteins could lead to their activation and the induction of nuclear biological
processes (Bunce et al. 2006a).

2.4.2.1 Regulation of the Nuclear PIPKIα

PIPKIα has been shown to be targeted to nuclear speckles where it complexes with the
non-canonical poly(A) polymerase Star-PAP, CKIα, RNA polymerase II, and splic-
ing factors (Gonzales et al. 2008; Mellman et al. 2008). The PIPKIα C-terminus
directly interacts with Star-PAP. It regulates the expression of select genes induced
by oxidative stress through the generation of PIP2 and modulation of Star-PAP ac-
tivities at the 3′-end of pre-mRNAs (Mellman et al. 2008). However, the upstream
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regulator of this PIPKIα intra-nuclear activity has not yet been identified. CKIα is
one of the potential site-specific regulators of PIPKIα, but it needs another protein
kinase for priming phosphorylation of PIPKIα. Another possibility could be PIP2

downstream signaling molecules, which can mediate PIPKIα activities by a feed-
back mechanism. PIPKIα also associates with pre-mRNA splicing factors at nuclear
speckles (Boronenkov et al. 1998; Mellman et al. 2008). Speckles are storage sites
for these factors whose structure dynamically changes during the cell cycle concomi-
tantly with changes in nuclear PIP2 levels (Clarke et al. 2001; Lamond and Spector
2003). Interestingly, PIP2 and PI3K all assemble in nuclear speckles (Boronenkov
et al. 1998; Didichenko and Thelen 2001; Osborne et al. 2001). These observations
suggest multiple roles for nuclear PIPKIα and PIP2 in addition to mediating Star-PAP
activity.

The tumor suppressor retinoblastoma protein RB (pRB) is another PIPKIα regu-
lator. pRb interacts with and highly activates PIPKIα in a large T antigen-regulated
manner (Divecha et al. 2002). In line with this, PIP2 is sufficient to target the chro-
matin remodeling complex BAF, which can then be recruited to gene transcription
sites by pRB (Zhao et al. 1998), and may further promote an interaction between
chromatin and the nuclear matrix via the BAF complex subunit BRG-1 (Rando et al.
2002). The results implicate a role of PIPKIα in transcriptional control and in the
regulation of proteins via their ability to bind PIP2. PIP2 can also bind histones H1
and H3 alleviating the suppression of transcription (Yu et al. 1998). These studies
suggest PIPKIα and its product PIP2 are involved in the regulation of different phases
of gene transcription.

2.4.2.2 Regulation of the Nuclear PIPKIIβ/IIα

PIPKIIβ in combination with PIPKIIα (as addressed formerly) potentially contribute
to the generation of a second nuclear PIP2 pool. Studies in MEL cells demonstrate
that the function of PIPKII in the nucleus is mainly to regulate nuclear PI5P levels,
because depletion of PIPKIIβ by RNAi increased PI5P levels while overexpression
of PIPKIIβ decreased the nuclear PI5P levels (Jones et al. 2006). Like nuclear PIP2,
nuclear PI5P levels also change during the cell cycle (Clarke et al. 2001), implying
a role of PIPKIIβ and PI5P in cell cycle regulation. PIPKIIβ can be activated by
phosphorylation at Ser326 by p38-MAPK in response to UV irradiation resulting in
nuclear accumulation of PI5P (Jones et al. 2006). The Cul3-SPOP ubiquitin ligase
complex also regulates PIPKIIβ levels and PI5P production (Bunce et al. 2008). In
concert with PIPKIIβ, the type I PI4,5P2 4-phosphatase converts nuclear PIP2 to
PI5P and therefore modulates PI5P levels (Barlow et al. 2010; Bunce et al. 2008;
Zou et al. 2007). PI5P can induce the activation of the p38-MAPK pathway and
stimulate Cul3-SPOP activity for PIPKIIβ ubiquitylation (Bunce et al. 2008). As
a PIPKIIβ interacting partner, PIPKIIα nuclear targeting seems to be required for
suppressing the Cul3-SPOP-dependent PIPKIIβ ubiquitylation, because expression
of the kinase-dead PIPKIIα and a nuclear targeting-defective PIPKIIα were not
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Fig. 2.10 PIPKs generate
PIP2 in the nucleus to control
many signaling events.
Nuclear PIPKs and PIP2

regulate different yet specific
cellular molecules and
processes through interactions
with select nuclear proteins or
by producing other second
messengers. chrom=chroma-
tin; nmtx=nuclear matrix

able to suppress ubiquitylation of PIPKIIβ, whereas overexpression of the wild-type
PIPKIIα did (Bultsma et al. 2010). An extension of PIPKIIβ regulated signaling lies
in that PI5P can interact with inhibitor of growth protein 2 (ING2) and regulate the
localization of ING2 to chromatin. ING2, in turn, modulates the acetylation of the
tumor suppressor protein p53, linking PIPKIIβ activities to transcriptional regulation
and gene expression (Bultsma et al. 2010; Jones et al. 2006).

2.4.3 Downstream Signaling of the Nuclear PIPK and PIP2

As discussed above, PIP2 can directly regulate interacting proteins or it can be pro-
cessed to generate other second messengers including PIP3 (Fig. 2.10). Class I and
class II PI3Ks have been found in nucleus with the class IA PI3K being responsible
for generating the majority of nuclear PIP3 [reviewed in (D’Santos et al. 1998; Gon-
zales and Anderson 2006)]. Another bifurcated signaling pathway from nuclear PIP2

is mediated by the nuclear phosphoinositide-specific phospholipase C (PI-PLC). PI-
PLCs break down PIP2 into DAG and inositol-1,4,5-triphosphate (IP3). DAG is a
direct activator of nuclear PKCs, which are known regulators of gene transcription,
DNA synthesis, stress response, mitosis and cell cycle progression (D’Santos et al.
1998). IP3 receptors have been identified on both the outer and inner nuclear mem-
brane (Humbert et al. 1996). The nuclear IP3 is recognized to be involved in Ca2+
import into nucleus and nuclear Ca2+ homeostasis, processes important for gene
expression, DNA synthesis and repair, chromatin condensation, protein import, and
apoptosis (Bading et al. 1997; D’Santos et al. 1998; Hardingham et al. 1997; Malviya
and Rogue 1998) (Fig. 2.10).

The PIPK and PIP2 downstream signaling cascades are far more intricate than we
have thought so far. Identification of more PIPK regulators and effectors as well as
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other roles for PIPKs, perhaps even independent of their kinase activity, will enhance
our understanding of phosphoinositide signaling in the nucleus.
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Chapter 3
The Phospholipase C Isozymes
and Their Regulation

Aurelie Gresset, John Sondek and T. Kendall Harden

Abstract The physiological effects of many extracellular neurotransmitters, hor-
mones, growth factors, and other stimuli are mediated by receptor-promoted
activation of phospholipase C (PLC) and consequential activation of inositol lipid
signaling pathways. These signaling responses include the classically described con-
version of phosphatidylinositol(4,5)P2 to the Ca2+-mobilizing second messenger
inositol(1,4,5)P3 and the protein kinase C-activating second messenger diacylglyc-
erol as well as alterations in membrane association or activity of many proteins that
harbor phosphoinositide binding domains. The 13 mammalian PLCs elaborate a min-
imal catalytic core typified by PLC-δ to confer multiple modes of regulation of lipase
activity. PLC-β isozymes are activated by Gαq- and Gβγ-subunits of heterotrimeric
G proteins, and activation of PLC-γ isozymes occurs through phosphorylation pro-
moted by receptor and non-receptor tyrosine kinases. PLC-ε and certain members of
the PLC-β and PLC-γ subclasses of isozymes are activated by direct binding of small
G proteins of the Ras, Rho, and Rac subfamilies of GTPases. Recent high resolution
three dimensional structures together with biochemical studies have illustrated that
the X/Y linker region of the catalytic core mediates autoinhibition of most if not all
PLC isozymes. Activation occurs as a consequence of removal of this autoinhibition.

Keywords Phospholipase C · Inositol lipid signaling · Heterotrimeric G protein ·
Ras GTPase · Tyrosine kinase · X/Y-linker-mediated autoinhibition

3.1 Introduction

The physiological effects of many hormones, neurotransmitters, growth factors,
and other extracellular stimuli are initiated through receptor-promoted inositol lipid
signaling. The ground-breaking work of Hokin and Hokin in the 1950s/1960s (Hokin
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Fig. 3.1 The enzyme activity of phospholipase C. Phospholipase C (PLC) isozymes convert
membrane phosphatidylinositol (4,5)bisphosphate (PtdIns(4,5)P2) into the Ca2+-mobilizing second
messenger inositol(1,4,5) trisphosphate (IP3) and the protein kinase C-activating second messenger
diacylglycerol (DAG). PtdIns(4,5)P2 also acts as a second messenger that binds to a broad range of
membrane, cytoskeletal, and cytosolic proteins to change their activities

and Hokin 1953) and of Berridge, Michell, Nishizuka, and many other investiga-
tors in the 1970s/1980s established the importance of membrane inositol lipids in
hormone action (Berridge 1987; Michell 1975; Nishizuka 1992). Receptors for ex-
tracellular stimuli promote activation of phospholipase C (PLC), which converts
(Fig. 3.1) phosphatidylinositol (4,5)bisphosphate (PtdIns(4,5)P2) into the Ca2+-
mobilizing second messenger, inositol (1,4,5)trisphosphate (Ins(1,4,5)P3), and the
protein kinase-activating second messenger, diacylglycerol (DAG). Although PLC-
catalyzed formation of second messengers from PtdIns(4,5)P2 constitutes one of the
major mammalian cell signaling responses, inositol lipids themselves also carry out
important signaling functions. Indeed, PtdIns(4,5)P2 selectively binds to PH, FYVE,
and PX domains (Lemmon 2003), and the activities and/or subcellular localization
of a broad range of proteins involved in cell signaling (e.g. PTEN and Ca2+, K+, and
Na+ channels), actin assembly and remodeling, and vesicle trafficking are modified
(Ling et al. 2006; Suh and Hille 2008; Yin and Janmey 2003).

Receptor-mediated regulation of inositol lipid signaling historically has been con-
sidered to occur through two major mechanisms (Exton 1996; Rhee 2001). First,
PLC-γ isozymes are activated by a panoply of growth factors and immunological
stimuli that signal through receptor and non-receptor tyrosine kinases. Second, the
G protein-coupled receptors (GPCR) represent one of the largest classes of proteins
in the mammalian genome, and a large proportion of these receptors produce their
major cellular responses through activation of PLC-β isozymes. Although these two
major components of inositol lipid signaling make enormous contributions to the
cell “signalsome”, the existence of at least 13 different mammalian PLC isozymes
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suggests much more extensive modes of regulation (Harden and Sondek 2006). In-
deed, multiple Ras superfamily GTPases directly activate PLC-ε, as well as certain of
the Gαq- (e.g. PLC-β2) and tyrosine kinase- (e.g. PLC-γ2) activated PLCs (Harden
et al. 2009), and the inositol lipid signaling field continues to expand in surprising
directions. This chapter focuses on the mammalian PLC isozymes, their complex
modes of regulation, and their physiogical functions.

3.2 Phosphoinositide-specific PLC

PLC enzymes were purified initially several decades ago from a variety of tissues
and were shown to exist in at least three major isozyme forms based on size and
immunoreactivity (Hofmann and Majerus 1982; Ryu et al. 1986, 1987a, 1987b;
Takenawa and Nagai 1981). These included enzymes that are activated by tyrosine
phosphorylation (Meisenhelder et al. 1989; Wahl et al. 1989) or by G proteins (Morris
et al. 1990). The deduced amino acid sequences obtained from initial cloning of the
cDNAs of several of these enzymes revealed the existence of PLC-β, -δ, and-γ
isozymes (Suh et al. 1988). Multiple subtypes eventually were shown to exist in
each of these isozyme classes, but a protein originally designated as PLC-α proved
to not be a PLC. Additional PLC isozymes (-ε, -ζ, -η) were subsequently discovered
and cloned (Harden and Sondek 2006), and a total of 13 isozymes in six mammalian
PLC family members are currently recognized (Fig. 3.2).

3.3 Catalytic Function and Structure of Conserved Core
Domains of PLC

PLC enzymes are calcium-dependent phosphodiesterases that preferentially hy-
drolyze PtdIns(4,5)P2 into DAG and Ins(1,4,5)P3 (Fig. 3.1). The core structure of
these isozymes (Fig. 3.2) consists of an N-terminal PH domain, an array of four EF-
hands, a catalytic triose phosphate isomerase (TIM) barrel comprised of two halves
(X and Y boxes), and a C-terminal C2 domain (Katan and Williams 1997). Addi-
tional regulatory domains evolved that engender unique regulatory mechanisms to
individual isozymes (Harden and Sondek 2006). The structure of PLC-β2 (Fig. 3.3)
highlights the conserved core structure found in all PLC isozymes.

The conserved tertiary structure of PH domains is composed of a sandwich of
seven β-strands capped on one end by a C-terminal α-helix and on the other end by
three loops, which diverge in both length and amino acid sequence (Rebecchi and
Scarlata 1998). Although the structural folds of PH domains are generally conserved,
they carry out diverse functions. Thus, the N-terminal PH domains of isozymes of
the PLC-δ and PLC-γ families bind PtdIns(4,5)P2 and PtdIns(3,4,5)P3, respectively
(Essen et al. 1996; Falasca et al. 1998; Singh and Murray 2003), whereas the PH
domain of PLC-β2 binds Rac GTPases with high affinity (Illenberger et al. 2003a;
Snyder et al. 2003). The PH domain of PLC-δ1 is tethered to the rest of the protein
via a flexible linker and is highly mobile (Essen et al. 1996; Ferguson et al. 1995). In
contrast, the PH domain of PLC-β2 makes direct contacts with the other domains of
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Fig. 3.2 The mammalian PLC isozymes and their modes of regulation. The human PLC isozymes
were aligned based upon conservation of protein sequence, and a dendrogram that clusters similar
sequences within shared branches is presented. The common core of these isozymes includes a
pleckstrin homology (PH) domain (purple), a series of four EF-hands (yellow), a catalytic TIM
barrel (pink), and a C2 domain (green). The four PLC-β isozymes contain a long C-terminal
(CT) domain (light blue). The two PLC-γ isozymes contain conserved domains inserted within
the TIM barrel that include a split PH domain, two Src-homology 2 (SH2) domains and a single
Src-homology 3 (SH3) domain. PLC-ε contains a guanine nucleotide exchange domain (RasGEF)
that activates Rap1 and possibly other GTPases and two C-terminal Ras-association (RA) domains
that bind activated Ras GTPases. A cysteine-rich (C) domain of unestablished function occurs at
the N-terminus. PLC-ζ is the only mammalian PLC that lacks a PH domain. PLC-η isozymes
contain a serine/proline (S/P) rich region in the C-terminus. The PLC-like (PLC-L) proteins exhibit
the common core of other PLC isozymes but are catalytically inactive due to mutations of critical
residues in the active site. Established modes of regulation are indicated for each of the PLC isozyme
classes

the catalytic core and remains tightly associated during activation (Hicks et al. 2008;
Jezyk et al. 2006).

Typical EF-hands are calcium-binding motifs composed of two helixes (E and F)
joined by a loop and divided into pairwise lobes (Kawasaki and Kretsinger 1994).
The electron density of the loops connecting the secondary elements of the EF hands
is incomplete in the structures of both PLC-δ1 and PLC-β2 indicating a high degree
of flexibility in this region (Essen et al. 1996; Hicks et al. 2008; Jezyk et al. 2006).
Little evidence exists for Ca2+-promoted regulation of PLC isozymes through the
EF-hands, and Ca2+ is not bound in the EF-hands in the structures of PLC-δ1, PLC-
β2, or PLC-β3. In contrast, the structure of PLC-β3 in an activated complex with Gαq



3 The Phospholipase C Isozymes and Their Regulation 65

Fig. 3.3 Three-dimensional structure of PLC-β2. Left panel, A ribbon diagram is illustrated of
the three dimensional structure (PDB 2ZKM) of PLC-β2 solved at 1.6 Å resolution by Hicks and
coworkers (Hicks et al. 2008). The PH domain (purple), EF hands (yellow), TIM barrel (red) and
C2 domain (green) are colored as in Fig. 3.2. The Ca2+ co-factor (orange sphere) within the active
site and the X/Y linker region (cyan) that occludes the active site also are shown. The approximate
membrane-binding surface is indicated. Right panel, The structure is rotated 90◦ with respect to the
left panel. This view emphasizes occlusion of the active site within the TIM barrel by the X/Y linker

highlights a novel function for EF hands in G protein-dependent signaling (Waldo
et al. 2010). A cassette uniquely present between the third and fourth EF hands of
the four mammalian PLC-β isozymes contains the structural determinants necessary
for PLC-β-promoted enhancement of GTP hydrolysis by it activator Gαq.

The C2 domain folds into an eight β-stranded antiparallel sandwich, with three
loops at one end of the sandwich forming calcium binding sites (Nalefski and Falke
1996). The C2 domains of PLC-δ1 and PLC-β2 exhibit very similar structures tightly
packed against the TIM barrel, likely to maintain the structural integrity of the cat-
alytic core (Essen et al. 1996; Jezyk et al. 2006). The C2 domain of PLC-δ1 binds
Ca2+ and promotes translocation of the isozyme to the plasma membrane (Essen
et al. 1997). However, the residues coordinating Ca2+ in PLC-δ1 are not generally
conserved among other PLC isozymes, and it is unclear whether Ca2+ regulates any
of the other mammalian isozymes in a similar fashion. Although not formally part of
the C2 domain, conserved sequences found at its N- and C-terminal ends in PLC-β
isozymes provide the major binding surface for activated Gαq (Waldo et al. 2010).

3.4 Mechanism of PtdIns(4,5)P2 Hydrolysis

The catalytic TIM barrel is the most highly conserved region among PLC isozymes
with 60–70% sequence identity. The X and Y boxes fold together in an alternative
pattern of α-helices on the outside and β-strands in the inner part of the barrel to
constitute the active site of the lipase (Essen et al. 1996; Wierenga 2001). The
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Fig. 3.4 Mechanism of PLC-catalyzed PtdIns(4,5)P2 hydrolysis. Top panel, The catalytic site of
PLC-δ1 (Essen et al. 1996) is shown. The residues that ligate the soluble head group (Ins(1,4,5)P3)
of the substrate are colored in light blue. The residues that ligate the essential Ca2+ cofactor (yellow
sphere) are colored in magenta. The residues that are essential for the acid-base mechanism of
catalysis are colored in salmon. The oxygen atoms of the side chains are colored in red, and the
nitrogen atoms of the side chains are colored in blue. Bottom panel, The mechanism of PtdIns(4,5)P2

hydrolysis as proposed by Essen et al. (1996) is presented

structure of PLC-δ1 first illustrated the organization of the active site of a PLC and
revealed the mechanism for PtdIns(4,5)P2 hydrolysis (Essen et al. 1996).

The active site is formed as a solvent-accessible depression at the C-terminal
ends of the β-strands (Figs. 3.3 and 3.4). Indeed, a ridge of hydrophobic residues,
Leu320, Tyr358, Phe360, Leu529, and Trp555 surrounding the active site of PLC-δ1
facilitates insertion of the catalytic domain into the lipid bilayer (Essen et al. 1996).
A PLC-δ1 mutant containing alanine substitution of these bulky nonpolar residues
exhibited activity similar to wild-type PLC-δ1 when PtdIns(4,5)P2 hydrolysis was
measured in detergent-mixed micelles but was a much less effective enzyme in assays
of PtdIns(4,5)P2 hydrolysis using phospholipid vesicles (Ellis et al. 1998). These
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residues are conserved across all PLC isozymes and assume the same orientation in
the structures of PLC-β2 and PLC-β3 (Hicks et al. 2008; Jezyk et al. 2006; Waldo
et al. 2010).

Eukaryotic PLC enzymes preferentially hydrolyze PtdIns(4,5)P2, but also hy-
drolyze PtdIns(4)P and to a much lesser extent PdtIns (Ryu et al. 1987b). Ins(1,4,5)P3

buried at the bottom of the active site in PLC-δ1 provided the initial structural
snapshot of substrate recognition (Essen et al. 1996). An extensive network of H-
bonds and salt-bridge interactions formed through the side chains of Lys438, Lys440,
Ser522, and Arg549 with the 4′ and 5′ phosphorylated hydroxyl groups of the inosi-
tol ring favors interaction with lipids phosphorylated at both positions. The aromatic
ring of Tyr551 also is parallel with the inositol ring and forms numerous van der
Waals contacts with it (Fig. 3.4).

The essential Ca2+ cofactor is ligated by surrounding acidic residues, Asn312,
Glu341, Asp343, and Glu390, and PLC activity is completely lost after, for example,
mutation of Glu341 to Gly (Cheng et al. 1995). Ligation of Ca2+ with the 2′-hydroxyl
group of the inositol ring also is essential for PLC activity (Essen et al. 1996). In
contrast, prokaryotic PLC enzymes utilize basic amino acids to fulfill the functional
requirements of the Ca2+ cofactor and thus are Ca2+-independent (Heinz et al. 1998).

PtdIns(4,5)P2 hydrolysis follows a general acid/base catalytic scheme (Fig. 3.4).
Ca2+ lowers the pKa of the 2-hydroxyl group of the inositol ring to facilitate its
deprotonation, and Glu341 is a putative general base carrying out nucleophilic attack
on the 1-phosphate (Ellis et al. 1995, 1998). This initial step in hydrolysis leads to
formation of a cyclic intermediate, which is stabilized by His311 and Ca2+ through
ligation of the 1-phosphate. His356 then utilizes a proton from water to promote
nucleophilic attack on the pentavalent cyclic intermediate and DAG and Ins(1,4,5)P3

are formed (Cheng et al. 1995; Ellis et al. 1995; Essen et al. 1996; Heinz et al.
1998). All of the residues participating in substrate specificity, Ca2+ coordination,
and the catalytic reaction are strictly conserved across the PLC family (Fig. 3.4) and
are positioned in similar orientation in PLC-β2 structures (Jezyk et al. 2006; Hicks
et al. 2008), indicating that the mechanism of PtdIns(4,5)P2 hydrolysis is conserved
throughout eurakyotic PLC enzymes.

3.5 PLC Subfamilies and Their Regulation

3.5.1 PLC-δ Isozymes

PLC-δ is found in early eukaryotes, including yeast (Saccharomyces cerevisiae and
Schizosaccharomyces pombe) (Andoh et al. 1995; Payne and Fitzgerald-Hayes 1993;
Yoko-o et al. 1993) and slime mold (Dictyostelium discoideum) (Drayer and van
Haastert 1992). Three PLC-δ isozymes (PLC-δ1, -δ3, and -δ4) exist in mammals
(Harden and Sondek 2006) (“PLC-δ2” proved to be a species homologue of PLC-δ4
(Irino et al. 2004)). Most, if not all, cells express at least one of these isoforms,
and all three are broadly, if not ubiquitously, expressed (Suh et al. 2008). PLC-δ1 is



68 A. Gresset et al.

mainly a cytoplasmic protein, whereas PLC-δ3 is detected in membrane fractions.
PLC-δ4 is principally located in the nucleus where its expression is directly linked
with the cell cycle.

3.5.1.1 Regulation

Activation of PLC-δ1 occurs through association with membrane surfaces driven
by PtdIns(4,5)P2 binding by the PH domain and Ca2+ binding by the C2 domain.
The structure of the isolated PH domain of PLC-δ1 in complex with Ins(1,4,5)P3

highlighted its capacity to bind phospholipids with high affinity and therefore serve
as a plasma membrane anchor for PLC-δ isoforms (Ferguson et al. 1995). PH domains
are typically highly polarized with a positively charged surface interacting with the
negatively charged inner face of the plasma membrane. Consistent with this idea,
the binding site for the soluble head group of PtdIns(4,5)P2, Ins(1,4,5)P3, is located
opposite to the C-terminal α-helix and at the center of the positively charged region
of the PH domain of PLC-δ1. The residues coordinating Ins(1,4,5)P3 in the β1/β2
and β3/β4 loops are poorly conserved among PH domains. Moreover, these residues,
which ligate PtdIns(4,5)P2 with high affinity in PLC-δ1 are not conserved in the PH
domains of the isozymes of the other PLC subfamilies, strongly suggesting that the
N-terminal PH domain is not functionally redundant (Harden and Sondek 2006).

Several studies have highlighted the functional role of the PH domain in modula-
tion of lipase activity of PLC-δ isoforms. These isozymes carry out a scooting mode
of substrate hydrolysis facilitated by the PH domain. Binding of PtdIns(4,5)P2 to
the PH domain anchors PLC-δ1 at the plasma membrane and multiple PtdIns(4,5)P2

molecules are processively hydrolyzed by the catalytic site (Lomasney et al. 1996).
Thus, PLC-δ isoforms hydrolyze numerous PtdIns(4,5)P2 molecules during a sin-
gle binding event at the membrane interface. This two-substrate process also allows
feedback regulation of enzymatic activity through decreases in local PtdIns(4,5)P2

concentration. Experimental evidence for this model includes observation of a
concentration-dependent increase in PLC-δ1 activity with increases in the mole frac-
tion of PtdIns(4,5)P2, but not PtdIns(4)P (Lomasney et al. 1996). Truncation of the
PH domain, substitution at residues of the PH domain that ligate PtdIns(4,5)P2,
or competitive addition of Ins(1,4,5)P3 all impair PtdIns(4,5)P2-stimulated PLC-δ1
activity, but do not affect function of the catalytic site (Yagisawa et al. 1998).

The PH domain of PLC-δ1 is the prototypical PtdIns(4,5)P2-binding module, and
the high affinity and selective interaction between PtdIns(4,5)P2 and this PH domain
has been exploited to generate fluorescent probes for monitoring local phospholipid
signaling. Thus, the PH domain of PLC-δ1 fused to green fluorescent protein (GFP)
reveals the localization and dynamics of PtdIns(4,5)P2 in living cells (Stauffer et al.
1998). More recent studies utilized an enhanced GFP-tag to delimit the cellular
localization of PtdIns(4,5)P2 to distinct regions of the plasma membrane, such as
membrane ruffles. PtdIns(4,5)P2 associates with the cytoskeleton and binds and
modulates many actin-regulatory proteins, including gelsolin, cofilin, profilin, the
Arp2/3 complex, and Wiskott-Aldrich syndrome protein (Nebl et al. 2000). Indeed,



3 The Phospholipase C Isozymes and Their Regulation 69

PtdIns(4,5)P2 acts as a second messenger regulating adhesion between the plasma
membrane and cytoskeletal structure (Raucher et al. 2000).

The C2 domain has been proposed to mediate Ca2+-stimulated membrane asso-
ciation of PLC-δ isoforms, and the crystal structure of PLC-δ1 reveals the existence
of three Ca2+ binding regions (CBRs) in the loops of the C2 domain (Essen et al.
1997; Grobler et al. 1996). Membrane binding studies with isolated C2 domains
from PLC-δ1, -δ3, and -δ4 indicate that Ca2+ binding switches the electrostatic
potential to favor non-specific electrostatic interactions with the plasma membrane
(Ananthanarayanan et al. 2002). The C2 domains of PLC-δ1 and -δ3 also form a
protein-Ca2+ complex with the anionic lipid phosphatidylserine (PS) and therein
target these isozymes to specific regions of the plasma membrane (Lomasney et al.
1999). In contrast, the C2 domain of PLC-δ4 lacks two of the four aspartic acid
residues coordinating Ca2+ and does not exhibit Ca2+-dependent translocation to
PS-enriched membrane regions (Ananthanarayanan et al. 2002).

To date, Ca2+ is the only regulator that directly enhances the activity of PLC-δ
isoforms. Reconstitution assays using permeabilized cells depleted of PLC isozymes
illustrated that the lipase activity of PLC-δ1, but not PLC-β1 or PLC-γ1, is stimulated
in a concentration dependent manner by physiological concentrations (10 nM to 10
μM) of Ca2+, indicating that Ca2+ alone is sufficient to promote increased lipase
activity of PLC-δ isoforms (Allen et al. 1997; Kim et al. 1999). Whether Ca2+-
mediated activation is further potentiated through interaction of these isozymes with
other regulators has not been clearly established.

Several lines of evidence suggest that PLC-δ isoforms are regulated by G-protein
mediated signaling. For example, stimulation of the α1-adrenergic receptor has been
proposed to directly regulate PLC-δ1 through activation of the atypical G-protein
transglutaminase II, also called GαH (Feng et al. 1996). Additional studies indicate
that GPCR indirectly activate PLC-δ through signaling pathways selective for other
PLC isoforms. For example, inositol phosphate production downstream of the an-
giotensin II type 1 receptor requires activation of PLC-β isoforms via Gαq/11 and is
potentiated by interaction between RalA and PLC-δ1 (Godin et al. 2010; Sidhu et al.
2005). Thus, PLC-δ1 may serve as an amplifier of signaling initiated or mediated by
other PLC isoforms (Guo et al. 2010).

3.5.1.2 Physiology

PLC-δ1 null mice exhibit a hairless phenotype that is reminiscent of nude mice in
which loss of function of Foxn1, a member of the winged helix/forkhead family of
transcription factors, leads to hair loss and an inborn dysgenesis of the thymus (Nehls
et al. 1994). In fact, PLC-δ1 is a Foxn1-inducible gene that regulates the expression
of hair keratins, although the molecular mechanism underlying this effect remains
to be identified.

PLC-δ1 null mice also display symptoms of skin inflammation (Ichinohe et al.
2007). Exogenous expression of PLC-δ1 attenuates LPS-induced upregulation of
IL-1β, a pro-inflammatory cytokine that typically induces expression of IL-6, which
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in turn promotes keratinocyte proliferation. It is likely that the lack of PLC-δ1 in
keratinocytes results in aberrant production of IL-1β and subsequent upregulation of
IL-6 expression, leading to skin inflammation and epidermal hyperplasia. Together,
these results suggest that PLC-δ1 regulates homeostasis of the immune system in the
skin.

Although the localization of PLC-δ1 is primarily cytoplasmic, PLC-δ1 contains
both nuclear export and import sequences that allow it to shuttle between the nucleus
and the cytoplasm (Yamaga et al. 1999). PLC-δ1 accumulates in the nucleus at the
G1/S boundary of the cell cycle, and its accumulation is positively correlated with
the level of nuclear PtdIns(4,5)P2 (Stallings et al. 2005). Depletion of PLC-δ1 in
the nucleus delays the completion of S phase and transition into G2/M phase lead-
ing to decreased cell proliferation and growth rate (Stallings et al. 2008). Levels
of cyclin E, a key regulator of the G2/M transition, are also elevated. Therefore,
PLC-δ1 modulates nuclear phospholipid metabolism critical for cell cycle progres-
sion. Consistent with this idea, PtdIns(4,5)P2 inhibits histone H1-mediated basal
transcription initiated by RNA polymerase II through a direct interaction with its
C-terminal tail (Yu et al. 1998).

Several studies also implicate PLC-δ1 in neurodegenerative disorders (Shimo-
hama et al. 1993). Specifically, PLC-δ1 accumulates in the neurofibrillary tangles
of Alzheimer patients (Shimohama et al. 1991). Overexpression of PLC-δ1 protein
also is associated with high PLC activity in Alzheimer patients, suggesting that PLC-
δ1-mediated phospholipid turnover plays an important role in the development of
this neurodegenerative disease. A recent study indicated a direct link between activa-
tion of the N-methyl-D-aspartic acid receptor under oxidative stress conditions and
an increase in PLC-δ1 protein levels (Nagasawa et al. 2004). This result provides
a putative molecular link between neurons responding to oxidative stress and the
accumulation of neurofibrillary tangles and senile plaques in Alzheimer’s disease.

PLC-δ1 was recently identified as a tumor suppressor located at chromo-
some 3p22, an important tumor suppressor locus. Down-regulation of PLC-δ1 in
esophageal squamous cell carcinoma is associated with promoter hypermethylation
and frequent allelic loss at the PLC-δ1 locus (Fu et al. 2007). Epigenetic regulation of
PLC-δ1 also was linked to cancer progression in other tissues. For example, PLC-δ1
expression is greatly reduced through hypermethylation of its gene in both gastric
cancer cell lines and primary tumors. This gene silencing is associated with later
stages of gastric cancer (Hu et al. 2009). Moreover, this study showed that PLC-δ1
decreases cell motility, which is consistent with the idea that PLC-δ1 regulates pro-
teins, such as actin-regulated protein, Rho GTPases, or metalloprotease proteins that
in turn modulate cytoskeletal rearrangement. Together, these studies indicate that
PLC-δ1 is frequently silenced by epigenetic alteration in a tumor-specific manner.
Another study reported that expression of mRNA for PLC-δ1 and -δ3 directly corre-
lates with the metastatic state of human breast cell lines and that PLC-δ1 and -δ3 are
more highly expressed in transformed cell lines (Rebecchi et al. 2009). This study
also supported an important role for PLC-δ1 and -δ3 in cell growth and migration.

Disruption of the PLC-δ3 gene in mice has not resulted to date in a reported
abnormality. However, embryonic lethality occurs after disruption of both PLC-δ1
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and PLC-δ3 due to developmental failure of the placenta (Nakamura et al. 2005).
The labyrinth trophoblast layer of the placenta was poorly vascularized in the PLC-
δ1/PLC-δ3 double knock-out mouse and exhibited reduced cell proliferation and
abnormal cell death (Nakamura et al. 2005).

Disruption of the PLC-δ4 gene leads to male infertility, whereas female mice re-
main fertile. In vitro fertilization studies indicated that sperm from PLC-δ4-deficient
mice were unable to maintain a sustained influx of Ca2+, which is a critical compo-
nent of the interaction of the sperm with the zona pellucida in the acrosome reaction
(Fukami et al. 2003). Therefore, PLC-δ4 is important in the early steps of fertilization.

3.5.2 PLC-β Isozymes

The four PLC-β isozymes differ in expression pattern and regulation. While PLC-β1
is highly expressed in the cerebral cortex and hippocampus (Homma et al. 1989),
PLC-β2 expression is largely, but not entirely, limited to hematopoietic cells (Park
et al. 1992). PLC-β3 is broadly expressed (Jhon et al. 1993), while PLC-β4 expres-
sion is enriched in the cerebellum and the retina (Adamski et al. 1999). Historically,
PLC-β isozymes have been structurally characterized by the unique presence of
a C-terminal (CT) coiled-coil domain thought to be important for dimerization,
membrane association, and activation by Gα-subunits (Ilkaeva et al. 2002; Singer
et al. 2002).

3.5.2.1 Regulation

PLC-β isozymes are effectors of heterotrimeric G-proteins downstream of GPCR
belonging to the rhodopsin superfamily of seven transmembrane receptors. These
isozymes are activated by Gα-subunits of the Gq subfamily (Smrcka et al. 1991;
Taylor et al. 1991; Waldo et al. 1991) as well as by Gβγ (Boyer et al. 1992; Camps
et al. 1992) and mediate the physiological actions of many extracellular stimuli.

The Gq family consists of four different Gα-subunits (Gαq, Gα11, Gα14, Gα16)
of closely related sequence (Hepler and Gilman 1992). All four of these G proteins
markedly activate PLC-β isozymes in intact cells as well as in assays with purified
components using phospholipid vesicles. All four PLC-β isozymes are activated by
Gαq, although there may be selectivity for PLC-β1 and -β3 over PLC-β2 (Paterson
et al. 1995; Smrcka and Sternweis 1993). The interface between Gαq and PLC-
β isoforms was originally thought to be contained within the isozyme-specific CT
domain (Ilkaeva et al. 2002; Paulssen et al. 1996; Singer et al. 2002), but the recent
crystal structure of an activated complex of Gαq with PLC-β3 (Waldo et al. 2010)
revealed a novel interface outside the CT domain. Thus, Gαq interacts with a unique
extension of the C2 domain which forms a helix-turn-helix. This motif is found as
a highly conserved insert in all PLC-β isozymes including the two PLC-βs of C.
elegans; conversely, it is not found in other PLC isozymes. A similar structure also
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is present in other Gαq effectors, including p63RhoGEF (Lutz et al. 2007) and G
protein-coupled receptor kinase 2 (Tesmer et al. 2005). In all three effectors, the
helical motif interacts with switch 2 and α3 from Gαq and is necessary and sufficient
to confer Gαq binding.

The CT domain of PLC-β3 is not necessary for binding of Gαq (Waldo et al.
2010) as was suggested in earlier studies, and the role of this domain in signaling
by the PLC-β subgroup of isozymes remains incompletely understood. Clearly, this
domain is polybasic and is important for membrane association. A three-dimensional
structure of the CT domain of avian PLC-β2 highlights three α-helices packed to-
gether to form a coiled-coil likely important for dimerization (Singer et al. 2002).
However, the functional significance of this dimerization remains unclear. As is the
case with the PH domain in PLC-δ isoforms, the polybasic CT domain of PLC-β
isoforms likely provides an anchor point for interaction with the plasma membrane
and almost certainly works in coordination with G protein binding to orient the active
site for efficient enzymatic activity.

PLC-β1 was the first GTPase-activating protein (GAP) identified for het-
erotrimeric G proteins (Berstein et al. 1992) and all PLC-β isoforms robustly
stimulate the hydrolysis of GTP by Gαq-subunits of the Gq family (Biddlecome
et al. 1996; Ross 2008). Not only does this activity result in rapid turn-off of Gαq.-
promoted signaling once agonist-dependent stimulation of GPCR is terminated, it
also markedly alters the dynamics of PLC-β-mediated signaling nodes. The rates of
activation and deactivation are robustly increased and signaling acuity is sharpened.
Indeed, the magnitude of signaling may paradoxically increase as a consequence of a
phenomenon known as “kinetic scaffolding” (Ross 2008). Gαq remains in a signaling
complex with the activated GPCR through multiple cycles of activation/deactivation
and the steady state amount of Gαq in the GTP state is increased. The recent crys-
tal structure of the PLC-β3 • Gαq complex indicates that the structural requirements
for GAP activity exist within a unique insertion between the third and fourth EF
hands (Waldo et al. 2010). This eight amino acid sequence is conserved in all PLC-β
isoforms but not in other PLC isozymes. An asparagine (Asp260 in PLC-β3) in this
loop directly interacts with the catalytic Gln209 of Gαq and stabilizes the pentameric
transition state necessary for GTP hydrolysis. The same mechanism independently
evolved in the very large family of regulator of G-protein signaling (RGS) proteins
(Tesmer et al. 1997).

Overexpression of PLC-β2 with Gβγ-subunits resulted in large increases in in-
ositol phosphate accumulation, and reconstitution assays with purified avian and
mammalian PLC-β isozymes illustrated that Gβγ stimulates inositol lipid signaling
by directly binding to PLC-β isozymes (Boyer et al. 1992; Camps et al. 1992; Sm-
rcka and Sternweis 1993). This effect is more prominent with PLC-β2 and PLC-β3
than with PLC-β1 and PLC-β4. Indeed, physiological signaling through PLC-β1 and
PLC-β4 appears to be mostly, if not entirely, mediated through the Gα-subunits of the
Gq family. In contrast, inositol lipid signaling downstream of Gi-linked GPCR (e.g.
receptors for chemotactic peptides in neutrophils) occurs through Gβγ-mediated ac-
tivation of PLC-β2 and/or PLC-β3. The binding interface between PLC-β isoforms
and Gβγ has not been firmly established and may include both the N-terminal PH
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domain as well as part of the catalytic TIM barrel (Barr et al. 2000; Wang et al.
2000b). Interestingly, PLC-β2 and PLC-β3 can be simultaneously activated by Gαq

and Gβγ, and studies with purified proteins illustrate that the combined presence
of activated Gαq and Gβγ results in supra-additive stimulation of PLC-β3 (Philip
et al. 2010). This cooperative activation apparently accounts for synergistic activa-
tion of PLC-β often observed in cells during simultaneous activation of Gq- and
Gi-activating GPCR (Rebres et al. 2011).

Members of the Rac subfamily of small GTPases also activate PLC-β2 (Illenberger
et al. 1998) and potentially PLC-β3, but no detectable binding is observed with PLC-
β1 or PLC-β4 (Illenberger et al. 2003a; Snyder et al. 2003). Biochemical approaches
illustrated that the PH domain of PLC-β2 is both necessary and sufficient for Rac
binding (Illenberger et al. 2003a; Snyder et al. 2003). A structure of a complex of
GTP-bound Rac2 with PLC-β2 confirmed that the switch regions of Rac directly
engage the PH domain of PLC-β2 (Jezyk et al. 2006). Rac-dependent activation of
PLC-β2 occurs through recruitment to the plasma membrane since the active site
of the lipase observed in a structure of PLC-β2 alone (Hicks et al. 2008) is super-
imposable with that of Rac2-bound isozyme (Jezyk et al. 2006). Recent studies
quantified fluorescence recovery after photobleaching to illustrate that, whereas Rac
recruits PLC-β2 to specific regions of the plasma membrane, recruitment promoted
by Gβγ is more diffuse throughout the plasma membrane (Gutman et al. 2010;
Illenberger et al. 2003b).

Hydrolysis of PtdIns(4)P and PtdIns(4,5)P2 by nuclear PLC-β1 established the
existence of nuclear inositol lipid signaling (Martelli et al. 1992). PLC-β1 apparently
is the most abundant PLC-β isozyme in the nucleus, although the presence (in de-
creasing order of abundance) of PLC-β3, -β2, and -β4 has also been detected (Cocco
et al. 1999). Although both the significance and regulation of nuclear signaling of
these lipases needs further clarification, several studies suggest a role for PLC-β1 in
controlling cell cycle progression, specifically at the G2/M boundary (Faenza et al.
2000; Fiume et al. 2009).

3.5.2.2 Physiology

PLC-β1-null mice experience sudden death preceded by epileptic seizures. This phe-
notype resembles responses observed with GABAA receptor antagonists, suggesting
that PLC-β1 is essential for the normal function of inhibitory neuronal pathways
(Kim et al. 1997). A recent study suggested that PLC-β1 regulates the plasticity of
M1-muscarinic receptor expression in the adult neocortex, resulting in an imbalance
between the muscarinic and dopaminergic systems, as often seen in schizophrenia
(McOmish et al. 2008).

PLC-β2-deficient mice are viable but display a reduction in chemoattractant-
stimulated inositol phosphate accumulation, intracellular Ca2+ levels, superoxide
production, and cell surface MAC-1 expression, suggesting that PLC-β2 is critical
for chemoattractant-elicited signals in leukocytes (Jiang et al. 1997). Neutrophils
lacking PLC-β2 exhibit increased rates of chemotaxis, which is consistent with the
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idea the PLC-β2-dependent signaling negatively influences chemotaxis (Li et al.
2000).

PLC-β3 null mice exhibit higher sensitivity to morphine, suggesting that PLC-
β3 suppresses μ-opioid receptor signaling possibly downstream of Gβγ (Xie et al.
1999). Conversely, PLC-β3(-/-) mice do not respond to sensory stimuli that induce
itch responses (Han et al. 2006). PLC-β3 deficiency leads to premature death in
mice and is associated with lymphomas and carcinomas (Xiao et al. 2009). PLC-
β3-deficient mice also develop myeloproliferative disease due to the loss of Stat5
regulation by a PLC-β3 • SHP-1 complex (Xiao et al. 2009).

PLC-β4 null mice develop ataxia (Jiang et al. 1996), motor defects, and impaired
visual processing (Kim et al. 1997). A recent genome-wide profiling study of pancre-
atic cancer revealed a genetic substitution of Arg254 in PLC-β4 (Jones et al. 2008).
This substitution diminishes GAP activity of PLC-β isozymes leading to aberrant
Gαq-mediated signaling (Waldo et al. 2010).

3.5.3 PLC-γ Isozymes

Two PLC-γ isozymes (PLC-γ1 and PLC-γ2) exist in mammals. Whereas PLC-γ1
is found ubiquitously, PLC-γ2 expression primarily is restricted to cells of the
haematopoietic system (Homma et al. 1989). PLC-γ isozymes are structurally char-
acterized by a large insertion between the two halves of the catalytic TIM barrel
consisting of a split PH domain, two SH2 domains, and a SH3 domain. They are
primarily regulated through phosphorylation by receptor and non-receptor tyrosine
kinases in a mechanism that involves the unique domain insert of the linker region.

3.5.3.1 Regulation

Almost all growth factor receptors with intrinsic tyrosine kinase activity (RTKs) have
been linked to stimulation of PLC-γ isozymes (Kamat and Carpenter 1997). Agonist
binding stimulates dimerization and tyrosine autophosphorylation of these RTKs on
the cytoplasmic side of the receptor, which creates docking sites for SH2-containing
proteins like PLC-γ (Hubbard and Till 2000). Specifically, autophosphorylation of
Tyr766 in fibroblast growth factor receptor 1 (Mohammadi et al. 1991), Tyr992 in
epidermal growth factor receptor (Rotin et al. 1992), and Tyr1021 in platelet-derived
growth factor receptor (Larose et al. 1993) confer a high-specificity interaction with
the N-terminal SH2 (nSH2) domain of PLC-γ1 (Bae et al. 2009; Poulin et al. 2000).
This interaction is essential for both membrane recruitment (Matsuda et al. 2001;
Todderud et al. 1990) and tyrosine phosphorylation of PLC-γ1 (Larose et al. 1993;
Poulin et al. 2000).

Activated RTKs phosphorylate PLC-γ1 at five residues, Tyr472, Tyr771, Tyr775,
Tyr783, and Tyr1254 (Bae et al. 2009; Matsuda et al. 2001; Todderud et al. 1990)
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leading to increased catalytic activity (Gresset et al. 2010). Recent studies high-
light differences between requirements for tyrosine phosphorylation in vitro versus
in vivo. Specifically, reconstitution assays with purified protein indicated that only
phosphorylation of Tyr783 increases PLC-γ1 activity (Gresset et al. 2010), whereas
phosphorylation at both Tyr775 and Tyr783 was necessary to increase lipase activity
in intact cells (Matsuda et al. 2001). Although the nature of this discrepancy remains
unclear, evolutionary analysis suggests that Tyr783 is the primary regulatory residue
in PLC-γ1 since its conservation extends to C. elegans, whereas Tyr775 first appears
in arthropods (Aedes aegypti), then in chordates (Xenopus laevis). Phosphorylation
of Tyr775 in intact cells likely acts in concert with Tyr783 to sustain PLC-γ1 activity.

The molecular details linking tyrosine phosphorylation and increased lipase activ-
ity of PLC-γ isozymes were recently described (Gresset et al. 2010). Phosphorylation
of Tyr783 results in high affinity interaction with the C-terminal SH2 (cSH2) domain,
which in turn results in a conformational change responsible for removal of autoin-
hibition. PLC-γ1 and PLC-γ2 share high sequence conservation, and although not
fully elucidated, the mechanism of phosphorylation-dependent activation of PLC-γ2
is likely to be analogous to that of PLC-γ1.

PLC-γ1 and PLC-γ2 are also activated downstream of cytosolic tyrosine ki-
nases in large signaling complexes located at the plasma membrane (Marrero
et al. 1996; Park et al. 1991; Roifman and Wang 1992; Venema et al. 1998).
For example, in haematopoietic cells most receptors that activate PLC-γ isozymes
do so through non-receptor tyrosine kinases coupled to proteins containing im-
munoreceptor tyrosine-based activation motifs (ITAMs) of the consensus sequence
DX2YXLX6–12YDXL (X = any amino acid). PLC-γ1 is the predominant isoform ac-
tivated in T cells downstream of the T-cell antigen receptor (TCR, CD3) (Secrist et al.
1991; Weiss et al. 1991). The Src-family tyrosine kinases Lck, and to a lesser extent
Fyn (Shiroo et al. 1992), phosphorylate the ITAM motifs within the TCR complex.
This recruits T-cell-specific ZAP-70 into the signaling complex through its tandem
SH2 domains (Chan et al. 1991). ZAP-70 phosphorylates tyrosines in two adaptor
proteins, LAT (Zhang et al. 1998) and SLP-76 (Bubeck Wardenburg et al. 1996),
which act as scaffolding proteins. PLC-γ1 is recruited to this membrane complex
through its N-terminal SH2 domain binding LAT, while SLP-76 interacts with PLC-
γ1 through its SH3 domain (Braiman et al. 2006; Stoica et al. 1998; Yablonski et al.
2001). Although the kinases responsible for directly phosphorylating PLC-γ1 re-
main undefined, phosphopeptide mapping studies indicate the major sites of PLC-γ1
tyrosine phosphorylation in human T cells are the same as those described for cells
treated with growth factors (Park et al. 1991).

Cross-linking of the B-cell antigen receptor results in tyrosine phosphorylation
and activation of PLC-γ2 rather than PLC-γ1 (Coggeshall et al. 1992). Cytosolic
tyrosine kinases, e.g. Lyn, Syk, or Btk, are recruited to a signaling complex and
phosphorylation of PLC-γ2 ensues (Kim et al. 2004). Phosphorylation of both Tyr753
and Tyr759 in PLC-γ2 (the equivalent of Tyr775 and Tyr783 in PLC-γ1) appear to
be essential for functional B-cell signaling.

PLC-γ isozymes are also activated by mechanisms that do not require tyrosine
phosphorylation. Activation of PtdIns 3-kinase generates PtdIns(3,4,5)P3, which
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functions as a specific ligand for the N-terminal PH domain of PLC-γ isozymes and
mediates translocation to the plasma membrane (Falasca et al. 1998). Studies using
truncation constructs of PLC-γ1 indicate that PtdIns(3,4,5)P3 also binds to the cSH2
domain of PLC-γ1 (Bae et al. 1998) providing an additional anchor point to the plasma
membrane. However, the mechanistic details of such activation remain unknown.

Rac GTPases directly activate PLC-γ2, but not PLC-γ1 (Piechulek et al. 2005).
Rac-dependent activation requires the split PH domain of PLC-γ2 (Walliser et al.
2008), and Rac2 is the most potent GTPase activator (Piechulek et al. 2005). Struc-
tural studies revealed that the switch regions of activated Rac2 directly engage the
β5-strand and α-helix of the isolated split PH domain of PLC-γ2 through hydropho-
bic interactions (Bunney et al. 2009). Interestingly, this interface is distinct from the
engagement of activated Rac1 with the N-terminal PH domain of PLC-β isozymes
(Jezyk et al. 2006). The mechanism leading to increased PLC-γ2 activity after Rac
binding also apparently involves translocation to the plasma membrane and removal
of auto-inhibition mediated by the X/Y-linker (Everett et al. 2011).

3.5.3.2 Physiology

Animals homozygous for the PLC-γ1 null allele die by embryonic day 9 due to
generalized growth failure (Ji et al. 1997). Closer examination of PLC-γ1 embryos
indicated that the embryonic lethality might be attributed to the loss of both erythroid
progenitors and endothelial cells, necessary for vasculogenesis and erythropoiesis
(Liao et al. 2002). Vascular endothelial growth factor (VEGF) activates PLC-γ1 via
the RTKs FLT-1 and FLK-1, and VEGF is produced and secreted by myocardio-
cytes during development to enhance cardiac vascularization (Rottbauer et al. 2005).
A zebrafish model also suggests that VEGF signaling through PLC-γ1 modulates
cardiac contractility since zebrafish deficient in functional PLC-γ1 lose ventricular
contractility and are defective in vasculogenesis (Rottbauer et al. 2005).

Several studies implicate PLC-γ1 as a critical component of cellular transforma-
tion downstream of EGFR/erbB2 activation. Increased expression of PLC-γ1 occurs
in a number of EGF-dependent breast cancer tissues (Arteaga et al. 1991). Overex-
pressed PLC-γ1 also was highly phosphorylated in correlation with upregulation of
both EGFR and erbB2, suggesting that PLC-γ1 activity drives breast tumor formation.

PLC-γ2 null mice remain viable after birth but exhibit strong deficiencies in signal-
ing responses of B cells to immunoglobulins (Wang et al. 2000a). Collagen-induced
platelet aggregation is also compromised in PLC-γ2-deficient mice.

3.5.4 PLC-ε

PLC-ε initially was discovered in C. elegans (Shibatohge et al. 1998), and the mam-
malian homologue was later cloned independently by three research groups (Kelley
et al. 2001; Lopez et al. 2001; Song et al. 2001). A single isoform of PLC-ε ex-
ists. It is expressed relatively ubiquitously with highest levels found in heart, liver,
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and lung (Kelley et al. 2001; Lopez et al. 2001; Song et al. 2001). PLC-ε is a
complex signaling protein since in addition to the core lipase domains it contains an
N-terminal cysteine-rich domain, an N-terminal CDC25 domain, and two C-terminal
Ras-associating domains (Wing et al. 2003a). PLC-ε provides a unique signaling
node that integrates phospholipid signaling with pathways involving heterotrimeric
and Ras family G proteins.

3.5.4.1 Regulation

CDC25 domains typically exhibit guanine nucleotide exchange factor (GEF) activity,
resulting in exchange of GTP for GDP on small GTPases of the Ras family (Boguski
and McCormick 1993). The GTPase specificity of the CDC25 domain is not well-
defined, but several studies suggest that PLC-ε acts as a GEF for Rap1 and/or Ras (Jin
et al. 2001; Satoh et al. 2006). Therefore, pathways downstream of these GTPases
are activated as a consequence of activation of PLC-ε.

PLC-ε possesses tandem Ras-associating (RA) domains at its C-terminus (Shi-
batohge et al. 1998). RA domains are known effector sites for members of the Ras
subfamily of small GTPases, and both H-Ras and Rap1 were shown in early studies
to bind to the RA2 domain of PLC-ε in a GTP-dependent manner (Kelley et al. 2001;
Lopez et al. 2001; Shibatohge et al. 1998; Song et al. 2001). Binding of H-Ras to the
RA1 domain also was observed albeit with an affinity much lower than measured for
the RA2 domain (Kelley et al. 2001). A later study confirmed the capacity of the RA2
domain to bind both H-Ras and Rap1b, whereas the RA1 domain exhibited binding
to neither protein (Wohlgemuth et al. 2005). The RA2 domain binds H-Ras with
an affinity eightfold higher than for Rap1 (Bunney et al. 2006). The activity of the
CDC25 domain of PLC-ε produces GTP-bound Ras GTPases. Therefore, upstream
activators position PLC-ε for CDC25-dependent activation of GTPases that in turn
bind the second RA domain of the C-terminus of the isozyme to produce long-lasting
activation through a feed-forward mechanism.

Cellular studies indicate that EGF increases PLC-ε activity through H-Ras and
Rap1-promoted translocation to proximal membranes, which is dependent on the C-
terminal RA domain (Kelley et al. 2001; Song et al. 2001). Whereas H-Ras mediated
translocation of PLC-ε to the plasma membrane, Rap1 promoted translocation to
the perinuclear region (Song et al. 2001). The detailed mechanism for Ras-mediated
activation of PLC-ε remains unknown, but it likely involves RA2 domain-dependent
translocation of PLC-ε to the plasma membrane and orientation of the active site for
substrate hydrolysis.

Early studies illustrated that co-transfection of PLC-ε with a GTPase-deficient
mutant of Gα12 (but not Gα13) leads to increased lipase activity, suggesting that
Gα13-coupled GPCR, such as lysophosphatidic acid and thrombin receptors, signal
to this lipase (Lopez et al. 2001). Subsequent studies revealed that both Gα12 and
Gα13 mediate activation of PLC-ε (Wing et al. 2001), but this effect is not direct.
Rather, Gα12/13 activates RhoGEFs, e.g., p115RhoGEF or LARG, which activate
Rho, and then Rho directly binds to and activates PLC-ε (Seifert et al. 2004; Wing
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et al. 2003b). Thus, C3 botulinum toxin, which ADP ribosylates and inactivates Rho,
blocks PLC-ε-mediated inositol lipid signaling responses in intact cells promoted by
activation of GPCR, Gα12/13, or Rho (Hains et al. 2006). GTP-dependent activation
of PLC-ε can be recapitulated with purified PLC-ε and Rho in a phospholipid vesicle
reconstitution system, and is independent of the Ras/Rap binding RA-domains since
it occurs with truncation mutants of PLC-ε lacking the entire C-terminal region
(Seifert et al. 2008). Although activation requires binding of Rho in the catalytic
core of PLC-ε and is lost when a unique 62-residue insert within the Y box of PLC-ε
is removed, the mechanism of this activation remains undefined.

One complexity of Rho dependent-activation of PLC-ε is that it robustly occurs
through activation of two different classes of GPCRs that nonetheless converge on a
common mechanism. Thus, Gα subunits of the G12 family of G proteins activate Rho,
via activation of p115RhoGEF or LARG, whereas Gα subunits of the Gq family of G
proteins do so by activating p63RhoGEF (Aittaleb et al. 2010). The physiological sig-
nificance of GPCR simultaneously signaling through PLC-β- and PLC-ε-dependent
pathways is unclear, but obviously provides opportunities for cross-talk and synergy
between pathways. Kelley and his colleagues illustrated that inositol lipid signaling
downstream of certain GPCR, e.g. thrombin and lysophosphatidic acid receptors, in
Rat-1 cells involves both PLC-β- and PLC-ε-dependent responses; PLC-β3 mediates
acute phospholipid signaling, whereas PLC-ε mediates sustained signaling (Kelley
et al. 2006). Although PLC-ε also is activated by cotransfection with Gβγ, this effect
apparently does not occur via a direct interaction and its mechanism and potential
importance remain uncertain (Wing et al. 2001).

Members of the Ras and Rho subfamilies of GTPases activate PLC-ε by bind-
ing to two distinct regions of the isozyme, and assays in intact cells as well as in
reconstitution assays with purified components indicate that at least additive effects
on PLC-ε activity occur during simultaneous activation by H-Ras and RhoA (Seifert
et al. 2008). The fact that PLC-ε is more sensitive to stimulation by H-Ras follow-
ing RhoA binding also suggests the potential for signaling synergy between these
two GTPases. Indeed, cooperative activation of Rho and Ras/Rap through PLC-ε
clearly occurs. For example, thrombin induces astrocyte proliferation by stimulating
Gα12/13-dependent activation of a RhoGEF, which activates Rho, which in turn ac-
tivates PLC-ε (Citro et al. 2007). The CDC25 domain of PLC-ε promotes activation
of Rap1, which in turn leads to activation of ERK and DNA synthesis.

Activation of the β2-adrenergic receptor or forskolin-promoted activation of
adenylyl cyclase leads to PLC-ε-dependent increases in inositol lipid hydrolysis
(Schmidt et al. 2001). This effect is mediated by cyclic AMP-dependent activation
of a RapGEF, which in turn activates Rap1B (Evellin et al. 2002), and consequently,
activates PLC-ε through binding to the RA2 domain.

3.5.4.2 Physiology

Targeted disruption of PLC-ε in mice leads to developmental defects of the aortic
and pulmonary cardiac valves (Tadano et al. 2005). This phenotype is similar to that
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of mice deficient in heparin-binding epidermal growth factor, an agonist of the EGF
receptor (Jackson et al. 2003), suggesting that growth factor-mediated activation of
PLC-ε is important in heart development. PLC-ε(-/-) mice exhibit reduced cardiac
contraction in response to activation of β-adrenergic receptors, which renders these
animals susceptible to hypertrophy (Wang et al. 2005). The involvement of PLC-ε in
the action of catecholamines occurs downstream of the activation of adenylyl cyclase.
That is, β1-adrenergic receptor-promoted elevation of cyclic AMP levels activates
the RasGEF, Epac, which activates Rap2B and subsequently, PLC-ε (Oestreich et al.
2007, 2009).

Targeted inactivation of PLC-ε in the skin resulted in dampened cell proliferation
and markedly reduced incidence of squamous tumors in a chemical carcinogenesis
model (Bai et al. 2004). The idea that PLC-ε might be a tumor suppressor gene also is
supported by the observation that the PLC-ε gene was significantly down-regulated
in patients with sporadic colorectal cancer (Wang et al. 2008).

Positional cloning also identified PLC-ε as a targeted gene in nephrotic syndrome
(Hinkes et al. 2006). Patients with severe kidney disease have missense or truncating
mutations in the PLC-ε gene that lead to loss of PLC-ε function; normal glomerular
development is arrested and early-onset nephrotic syndrome occurs. Knockdown of
PLC-ε in zebrafish resulted in lack of development of a functional kidney barrier,
suggesting that a role of PLC-ε in podocyte development is conserved evolutionarily
(Hinkes et al. 2006).

3.5.5 PLC-ζ Isozymes

PLC-ζ was first isolated and cloned from human and mouse testis and exists as a
gamete-specific PLC only expressed in spermatids (Saunders et al. 2002). Fluores-
cence microscopy studies indicate that PLC-ζ accumulates in the pronucleus (Yoda
et al. 2004). It is the smallest PLC isozyme, and is the only one that lacks an N-
terminal PH domain. The absence of this domain suggests that PLC-ζ is more closely
related to plant PLCs (Mueller-Roeber and Pical 2002; Tasma et al. 2008) than the
mammalian PLC-δ isozymes; it is 33% identical with PLC-δ1 (Saunders et al. 2002).

3.5.5.1 Regulation

Enzymatic characterization of PLC-ζ using purified proteins indicates that the EC50

of PLC-ζ for Ca2+-dependent PtdIns(4,5)P2 hydrolysis is ∼ 100-fold lower than
that of PLC-δ1, suggesting that PLC-ζ exhibits the highest sensitivity to Ca2+ of
all PLC isoforms (Kouchi et al. 2004). PLC-ζ activity was stimulated with Ca2+
concentrations as low as 10 nM and reached a maximum at 1 μM. Deletion of the EF-
hands or the C2 domain abrogated this Ca2+-dependent PLC-ζ activation, indicating
a potential role for these domains in regulating PLC-ζ activity (Kouchi et al. 2004,
2005; Nomikos et al. 2007). However, structural knowledge from PLC-δ1 (Essen
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et al. 1996) and PLC-β2 (Hicks et al. 2008; Jezyk et al. 2006) illustrate a supportive
role of the EF-hands and the C2 domain in overall structural integrity of the PLC
isozymes, and it is likely that their absence in PLC-ζ would result in impaired
substrate hydrolysis.

PLC-ζ contains two nuclear localization signals: the first (residues 299–308
(KFKILVKNRK)) is in the C-terminus of the X domain, and the second (residues
374–381 (KKRKRKMK)) is located in the X/Y-linker (Kuroda et al. 2006). Point
mutations within the two regions abrogate the nuclear localization of PLC-ζ, but the
mutant proteins retain capacity to initiate Ca2+ signaling. It is unclear how PLC-ζ
targets to the plasma membrane where substrate PtdIns(4,5)P2 resides.

3.5.5.2 Physiology

Injection of RNA encoding PLC-ζ in mouse eggs induces intracellular Ca2+ os-
cillations and egg activation (Saunders et al. 2002). Additional fluorescent studies
indicate that PLC-ζ located in the perinucleus disperses to the cytoplasm upon nu-
clear envelope breakdown and translocates back into the nucleus after cleavage in a
cell-cycle dependent manner (Sone et al. 2005). The shuttling of PLC-ζ in and out
of the nucleus coincides with Ca2+ oscillations. PLC-ζ is associated with the peri-
nucleus in interphase, and no Ca2+ is detected; PLC-ζ translocates to the cytoplasm
in the mitotic phase, and Ca2+ oscillations are initiated.

3.5.6 PLC-η Isozymes

A novel class of PLC isozymes that includes two isoforms, PLC-η1 and PLC-η2,
was discovered in 2005 (Hwang et al. 2005; Nakahara et al. 2005; Stewart et al.
2005; Zhou et al. 2005). Both PLC-η isoforms are enriched in neuron-enriched
regions of the brain, suggesting a role for these proteins in neuronal development
(Nakahara et al. 2005; Zhou et al. 2005). PLC-η isozymes are structurally similar to
PLC-δ isozymes with the addition of an extended C-terminus after the C2 domain
that includes a putative PDZ domain-interacting sequence at the end (Zhou et al.
2005).

3.5.6.1 Regulation

The extent and identity of upstream regulators of PLC-η isozymes has not been fully
established. However, coexpression of PLC-η2 with Gβγ in COS-7 cells resulted in
increases in inositol lipid hydrolysis (Zhou et al. 2005). Moreover, purified PLC-η2 is
robustly activated by Gβγ in reconstitution assays with model phospholipid vesicles,
and therefore, this isozyme signals downstream of GPCR (Zhou et al. 2008). The N-
terminal PH domain and the C-terminal extension are dispensable for Gβγ-mediated
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activation of PLC-η2, and therefore, the interface for Gβγ lies within the catalytic
core of PLC-η2. Deletion of the N-terminal PH domain resulted in appearance of
PLC-η2 in the cytosol, suggesting that the PH domain of PLC-η2 functions as a
localization signal for the plasma membrane, analogous to the PH domain of PLC-δ
isozymes (Nakahara et al. 2005). Further studies are necessary to confirm the role
of the PH domain of PLC-η isozymes as a membrane anchor and to determine its
specificity of interaction with phospholipids.

3.5.6.2 Physiology

PLC-η2 knockout mice are viable and no detectable abnormalities have been
identified to date (Kanemaru et al. 2010). Transcriptional reporter assays, in-situ
hybridization, and immunohistochemistry illustrate that PLC-η2 is highly expressed
in the habenula and retina. Further analysis highlighted the previously unappreciated
role of PLC-η2 in the development and maturation of the retina (Kanemaru et al.
2010).

3.6 Auto-inhibition of PLC Isozymes by Their X/Y-linker

All PLC isoforms are soluble enzymes while their substrate, PtdIns(4,5)P2, is
membrane-bound. Therefore, recruitment to plasma (and other) membranes is a re-
quired step in the action of these signaling proteins. Many of the activators discussed
above are membrane-associated proteins, but the molecular details that accompany
membrane association and activation of PLC isozymes remain unclear. Nonethe-
less, biochemical and structural studies suggest a central role of the X/Y-linker in
autoinhibition of most if not all PLC isozymes. The most parsimonious model for
activation centers on mechanisms that remove this autoinhibition (Fig. 3.5).

Multiple biochemical experiments indicate that disruption of the X/Y-linker of
PLC isozymes enhances their enzymatic activities. Specifically, limited proteolysis
within PLC-δ1 (Ellis et al. 1993), PLC-β2 (Schnabel and Camps 1998), PLC-γ1
(Fernald et al. 1994), and PLC-ζ (Kurokawa et al. 2007) targets the X/Y-linker and
resulted in PLC isozymes that exhibit higher enzymatic activity. Similarly, indepen-
dently expressed polypeptide chains encompassing the N-terminus to the X-box and
theY-box to the C-terminus of PLC-β2 (Zhang and Neer 2001) or PLC-γ1 (Horstman
et al. 1996) reassemble in the absence of their respective X/Y-linker regions and
reconstitute as functional isozymes that exhibit higher basal activity than the holoen-
zymes. Moreover, systematic deletion of the X/Y-linker dramatically enhances the
lipase activity of PLC-β2, -β3, -δ1, -ε, -γ1, and -γ2 both in intact cells and with
purified proteins (Gresset et al. 2010; Hicks et al. 2008; Waldo et al. 2010). The X/Y-
linker-deleted versions of several PLC isoforms retain capacity to be activated further
by G proteins (Hicks et al. 2008), indicating that deletion of the X/Y-linker does not
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Fig. 3.5 General model of auto-inhibition and activation of PLC isozymes. The model presents the
general mechanism whereby a G protein, e.g., Gαq or Rac1, activates a PLC-β isozyme. Left side,
The G protein (green toroid) is shown in an inactive GDP-bound state, and PLC-β is presented as
a gold toroid except for its C-terminal (CT) domain (light pink) and X/Y linker (red cylinder and
dotted lines). The CT domain of PLC-β basally associates with membranes, and the X/Y linker
blocks the active site. Right side, GTP binding activates the G protein, the active G protein forms
a complex with the main portion of PLC-β, the lipase active site is anchored and oriented at the
membrane surface, and the X/Y linker is repulsed by the membrane surface therein freeing the
active site to hydrolyze PtdIns(4,5)P2 into diacylglycerol (DAG) and Ins(1,4,5)P3 (IP3)

impair the structural integrity or the signaling capacity of the remainder of the pro-
tein. Together, these results indicate that the X/Y-linker mediates auto-inhibition of
PLC isoforms.

A regulatory role of the X/Y-linker is supported by several high-resolution struc-
tures that highlight interactions between a portion of the X/Y-linker and the active
site of PLC-β isozymes (Hicks et al. 2008; Jezyk et al. 2006; Waldo et al. 2010).
The absence of conformational rearrangements of the catalytic core of PLC isoforms
in the high-resolution structures of activated complexes of PLC-β isozymes with
Rac1 or Gαq (Jezyk et al. 2006; Waldo et al. 2010) also is consistent with activation
occurring as a direct consequence of the removal of the auto-inhibitory X/Y-linker.

Although biochemical and structural studies highlight a common inhibitory role
of the X/Y-linker in all PLC isozymes, how is this function effected by the very
divergent primary sequences of the various X/Y-linkers?

PLC-δ and -β isozymes share a high density of negative charge in their X/Y-linker,
but they diverge structurally. The entire X/Y-linker of PLC-δ1 is disordered with no
electron density visible in the structure of PLC-δ1 (Essen et al. 1996). In contrast,
a small portion of the X/Y-linker was visible in the different structures of PLC-β
isozymes (Hicks et al. 2008; Jezyk et al. 2006; Waldo et al. 2010). For example, 22
of the 70 residues of the X/Y-linker are ordered in the inactive form of PLC-β2 (Hicks
et al. 2008). Fourteen of these residues form an α-helix that runs perpendicular to the
TIM barrel and the last eight residues lay on the surface of the catalytic cleft and form
a small 310 helix that makes direct hydrogen-bond contacts with active site residues.
These interactions are conserved in the structure of an activated complex between
PLC-β2 and Rac1 (Jezyk et al. 2006). The PLC-β3 structure in complex with Gαq

also displays residues making direct contacts with the active site (Waldo et al. 2010).
The persistence of a small ordered portion directly occluding the active site in both
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the absence and presence of G protein-binding suggests that binding of activators is
not sufficient to remove auto-inhibition. Consistent with this idea, superposition of
the three structures of PLC-β isozymes highlights no conformational changes within
the catalytic TIM barrel in the absence or presence of activators (Hicks et al. 2008;
Jezyk et al. 2006; Waldo et al. 2010).

The most parsimonious model (Fig. 3.5) for activation of these lipases involves
an interfacial mechanism driven by electrostatic repulsions between the negatively
charged X/Y-linker and the proximal membranes. Thus, activators do not induce
general conformational changes, but rather, recruit and optimally orient PLC iso-
forms at the plasma membrane to facilitate electrostatic repulsion and removal of the
X/Y-linker from the active site. Consistent with this model, removal of monovalent
acidic phospholipids from the monolayer decreases by threefold the initial rate of
PtdIns(4,5)P2 hydrolysis by PLC-β1 and -δ1 (Boguslavsky et al. 1994), indicating
that the presence of negative charges in the inner leaflet of the membrane is essential
for maximal activities in PLC-β and -δ isozymes. Furthermore, Rac-mediated activa-
tion of PLC-β2 was abolished in detergent-mixed micelles, but not in phospholipid
vesicles, which is also consistent with the idea that recruitment to the membrane is
critical in interfacial activation (Hicks et al. 2008).

Although three-dimensional structures are not yet available for PLC-ε, its mech-
anism of activation is apparently similar to that of PLC-β and -δ isozymes. Thus,
removal of the X/Y-linker robustly activates PLC-ε but does not prevent activation
by its upstream regulators, RhoA and H-Ras (Seifert et al. 2008).

PLC-ζ is the only PLC isozyme with a highly basic X/Y-linker, although two splice
forms of this isozyme contain an insertion in the X/Y-linker that is highly acidic.
Conflicting results suggest that the basic patches of the X/Y-linker of PLC-ζ serve as
a membrane targeting signal to facilitate interaction with phospholipids (Nomikos
et al. 2007) or as a nuclear localization signal (Kuroda et al. 2006). Thus, interfacial
activation as described for PLC-β and -δ isozymes likely applies to PLC-ζ isozymes
harboring the acidic insertion. Alternatively, PLC-ζ isozymes lacking the acidic
insertion might be solely regulated by proteolytic processing of their X/Y-linker to
enhance PLC-ζ catalytic activity (Kurokawa et al. 2007).

PLC-γ isozymes contain a unique X/Y-linker composed of modular domains—a
split PH domain, tandem SH2 domains, and an SH3 domain. These isozymes are
recruited to the plasma membrane by their activators, either receptor or cytosolic
tyrosine kinases, through engagement of the nSH2 domain. Although structural data
are not available, the cSH2 domain mediates auto-inhibition of PLC-γ isozymes
since its deletion recapitulates the high degree of constitutive activation observed
after removal of the entire X/Y-linker (Gresset et al. 2010).

PLC-γ isozymes also harbor a unique mechanism of activation since they link
tyrosine phosphorylation with enhanced catalytic activity. Interfacial activation is
unlikely to be important for PLC-γ isozymes. Instead, tyrosine kinases phosphory-
late PLC-γ isozymes at a specific tyrosine within the X/Y-linker, Tyr783 in PLC-γ1
(Tyr759 in PLC-γ2), and a high affinity interaction with the phosphotyrosine and the
cSH2 domain ensues (Gresset et al. 2010). Substitution of the invariant Argβ5 within
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the cSH2 domain that coordinates the phosphate oxygens of the phosphorylated ty-
rosine and is critical for high affinity binding of the phosphorylated tyrosine to the
SH2 domain (Booker et al. 1992; Waksman et al. 1992) eliminates phosphorylation-
mediated increases in PLC-γ activity (Gresset et al. 2010). In addition, increased
PLC-γ isozyme activity is associated with a large conformational rearrangement of
the X/Y-linker with respect to the rest of the protein (Gresset et al. 2010). Overall,
PLC-γ isozymes have elaborated on the common mechanism of auto-inhibition ob-
served in other PLC isoforms and now couple tyrosine phosphorylation and release
of a highly complex X/Y-linker from its autoinhibited state.

3.7 Conclusion

Activation of receptors for hundreds of extracellular signaling molecules promotes
activation of PLC by mechanisms involving heterotrimeric and Ras superfamily G
proteins, tyrosine kinases, Ca2+, and/or other stimuli. Although the importance of
the PLC isozymes was first established for Ca2+- and PKC-mediated cell signaling,
PLC-mediated changes in membrane phosphoinositide levels alter the activities of
many membrane, cytoskeletal, and cytosolic proteins. Thus, PLC isozymes function
as major signaling nexuses from which a panoply of downstream signals radiate. How
these signaling nodes are organized spatially and functionally is largely unknown but
assuredly occurs in a cell-specific manner. The existence of 13 different isozymes
that are differentially regulated and co-expressed across tissues adds complexity to
understanding of these signaling networks. The core function of PLC isozymes as
major cell signaling proteins is well-established, and beginning insight into the phys-
iological roles played by individual PLC isozymes has accrued recently from genetic
studies. However, much is yet to be learned about how these proteins function in
the larger context of human physiology and pathophysiology. Identification of phar-
macological agents that selectively inhibit the function of individual PLC isozymes
would provide important new reagents for the study of these signaling proteins.
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Chapter 4
Phosphoinositide 3-Kinases—A Historical
Perspective

Alex Toker

Abstract The phosphoinositide 3-kinase (PI 3-K) signal relay pathway represents
arguably one of the most intensely studied mechanisms by which extracellular signals
elicit cellular responses through the generation of second messengers that are asso-
ciated with cell growth and transformation. This chapter reviews the many landmark
discoveries in the PI 3-K signaling pathway in biology and disease, from the iden-
tification of a novel phosphoinositide kinase activity associated with transforming
oncogenes in the 1980s, to the identification of oncogenic mutations in the catalytic
subunit of PI 3-K in the mid 2000s. Two and a half decades of intense research
have provided clear evidence that the PI 3-K pathway controls virtually all aspects
of normal cellular physiology, and that deregulation of one or more proteins that
regulate or transduce the PI 3-K signal ultimately leads to human pathology. The
most recent efforts have focused on the development of specific PI 3-K inhibitors
that are currently being evaluated in clinical trials for a range of disease states.

This chapter is devoted to a historical review of the landmark findings in the
PI 3-K from its relatively humble beginnings in the early to mid 1980s up until the
present day. When considering the key findings in the history of PI 3-K, it is es-
sential to recognize the landmark studies by Lowell and Mabel Hokin in the 1950s
who were the first to describe that extracellular agonists such as acetylcholine could
stimulate the incorporation of radiolabeled phosphate into phospholipids (Hokin
and Hokin 1953). Their work initiated an entirely new field of lipid signaling,
and subsequent studies in the 1970s by Michell and Lapetina who linked phos-
phoinositide turnover to membrane-associated receptors that initiate intracellular
calcium mobilization (Lapetina and Michell 1973). Later studies revealed that the
phospholipase-mediated breakdown of the same minor membrane phospholipids
such as PtdIns-4,5-P2 (phosphatidylinositol-4,5-bisphosphate) is responsible for the
release of two additional key second messengers, diacylglycerol (DG) and IP3

(inositol-1,4,5-trisphosphate) (Kirk et al. 1981; Berridge 1983; Berridge et al. 1983).
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Berridge, Irvine and Schulz then revealed that one of the byproducts of this lipid
signal relay pathway is the release of calcium from intracellular stores such as the
endoplasmic reticulum (Streb et al. 1983). Finally, pioneering studies by Nishizuka in
the late 1970s identified PKC (protein kinase C) as a phospholipid and diacylglycerol-
activated serine/threonine protein kinase (Inoue et al. 1977; Takai et al. 1977). At
this point, it probably seemed to most at the time that the story was complete, such
that hydrolysis of phosphoinositides such as PtdIns-4,5-P2 and PtdIns-4-P would
account for the major mechanisms of agonist-stimulated lipid signaling leading to
physiological responses. On the contrary, the story was far from complete and was
about to become a lot more complex.

Keywords Phosphorylation · Phosphoinositide 3-kinase · Pleckstrin homology ·
Akt · PTEN

4.1 The Discovery of PtdIns 3-OH Phosphorylation
and PI 3-Kinases

The discovery of an enzymatic activity that could phosphorylate the 3-OH position
of the inositol head ring of phosphoinositides has its roots in initial work by Macara
and Balduzzi who showed that a phosphatidylinositol kinase activity was found as-
sociated with an avian sarcoma virus when expressed in cells (Macara et al. 1984).
Simultaneously, Erickson and Cantley, working on the recently-discovered onco-
genic tyrosine kinase Src, showed that it could phosphorylate phosphatidylinositol
and phosphatidylglycerol in immunoprecipitates (Sugimoto et al. 1984). This sug-
gested to them that Src itself has lipid kinase activity, yet as it turned out later it
was the Src-associated PI 3-K activity that was responsible for this reaction. This
result prompted Cantley to extend these findings, and in collaboration with Roberts,
Schaffhausen and Kaplan they showed that the phosphatidylinositol kinase activity
was due to an 85 kDa phosphoprotein bound to the middle T antigen of the polyoma
tumor DNA virus (Kaplan et al. 1987). Despite these exciting new findings demon-
strating an interaction between lipid-derived signals and transforming oncoproteins,
PI 3-K had not yet formally been discovered. It was Whitman, a graduate student in
the laboratory of Cantley who realized that the product of the phosphatidylinositol
activity in Src immunoprecipitates migrated slightly differently on thin layer chro-
matography plates from PtdIns-4-P, which was the presumed product of the reaction.
A collaboration with Downes, an expert in inositol lipids, proved beyond doubt that
the lipid product of the reaction was in fact PtdIns-3-P, the first new phosphoinositide
identified in some 30 years (Whitman et al. 1988). Downes, Hawkins and Stephens
working independently also provided evidence of the existence of PtdIns-3-P in as-
trocytoma cells (Stephens et al. 1989). As became evident later, that PtdIns-3-P
transduces the PI 3-K signal in response to growth factor was somewhat of a red her-
ring, since the primary activity of class I PI 3-Ks that are activated by both receptor
tyrosine kinases (RTK) and G protein-coupled receptors (GPCR) is to interconvert
PtdIns-4,5-P2 into PtdIns-3,4,5-P3. PtdIns-3-P, as it turned out later, is generated by
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class III PI 3-Ks, the prototype being the yeast ortholog vps34p. In this context, it
is often overlooked that PtdIns-3,4,5-P3 was actually discovered by Traynor-Kaplan
and Sklar, who identified an inositol tetrakisphosphate (IP4)-containing phospholipid
in stimulated neutrophils (Traynor-Kaplan et al. 1988). They showed that PtdIns-
3,4,5-P3 is a new phosphoinositide that contains four phosphates, making it the most
negatively charged lipid in the cell. Both the Cantley, Stephens and Sklar papers
were published within a few months of each other in a period between 1988 and
1989, representing the birth of the PI 3-K field.

There then followed a flurry of activity by the laboratories highlighted above,
though arguably the rest of the signaling world did not take much notice at first. At
the time most were heavily invested in understanding the molecular mechanisms by
which oncogenes such as Src and Ras transduce mitogenic signals, and delineating
the mechanisms of activation of ERK (extracellular-regulated kinase). In the PI 3-K
world, it was shown that exposure of a variety of cells with mitogenic growth fac-
tors such as PDGF (platelet-derived growth factor) (Auger et al. 1989) and GPCR (G
protein coupled receptor) agonists (such as fMLP, formylmethionyl leucyl phenylala-
nine) (Stephens et al. 1991) stimulated the rapid accumulation of PtdIns-3,4,5-P3,
and also PtdIns-3,4-P2, the latter primarily due to the activity of class II PI 3-Ks
and/or breakdown of PtdIns-3,4,5-P3 by lipid phosphatases. In contrast, the levels of
PtdIns-3-P remained relatively constant in most cells studied. The conclusion was
therefore that PtdIns-3,4-P2, and primarily PtdIns-3,4,5-P3, are true second mes-
sengers that transduce the PI 3-K signal. The initial identification of the 85 kDa
phosphoprotein associated with Src and polyoma middle T led to its biochemical
purification and subsequent cloning by several laboratories (Escobedo et al. 1991;
Otsu et al. 1991; Skolnik et al. 1991). During these efforts, Carpenter and Cantley
recognized that p85, that we now know represents one of the regulatory subunits of
class I PI 3-Ks, was found tightly associated with a p110 protein (Carpenter et al.
1990). Protein microsequencing of purified p110 allowed for the design of degener-
ate oligonucleotide probes, and using this information Waterfield’s laboratory was
the first to clone and characterize the catalytic subunit of PI 3-K, in their case p110α
(Hiles et al. 1992). Analysis of the p110 sequence revealed significant homology
with the yeast gene vps34p, which in 1990 Herman and Emr showed is required for
vacuolar protein sorting and segregation in budding yeast (Herman and Emr 1990).
Subsequent pioneering studies by Emr’s laboratory showed that yeast vps34p and its
mammalian ortholog are class III PI 3-Ks with a unique substrate specificity, inca-
pable of generating PtdIns-3,4-P2 or PtdIns-3,4,5-P3, and exclusively responsible for
PtdIns-3-P synthesis (Schu et al. 1993; Brown et al. 1995; De Camilli et al. 1996).

4.2 Expansion of the Family of PI 3-Kinases
and Their Regulators

In the years that followed the cloning of p85α and p110α, several laboratories de-
scribed additional PI 3-K isoforms in both mammals, flies, nematodes, yeasts and
even plants, and this required reclassification of the PI 3-K family into distinct classes.
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We now know there are eight mammalian PI 3-kinases: class Ia enzymes (p110α,
p110β, p110δ) and class Ib (p110γ); class II enzymes (PI 3-K-C2α, PI 3-K-C2β,
PI 3-K-Cγ); and class III enzymes (vps34p). Note that the nomenclature refers to
the catalytic subunits, yet distinct regulatory subunits for each class exist: (class Ia,
p85α, p55α, p50α, p85β, p55γ); class Ib, p101 and p84; a p150 regulatory sub-
unit for vpv34p has also been identified. For more detail, see the following reviews
(Vanhaesebroeck et al. 2010; Engelman et al. 2006; Hawkins et al. 2006) and Vol. I,
Chap. 5 by Wymann.

The protein sequencing and cloning of the p85α regulatory subunit coincided
with the discovery of SH2 (Src homology 2) domains in pioneering studies by the
Hanafusa and Pawson laboratories (Moran et al. 1990; DeClue et al. 1987; O’Brien
et al. 1990; Matsuda et al. 1990). Recognizing that p85 subunits have two copies
of SH2 domains provided the mechanism by which PI 3-K is relocalized to sites
of activated, phosphorylated receptor tyrosine kinases. Zhou and Cantley then used
this information to decode the specificity of SH2 domains, including that of p85α,
towards phosphotyrosine motifs in RTKs (Zhou et al. 1993). At the same time,
Kazlauskas and Cooper developed an approach in which individual tyrosines in
the PDGF-receptor are individually mutated to prevent binding to SH2 domains in
proteins including PI 3-K (Kazlauskas and Cooper 1989). This showed that both
PI 3-K and PLCγ-1 (phospholipase C-γ) are required to transduce the PDGF signal
to DNA synthesis and cell cycle progression (Valius and Kazlauskas 1993). These
PDGF-R mutants were then subsequently used by many other laboratories to probe
the mechanisms by which PI 3-K engages the cell cycle, and also activates secondary
effectors such as S6K1 (p70 ribosomal protein S6 kinase-1) (Chung et al. 1994).
Importantly, Kazlauskas later went to show that receptors such as PDGF-R stimulate
two waves of PI 3-K activity, one immediately after ligand stimulation lasting about
an hour, and a second much larger wave typically 4–8 h post stimulation (Jones et al.
1999). Using PDGF-R mutants as well as PI 3-K inhibitors, his laboratory showed
that the first wave is actually dispensable for cell cycle progression to S phase, instead
it is the second wave that is responsible.

The next major discovery in the field was wortmannin. In 1993, two laborato-
ries, Wymann and Arcaro as well as Matsuda’s group showed that the furanosteroid
metabolite isolated from the fungus Penicillium funiculosum, known as wortmannin,
potently inhibits fMLP-stimulated PtdIns-3,4,5-P3 synthesis in neutrophils at low
nanomolar doses (Arcaro and Wymann 1993; Yano et al. 1993). Other laboratories
subsequently confirmed the inhibitory activity of wortmannin on PI 3-K.A year later,
Vlahos at Ely Lilly published a structurally distinct compound termed LY294002,
that also directly inhibits PI 3-K (Vlahos et al. 1994). Remarkably, both compounds
are still widely used in the field, considering that they have since been shown to
have off-target effects on other kinases. Indeed much more specific PI 3-K inhibitors
have since been described, to the extent that isoform-specific compounds are now
available, many of them in phase I and II clinical trials. Regardless, the availability
of wortmannin and LY294002 stimulated much progress in the still nascent PI 3-K
signaling field.
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The discovery that PI 3-K functions a direct effector of GTP-loaded Ras by
Rodriguez-Viciana and Downward added further credence to the model that the PI
3-K pathway contributes to cancer etiology, considering the numerous human solid
tumors that harbor oncogenic activating mutations in the Ras GTPase (Rodriguez
et al. 1994). Although largely overlooked, it was initially Lapetina who first showed
that p21 Ras can associate with PI 3-K in cells (Sjolander et al. 1991). This was later
confirmed in the seminal paper by Downward’s group who showed that GTP-Ras is
required for efficient PI 3-K activation by growth factors, and they further identified
a direct PI 3-K binding site on Ras (Rodriguez et al. 1994). Thus PI 3-K was added to
the list of Ras effectors which now encompass the Ser/Thr kinase Raf, the nucleotide
dissociation factor RalGDS and the phospholipase PLCε. It is also important to note
that as first recognized by Hawkins and Stephens (Wennstrom et al. 1994; Welch
et al. 2003), PI 3-K and PtdIns-3,4,5-P3 also contribute to the regulation of other
GTPases, most notably Rac, and this in turn has profound effects on the regulation
of the actin cytoskeleton and cell motility in virtually all cells. This is best illustrated
in both neutrophils and Dictyostelium amoeba where a gradient of PtdIns-3,4,5-P3

and Rac activation is rate-limiting for actin assembly and directed cell migration
(Funamoto et al. 2001) (also see Vol. II, Chap. 6 by Yin and Vol. II, Chap. 7 by
Parent).

4.3 How Do PI 3-Kinase Lipid Products Affect Cell Function?

In the mid 1990s, the field of PI 3-K was firmly established, but was missing a critical
piece of the puzzle. How do the PI 3-K lipid products, particularly PtdIns-3,4,5-P3,
transduce the signal to immediate effectors and then onto cellular responses? The
first clue came from Fesik and Harlan, who showed that PH (pleckstrin homology)
domains bind with high affinity to phosphoinositides, in their case, PtdIns-4,5-P2

(Harlan et al. 1994). One year later, Tsichlis working with Kaplan and Franke pub-
lished a seminal finding identifying the first bona-fide effector of PI 3-K, the Ser/Thr
kinase Akt (Franke et al. 1995). Akt had been originally identified by Tsichlis as
the cellular homolog of the transforming retroviral oncogene v-Akt (Bellacosa et al.
1991). It was independently identified by Woodgett and termed PKB (protein kinase
B), as it was sequence-related to PKA (protein kinase A) and PKC (protein kinase
C) (Coffer and Woodgett 1991), and also by Hemmings as Rac (related to A and C
kinases (Jones et al. 1991)). Akt contains a PH domain, and this prompted Tsichlis
and colleagues to investigate whether Akt is PI 3-K target, and indeed they showed
that PDGF stimulates Akt activation in a PI 3-K-dependent manner (Franke et al.
1995). Burgering and Coffer came to the same conclusion independently (Burgering
and Coffer 1995). Initially suggested to be mediated by PtdIns-3-P, several groups
subsequently showed that the PH domain of Akt has high affinity for PtdIns-3,4-
P2 and PtdIns-3,4,5-P3 (Frech et al. 1997; Andjelkovic et al. 1997; Franke et al.
1997). Although several groups showed that PI 3-K lipids, particularly PtdIns-3,4-
P2, could weakly activate Akt in vitro, it was not until two groups independently
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discovered PDK-1 (phosphoinositide-dependent kinase-1), the enzyme that is re-
sponsible for full Akt activation. Working with Hemmings and Cohen, Alessi had
originally shown that Akt is phosphorylated at two key residues, Thr308 in the T loop
segment of the kinase domain, and Ser473 in a hydrophobic region at the carboxyl-
terminus (Alessi et al. 1996). Later, working in the lab of Cohen, Alessi set about
to purify the enzymatic activity capable of phosphorylating and activating Akt. This
led to the identification of PDK-1 as the Thr308 upstream kinase (Alessi et al. 1997).
Once again, Hawkins and Stephens working with Stokoe independently identified the
same activity, and they further showed that PDK-1 phosphorylates Akt at Thr308 in a
manner that depends on PtdIns-3,4,5-P3 binding to the Akt PH domain (Stokoe et al.
1997). Subsequent studies by Alessi and other laboratories demonstrated that PDK-1
is the master upstream T loop kinase for many AGC kinases, such as S6K, PKCs,
SGKs and several others (Alessi 2001; Mora et al. 2004). As for Ser473, whose
phosphorylation contributes to full Akt activation, several upstream kinases were
proposed over the years, and while some of these may function in specific settings, it
wasn’t until 2005 when Sabatini’s group showed that the mTORC2 (mammalian tar-
get of rapamycin complex 2) complex represents the physiologically-relevant Ser473
kinase, at least in most cells and tissues (Sarbassov et al. 2005). It is also important
to note that PH domains with very discrete phosphoinositide-binding specifies are
now known to exist (Lemmon 2008). Moreover, since the discovery of PH domains,
other domains in signaling proteins have been described that bind other 3 phospho-
inositides, such as the PX and FYVE domains, providing the mechanistic basis for
the regulation of specific cellular responses to individual PI 3-K lipid products.

OnceAkt was identified as a direct effector of PI 3-K and PtdIns-3,4,5-P3, the field
moved quickly to identify the immediate substrates of Akt that would transduce the
signal to a specific response. Cohen identified the first Akt substrate, GSK-3β, a rate-
limiting enzyme in the regulation of glycogen synthase in insulin-responsive cells and
tissues (Cross et al. 1995). Because Cooper initially showed that PI 3-K comprises
a key cellular survival pathway (Yao and Cooper 1995), this prompted Greenberg
and colleagues to subsequently show that indeed Akt is one of the PI 3-K effectors
in cellular survival mechanisms (Dudek et al. 1997). His laboratory also showed
that the pro-apoptotic protein BAD is an Akt substrate whereby phosphorylation
attenuates its apoptotic function (Datta et al. 1997). Secondly, Brunet also working
in Greenberg’s lab showed that the pro-apoptotic FOXO3a transcription factor is
phosphorylated by Akt, and in turn this blocks its apoptotic function (Brunet et al.
1999). Burgering’s lab published the same finding for AFX (Kops et al. 1999; Morris
et al. 1996). It is important to note that much of the work on the importance of PI 3-K
and Akt signaling in cellular survival was pioneered by Ruvkun and colleagues, who
provided irrefutable genetic evidence for a linear pathway in Caenorhabditis elegans
comprising PI 3-K (age-1) (Morris et al. 1996), PDK-1 (pdk-1) (Paradis et al. 1999),
Akt (akt-1 and akt-2) (Paradis and Ruvkun 1998), and FOXO (daf-16) (Ogg et al.
1997) that controls survival and lifespan in the nematode worm. Similar findings
using Drosophila genetics also corroborated the importance of PI 3-K signaling to
cellular growth and survival (Leevers et al. 1996).
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At the start of the new millennium, the PI 3-K field was firmly established as one of
the central mechanisms by which extracellular stimuli initiate a lipid signaling path-
way that culminates in the synthesis of PtdIns-3,4,5-P3, activation of downstream
effectors such as Akt, and in turn alterations in cell growth, proliferation, survival,
migration and gene transcription. Much of this had been achieved using biochemistry
and cell-based assays with overexpression, and inhibitors such as wortmannin. What
was missing was a genetic approach to begin to probe the contributions of individual
regulatory p85 and catalytic p110 subunits in normal physiology and disease. In 1999,
Kadowaki’s group published the first p85α (PIK3R1) knockout mouse which dis-
played increased insulin sensitivity and hypoglycemia (Terauchi et al. 1999). Shortly
thereafter, Fruman and Cantley reported that ablation of all three splice variants en-
coded by p85α (p85α, p55α and p50α) results in perinatal lethality due to hepatocyte
necrosis and chylous ascites (Fruman et al. 2000). Similar to Kadawaki’s finding,
they also reported that loss of p85α alone results in hypoglycemia and increased in-
sulin sensitivity. Knockout of p85β has also been reported, with phenotypes similar to
p85α null mice (Ueki et al. 2002). At about the same time reports began to emerge on
the knockouts of the p110 catalytic subunits. Knockout of p110α and p110β results
in early embryonic lethality, and this has precluded a detailed analysis of the role of
these isoforms in adult tissues (Bi et al. 1999, 2002). On the other hand, considerable
information on p110 isoform-specific signaling has been gained by analysis of the
p110γ and p110δ isoforms, which are preferentially, although by no means exclu-
sively, expressed in the immune system. Hirsch and Wymann showed that p110γ
knockout mice are viable, yet their neutrophils show an impaired respiratory burst
and migration phenotype (Hirsch et al. 2000). Macrophages from these mice reveal
impaired motility, and defective accumulation in a sepsis model. Interestingly, both
Hirsch, Wymann and Penninger also reported effects on cardiomyocyte contractility
that at least in one case was attributed to a non-kinase scaffolding function of p110γ
that functions through a cyclic AMP (cAMP) and phosphodiesterase (PDE3B) path-
way (Crackower et al. 2002; Patrucco et al. 2004). Two groups also independently
deleted p110δ, and also generated ‘knock-in’mice, and although the mice are viable,
they reveal impaired immune cell development and function, much like the p110γ
null mice (Clayton et al. 2002; Jou et al. 2002). In combination, these studies have
provided compelling evidence that p110γ and p110δ are viable targets for immunity
and cardiac dysfunctions. To this end, specific p110γ and p110δ inhibitors are cur-
rently undergoing clinical trials for a range of immunological pathologies (see below
and Vol. I, Chap. 6 by Hirsch for more details).

4.4 Linking PtdIns-3,4,5-P3 to Cancer

A major leap forward in our understanding of the importance of PI 3-K signaling
in pathophysiology was made by the discovery of the PtdIns-3,4,5-P3 phosphatase
PTEN. Parsons group had been studying a region on chromosome 10q23 known
to be frequently subjected to loss of heterozygosity (LOH), particularly in prostate
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cancer. This led to speculation that a yet-to-be-discovered tumor suppressor gene
resides in this area whose loss would predispose to malignancy in several cancer
types. Li, Parsons and colleagues used positional cloning to identify an open reading
frame that encoded a protein with homologies to protein tyrosine phosphatases,
chicken tensin and bovine auxilin (Li et al. 1997). They therefore named the gene
PTEN, for phosphatase and tensin homolog deleted on chromosome 10. The same
year Steck and colleagues also independently cloned the same gene and named
it MMAC1, for mutated in multiple advanced cancers (Steck et al. 1997). Both
groups recognized the striking homology to the catalytic domain of protein tyrosine
phosphatases. However, the discovery that PTEN is a PtdIns-3,4,5-P3 phosphatase is
attributed to Dixon and Maehama (Maehama and Dixon 1998). Dixon, an expert in
protein tyrosine phosphatases, realized that in vitro PTEN has a much higher specific
activity towards acidic and thus negatively-charged phosphopeptides compared to
uncharged peptides. He then recognized that PTEN might utilize lipid rather than
proteinaceous substrates, and recalled that PtdIns-3,4,5-P3 is the most negatively
charged lipid in the cell. Sure enough, when PtdIns-3,4,5-P3 was used as substrate,
PTEN efficiently dephosphorylated it back to PtdIns-4,5-P2, providing evidence that
PTEN is the first identified 3 phosphoinositide phosphatase (Maehama and Dixon
1998). Given that PTEN LOH is a frequent event in various human solid tumors, this
once again bolstered the link between PI 3-K, PtdIns-3,4,5-P3 and tumorigenesis. We
now know that inactivating mutations, deletions and LOH are frequent events in the
PTEN locus, to the extent that over 30% of glioblastoma patients have PTEN loss
leading to hyperactivation of PI 3-K and Akt signaling (Keniry and Parsons 2008).

It took almost 20 years since the discovery of PI 3-K for researchers to identify
oncogenic activating mutations in PIK3CA, the gene that encodes p110α. In spite
of the findings that PI 3-K associated with transforming oncogenes, that it mediates
growth factor signaling in response to mitogens, and the fact that the PtdIns-3,4,5-P3

phosphatase PTEN is a tumor suppressor, the discovery in 2004 that PIK3CA is an
oncogene frequently mutated in human solid tumors was the first real direct evidence
linking this pathway to cancer (Samuels et al. 2004; Campbell et al. 2004). In certain
tumors, for example estrogen receptor positive breast cancer, PIK3CA is the most
frequently mutated oncogene, leading to hyperactivation of Akt and other PI 3-K
effectors to drive cellular proliferation, survival and metastasis (reviewed by (En-
gelman 2009)). Surprisingly, no oncogenic activating mutations have been detected
in other p110 isoforms, particularly PIK3CB, yet studies have clearly demonstrated
that p110β can promote tumorigenesis, particularly in settings on PTEN loss (Zhao
et al. 2005; Jiang et al. 2010). On the other hand, mutations in PI 3-K regulatory
subunits, for example PIK3R1 are found in human tumors, albeit at relatively low
frequencies, and thus may activate p110β and p110δ indirectly (Jaiswal et al. 2009).
Similarly, activating oncogenic mutations in Akt isoforms have also been described
in various human tumors, again at low frequency (Carpten et al. 2007). The frequency
and spectrum of PTEN LOH and mutations, PIK3CA amplifications and mutations,
PIK3R1 and Akt oncogenic mutations render PI 3-K one of the most frequently mu-
tated and druggable pathways in human cancer. It is not surprising therefore that
numerous clinical trials for novel drugs are targeting one or more of these enzymes
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for therapeutic benefit. Presently the compound in the most advanced trials is the
dual mTOR and PI 3-K inhibitor NVP-BEZ235 from Novartis (Maira et al. 2008).
Other dual TOR/PI 3-K inhibitors are also being evaluated for targeted therapy, and
this is because the TORC1 pathway effects a negative feedback loop on PI 3-K, such
that inhibition of TORC1 with rapamycin can actually enhance PI 3-K/Akt activity
in vivo (O’Reilly et al. 2006). As already discussed, specific p110β inhibitors are
also in trials for treatment of thrombosis, and a p110δ inhibitor is being evaluated
for hematological malignancies, in addition to a range of next generation p110α and
p110β inhibitors (reviewed by (Vanhaesebroeck et al. 2010)). While the outlook for
the use of these inhibitors is promising, it is likely that they will be used in dual tar-
geted therapies with drugs that block activated or amplified receptor tyrosine kinases
(such as EGF-R or Met) or drugs that interfere with ERK activity. Moreover, while
some or possibly even many of the PI 3-K inhibitors currently in trials will fail, this
will be of significant benefit to the research community who will use these much
more specific inhibitors for basic research. It is also reasonable to argue that the use
of these inhibitors, coupled with global RNAi screening approaches in tumor cells
as well as model organisms such as flies will result in the identification of previously
unappreciated mechanisms by which PI 3-K promotes disease states.

In this context, much of the activity and function of PI 3-K in both normal phys-
iology and human disease has been attributed to Akt, most likely because of the
availability of numerous reagents for studying Akt biology. Yet it is clear that a
significant proportion of PI 3-K and PtdIns-3,4,5-P3 and PtdIns-3,4-P2 signaling
is mediated by non-Akt effectors. Indeed a recent RNAi screening experiment re-
vealed that in certain breast cancer cells harboring oncogenic PIK3CA,Akt is actually
dispensable for growth and proliferation, yet both PDK-1 and SGK3 (serum and
glucocorticoid-regulated kinase-3) are required (Vasudevan et al. 2009). Because
SGK3 has a PX domain that interacts primarily with PtdIns-3-P in endosomes, the
suggestion is that PIK3CA may mediate oncogenic signaling in certain human tu-
mors through PtdIns-3-P at the endosome. Moreover, other targets of PI 3-K likely
function independently of Akt, for example the tyrosine kinase Btk which binds with
high affinity to PtdIns-3,4,5-P3 and PtdIns-3,4-P2 (Isakoff et al. 1998; Fruman et al.
2002). A large family of PtdIns-3,4,5-P3 binding proteins include guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs) for members of the
Rho superfamily of small GTPases. Examples are the proteins pREX2a and P-REX1
which function as GEFs for Rac and integrate PtdIns-3,4,5-P3 and heterotrimeric G
protein signaling in cancer (Fine et al. 2009; Sosa et al. 2010).

4.5 Challenges Ahead

Due to the enormous advances in PI 3-K signaling and biology during the past two
decades, we are presently at the stage where this pathway has entered the clinical
arena and there is the realistic expectation that current drugs, or their derivatives, that
target enzymes in the PI 3-K pathway will ultimately prove to have therapeutic value.
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This should not be taken as meaning that we now have learned the major mecha-
nisms by which the PI 3-K pathway controls human biology and disease. There are
numerous gaps in our understanding as to how PI 3-K and its lipid products mediate
signal relay, and how deregulation of these mechanisms results in pathology, and yet
new discoveries are constantly being made. Even though we knew back in the 1990s
that PtdIns-3,4-P2 has a signaling role per se, for example in the binding and regula-
tion of Akt, it wasn’t until the polyphosphates 4 phosphatase INPP4B was shown to
function as a tumor suppressor that the exclusive role of this phosphoinositide was
directly demonstrated (Gewinner et al. 2009). The implication is that in addition to
Akt there likely exist other direct PtdIns-3,4-P2 effectors. Another major unexplored
area of signaling in the field is the specific roles played by p110 isoforms. Much
information has been garnered from studies of individual p110 knockout mice, and
also cell-based studies using RNAi. What is lacking is a more compete understand-
ing how individual p110 isoforms, perhaps in specific cellular compartments, elicit
pools of PtdIns-3,4-P2 and PtdIns-3,4,5-P3 at discrete locations, and in turn how this
affects downstream signaling. Compartmentalized PI 3-K signaling is likely to have
a profound impact on certain cellular responses, for example remodeling of the actin
cytoskeleton which requires specific temporal as well as kinetic regulation during
directed cell migration. Genetically-encoded FRET-based sensors to monitor both
PI 3-K effectors, as well as PtdIns-3,4,5-P3/PtdIns-3,4-P2 themselves will likely aid
in this pursuit. This issue also applies to the nuclear phosphoinositide cycle, first
recognized and pioneered by Irvine, Divecha and Cocco (Cocco et al. 1987; Divecha
et al. 1991). Even before the discovery of PI 3-K we knew there exists a nuclear
phosphoinositide cycle, and nuclear phosphoinositides had been detected (Cocco
et al. 1987). Since then, both PI 3-K and its lipid products have been detected in-
side the nucleus, consistent with the model that certain targets of Akt, for example
FOXO3a, are actually phosphorylated in the nucleus, and subsequently exported to
the cytoplasm thus terminating transcriptional activity (Brunet et al. 2002). Yet there
remain many gaps in our knowledge of the regulation and function of nuclear PI
3-K signaling. Many of the effectors of PI 3-K also exist as multi-gene families, a
good example is Akt (Akt1, Akt2 and Akt3 in mammals). While it was originally
assumed that they would function redundantly, we now know that there are specific
functions and even specific substrates of Akt isoforms. For example, in the con-
text of cancer progression, Akt2 promotes tumor invasion and metastasis, whereas
Akt1 either does not or even attenuates this phenotype (Yoeli-Lerner et al. 2005; Irie
et al. 2005; Maroulakou et al. 2007). These findings of opposing or non-redundant
function for PI 3-K effectors have profound implications for drugs that are being
developed for therapeutic intervention in the PI 3-K/Akt pathway. Whether similar
opposing phenotypes exist for other PI 3-K effectors remains to be determined, but
is likely to be the case. It is also very likely that additional feedback loops exist in
the pathway, analogous to the mTOR/S6K1 negative feedback loop. If this is the
case, this will make the use of PI 3-K and Akt inhibitors somewhat of a challenge.
Moreover, although powerful genetic models exist, such as p110 isoform knockout
as well as transgenes, the next generation models will likely be considerably more
complex, and recapitulate the multiple genetic lesions in the PI 3-K pathway that we
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now know exist in human cancer patients. These can then be used in combination
with the latest PI 3-K inhibitors to more accurately model human cancer therapy in
preclinical models.

In closing, this chapter has highlighted the major discoveries in the PI 3-K field in
some two and a half decades. From the identification of the first novel phosphoinosi-
tide PtdIns-3-P in the mid 1980s, to the discovery of oncogenic PIK3CA mutations in
the mid 2000s, to the present day with clinical trials for p110 inhibitors, the field has
matured at a dizzying pace. Yet we have clearly much more to learn as we await the
results from the PI 3-K inhibitor clinical trials. We are now at a point where biochem-
ical studies, genome-wide screening approaches and clinical trials are all informing
the basic and clinical arena, and the field is poised to capture this information and
much more efficiently translate it into therapeutic benefit.
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Chapter 5
PI3Ks—Drug Targets in Inflammation
and Cancer

Matthias Wymann

Abstract Phosphoinositide 3-kinases (PI3Ks) control cell growth, proliferation, cell
survival, metabolic activity, vesicular trafficking, degranulation, and migration.
Through these processes, PI3Ks modulate vital physiology. When over-activated
in disease, PI3K promotes tumor growth, angiogenesis, metastasis or excessive im-
mune cell activation in inflammation, allergy and autoimmunity. This chapter will
introduce molecular activation and signaling of PI3Ks, and connections to target of
rapamycin (TOR) and PI3K-related protein kinases (PIKKs). The focus will be on
class I PI3Ks, and extend into current developments to exploit mechanistic knowledge
for therapy.

Keywords Cancer inflammation allergy metabolism phosphatidylinositol phospho-
inositide phosphoinositide 3-kinase · PI3K target of rapamycin · TOR · mTOR
protein kinase B · Akt · PKB 3-phosphoinositide phosphatase and tensin ho-
molog deleted in chromosome ten · Also PTEN wortmannin LY294002 rapamycin
pharmacology signal transduction

5.1 PI3Ks—Molecular Mechanisms

5.1.1 Introduction to PI3Ks

The deregulation of phosphoinositide 3-kinase (PI3K) pathways interferes with cel-
lular hemostasis and contributes to the over-activation of many cell types. In this
respect, PI3Ks have been shown to play a central role in the control of cellular
metabolism, growth, proliferation, survival and migration, intracellular membrane
transport, secretion and more.
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Although cancer and inflammatory disease include a wide variety of disorders with
a broad degree of severity and clinical outcome, both emerge from preexisting, but
derailed physiologic repair and defense mechanisms. To enter a tissue repair or host
defense mode, cells have to switch from a quiescent to an activated state. Cell surface
receptor-controlled PI3Ks produce PtdIns(3,4,5)P3 at the inner leaflet of the plasma
membrane, where the lipid provides a docking site for signaling molecules with lipid
receptor domains (Balla and Varnai 2002; Lemmon 2008). The prototype for these is
the Ser/Thr protein kinase B (PKB, also called Akt)(Bellacosa et al. 1991), which in-
directly relays the activation of PI3K to the target of rapamycin (TOR or mammalian
TOR, mTOR), which in turn regulates protein synthesis and growth. Via the activa-
tion of guanine nucleotide exchange factors (GEFs), PtdIns(3,4,5)P3 levels modulate
Rho GTPase activities and thus cytoskeletal rearrangements, cell polarity and migra-
tion. The importance of PtdIns(3,4,5)P3 levels in these processes has been validated
by the loss of one of the counter-players of PI3Ks: when the expression of the lipid 3′-
phosphatase PTEN (Phosphatase and Tensin homolog deleted on chromosome Ten) is
lowered, PtdIns(3,4,5)P3 rises, and develops its oncogenic potential (Stambolic et al.
1998; Di Cristofano et al. 1998; Leslie et al. 2008; Zhang andYu 2010). In fact, most
cases of Cowden Syndrome are due mutations in PTEN (Eng 1998), and result in the
formation of hyperplasia and adenoma formation in various tissues, which constitute
early forms of cancer (Liaw et al. 1997; Sansal and Sellers 2004; Hobert and Eng
2009; Farooq et al. 2010). But also the genetic attenuation of lipid 3′-phosphatases de-
grading PtdIns(3,5)P2 or PtdIns-3-P gives rise to progressive disease, as mutations
in the gene coding for myotubularin 1 (MTM1) cause X-linked myotubular my-
opathy (XLMTM), and loss of phosphatase activity in myotubularin-related protein
2 (Mtmr2) correlates with Charcot-Marie-Tooth disease type 4B1 (CMT4B1, Berger
et al. 2002; Cao et al. 2008). This demonstrates that a delicate balance between lipid
kinase and lipid phosphatase activities controls the flux through the phosphoinosi-
tide pathway, and that phosphoinositide levels play an important part in cellular
homeostasis (Fig. 5.1).

Initially, PI3Ks were discovered as lipid kinases associated with viral oncogens
(Whitman et al. 1985; Sugimoto et al. 1984; Macara et al. 1984), and for the last two
decades the link between cancer and elevated PtdIns(3,4,5)P3 levels has been corrob-
orated (Vivanco and Sawyers 2002; Wymann and Marone 2005; Cully et al. 2006;
Engelman et al. 2006; refer to Vol. 1, Chap. 4). While there is a clear-cut connection
between elevated PtdIns(3,4,5)P3 levels and progression of cancer, chronic inflam-
mation, allergy, metabolic disease, diabetes and cardiovascular problems, it has been
challenging to associate specific PI3K isoforms with defined disease states. The
combination of genetic and pharmacological approaches has somewhat elucidated
the integration of distinct PI3K isoforms in disease-associated signaling cascades
during the past decade, which has helped to validate PI3Ks as drug targets in cancer
and chronic inflammation.
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Fig. 5.1 Lipid kinases (indicated in black) and lipid phosphatases (grey) mediate the flow of
phosphoinositides from phosphoinositol (PtdIns, PI) to PtdIns(3,4,5)P3 [PI(3,4,5)P3]. The main
synthesis pathways relevant in physiology and disease are indicated: PI is phosphorylated by phos-
phatidylinositol 4-kinase (PI4K) to PI4P (Balla and Balla 2006; Graham and Burd 2011), which is
turned over into PI(4,5)P2 by PI5K (type I phosphatidylinositol phosphate kinase; PIPKI (Anderson
et al. 1999; Ling et al. 2006)). PI(4,5)P2 is then converted to PI(3,4,5)P3 by class I PI3Ks [PI3K(I)].
The 3′-lipid phosphatase PTEN (Stambolic et al. 1998; Di Cristofano et al. 1998; Leslie et al. 2008;
Zhang and Yu 2009) reverses the action of PI3K(I), while the 5′-lipid phosphatase SHIP (Krystal
et al. 1999) produces PI(3,4)P2. PI(3,4)P2 could eventually also be produced by class II PI3Ks
[PI3K(II)] from PI4P. PI(3,4)P2 is degraded mostly by inositol polyphosphate 4-phosphatases, e.g.
INPP4, to form PI3P. The latter is formed directly from PI by class III PI3K (PI3K(III)/Vps34)
or class II PI3Ks from PI. PI3P can be converted to PI(3,5)P2 by PIKfyve (yeast Fab1) as re-
sponse to cellular stress (Dove and Johnson 2007; Dove et al. 2009). Myotubularins (MTM) and
myotubularin-related (MTMR) constitute a family of lipid phosphatases that dephosphorylate PI3P
and PI(3,5)P2 (Laporte et al. 2001; Mruk and Cheng 2010). Simplified, PI(4,5)P2 and PI(3,4,5)P3

are localized in the plasma membrane, golgi and ER are rich in PI4P (Graham and Burd 2011);
PI3P is a marker for early endosomes; and late endosomes and multi-vesicular bodies contain
PI(3,5)P2. Excellent reviews elucidation phosphoinositide localization and conversions further are
(Di Paolo and De Camilli 2006; Sasaki et al. 2009; Bunney and Katan 2010). Other useful source:
http://www.genome.jp > KEGG Pathway > map04070

5.1.2 The PI3K Family and PI3K-related Protein Kinases

The core PI3K family consists of three PI3K classes (Wymann and Pirola 1998;
Vanhaesebroeck et al. 2001; Wymann et al. 2003b; Vanhaesebroeck et al. 2010),
which have been defined according to structural characteristics and their in vitro
substrate specificity (Fig. 5.2). The complete set of all PI3K family members has
first been identified in the fruit fly Drosophila melanogaster (MacDougall et al.
1995; Leevers et al. 1996), and work in model organisms like Caenorhabditiselegans
(Morris et al. 1996; Roggo et al. 2002), Dictyosteliumdiscoideum (refs see (Chen
et al. 2007)) and yeast (Schu et al. 1993), has much contributed to the elucidation of
the function of members of the PI3K family (Engelman et al. 2006).
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Ligand-activated receptors located in the plasma membrane relay their signals to
class I PI3Ks, which are the only PI3K members able to convert PtdIns(4,5)P2 to
PtdIns(3,4,5)P3. Although class I PI3K are capable to phosphorylate PtdIns to PtdIns-
3-P, and PtdIns-4-P to PtdIns(3,4)P2 in vitro, they have a preference for PtdIns(4,5)P2

as a substrate in vivo (Stephens et al. 1993; Cantley 2002). All members of the class
I PI3Ks are heterodimers, contain a catalytic subunit of 100–120 kD (referred to as
p110 proteins and genes named PIK3c).

Although class II PI3Ks were reported to be direct downstream targets of growth
factor receptors like the epidermal growth factor receptor (EGFR) or platelet-derived
growth factor receptor (PDGFR) and stem cell factor receptor (SCFR, c-kit; Arcaro
et al. 2000, 2002), their main connection to signaling at the plasma membrane is likely
to be mediated via clathrin-mediated endocytosis (Domin et al. 2000; Gaidarov et al.
2001; Falasca and Maffucci 2007). Class II PIKs were proposed to produce PtdIns-
3-P and PtdIns(3,4)P2. Class III PI3Ks are represented by Vps34p (vacuolar protein
sorting mutant 34; Schu et al. 1993), which generates PtdIns-3-P only. Vps34p is
involved in vesicular transport to yeast vacuolar and mammalian early endosomal
compartments, protein sorting (Simonsen et al. 2001), autophagy (Backer 2008;
Simonsen and Tooze 2009; Funderburk et al. 2010) and has recently been proposed
to promote cytokinesis (Sagona et al. 2010; Nezis et al. 2010).

The members of the PI3K family have close relatives, which are the type III
phosphoinositide 4-kinases (PI4Ks; Minogue et al. 2001; Barylko et al. 2001;
Balla and Balla 2006) refer to Vol. 1, Chap. 1 and protein kinases referred to
as class IV PI3Ks or phosphoinositide 3-kinase-related kinases (PIKKs). These
include the target of rapamycin (TOR; also dubbed FRAP or mTOR), DNA-
dependent protein kinase (DNA-PKcs), ATM (ataxia telangiectasia mutated), ataxia
telangiectasia-related (ATR), suppressor of morphogenesis in genitalia-1 (SMG-1)
and transformation/transcription domain-associated protein (TRRAP). DNA-PKcs,
ATM, ATR and SMG-1 take part in DNA-damage repair responses. DNA-PKcs and
ATM respond mainly to double strand break (DSB), while ATR and SMG-1 are
activated due to ultraviolet-induced stress, DNA-damage, and DSB (Durocher and
Jackson 2001; Hiom 2005). SMG-1 is involved also in mRNA surveillance mecha-
nisms, genotoxic stress responses and non-sense-mediated mRNA decay (Yamashita
et al. 2005; Oliveira et al. 2008). TOR, on the other hand, is regulated by growth
factors receptors and the availability of nutrients. Two distinct TOR complexes coor-
dinate protein and lipid synthesis, cell growth and proliferation (Wullschleger et al.
2006; Laplante and Sabatini 2009; Sancak et al. 2010; Kapahi et al. 2010).

5.1.3 The PI3K Catalytic Core, Enzymatic Activities

PI3Ks and PIKKs share a similar catalytic core (PI3Kc), where the ATP- and lipid
and protein substrate-binding sites are localized (Fig. 5.2). Interestingly, early PI3K
inhibitors like wortmannin (Arcaro and Wymann 1993; Yano et al. 1993; Wymann
and Arcaro 1994) and LY294002 (Vlahos et al. 1994) inhibit multiple enzymes of
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the PI3K and PIKK family at elevated concentrations (Wymann and Arcaro 1994;
Marone et al. 2008). For class I PI3Ks wortmannin’s IC50 is 1–5 nM, for class II
PI3K the IC50 was reported to be isoform-dependent [PI3K-C2α: IC50

∼= 500 nM;
PI3K-C2β: IC50

∼= 2–5 nM; for human Vps34p class III PI3K the IC50 is ca. 3 nM,
while yeastVps34p was reported to be rather resistant to wortmannin (Panaretou et al.
1997; Woscholski et al. 1994); and for type III PI4Ks IC50

∼= 100–300 nM (Falasca
and Maffucci 2007; Balla and Balla 2006). PIKKs were inhibited at somewhat higher
concentrations: IC50s for wortmannin have been reported for SMG-1 around 60 nM,
for DNA-PKcsfrom 20–120 nM, for mTOR and ATM from 100–200 nM, while ATR
requires ca. 1.8 μM (IC50) of wortmannin (Yamashita et al. 2005; Brunn et al. 1996;
Izzard et al. 1999; Chan et al. 2000; Sarkaria et al. 1998).

Wortmannin binds covalently to a conserved lysine residue in the catalytic pocket
of PI3Ks (Lys 802 in p110α (Wymann et al. 1996); Lys833 in p110γ (Stoyanova et al.
1997; Walker et al. 2000)) and PIKKs (e.g. Lys2187 in TOR (Brunn et al. 1996)).
This active site Lys residue is conserved in protein and lipid kinases, and is critical for
the transfer of the γ-phosphate group of ATP to kinase substrates. The ε-amino group
of this Lys residue is especially nucleophilic and is capable to form a Schiff-base with
the carbon-20 of the furan ring of wortmannin. This adduct is stable at a physiologic
pH and can be detected by immunoblotting with anti-wortmannin antibodies (Balla
and Balla 2006; Marone et al. 2008; Wymann et al. 1996). Data obtained using
wortmannin as a PI3K inhibitor above 100 nM must therefore be interpreted with
great caution, last but not least because it was reported that also polo-like protein
kinases involved in the control of mitosis are inhibited by wortmannin in the nM range
(IC50

∼= 30–50 nM; Liu et al. 2005). Although wortmannin and LY294002 remain
useful tools to explore the importance of PI3K signaling in a cellular context, panels
of more selective inhibitors are now available, and should be used complementary
(see Table 5.1 and sections below).

A productive transfer of the γ-phosphate group ofATP to the D3-OH position of the
phosphoinositide substrate depends also on a tight interaction of the phosphoinositide
head group with the PI3K catalytic pocket. For the higher phosphorylated phospho-
inositides this poses the problem that the negatively charged phosphate groups must
be accommodated. In class I PI3Ks, the so-called activation loop contains two es-
sential positively charged amino acid side chains (for p110α these are Lys942 and
Arg949), which interact with the 4- and the 5-phosphate groups of PtdIns(4,5)P2. If
these charges are removed, or if the class I PI3K activation loop is replaced with a se-
quence derived from other PI3K family members, the resulting mutant enzyme looses
its ability to turn over PtdIns(4,5)P2, but can still phosphorylate phosphatidylinositol
(Fig. 5.2b, Bondeva et al. 1998; Pirola et al. 2001). As the experimental transfer of
an activation loop from class II PI3Ks (containing one correctly positioned positive
charged amino acid side chain corresponding to the Arg949 in p110α) to class I en-
zymes retains the ability to phosphorylate PtdIns-4-P and to generate PtdIns(3,4)P2,
while the insertion of a class III activation loop only conserves the reactivity towards
phosphatidylinositol, it is possible to classify PI3Ks solely on the basis of their ac-
tivation loop sequences. Based on the analysis of the activation loop, class I PI3K
are the only PI3Ks to produce PtdIns(3,4,5)P3, and class III PI3K can only generate
PtdIns-3-P. The in vitro products of class II PI3K were reported to be PtdIns-3-P



118 M. Wymann

Ta
bl

e
5.

1
In

hi
bi

to
rs

an
d

dr
ug

s
ta

rg
et

in
g

th
e

PI
3K

/P
K

B
/T

O
R

pa
th

w
ay

—
st

ag
es

of
de

ve
lo

pm
en

ts
to

th
er

ap
y

D
ru

g
na

m
e

R
ef

er
en

ce
s

Ta
rg

et
(s

)
St

ag
e,

ph
as

e
C

om
pa

ny
A

pp
lic

at
io

n

P
I3

K
is

of
or

m
-s

pe
ci

fic
in

hi
bi

to
rs

,t
ar

ge
te

d
in

hi
bi

to
rs

A
S6

05
24

0
an

d
A

S2
52

42
4

(F
ou

ge
ra

te
ta

l.
20

08
;C

am
ps

et
al

.2
00

5;
B

ar
be

r
et

al
.

20
05

;P
om

el
et

al
.2

00
6;

E
dl

in
g

et
al

.2
01

0)

p1
10

γ
Pr

ec
lin

ic
al

C
hr

on
ic

in
fla

m
m

at
or

y,
al

le
rg

ic
,

ca
rd

io
-v

as
cu

la
r

di
se

as
e,

at
he

ro
sc

le
ro

si
s,

pa
nc

re
at

ic
ca

nc
er

?
B

Y
L

71
9

p1
10

α
Ph

as
e

I
N

ov
ar

tis
A

dv
an

ce
d

so
lid

tu
m

or
s

w
ith

PI
K

3C
A

m
ut

at
io

ns
C

A
L

-1
01

(c
lin

ic
al

fo
llo

w
-u

p
of

IC
87

11
4)

(L
an

nu
tti

et
al

.2
01

1;
Ik

ed
a

et
al

.2
01

0;
H

er
m

an
et

al
.

20
10

)

p1
10

δ
Ph

as
e

I
C

al
is

to
ga

B
ce

ll
m

al
ig

na
nc

ie
s,

C
L

L
,

al
le

rg
ie

s

C
A

L
-1

20
(L

an
nu

tti
et

al
.2

00
9)

D
ua

l
p1

10
β/

p1
10

δ
Pr

ec
lin

ic
al

C
al

is
to

ga
So

lid
tu

m
or

s

C
A

L
-2

63
p1

10
δ

Ph
as

e
I

C
al

is
to

ga
A

lle
rg

ic
rh

in
iti

s
SF

11
26

(G
ar

lic
h

et
al

.2
00

8;
O

zb
ay

et
al

.2
01

0)
Ta

rg
et

ed
pa

n-
PI

3K
in

hi
bi

to
r

Ph
as

e
I

Se
m

af
or

e
Ph

ar
m

ac
eu

-
tic

al
s

So
lid

tu
m

or
s

T
G

10
0-

11
5

(D
ou

ka
s

et
al

.2
00

6,
20

07
)

D
ua

l
p1

10
γ/

p1
10

δ
Ph

as
e

I,
co

m
pl

et
ed

Ta
rg

eG
en

/(
Sa

no
fi-

A
ve

nt
is

?)
M

yo
ca

rd
ia

li
sc

he
m

ia
/

re
pe

rf
us

io
n

in
ju

ry
T

G
X

-2
21

(J
ac

ks
on

et
al

.2
00

5)
P1

10
β

in
hi

bi
to

r
Pr

ec
lin

ic
al

Pl
at

el
et

ag
gr

eg
at

io
n

pa
n-

P
I3

K
in

hi
bi

to
rs

B
K

M
-1

20
(A

zi
z

et
al

.2
01

0;
B

uo
na

m
ic

i
et

al
.2

01
0)

pa
n-

PI
3K

Ph
as

e
I/

II
N

ov
ar

tis
B

re
as

t,
co

lo
n,

ov
ar

ia
n,

en
do

m
et

ri
um

ca
nc

er
,s

ol
id

tu
m

or
s

G
D

C
-0

94
1

(R
ay

na
ud

et
al

.2
00

9;
Fo

lk
es

et
al

.2
00

8)
pa

n-
PI

3K
(p

11
0α

/p
11

0δ
)

Ph
as

e
I/

II
R

oc
he

/G
en

en
te

ch
A

dv
an

ce
d

an
d

m
et

as
ta

tic
so

lid
tu

m
or

s,
N

SC
L

C
,

N
on

-H
od

gk
in

’s
ly

m
ph

om
a

G
SK

10
59

61
5

pa
n-

PI
3K

I/
II

,t
er

m
in

at
ed

G
la

xo
Sm

ith
K

lin
e

A
dv

an
ce

d
so

lid
tu

m
or

s,
ly

m
ph

om
a



5 PI3Ks—Drug Targets in Inflammation and Cancer 119

Ta
bl

e
5.

1
(c

on
tin

ue
d)

D
ru

g
na

m
e

R
ef

er
en

ce
s

Ta
rg

et
(s

)
St

ag
e,

ph
as

e
C

om
pa

ny
A

pp
lic

at
io

n

X
L

-1
47

(S
ha

pi
ro

et
al

.2
00

9)
pa

n-
PI

3K
I/

II
E

xe
lix

is
/S

an
ofi

-
A

ve
nt

is
So

lid
tu

m
or

s,
ad

va
nc

ed
br

ea
st

,
en

do
m

et
ri

al
ca

nc
er

,
gl

io
bl

as
to

m
a

Z
ST

K
47

4
(M

ar
on

e
et

al
.2

00
9;

K
on

g
et

al
.

20
10

;K
on

g
an

d
Y

am
or

i
20

07
,2

00
9;

Y
ag

uc
hi

et
al

.
20

06
)

pa
n-

PI
3K

Ph
as

e
I

Z
en

ya
ku

N
eo

pl
as

m
s

D
ua

lP
I3

K
/m

TO
R

ki
na

se
in

hi
bi

to
rs

B
E

Z
23

5
(M

ai
ra

et
al

.2
00

8;
M

ar
on

e
et

al
.2

00
9;

E
ng

el
m

an
et

al
.

20
08

;S
er

ra
et

al
.2

00
8;

B
ra

ch
m

an
n

et
al

.2
00

9)

PI
3K

/m
T

O
R

Ph
as

e
I/

II
,

co
m

pl
et

ed
N

ov
ar

tis
So

lid
tu

m
or

s

B
G

T
22

6
PI

3K
/m

T
O

R
Ph

as
e

I/
II

co
m

pl
et

ed
N

ov
ar

tis
So

lid
tu

m
or

s,
C

ow
de

n
di

se
as

e

G
D

C
-0

98
0

(W
ag

ne
r

et
al

.2
00

9)
PI

3K
/m

T
O

R
Ph

as
e

I
R

oc
he

/G
en

en
te

ch
R

ef
ra

ct
or

y
so

lid
tu

m
or

s,
no

n-
H

od
gk

in
’s

ly
m

ph
om

a
G

SK
21

26
45

8
(K

ni
gh

te
ta

l.
20

09
)

PI
3K

/m
T

O
R

Ph
as

e
I

G
la

xo
Sm

ith
K

lin
e

So
lid

m
al

ig
na

nc
ie

s
PF

-0
46

91
50

2/
(C

he
ng

et
al

.2
01

0)
PI

3K
/m

T
O

R
Ph

as
e

I
Pfi

ze
r

A
dv

an
ce

d
so

lid
tu

m
or

s
PK

I-
40

2
(M

al
lo

n
et

al
.2

01
0;

D
eh

nh
ar

dt
et

al
.2

01
0)

PI
3K

/m
T

O
R

Pr
ec

lin
ic

al
Pfi

ze
r/

W
ye

th

PK
I-

58
7,

PF
-

05
21

23
84

(V
en

ka
te

sa
n

et
al

.2
01

0)
PI

3K
/m

T
O

R
Ph

as
e

I
Pfi

ze
r/

W
ye

th
A

dv
an

ce
d

so
lid

tu
m

or
s

PX
-8

66
(I

hl
e

et
al

.2
00

4)
PI

3K
/m

T
O

R
Ph

as
e

I/
II

O
nc

ot
hy

re
on

So
lid

tu
m

or
s,

gl
io

bl
as

to
m

a
X

L
-7

65
(L

ai
rd

et
al

.2
00

8)
PI

3K
/m

T
O

R
Ph

as
e

II
E

xe
lix

is
/S

an
ofi

-
A

ve
nt

is
So

lid
tu

m
or

s,
gl

io
bl

as
to

m
a

m
TO

R
C

1/
m

TO
R

C
2

ki
na

se
in

hi
bi

to
rs

A
R

-m
T

O
R

-1
(W

al
la

ce
et

al
.)

m
T

O
R

ki
na

se
Pr

ec
lin

ic
al

A
rr

ay B
io

ph
ar

m
a

A
Z

D
20

14
m

T
O

R
ki

na
se

Ph
as

e
I

A
st

ra
Z

en
ec

a
A

dv
an

ce
d

so
lid

tu
m

or
s



120 M. Wymann

Ta
bl

e
5.

1
(c

on
tin

ue
d)

D
ru

g
na

m
e

R
ef

er
en

ce
s

Ta
rg

et
(s

)
St

ag
e,

ph
as

e
C

om
pa

ny
A

pp
lic

at
io

n

A
Z

D
80

55
(C

hr
es

ta
et

al
.2

01
0)

Se
le

ct
iv

e
m

T
O

R
ki

na
se

Ph
as

e
I/

II
A

st
ra

Z
en

ec
a

L
iv

er
ca

nc
er

;a
dv

an
ce

d
tu

m
or

s

C
C

-2
23

m
T

O
R

ki
na

se
Ph

as
e

I/
II

C
el

ge
ne

A
dv

an
ce

d
So

lid
T

um
or

s,
N

on
-H

od
gk

in
Ly

m
ph

om
a,

M
ul

tip
le

M
ye

lo
m

a
IN

K
12

8
(J

es
se

n
et

al
.2

00
9)

m
T

O
R

ki
na

se
Ph

as
e

I
In

te
lli

ki
ne

A
dv

an
ce

d
tu

m
or

s,
re

la
ps

ed
/r

ef
ra

ct
or

y
m

ul
tip

le
m

ye
lo

m
a,

W
al

de
ns

tr
öm

’s
m

ac
ro

gl
ob

ul
in

em
ia

O
SI

-0
27

(C
ar

ay
ol

et
al

.2
01

0;
V

ak
an

a
et

al
.2

01
0)

m
T

O
R

ki
na

se
Ph

as
e

I
O

SI
Ph

ar
m

a-
ce

ut
ic

al
s

A
dv

an
ce

d
so

lid
tu

m
or

s,
ly

m
ph

om
a

Pa
lo

m
id

52
9,

P5
29

(D
ia

z
et

al
.2

00
9;

X
ue

et
al

.
20

08
)

A
ff

ec
ts

m
T

O
R

C
1

an
d

m
T

O
R

2
ac

tiv
ity

.
M

ec
ha

ni
sm

?

Ph
as

e
I

Pa
lo

m
a

Ph
ar

-
m

ac
eu

tic
al

s
A

dv
an

ce
d

N
eo

va
sc

ul
ar

A
ge

-R
el

at
ed

M
ac

ul
ar

D
eg

en
er

at
io

n
(A

M
D

)

PP
24

2/
PP

30
(F

el
dm

an
et

al
.2

00
9;

H
oa

ng
et

al
.2

01
0)

Se
le

ct
iv

e
m

T
O

R
ki

na
se

in
hi

bi
to

r

Pr
ec

lin
ic

al

X
L

38
8

(M
ill

er
20

09
)

m
T

O
R

ki
na

se
in

hi
bi

to
r

Pr
ec

lin
ic

al
E

xe
lix

is

m
TO

R
C

1
al

lo
st

er
ic

in
hi

bi
to

rs
(r

ap
am

yc
in

de
ri

va
ti

ve
s

or
ra

pa
lo

gs
)

E
ve

ro
lim

us
,

A
fin

ito
r,

C
er

tic
an

,
R

A
D

00
1

(M
ot

ze
r

et
al

.2
00

8;
R

ya
n

et
al

.
20

11
;Y

ao
et

al
.2

01
0;

E
lla

rd
et

al
.2

00
9;

B
as

el
ga

et
al

.
20

09
;A

m
at

o
et

al
.2

00
9;

G
ri

de
lli

et
al

.2
00

7)

m
T

O
R

C
1

Ph
as

e
II

/I
II

N
ov

ar
tis

Pa
nc

re
at

ic
ne

ur
oe

nd
oc

ri
ne

tu
m

or
s/

2n
d

lin
e

el
de

rl
y

N
SC

L
C

;A
pp

ro
ve

d
fo

r
or

ga
n

re
je

ct
io

n;
w

as
ap

pr
ov

ed
fo

r
re

na
lc

el
lc

ar
ci

no
m

a
3/

20
09

(M
ot

ze
r

et
al

.2
00

8)



5 PI3Ks—Drug Targets in Inflammation and Cancer 121

Ta
bl

e
5.

1
(c

on
tin

ue
d)

D
ru

g
na

m
e

R
ef

er
en

ce
s

Ta
rg

et
(s

)
St

ag
e,

ph
as

e
C

om
pa

ny
A

pp
lic

at
io

n

Te
m

si
ro

lim
us

,
To

ri
se

l,
C

C
I-

77
9

(H
es

s
et

al
.2

00
9;

H
ud

es
et

al
.

20
07

;G
al

an
is

et
al

.2
00

5;
W

itz
ig

et
al

.2
01

1,
20

05
;

A
tk

in
s

et
al

.2
00

4;
Sa

rk
ar

ia
et

al
.2

01
0;

Jo
hn

st
on

et
al

.
20

10
a;

G
ho

br
ia

le
ta

l.
20

10
)

m
T

O
R

C
1

Ph
as

e
II

/I
II

W
ye

th
A

pp
ro

ve
d

fo
r

re
na

lc
ar

ci
no

m
a,

re
la

ps
ed

m
an

tle
ce

ll
ly

m
ph

om
a

/n
ew

ly
di

ag
no

se
d

G
B

M
/

no
n-

H
od

gk
in

’s
ly

m
ph

om
a

(N
H

L
),

W
al

de
ns

tr
öm

’s
m

ac
ro

gl
ob

ul
in

em
ia

R
id

af
or

ol
im

us
,

D
ef

or
ol

im
us

,
A

P2
35

73
,

M
K

-8
66

9

(R
iz

zi
er

ie
ta

l.
20

08
;S

es
sa

et
al

.2
01

0)
m

T
O

R
C

1
Ph

as
e

II
I,

Ib
M

er
ck

/A
R

IA
D

Ph
ar

m
ac

eu
-

tic
al

s

Sa
rc

om
a,

re
la

ps
ed

/r
ef

ra
ct

or
y

he
m

at
ol

og
ic

m
al

ig
na

nc
ie

s

P
K

B
/A

kt
in

hi
bi

to
rs

A
-4

43
65

4
(d

e
Fr

ia
s

et
al

.2
00

9;
H

an
et

al
.

20
07

;L
iu

et
al

.2
00

8;
Z

hu
an

g
et

al
.2

01
0)

pa
n-

PK
B

/A
kt

Pr
ec

lin
ic

al
A

bb
ot

tL
ab

s

A
T-

13
14

8
(L

yo
ns

et
al

.2
00

7)
PK

B
/A

kt
Ph

as
e

I
A

st
ra

Z
en

ec
a/

A
st

ex
T

he
ra

pe
u-

tic
s

C
C

T
12

92
54

,
A

T
11

85
4

(D
av

ie
s

et
al

.2
00

9)
PK

B
/A

kt
Pr

ec
lin

ic
al

A
st

ra
Z

en
ec

a

G
SK

69
06

93
(A

lto
m

ar
e

et
al

.2
01

0;
C

ar
ol

et
al

.2
01

0;
H

ee
rd

in
g

et
al

.
20

08
;L

ev
y

et
al

.2
00

9;
R

ho
de

s
et

al
.2

00
8)

pa
n-

PK
B

/A
kt

Ph
as

e
I

(w
ith

dr
aw

n)
G

la
xo

Sm
ith

K
lin

e

G
SK

21
41

79
5

an
d

G
SK

21
11

01
83

(f
ol

lo
w

-u
ps

of
G

SK
69

06
93

)

pa
n-

PK
B

/A
kt

Ph
as

e
I

G
la

xo
Sm

ith
K

lin
e

H
em

at
ol

og
ic

ca
nc

er



122 M. Wymann

Ta
bl

e
5.

1
(c

on
tin

ue
d)

D
ru

g
na

m
e

R
ef

er
en

ce
s

Ta
rg

et
(s

)
St

ag
e,

ph
as

e
C

om
pa

ny
A

pp
lic

at
io

n

Pe
ri

fo
si

ne
,

D
21

22
6

(A
rg

ir
is

et
al

.2
00

6;
B

ai
le

y
et

al
.2

00
6;

E
lr

od
et

al
.2

00
7;

E
rn

st
et

al
.2

00
5;

K
no

w
lin

g
et

al
.2

00
6;

Po
sa

da
s

et
al

.
20

05
;V

an
U

m
m

er
se

n
et

al
.

20
04

;V
in

k
et

al
.2

00
6;

C
he

e
et

al
.2

00
7)

PK
B

/A
kt

Ph
as

e
I/

II
K

er
yx

A
dv

an
ce

d
so

lid
tu

m
or

s,
ov

ar
ia

n
ca

nc
er

,m
et

as
ta

tic
m

el
an

om
a,

m
ul

tip
le

m
ye

lo
m

a

M
K

-2
20

6
(T

ol
ch

er
et

al
.2

00
9)

PK
B

/A
kt

&
m

T
O

R
Ph

as
e

I
M

er
ck

A
dv

an
ce

d
so

lid
tu

m
or

s
X

L
-4

18
PK

B
/A

kt
I,

su
sp

en
de

d
E

xe
lix

is
So

lid
tu

m
or

s

Fo
r

up
da

te
s

of
st

ud
y

pr
og

re
ss

an
d

st
at

us
co

ns
ul

t
ht

tp
://

w
w

w
.c

lin
ic

al
tr

ia
ls

.g
ov

;
ht

tp
://

cl
in

ic
al

tr
ia

ls
fe

ed
s.

or
g;

ht
tp

://
w

w
w

.c
an

ce
r.g

ov
;

co
m

po
un

ds
in

cl
in

ic
al

tr
ia

ls
ca

n
be

re
tr

ie
ve

d
by

en
te

ri
ng

ke
yw

or
ds

[e
.g

.
A

kt
,

PK
B

,
PI

3K
,

m
T

O
R

]
at

ht
tp

://
nc

i.n
ih

.g
ov

/d
ru

gd
ic

tio
na

ry
.

R
ec

en
t,

ex
ce

lle
nt

re
vi

ew
s

co
ve

ri
ng

PI
3K

pa
th

w
ay

dr
ug

de
ve

lo
pm

en
ti

nc
lu

de
(L

iu
et

al
.2

00
9;

A
lb

er
te

ta
l.

20
10

).
C

om
po

un
d

st
ru

ct
ur

es
w

er
e

re
vi

ew
ed

in
de

pt
h

in
(M

ar
on

e
et

al
.2

00
8)

.



5 PI3Ks—Drug Targets in Inflammation and Cancer 123

and PtdIns(3,4)P2, but it was shown that PI3K-C2α bound to clathrin was able to
generate PtdIns(3,4,5)P3 in vitro (Gaidarov et al. 2001). Activation loop sequences
would predict that this does not happen in a PI3K-C2α monomer, and suggests that
clathrin takes part in the presentation of PtdIns(4,5)P2 as a substrate for this lipid
kinase. Presently, the physiologic role, lipid product(s) and selective downstream
targets of class II PI3Ks remain largely undefined.

5.1.4 Structural Features and Activation of Class IA PI3Ks

Class IA PI3K catalytic subunits p110α (encoded by the gene named PIK3ca), p110β
(PIK3cb), and p110δ (PIK3cd) bind tightly to a regulatory subunit harboring two
src-homology 2 (SH2) domains. The latter docks specifically to phosphorylated
tyrosines in pYxxM (phospho-Tyr-x-x-Met) motifs on growth factor receptors or
protein tyrosine kinase substrates. Mammalia have three genes encoding five major
p85-like regulatory subunits subunits (PIK3r1 encodes p85α and splice variants
p55α, and p50α; PIK3r2 yields p85β; and PIK3r3 gives rise to p55γ). Each regulatory
subunit contains a coiled-coil region located between the N- and C-terminal SH2
domains (dubbed interSH, or iSH domain), which tightly binds to the N-terminus
(designated as p85-binding region, p85B) of the catalytic subunits p110α, p110β, and
p110δ (Fig. 5.2). The class IA regulatory p85-like subunits exert an inhibitory action
onto the catalytic subunit, which keeps the potentially oncogenic class I enzymes
silent (Zhao et al. 2005; Kang et al. 2006). Inhibition is released by the translocation
of p85 regulatory subunits to growth factor receptors and binding of the SH2 domains
to pYxxM motifs (for reviews see (Wymann and Marone 2005; Vanhaesebroeck et al.
2001; Wymann et al. 2003b; Cantley 2002; Backer 2010)). The isolated domain
structures of the regulatory p85 subunit have been determined early on (for the SH3
domain of p85α see (Batra-Safferling et al. 2010); the N-terminal SH2 domain of
p85α (nSH2) see (Nolte et al. 1996); for the iSH2 of p85β see (Schauder et al. 2010);
for the C-terminal SH2-domain (cSH2) of p85α see (Hoedemaeker et al. 1999)), but
the mechanism of this important inhibitory action has only been elucidated recently:
the structural determination of p85-fragments bound to p110α (Miled et al. 2007)
and the resolution of a p85α iSH-cSH2 fragment in a complex with p110β suggest
that both SH2 domains interact with perpendicularly oriented C-terminal α-helices
dubbed “the regulatory square” (Zhang et al. 2011). For class I PI3K it is thus
clear, that phosphorylated YxxM motifs on growth factor receptors do not only
translocate PI3Ks to the plasma membrane to secure access of the catalytic subunit
to PtdIns(4,5)P2, but that they also relieve two to three safety latches from class IA
PI3K complexes.

Some growth factor receptors directly recruit class IA PI3Ks, but for other input
signals, adaptor molecules are key to the activation and localization of class IA PI3Ks
(Fig. 5.3). As such, Grb2-associated binders (Gab1-3) and insulin receptor substrates
(IRS1-4) display pYxxM sites to class IA PI3Ks. They belong to aYxxM-multisite
adaptor protein family including daughter of sevenless (Dos). The insulin and IGF-1
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receptors directly phosphorylate IRSs, while members of the IL-4 receptor family
(γc-chain-containing cytokine receptors, see Fig. 5.2) require Janus kinases (JAK)
to complete the phosphorylation of YxxM motifs. IRS1 and Gab proteins display
a pleckstrin homology (PH) domain that is selective for PtdIns(3,4,5)P3, and can
potentially provide amplification of the PI3K response. The importance of Gabs for
PI3K signaling has been demonstrated in various systems, e.g. acquired immunity
(Pratt et al. 2000), allergy (Gu et al. 2001) and transformation of myeloid cells by the
p190BCR/Abl protein tyrosine kinase driving chronic myelogenousleukemia (CML;
Sattler et al. 2002). The E3 ligase Cbl, has also been shown to recruit PI3K to growth
factor and cytokine receptors. In vivo, however, c-Cbl and Cbl-b significantly reduces
PI3K activity downstream of the T cell receptor. That the inhibitory action of Cbl is
dominant in the long term was demonstrated in mice with disrupted c-Cbl, resulting
in enhanced thymic positive selection (Murphy et al. 1998). Mice without Cbl-b
displayed increased susceptibility for autoimmune diseases (Bachmaier et al. 2000).

Downstream of the T cell (TCR), B cell (BCR) and immunoglobulin receptors
(FcRs) so-called immunoreceptor tyrosine-based activation motifs (ITAM) serve
as initiation points for protein tyrosine kinase cascades. After the cross-linking
of immunoreceptors, src-like membrane-anchored protein tyrosine kinases (Fyn,
Blk, Lck) are concentrated, and locally phosphorylate ITAMs. ITAMs then recruit
SH2 domain-containing protein tyrosine kinases including ZAP-70 and Syk. This
enforced phosphorylation activity generates further PI3K docking sites on transmem-
brane adapter proteins (TRAPs) such as CD19, CD28, T cell receptor interacting
molecule (TRIM), NTAL (also called LAB/Lat2) and linker for activation of T cells
(LAT). Mice without LAT cannot generate T cells beyond the CD4−/CD8− stage
(Zhang et al. 1999; Roncagalli et al. 2010; Fuller et al. 2011). As for the growth
factors mentioned above, soluble adapter proteins [Grb2, Gab and the B cell adaptor
for phosphoinositide 3-kinase (BCAP)] contribute to PI3K activation. Deletions of
BCAP (Yamazaki et al. 2002) or CD19 (Rickert et al. 1995) both lead to severe B
cell phenotypes (Simeoni et al. 2004).

Toll-like receptor (TLR)-triggered responses are essential in host defense. The
activation of TLRs by various ligands has been reported to activate PI3K. Elevated
PI3K activity was mostly associated with an attenuation of the NFκB (nuclear factor
kappa-light-chain-enhancer of activated B cells) pathway and cytokine production
at multiple levels (Fukao and Koyasu 2003; Hazeki et al. 2007). Depending on
the stimuli and TLR receptor targeted, PI3K mediated pro- and anti-inflammatory
effects (for a review see (Fukao and Koyasu 2003)). The activation of class I PI3Ks
can take place via the interaction of p85 with aYxxM sequence on either TLR1,
TLR2, or TLR6 (Li et al. 2010) or by p85 binding to Mal (MyD88-adaptor-like;
also named Toll—IL-1 receptor domain-containing adaptor protein, TIRAP; Santos-
Sierra et al. 2009). When the PI3K downstream target 3-phosphoinositide-dependent
protein kinase-1 (PDK) was cell-specifically targeted in the myeloid cell linage,
macrophages without PDK1 became more susceptible to lipopolysaccharide (LPS)
stimulation via TLR4, and activation by Pam3CysSerLys4 (Pam3CSK4), a potent
TLR2 agonist acting through TLR2/TLR1. This resulted in increased production
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of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) and a dramatically
increased sensitivity to LPS-induced septic shock (Chaurasia et al. 2010).

5.1.5 Class IB PI3K: PI3Kγ

The PIK3cg gene encodes the only PI3K class IB member, PI3Kγ (Stoyanov et al.
1995; Stephens et al. 1997), which associates with a p101 (PIKr5; Stephens et al.
1997) or a p84/p87PIKAP adapter protein (PIKr6; Suire et al. 2005; Voigt et al. 2006;
Bohnacker et al. 2009). PI3Kγ and its adapter subunits are highly expressed in
leukocytes, and at lower levels in smooth muscle cells, endothelia and cardiomy-
ocytes (Wymann and Marone 2005; Wymann et al. 2003b; Patrucco et al. 2004;
Vecchione et al. 2005; Alloatti et al. 2005; Okkenhaug and Vanhaesebroeck 2003;
Ghigo et al. 2010). The PI3Kγ complex is translocated and activated by βγ subunits
(Gβγ) of trimeric G proteins. PI3Kγ is expressed at high levels in white blood cells
throughout the hematopoietic system, and mainly relays signals downstream of G
protein-coupled receptors (GPCRs). Thus linked to a plethora of chemokine and
other receptors of inflammatory mediators, PI3Kγ mediates processes in inflamma-
tory and allergic reactions (Wymann et al. 2003b; Ghigo et al. 2010; Deane and
Fruman 2004). Although lower PI3Kγ expression was detected in cardiomyocytes,
vascular smooth muscle and endothelia, PI3Kγ plays a role in the control of vascular
tone (Vecchione et al. 2005), heart contractility (Patrucco et al. 2004; Crackower
et al. 2002; Oudit et al. 2004) and progress of atherosclerosis (Fougerat et al. 2008).
The role of the p101 and p84 adapter subunits has not yet been fully explored, but
they are required for a functional relay of GPCR signals to PI3Kγ. In this respect, the
p101 adapter subunit sensitizes the PI3Kγ complex to Gβγ subunits (Stephens et al.
1997; Krugmann et al. 1999; Maier et al. 1999; Brock et al. 2003; Kurig et al. 2009),
while p84 does not fulfill this function. Interestingly, p84-p110γ complexes require
the interaction with activated Ras (see below), while p101 functions even when Ras
activation is blocked (Kurig et al. 2009). As p101-p110γ and p84-p110γ complexes
were found to generate functionally distinct pools of PtdIns(3,4,5)P3 (Bohnacker
et al. 2009), it is likely that the two adapter subunits moderate input and output
signals of the respective PI3Kγ complexes.

Alternatively, Gβγ subunits were also shown to activate p110β. Here early studies
demonstrated that Gβγ subunits and phosphorylated Tyr peptides activated p85-
p110β complexes synergistically (Maier et al. 1999; Kurosu et al. 1997; Tang and
Downes 1997). Cellular studies using overexpression of GPCRs, p110β, genetic and
pharmacological tools proposed that p110β was the main PI3K downstream of some
GPCRs. While this makes sense for receptors that do not couple exclusively to B.
Pertussis toxin-sensitive G proteins, for example the receptors for lysophosphatidic
acid (LPA), thrombin, the bradykinine and A1 adenosine receptors, the sphingosine-
1-phosphate receptor and more (Roche et al. 1998; Graness et al. 1998; Kubo et al.
2005; Guillermet-Guibert et al. 2008), the data for some other GPCRs has to be re-
viewed critically for receptor transactivation and co-operation with protein tyrosine
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kinase activities (Guillermet-Guibert et al. 2008). As an example, there is conflicting
data demonstrating one hand that complement fragment 5a (C5a) signals exclusively
via p110γ in macrophages (Hirsch et al. 2000), while others claimed that p110β was
required (Guillermet-Guibert et al. 2008).

5.1.6 Activation of Class I PI3Ks by Small GTPases

A potential common activator for class I PI3Ks is activated, GTP-loaded Ras,
as all class I PI3Ks display a Ras-binding domain (Fig. 5.2). This interaction is
well documented for p110α (Sjolander and Lapetina 1992; Sjolander et al. 1991;
Rodriguez-Viciana et al. 1994, 1996) and p110γ (Rubio et al. 1997, 1999). For p110α,
Ras-interactions were demonstrated to be relevant in Ras-driven tumor promotion
(Gupta et al. 2007), and an intact Ras-binding domain was shown to be crucial for
the activation of the NADPH oxidase in neutrophils by GPCR ligands (Suire et al.
2006). These findings were corroborated by the resolution of the crystal structure of
a Ras-p110γ complex defining the interface of the two proteins in detail. Ras-induced
conformational changes in p110γ show that Ras is not only a docking site for p110
at the membrane, but a potent activator (Pacold et al. 2000). The importance of Ras
activation upstream of p110β is controversial (Kang et al. 2006; Rodriguez-Viciana
et al. 2004; Marques et al. 2008), and p110β was suggested to interact with the
small GTPase Rab5 localized on early endosomes (Christoforidis et al. 1999; Shin
et al. 2005; Kurosu and Katada 2001; Ciraolo et al. 2008; Jia et al. 2008). The p110δ
catalytic subunit interacts with TC21 (or RRas2 (Rodriguez-Viciana et al. 2004; Del-
gado et al. 2009)), and depends on the GTPase for a translocation to T- and B-cell
receptors (Delgado et al. 2009).

5.1.7 Class II PI3Ks

Class II PI3Ks are large enzymes (170–200 kDa) and include the three family mem-
bers PI3K-C2α, β, and γ, which all have a C-terminal extension containing a Phox
homology (PX) and a C2 homology domain. The C-terminal C2 domain is Ca2+-
insensitive due to the lack of a conserved aspartate residue (Falasca and Maffucci
2007; for a new classification of C2 domains see (Zhang and Aravind 2010)). The
founder of the class II PI3K family was the drosophila PI3K_68D (MacDougall et al.
1995).

In contrast to class I PI3Ks, no class II regulatory subunits were identified. Class II
PI3Ks have been mapped to the trans-Golgi network and low-density microsomes, but
their mode of action is still poorly defined. The PI3KC2α and β isoforms have been
reported to associate with their N-terminal region with clathrin (Domin et al. 2000;
Gaidarov et al. 2001, 2005; Wheeler and Domin 2006). PI3KC2α has been clearly
attributed roles in clathrin assembly and clathrin-mediated, microtubule-dependent
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vesicular trafficking (Domin et al. 2000; Gaidarov et al. 2001, 2005; Zhao et al. 2007).
Recent reports identified PI3KC2α as an essential factor in dynamin-independent
endocytosis and fluid-phase endocytosis. As PI3KC2α and the PtdIns-3-P -binding
Early Endosomal Antigen (EEA1) were recruited to cargo vesicles, it is likely that
the relevant in vivo product involved in the process was PtdIns-3-P (Krag et al. 2010).

Several extracellular stimuli activate class II PI3Ks, such as growth factors like
EGF, PDGF, insulin and SCF, chemokines (MCP-1), cytokines (leptin, TNF-α), and
lysophosphatidic acid (LPA; Arcaro et al. 2000; Maffucci et al. 2005). Proline-rich
regions in the N-terminus, and interactions with signaling adapters like Grb2 were
proposed to mediate interaction with growth factor receptors (Wheeler and Domin
2006). For PI3KC2β it was shown that this enzyme can promote LPA-induced cell
migration of ovarian and cervical cancer cells (Maffucci et al. 2005; for a review
on class II PI3K in cancer see (Traer et al. 2006)). Other results point to a role of
class II PI3Ks in insulin signaling (Cui et al. 2011; Falasca et al. 2007; Dominguez
et al. 2011), which is supported by the finding that class II regulates exocytosis of
insulin granules in pancreatic beta cells (Dominguez et al. 2011). Interestingly, a
polymorphism in the PIK3C2G gene (encoding PI3KC2γ could be associated with
type 2 diabetes in a Japanese population (Daimon et al. 2008)), and the nematode
C. elegans accumulates fat when its only class II PI3K gene (F39B1.1) product
is down-regulated. So far, these findings were not duplicated in mice where the
PIK3C2A (PI3KC2α) and PIK3C2B (PI3KC2β) loci were targeted: in the latter mice,
fat and body mass were actually significantly reduced. It must be said, however,
that the mice lacking functional PI3KC2β were mainly investigated for epithelial
differentiation (Harada et al. 2005), and that the mice with a modified PIK3C2A
locus displayed a defect in renal function and still expressed a trace of a truncated
PI3KC2α protein lacking the C-terminal PX and C2 domains (Harris et al. 2011).

The available data connects class II PI3Ks to multiple signaling events like the
activation of MAPK (but not PKB/Akt (Cui et al. 2011)), activation of Ca2+-triggered
potassium channels (KCa3.1; Srivastava et al. 2009), the regulation of Rho (Wang
et al. 2006), clathrin coated vesicular movement on microtubules (Zhao et al. 2007),
exocytosis (Meunier et al. 2005) and endocytotic events mentioned above. For class
II PI3Ks it is presently not possible to delineate connected signaling pathways, and
to define a predictive network linked to general signaling outputs.

5.1.8 Class III PI3Ks

Class III PI3K: The Saccharomyces cerevisiae Vps34 protein (Vps34p, vacuolar
protein sorting mutant 34) is the prototype of class III PI3K and plays an essential
role in vesicular and protein trafficking from the Golgi to the yeast vacuole, which is
the yeast equivalent to lysosomes in mammals (Schu et al. 1993). In yeast, Vps34p
binds to the N-terminally myristoylatedSer/ThrkinaseVps15p. It has been shown that
a functional Vps15p kinase is needed for the activation and recruitment of Vps34p
to Golgi membranes (Herman et al. 1992). The Vps15p orthologue in mammals is
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p150 (also referred to as hVps15), which translocates hVps34p to Rab5-positive
early endosomes and Rab-7 positive late endosomes. Therefore, hVps34p is also
central to endocytosis, vesicular trafficking (Christoforidis et al. 1999; Murray et al.
2002), and phagocytic uptake of bacteria (Sun et al. 2008).

Moreover, Vps34p interacts directly with Beclin-1 (yeast Atg6/Vps30p) and
Atg14L to form a complex I, and alternative complexes containing UVRAG or
UVRAG and Rubicon at the place of Atg14L (Funderburk et al. 2010; Matsunaga
et al. 2010), which all play an important role in autophagy (Simonsen and Tooze
2009). Recently, it was proposed that the Vps34p-hVps15p-Beclin-1-Atg14L com-
plex would also involve p110β as an element to regulate the autophagy (Dou et al.
2010). In yeast, deletion ofAtg14 leads to defects in autophagy, while own regulation
of cellular Beclin-1 affects autophagy and vesicular trafficking minimally (Kihara
et al. 2001). In contrast, mice heterozygous for Beclin-1 display a decreased rate of
autophagy and enhanced tumor formation (Qu et al. 2003;Yue et al. 2003). Recently,
Vps34p was linked to the induction of autophagy in nutrient, amino acid, as well as
energy (glucose) -deprived cells, and a role for Vps34p in the amino acid-induced
activation of mTOR was proposed (Dann and Thomas 2006; Gulati and Thomas
2007; Nobukuni et al. 2007). The latter connection is controversial, and the deletion
of VPS34 in fruit flies did not affect TOR activity (Juhasz et al. 2008). In mice, Vps34
(encoded by PIK3C3) is required in early embryogenesis, and effects on mTOR ac-
tivation were documented (Zhou and Wang 2010). Further in-depth reviews on class
III PI3Ks can found in (Backer 2008; Simonsen and Tooze 2009; Funderburk et al.
2010; Backer 2010).

5.1.9 Downstream of Class I PI3Ks

The class I PI3K product PtdIns(3,4,5)P3 is produced at the plasma membrane, where
it serves as a docking site for proteins with PtdIns(3,4,5)P3-specific PH domains (Fer-
guson et al. 2000). Members of the protein kinase B family (PKBα,β,γ/Akt1,2,3) are
the most prominent representants of these signaling molecules, and link PI3Ks to
the control metabolic activity, growth, proliferation and cellular survival pathways
(Fig. 5.4). When PKB/Akt is recruited the plasma membrane, it is phosphorylated
on Thr308 (numbers refer to PKBα/Akt1) by PDK1. In this process, binding of
PDK1 itself to PtdIns(3,4,5)P3 is crucial, as cells harboring a PDK1 with a non-
functional PH domain cannot efficiently trigger PKB/Aktphosphorylation (McManus
et al. 2004). To gain full activity, a second phosphorylation in the C-terminal, hy-
drophobic motif of PKB/Akt (Ser 473) by activities classified as “PDK2s” is required
(Yang et al. 2002; Biondi and Nebreda 2003). A number of kinases have been shown
to classify as PDK2 activities, such as mitogen-activated protein kinase-activated
kinase 2 (MAPKAP-2), integrin-linked kinase (ILK), DNA-dependent protein ki-
nase (DNA-PKcs; Feng et al. 2004; Hanada et al. 2004; Bozulic and Hemmings
2009) and protein kinase Cβ (PKCβ; Kawakami et al. 2004). Finally it has been
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shown that the TOR complex 2 (TORC2, the [Rictor]-TOR complex [rapamycin-
insensitive companion of TOR]) displays major PDK2 activity (Sarbassov et al. 2005,
for reviews see (Bozulic and Hemmings 2009; Polak and Hall 2006; Manning and
Cantley 2007; Zoncu et al. 2011)). PKB/Akt-mediated phosphorylations regulate
many downstream targets, both positively and negatively (see Fig. 5.4). Besides the
modulation of PKB/Akt activity, the phosphorylation of Ser 473 seems also to be
required for an efficient phosphorylation of N-terminal residues of the PKB/Akt sub-
strates FOXO1/3A/4 (Jacinto et al. 2006). The hydrophobic motif phosphorylation
might thus direct the PKB/Akt substrate selectivity (for a review see (Manning and
Cantley 2007)).

The activation of the PI3K/PKB pathway is counteracted by two phosphoinositide
phosphatases: (i) the 3-phosphoinositide phosphatase and tensin homolog deleted in
chromosome ten (PTEN) regenerates PtdIns(4,5)P2 from PtdIns(3,4,5)P3 (Stambolic
et al. 1998). PTEN is often mutated in tumors, leading to the accumulation of Pt-
dIns(3,4,5)P3 and a constitutive activation of the PI3K pathway (Liaw et al. 1997;
Sansal and Sellers 2004; Hobert and Eng 2009; Farooq et al. 2010; Vivanco and
Sawyers 2002; Wymann and Marone 2005; Cully et al. 2006). (ii) the SH2-domain-
containing inositol phosphatase (SHIP), which has a 5-phosphoinositide phosphatase
activity, generates PtdIns(3,4)P2 from PtdIns(3,4,5)P3 (Majerus et al. 1999; Kisse-
leva et al. 2000; Rohrschneider et al. 2000; Kalesnikoff et al. 2003). Besides the
above lipid phosphatases, the protein phosphatase PHLPP can dampen PKB/Akt
activation by the removal of the phosphate group at Ser 473 (Brognard et al. 2007;
Gao et al. 2005; Mendoza and Blenis 2007).

5.1.10 Control of Cellular Growth, Transcription, and Translation

PKB/Akt controls cell growth via the nutrient sensor mTOR: PKB/Akt phospho-
rylates and thus inhibits TSC2 (tuberin), which constitutes together with TSC1
(hamartin) the tuberous sclerosis complex (Pan et al. 2004). In its active form, the
TSC1/2 complex prevents the exchange of GDP for GTP on the GTPaseRheb. As
the activation of TOR requires GTP-loaded Rheb, the PKB/Akt-mediated phospho-
rylation of TSC2 therefore initiates the activation of the TOR complex 1 (TORC1,
or [Raptor]-TOR complex [regulatory-associated protein of TOR]). Active TORC1
phosphorylates and blocks 4E-BP1, which releases translation of mRNAs with
5′-polypyrimidin regions, which is supported by the parallel, TORC1-mediated phos-
phorylation of p70S6K (p70 S6 kinase) on Thr 389. S6K targets the ribosomal protein
S6 (Dufner and Thomas 1999; Garami et al. 2003; Dann et al. 2007). Furthermore,
TORC1 can be negatively regulated by PRAS40—controlling TORC1 substrate ac-
cess (Van der Haar et al. 2007; Wang et al. 2007; Fonseca et al. 2007), or by an
allosteric inhibition caused by the binding of the macrolide Rapamycin/FKBP12
complex to the FRB (FKBP/Rapamycin-binding) domain of TOR (Choi et al. 1996).
When TORC1 signaling is permitted, transcription and translation are elevated, and
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protein and lipid biosynthesis drive an increase in cell mass required for the entry in
cell cycle progression.

5.1.11 PI3K-mediated Control of Cell Cycle Progression

Entry into cell cycle progression is tightly controlled by the alternating expression
of cyclins and their interaction with cyclin-dependent kinases (CDKs) or CDKs
inhibitors. Activated PKB/Akt phosphorylates forkhead transcription factors of the
class O (FOXOs) on three different sites (for a review see (Manning and Cantley
2007)). When phosphorylated, FOXOs bind to 14-3-3 proteins, which act as phospho-
Ser and phosphor-Thr “receptors” and retain FOXOs in the cytosol (Burgering and
Kops 2002). When in the nucleus, FOXOs repress many genes required for cell cycle
entry, and a cytosolic retention of FOXOs thus releases the transcription of cyclin
D1, while the transcription of the CDK inhibitor p27Kip1 is attenuated (Alvarez
et al. 2001; Burgering and Medema 2003). Glycogen synthase kinase 3β (GSK3β)
phosphorylates cyclin D1, triggering its targeting and degradation to the proteasome.
When phosphorylated by PKB/Akt, GSK3β is inhibited, and cyclin D1 accumulates
(Liang and Slingerland 2003). The resulting increase in cyclin D1 levels combined
with the concerted reduction in p27Kip1 allows cells to transit from G1 to the S phase
(Liang and Slingerland 2003; Foijer and te Riele 2006).

5.1.12 PI3Ks—Driving Cell Survival and Anti-apoptotic Signaling

The stimulation of the PI3K/PKB pathway branches into many anti-apoptotic events:
PKB/Akt directly phosphorylates and inhibits caspase 9, a protease crucial for the ini-
tiation of the apoptotic cascade (Cardone et al. 1998; for a cross-species comparison
see (Datta et al. 1999)). PKB/Akt also inactivates the Bcl-2-associated death pro-
moter (BAD) by a phosphorylation at Ser 136, which then liberates the anti-apoptotic
proteins Bcl-2 and Bcl-XL (del Peso et al. 1997; Datta et al. 1997). In another branch
PKB/Akt phosphorylates IκB kinase (IκBK), which blocks the action of the inhibitor
I-κB to release the transcription factor NF-κB. NF-κB is now free to translocate to
the nucleus where it activates transcription of cell survival proteins such as Bcl-2 and
Bcl-XL (Li and Verma 2002; Ozes et al. 1999; for reviews see (Schinzel et al. 2004;
Kaufmann et al. 2004)). As mentioned above, FOXOs are retained in the cytosol by
the action of PKB/Akt. As FOXOs promote transcription of FasL, PKB/Akt prevents
ligand-induced apoptosis (Brunet et al. 1999). The connections of these pathways
are further detailed in Fig. 5.4.

In the above signaling scenarios, the PtdIns(3,4,5)P3 → PDK1 → PKB/Akt axis
seems to play a central role in the control of cellular growth, the entry into the cell
cycle and the initiation of survival pathways. When PtdIns(3,4,5)P3 is elevated due
to loss of PTEN, this disrupts embryonic development in mice (Di Cristofano et al.
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1998) and fruit flies (Stocker et al. 2002). Viability could be restored in PTEN null
flies by the manipulation of the drosophila PKB/Akt PH domain: when flies expressed
PKB/Akt with a PH domain with a low affinity for PtdIns(3,4,5)P3, “lethal levels
of PtdIns(3,4,5)P3” were tolerated, suggesting that PKB/Akt was the major hub
for PtdIns(3,4,5)P3-sensing in the fly (Stocker et al. 2002). In the human genome
there are, however, > 275 PH domain-containing proteins encoded (source: SMART
database at smart.embl-heidelberg.de). These are complemented with 48 proteins
with PX domains (a domain first found in phagocyte NADPH oxidase cytosolic
factors), 27 with FYVE (Zinc finger domain first found in Fab1, YOTB, Vac1 and
EEA1) domains, 20 with ENTH (EpsinN-terminal homology) domains, ANTH,
FERM and other lipid-binding domains (Varnai et al. 2005; Balla 2005; Takenawa
and Itoh 2006). For many of these proteins interactions with poly-phosphorylated
phosphoinositides have been reported, and some prominent signaling molecules
bind PtdIns(3,4,5)P3 through PH domains (see also Fig. 5.4): TEC family protein
tyrosine kinases including Btk (Brutons’s tyrosine kinase; Readinger et al. 2009;
Mohamed et al. 2009), and PLCγ1 (phospholipase Cγ1; Rebecchi and Pentyala
2000; Maroun et al. 2003; Ji et al. 1997) play an important role in innate and
acquired immunity; and β-ARK1/GRK2 (β-adrenergic receptor kinase1/G protein-
coupled receptor kinase; Takenawa and Itoh 2006; Jaber et al. 1996) modulates
GPCR signaling and cardiovascular functions. Structural data for PtdIns(3,4,5)P3-
bound PH domains is available (Ferguson et al. 2000; Milburn et al. 2003), and the PH
domain protein families have been thoroughly analyzed across various species (Park
et al. 2008). In spite of the existing diversity of PtdIns(3,4,5)P3 selective PH domain
containing proteins, PKB research is with > one third of all articles overrepresented
in the PI3K literature (for a recent in-depth review on phospholipid-binding domains
see (Lemmon 2008)).

5.1.13 PI3Ks—A Connection to Migration and Polarization

Small Rho family GTPases including Rac, Cdc42, TC10 and Rho play important roles
in cell migration, polarization and cytoskeletal rearrangements. The activity of these
Rho GTPases is regulated by GAPs (GTPase activating proteins), GDIs (guanine
nucleotide dissociation inhibitors) and guanine nucleotide exchange factors (GEFs).
While GAPs increase the rate of hydrolysis of the GTP bound to activatedGTPases
to GDP, GDIs retain Rho GTPases in the cytosol. Activated GEFs promote the
reloading of small GTPases with GTP, and thus enable their subsequent interaction
with downstream effectors (Heasman and Ridley 2008). Rho GEFs can be divided
in (i) Dbl-like proteins (> 70 members), which contain the catalytic Dbl homology
(DH) domain and a pleckstrin homology domain, and (ii) Dock family proteins
(11 members) with the active Dock homology region (DHR-2; also named Docker-
ZH2 domain) and a DHR-1 mediating translocations (Cote and Vuori 2007).

A number of Dbl-like GEFs contain PtdIns(3,4,5)P3-binding PH domains. Many
of these GEFs, like Tiam (T-lymphoma invasion and metastasis inducing protein; a
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GEF for Rac), PIX (PAK-associated guanine nucleotide exchange factor; reloading
Rac and Cdc42), Vav (targeting RhoA, Rac, and Cdc42), and ARNO (Arf nucleotide
binding site opener; activating Arf1,6) integrate the PI3K signal with the input of an
upstream protein kinase, before they are fully active (for a review see (Wymann and
Marone 2005)). In contrast, P-Rex binds to Gβγ subunits released from trimeric G
proteins after GPCR activation and PtdIns(3,4,5)P3 before it activates Rac (Welch
et al. 2002). For Dock family proteins, Dock2 and Dock180 were shown to bind
PtdIns(3,4,5)P3 via their DHR-1 domain (Cote and Vuori 2007).

The regulation of Rho GTPases by GEFs is crucial in many physiological
processes and disease contexts. While Ras proteins are activated by mutations (Diaz-
Flores and Shannon 2007), deviations in Rho family GTPasesignaling is often caused
by the overexpression of corresponding GEFs (Ellenbroek and Collard 2007; Vega
and Ridley 2008). Rho GTPase activation promotes the dissemination of cancer cells
and immune cells throughout tissues, driving metastasis and chronic inflammation.
A subset of small GTPases such as RhoA, Rac and Cdc42 also activate transcriptional
events (for a review see (Benitah et al. 2004)).

5.2 PI3Ks in Physiology and Disease

As outlined above, and illustrated in Figs. 5.3 and 5.4, PI3K relays growth factor,
cytokine and G protein receptor-coupled signaling to a network balancing a cell’s ac-
tivities and cellular energy consumption. Downstream of PI3Ks, the TOR complexes
1 and 2 are important hubs integrating hormonal input, energy and nutrient availabil-
ity. PtdIns(3,4,5)P3-dependent kinase cascades originating for example from PDK1,
PKB/Akt, TEC family kinases or the activation of PtdIns(3,4,5)P3-sensitive GEFs
contribute to the control of growth, cell cycle, survival and migration. In chronic
inflammatory and autoimmune disease, an overshooting cytokine network triggers
the activation of immune cells, while in cancer oncogenes are activated by mutations
and epigenetic effects. Many PI3K-dependent pathways are shared in cancer and in-
flammation, but operate in different contexts and yield cell-specific outputs. Various
cell types use specific class I PI3K isoforms, and an understanding of PI3K isoform
selective signaling is a prerequisite to develop refined targeted therapies in cancer
and inflammation.

5.2.1 PI3Ks in Innate and Acquired Immunity

In acquired immunity, T lymphocytes and B lymphocytes are activated by specific
antigens exposed to them by antigen-presenting cells, such as dendritic cells (DCs)
and activated macrophages. The development of T cell subsets (Th1, Th2, Th17,
Treg, CD8+ cytotoxic T cells, etc.) is fine tuned by cytokine signals and regulated by
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PI3Ks (Deane and Fruman 2004; Okkenhaug and Fruman 2010). T helper cells (Th)
are then required for B cell development and to raise a humoral immune response.

Mice lacking functional PI3Kγ (Patrucco et al. 2004; Hirsch et al. 2000; Li et al.
2000; Sasaki et al. 2000) and/or PI3Kδ (Okkenhaug et al. 2002; Clayton et al. 2002;
Jou et al. 2002) are viable and fertile, and were extensively studied in inflammatory
disease models. Mutant mice without the catalytic subunit of PI3Kδ (p110δ; Clayton
et al. 2002; Jou et al. 2002), or mice expressing a catalytically inactive p110δ (with a
D910A mutation; Okkenhaug et al. 2002) display impaired development of marginal
zone B-cells and peritoneal B1-cells, and signals emerging from the B-cell receptor
(BCR) are attenuated. In mice lacking the p110δ protein completely, T cell matu-
ration in the thymus was normal, while mice with the catalytically inactive p110δ
produced more naïve peripheral T-cells. Later it was reported that mice with inac-
tive PI3Kδ have elevated counts of Foxp3+ regulatory T-cells (Treg) in the thymus,
but Foxp3+ cell numbers were reduced in peripheral organs, likely modulated by a
PI3K-FOXO1/3a connection. Interestingly, in spite of impaired BCR signaling and
reduced IgM and IgG responses, mice with inactive p110δ increase IgE production,
and have a tendency to develop autoimmunity (Oak et al. 2006; Ji et al. 2007; Patton
et al. 2006; Merkenschlager and von Boehmer 2010). As Th2 responses are also
reduced in mice without functional p110δ, elevated IgE levels are best explained by
the negative regulatory effect of p110δ on the IgE class switch (Zhang et al. 2008;
Omori et al. 2006), or mechanisms of IgE production that do not require cognate T
cell help (McCoy et al. 2006).

In T cells without functional PI3Kγ, initial TCR signaling is not affected directly
(Sasaki et al. 2000), but secondary signals, and the accumulation of 3-phosphorylated
phosphoinositides at the immune synapse is impaired (Alcazar et al. 2007). As a
result, T-cells of mice without functional PI3Kγ display significant developmental
and signaling defects, yielding impaired thymocyte selection, reduced numbers of
double-positive (CD4+ CD8+) cells and an altered CD4 to CD8 ratio (Rodriguez-
Borlado et al. 2003), as shortened CD4+ memory T-cell survival (Barber et al. 2006).
When PI3Kγ and PI3Kδ were genetically targeted, double mutant mice displayed
severe defects in thymocyte development, loss of thymus structure reducing the
number of CD4+/CD8+ double positive cells, and a dramatic shift towards Th2
immune responses resulting in highly elevated IgE levels (Ji et al. 2007; Webb et al.
2005).

PI3Kγ has been shown to be instrumental in migration of neutrophils,
macrophages (Hirsch et al. 2000; Li et al. 2000; Sasaki et al. 2000; Wymann et al.
2000; Jones et al. 2003) and dendritic cells (Del Prete et al. 2004) towards chemokines
and other GPCR ligands. PI3Kγ-derived PtdIns(3,4,5)P3 was thus dubbed “the com-
pass of leukocytes” (Rickert et al. 2000; Servant et al. 2000; Wang et al. 2002).
Detailed investigations of neutrophil migratory processes confirmed that PI3Kγ is
key for migration, but rather for cell polarization and “stop and go” decisions than
for path finding (Ferguson et al. 2007). That a PtdIns(3,4,5)P3 gradient is required
in the process was nicely demonstrated in neutrophils from mice lacking the lipid
5′-phosphatase SHIP (Nishio et al. 2007), or from mice expressing constitutively
membrane targeted PI3Kγ (Costa et al. 2007). While loss of PTEN did not affect
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neutrophil migration (Nishio et al. 2007), PTEN was essential for the formation
of gradients in PtdIns(3,4,5)P3 in the amoebic form of Dictyosteliumdiscoideum
(Chen et al. 2007; Funamoto et al. 2002). In T cells is has been shown that the
guanine nucleotide exchange factor DOCK2 (dedicator of cytokinesis 2) mediates
the activation of Rac largely independent of PI3K (Nombela-Arrieta et al. 2004,
2007). In neutrophils DOCK2 translocation to the leading edge is PtdIns(3,4,5)P3-
dependent, but was recently suggested to be supported by phosphatidic acid generated
by ligand-stimulated phospholipase D activity (Nishikimi et al. 2009; Kunisaki et al.
2006).

Simplified, one could deduce from the above that resting cells of the myeloid
linage depend on PI3K for migration and adhesion, while manipulations of PI3Ks in
lymphocytes modulate linage development. Loss of a single class PI3K modulates
the output of both the innate and the acquired immune system, but did not lead
to severe immune deficiencies in mice. PI3Kγ and PI3Kδ are thus considered as
valuable targets in inflammatory, allergic and autoimmune disease.

5.2.2 PI3K in Inflammation and Allergy

Tissue resident cells including macrophages and mast cells initiate inflammation
and allergy when triggered by pathogens or antigens. Cytokines and chemokines
released by these cells activate endothelia in close-by blood vessels to recruit neu-
trophils, monocytes or lymphocytes to the site of inflammation. PI3Kγ is required
for chemokine-dependent recruitment of neutrophils to tissues, and macrophages re-
quire PI3Kγ to fight peritoneal infections (Hirsch et al. 2000). In allergy, tissue mast
cell concentrations are elevated, and migration of mast cells also depends on PI3Kγ
(Kitaura et al. 2005). Invading pathogens are opsonized by triggering the comple-
ment cascade, and are decorated with specific antibodies, or interact with Toll-like
receptors (TLRs). All these actions can lead to PI3K activation and the promotion of
cytokine production (Ghigo et al. 2010; Wymann et al. 2000, Fig. 5.3).

5.2.3 Atherosclerosis and Cardiovascular Disease

Atherosclerosis is initiated by the excessive uptake of oxidized low-density lipopro-
teins by (LDL) by macrophages. These macrophages accumulate in the intima of
blood vessels, and chronic lipid uptake turns them into foam cells. The disintegra-
tion of foam cells leads to the formation of fatty streaks and atherosclerotic plaques.
Finally, rupture and repair of atherosclerotic plaques leads to stenosis and eventually
to the closure of arteries by thrombosis, culminating in myocardial infarction and
stroke (Lusis 2000; Glass and Witztum 2001). Atherosclerosis is an inflammatory
disease (Hansson and Hermansson 2011), and mouse genetic data demonstrates that
chemokine receptor signaling selectively recruits monocytes (Boring et al. 1998) and
T cells (Heller et al. 2006; Braunersreuther et al. 2007a, 2007b; Damas et al. 2007)
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during the onset of atherosclerosis. These findings have initiated the search for novel
drugs to treat atherosclerosis beyond statins (Opar 2007).

Oxidized LDL activates PI3K in macrophages, and the release of granulo-
cyte/macrophage colony-stimulating factor (GM-CSF) promotes the on-site prolif-
eration of macrophages (Biwa et al. 2000a, 2000b). Interestingly, oxidized LDL
did not activate PI3K in macrophages derived from PI3Kγ null mice (Chang et al.
2007). Mice devoid of apo-lipoprotein E (apoE; Zhang et al. 1992; Plump et al. 1992;
Nakashima et al. 1994) or the LDL receptor (LDLR; Ishibashi et al. 1993) rapidly
develop atherosclerotic plaques, which were significantly reduced in mice without
PI3Kγ (Fougerat et al. 2008; Chang et al. 2007). The attenuation of plaque forma-
tion observed in PI3Kγ null mice was also reproduced using AS605240 (Fougerat
et al. 2008; Chang et al. 2007), a selective PI3Kγ inhibitor (Camps et al. 2005).
It has been reported that the lack of PI3Kγ attenuates E-selectin-dependent neu-
trophil adhesion to endothelial cells, and a role of PI3Kγ in endothelial cells was
proposed to control cell recruitment significantly (Puri et al. 2005). Bone marrow
transplantation experiments could, however, demonstrate that the main role of PI3Kγ
in atherosclerosis is associated with the hematopoietic compartment (Fougerat et al.
2008, 2009). Macrophages are without doubt the executers of atherosclerosis, but a
role for type 1 helper T cells (Th1) in the acceleration of atherosclerotic lesions has
been proposed (Song et al. 2001), while regulatory T cells counteract the formation
of plaques (Ait-Oufella et al. 2006; Nilsson et al. 2009).

The formation of atherosclerotic lesions remains non-symptomatic for a long time,
and only stenosis and complete occlusion of critical blood vessels is noticed. The fre-
quency of plaque rupture is enhanced in patients with hypertension due to increase
shear forces. Interestingly, PI3Kγ null mice are protected against angiotensin II-
induced hypertension (Vecchione et al. 2005). Moreover, loss of PI3Kγ also protected
mice from ADP-induced thromboembolic vascular occlusion, which is initiated by
micro-coagulation of blood platelets (Hirsch et al. 2001). Pharmacologic experi-
ments using p110β selective compounds (TGX-221) demonstrated subsequently the
importance of PI3Kβ in platelet-mediated thrombosis triggered by ADP, collagen
and integrin-dependent stimulation (Jackson et al. 2005). These data were confirmed
in mice expressing a catalytically inactive form of the p110β catalytic subunit of
PI3Kβ (Canobbio et al. 2009). PI3Kβ downstream of alpha(IIb)beta3 integrins, and
PI3Kγ and PI3Kβ downstream of the ADP-binding P2Y12 receptor thus cooperate
to maintain stable platelet aggregates (Cosemans et al. 2006).

PI3Ks also promote cardiac hypertrophy, which is a consequence of chronic hyper-
tension in humans: when specifically expressed in the heart, constitutively activated
PI3Kα caused an increase in heart and cardiomyocyte size. In these mutant mice,
cardiac function and architecture as determined by echocardiography was not af-
fected (Shioi et al. 2000). A more dramatic increase in heart size could even be
achieved by the targeted expression of a permanently activated form of PKB/Akt.
Interestingly, this phenotype could be counteracted by treatment with rapamycin,
demonstrating that the PI3K/PKB/TOR pathway is an important regulator of cell
and organ size (Shioi et al. 2002). Similar results were obtained by the inactivation
of PTEN in cardiomyocytes: heart size was increased due to an increase cell size
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of cardiomyocytes, but additionally a reduced cardiac contractility was observed in
hearts lacking PTEN. Surprisingly it was found that the combination of targeting
PTEN and elimination of PI3Kγ protein in cardiomyocytes reconstituted contractil-
ity without reverting heart size (Crackower et al. 2002). Class I PI3Ks, and likely
PI3Kα (Luo et al. 2005), seem therefore to control cardiomyocyte size, while PI3Kγ
is linked to the regulation of contractile force. Unchallenged PI3Kγ knock-out mice
do not display a cardiovascular phenotype, but when subjected to pressure overload
by transverse aortic constriction (TAC), they rapidly suffered from fatal heart failure.
As mice expressing a catalytically inactive PI3Kγ protein had no signs of apopto-
sis and fibrosis in the heart, it became clear that PI3Kγ had a function in the heart
that is not linked to its lipid kinase activity. Finally it was determined that PI3Kγ
functions as a scaffold for cAMPsignaling, as it interacts with phosphodiesterase
3B. If PI3Kγ protein is absent in the heart, cAMP rises and contractility under stress
increases (Patrucco et al. 2004). Recently, it was found that cAMP regulation works
in both directions, because cAMP-dependent kinase (PKA) can phosphorylate and
inactivate PI3Kγ in the heart (Perino et al. 2011).

In summary, inhibition of PI3K in hypertension, hypertrophy and atherosclero-
sis appears to be beneficial. Recent pharmacological studies indeed demonstrated
that the inhibition of PI3Kγ and PI3Kδ reduced infarct size caused by inflammatory
processes initiated after ischemia/reperfusion damage. Mice treated with the dual-
specific PI3Kγ/δ inhibitor TG100-115 displayed reduced inflammation and edema at
infarct sites. Tissue repair processes and endothelial cell mitogenesis, which are re-
quired after myocardial infarction, were not affected by the compounds (Doukas et al.
2006, 2007). Clinical trials in patients suffering from acute myocardial infarction
were concluded (Table 5.1; refer to Vol. 1, Chap. 6).

5.2.4 Allergic and Hypersensitivity Responses

Mast cell are primary effector cells in inflammation, allergic disease such as, asthma,
rhinitis and atopic dermatitis. Mast cells bind IgE with a high affinity receptor
(FcεRI). Crosslinking of FcεRI receptors tips the balance towards mast activation, as
src-like protein tyrosine kinases (e.g. Lyn) phosphorylate immunoreceptor tyrosine-
based motifs (ITAMs) on the FcεRI receptor’s β and γ chains. Subsequently, the
SH2-containing Syk protein tyrosine is recruited and promotes the phosphorylation
of multiple tyrosines on membrane-anchored adapters such as LAT, NTAL/LAB
(Rivera 2005), and Grb2-associated binder 2 (Gab2; Gu et al. 2001). Class IA PI3Ks
are then translocated and activated to trigger Bruton’s tyrosine kinase (Btk) and
phospholipase Cγ (PLCγ) by providing PtdIns(3,4,5)P3 as a docking site for the PH
domains of Btk and PLCγ. Activation of PLCγ leads eventually to the release of Ca2+
from intracellular stores, which trigger store operated Ca2+ channels to finally cause
the release of histamine-containing granules and the production of inflammatory
mediators (Kraft and Kinet 2007; Kim et al. 2008).
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Surprisingly, it has been found that mice lacking functional PI3Kγ (knock-outs or
catalytically inactive K833R mutants) are protected in models of passive systemic or
cutaneous anaphylaxis. This finding was corroborated in bone marrow-derived mast
cells (BMMCs), which depend on PI3Kγ for a full-scale degranulation response when
exposed to IgE/antigen complexes. It was then established that a release of adenosine
triggered PI3Kγ activation, which synergizes with the protein tyrosine kinase cascade
downstream of FcεRI receptors (Laffargue et al. 2002; Wymann et al. 2003a). Mice
harboring a catalytically inactive PI3Kδ also displayed a partially attenuated response
to IgE/antigen complexes, while the relay of stem cell factor signaling to PI3K was
completely abrogated, suggesting that in mast cells PI3Kδ is the only class IA PI3K
associating with the c-kit receptor (Ali et al. 2004, 2008). PI3Kγ and PI3Kδ are thus
currently evaluated as therapeutic targets in allergic disease: although asthma models
in the mouse have a somewhat limited predictive value for the clinical outcome in man
(Stevenson and Birrell 2011), studies using the PI3Kδ-selective inhibitor IC87114
in ovalbumin challenged BALB/c mice attenuated a number of disease parameters
like leukocyte recruitment, mucus secretion, and Th2-derived release of cytokines
and IgE into lung cavities (Lee et al. 2006a, 2006b). Paradoxically, other studies
showed that unspecific and ovalbumin-specific IgE levels increase due to PI3Kδ
inhibition (Zhang et al. 2008; Omori et al. 2006). Dual inhibition of PI3Kγ and PI3Kγ
was achieved using aerosols of TG100-115 in ovalbumin-challenged mice, and was
efficiently reducing airway hyper-responsiveness (AHR) even in a semi-therapeutic
setting where the drug was applied after the ovalbumin challenge (Doukas et al. 2009).
Other studies pointed to a role of PI3Kγ in the chemokine-mediated and ovalbumin-
induced leukocyte recruitment to the lung in response to ovalbumin sensitization
(Thomas et al. 2005, 2009).

While patients with allergic asthma often respond to treatment with corticosteroids
or β2-adrenergic agonists acting as bronchodilators, chronic obstructive pulmonary
disease (COPD) patients suffer from a progressive disease refractive to current treat-
ment (Barnes 2008; Hansel and Barnes 2009). COPD is induced by smoking in >90%
of all cases, and exposure to cigarette smoke or LPS are used in animal models to
mimic the human disease driven by type 1 helper T cells (Th1). In a smoke exposure
model, TG100-115 successfully attenuated inflammatory readouts and reversed the
steroid resistance observed in these settings (Doukas et al. 2009). As similar results
were obtained by genetic inactivation of PI3Kδ (Marwick et al. 2009), and using
PI3Kδ-specific inhibitors (IC87114; To et al. 2010), resolution of COPD parameters
might have been mediated by the inhibition of PI3Kδ even in the case of TG100-115.
Because ARH and COPD models are currently discussed controversially (Stevenson
and Birrell 2011), and reference molecules for COPD models are missing, definitive
conclusions concerning the best PI3K isoform profiles require further studies.

5.2.5 Autoimmune Diseases: Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic autoimmune disease and affects about 1% of
the world’s population. RA has a gradual onset inflicting initially a limited number of
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synovial joints, where inflammation progresses to cause cartilage and bone erosion,
culminating in joint destruction. RA can involve other tissues like skin, blood vessels,
heart, lungs and muscles. The disease is initiated by CD4+ memory T cells, which
cross the synovial membrane. Subsequently, they release cytokines including IL-2
and interferon γ (IFN-γ), which in turn activate macrophages and fibroblasts, and
trigger monocyte recruitment. A wave of pro-inflammatory cytokines such has TNF-
α, IL-1 and IL-6 isthen released to set off chronic inflammation (Firestein 2003,
2006; Steiner 2007). In the final stage of the disease, T- and B-cells, dendritic
cells, macrophages, mast cells, and hyperplastic synovial fibroblasts collaborate to
maintain inflammation. A constant influx of high numbers of neutrophils into the joint
endorses cartilage and bone destruction, and tissue repair and neovascularization in
the synovial membrane promote the process. As mentioned above, PI3Kγ and PI3Kδ
have non-redundant roles in T- and B-cell differentiation and function, and the lipid
kinases are key to leukocyte and mast cell migration, and mast cell degranulation.

Mouse models for RA include active immunization models like collagen-induced
arthritis (CIA, Stuart et al. 1984) and passive models utilizing auto-antibodies from
immunized or auto-immune mice (anti-collagen II-IA: Terato et al. 1992; K/BxN
serum model: Korganow et al. 1999; Schaller et al. 2001). CIA is initiated by the
intradermal injection of type II collagen. Subsequently, features of the human disease
like cell-infiltration into the synovial space, hyperplasia, pannus formation, and
cartilage and bone erosion, can be observed. CIA needs functional T- and B-cells,
whereas in the passive models full T- and B-cell function is dispensable. In contrary
to mouse models, no specific auto-antigen has been identified in the human disease.

When PI3Kγ null mice were challenged in a passive (αCII-IA) RA model, mutant
mice were protected from RA development, and showed minimal paw swelling, and
bone and cartilage erosion. An orally available salt of the PI3Kγ-specific inhibitor
AS605240 was effective in the CIA and αCII-IA model, and even had a therapeutic
effect when added after the onset of the disease. Both, the genetic ablation of PI3Kγ
and the pharmacological inhibition of the enzyme suppressed the recruitment of
neutrophils to the joints, which is a hallmark of RA (Camps et al. 2005).

5.2.6 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a complex autoimmune disease correlating
with polygenic genetic disposition (Harley et al. 2008; Fairhurst et al. 2006). The
disease is initiated by autoreactive CD4+ memory T-cells, which trigger polyclonal
B-cell expansion, leading to hyper-gammaglobulimia. Anti-nuclear autoantibodies
(ANAs) often precede the clinical manifestation of the disease by years. In the late
stage of the disease, patients eventually develop glomerulonephritis due deposition
of autoantibody complexes in the kidney, culminating in renal failure.

Inbred mice of the MRL strain, which are homozygous for the lymphoproliferation
(lpr) mutation (the MRL-lpr/lpr model; Cohen and Eisenberg 1991; Singer et al.
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1994) progress spontaneously towards a SLE-like autoimmune disease. The MRL-
lpr/lpr mice show clinical features of the human disease like the generation ofANAs,
increased numbers of autoreactive CD4+ T-cells, and finally the accumulation of
immunoglobulin complexes in kidney and salivary glands (Liu and Wakeland 2001).

That PI3K signaling could be relevant in the progress of SLE emerged when it
was observed that the heterozygous deletion of PTEN, or the constitutive activation
of class IA PI3K by the transgenic expression of a truncated regulatory subunit (Lck
promoter—p65(PI3K) transgene), in T lymphocytes led to a SLE-related disease
(Di Cristofano et al. 1999; Borlado et al. 2000). When PI3Kγ was deleted from Lck-
p65 mice, these animals showed an attenuated form of SLE. Lymphoproliferation and
T-cell infiltration was still imminent (Barber et al. 2006), but the survival of CD4+
T-cells was impaired. This resulted in a reduced progress of nephritis and longer
life span (Barber et al. 2005). The importance of PI3Kγ in the SLE progression
was further underlined by the action of the PI3Kγ inhibitor AS605240 in MRL-
lpr/lprmice, where it reduced CD4+ T-cells, autoantibody concentrations and kidney
failure, thus increasing live span. In mice, PI3Kγ inhibition was better tolerated than
dexamethasone used as a reference drug. It must be noted that glucocorticoids lead
to a dramatic immunosuppression in rodents, which makes them very susceptible to
infections (Chatham and Kimberly 2001). The comparison of dexamethasone and
AS605240 indicated that PI3Kγ inhibitors might have a decent therapeutic window
in SLE, without causing too severe side effects.

5.2.7 PI3Ks in Chronic Inflammation and Allergy—Preliminary
Conclusions

Combining mechanistic, cellular and mouse model data, we have a good validation
that PI3Ks are valuable drug targets in chronic inflammation, allergy and autoim-
mune disease. As mentioned above, PI3Kγ and PI3Kδ are required for B- and T-cell
development and function, and PI3Kγ has a prominent role modulating chemotaxis
and recruitment of myeloid cells. PI3Kβ and PI3Kγ are involved in platelet aggre-
gation. A role for PI3Kγ has also been demonstrated in pancreatitis (Lupia et al.
2004). Other diseases like psoriasis (Lowes et al. 2007; Schon and Boehncke 2005),
and multiple sclerosis (Hauser and Oksenberg 2006; Hemmer et al. 2002) rely on
cellular networks that should also respond to PI3K inhibition. The effects of PI3Kγ
on cardiovascular tone open avenues for preventive treatments in hypertension and
cardiovascular disease (refer to Vol. 1, Chap. 6).

In spite of all these findings, there are not too many isoform-specific PI3K in-
hibitors available (see Table 5.1), and only one was transiently in clinical trials for
anti-inflammatory actions (TG100-115). One reason for this might be that PI3K in-
hibitors in non-fatal disease have to meet higher safety standards, another that they
have to be better and cheaper than existing medication, as they compete with steroids,
non-steroidal anti-inflammatory drugs (NSAIDs), and recently developed biological
targeted therapies (e.g. anti-TNF-α, IgE, IL neutralizing antibodies). Data of biotech
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companies has been presented in recent scientific meetings, demonstrating that there
is a pipeline for isoform specific inhibitors.

5.3 The PI3K/mTOR Pathway in Cancer

Patients with metastatic solid tumors have often a very bad prognosis, and even un-
der best possible standard care the survival after diagnosis is short. The development
of imatinib/Gleevec and its success as BCR-abl kinase inhibitor for the treatment
of chronic myelogenousleukemia raised hopes that targeted therapies with limited
adverse effects could be achieved for other cancers. As shown in Fig. 5.3, many
oncogenes activated or amplified in cancer feed into the PI3K pathway: ErbB2/Her2
is amplified in breast cancer, c-kit is mutated in gastrointestinal stromal tumors
(GIST), VEGFR promotes angiogenesis in growing tumors, EGFR drives prolifer-
ation of non-small cell lung cancer of non-smokers, mutated Ras signals in lung
cancer of smokers, and last but not least, antagonists of the PI3K pathway such as
lipid phosphatases are frequently lost in cancer.

5.3.1 PtdIns(3,4,5)P3 Rising—Loss of PTEN

The tumor suppressor PTEN counteracts and balances the action of PI3K by hy-
drolysis of PtdIns(3,4,5)P3. In normal cells, PTEN levels and activity are tightly
controlled by transcription factors, methylation, oxidation, phosphorylation, ubiqui-
tination, micro RNAs and more (for reviews see (Leslie et al. 2008; Carracedo et al.
2011)). The importance of levelingPtdIns(3,4,5)P3 was convincingly demonstrated
in mice with a targeted PTEN locus: even Pten heterozygous mice developed mul-
tiple forms cancers, manifesting in the prostate, breast, uterus, and other organs (Di
Cristofano et al. 1998; Suzuki et al. 1998; Podsypanina et al. 1999).

Many tumors attenuate expression of PTEN, which often occurs by methylation
of the PTEN promoter, or by a process called “loss of heterozygosity”. This involves
the deletion of both PTEN alleles, and results in a complete loss of PTEN protein
expression. Downregulation of PTEN by promoter methylation has been frequently
detected in melanoma, prostate, breast, endometrial and colorectal cancer, as well
as and leukemia (Khan et al. 2004; Goel et al. 2004; Stahl et al. 2004; Mirmoham-
madsadegh et al. 2006). Spontaneous mutations in PTEN have been identified in
more than half of all melanoma, glioma, prostate, endometrial and ovarian cancers,
while attenuation of PTEN is less frequent in breast cancer (Mirmohammadsadegh
et al. 2006; Li et al. 1997; Cairns et al. 1997; Wu et al. 2003). Mutation of PTEN is
a late step in tumor progression (discussed in more detail in (Wymann and Marone
2005)), and is usually detected in late stage or metastatic tumors (for reviews see
(Vivanco and Sawyers 2002; Wymann and Marone 2005; Cully et al. 2006; Abraham
2004)). A reason for the late appearance of changes in PTEN in tumors is likely to be
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“oncogene-inducible senescence” (for a short review see (Braig and Schmitt 2006)).
Oncogene-inducible senescence was observed before for Ras and BRaf, and has
been described as a fail-safe mechanism preventing tumor growth after single onco-
gene mutations. For PTEN, oncogene-inducible senescence has been demonstrated
in a conditional PTEN-deficient mouse model: deletion of both PTEN alleles in the
prostate is surprisingly slow to generate prostate cancer. When p53 was targeted at
the same time, however, aggressive and fatal prostate cancer developed rapidly (Chen
et al. 2005), demonstrating that loss of PTEN is opposed by p53 tumor suppressor
genes. Tumors thus profit from loss of PTEN only at a late stage and as “second hit”
mutagenesis.

5.3.2 Mutations in PIK3CA (p110α)

The key role for PI3Ks in cancer progression was further underlined by frequently
occurring mutations in the gene coding for the catalytic subunit of PI3Kα (PIK3CA)
in human tumors. PIK3CA mutations cluster in two hotspots coding for the helical
(see PI3Ka in Fig. 5.2; exon 9) and the catalytic domain (PI3Kc; exon 20; Samuels
et al. 2004; Thomas et al. 2007; TCGA study 2008; Parsons et al. 2008; Stemke-
Hale et al. 2008; for a review see (Bader et al. 2005)). When mutated, both sites
yield a constitutive active enzyme with transforming capacity in fibroblasts. Cells
expressing mutant p110α display also an increased invasive capacity. This implies
that PIK3CA mutations promote tumor cell survival and metastasis (Kang et al.
2005; Ikenoue et al. 2005; Samuels et al. 2005). In human cancers, the helical
domain residues Glu542 and Glu545 are usually mutated to Lysine, and the C-
terminal kinase domain residue His1047 is converted to Arginine. A rational for the
increased activity of mutant p110α was provided by crystallographic data obtained
from a complex of p85 fragments bound to the N-terminus of p110α (Miled et al.
2007; Huang et al. 2007). As described above, the p85 regulatory subunit interacts
tightly with p110α, stabilizes the p110α protein and inhibits PI3K activity at the
same time. In normal wild type p110α, the N-terminal SH2 domain of p85 (nSH2)
mediates its inhibition via contacts within the helical domain. When negative charges
in the helical domain are inverted by the mutation to Lys (Glu545Lys), charge-charge
interactions are disrupted and full PI3K activity is released. The activation of p110α
by C-terminal mutations (His1047Arg) can be best understood in the context of the
concept of the “regulatory square” recently proposed for the regulation of p110β
activity (Zhang et al. 2011; Vogt 2011). Of a set of three α-helices forming a square
around the catalytic groove of p110s, the “elbow” at the start of the last α-helix is in
contact with the C-terminal SH2 domain of p85 (cSH2). In the presence of the cSH2,
the C-terminal helix in p110 seems to be clamped into a conformation that constrains
residues in the catalytic loop into an inactive conformation. In wild type p110β, a
Leucine (Leu1043 in p110β) at the elbow position allows for high basal activity,
and p110β activity could indeed be restrained when Leu1043 was exchanged for a
Histidine (Zhang et al. 2011). The His1047 in the elbow region seems thus to restrict
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p110α activity inherently, while p110β and p110δ are constrained by the cSH2 of
p85 (for reviews see (Backer 2010; Vogt 2011; Vadas et al. 2011)).

PIK3CA is amplified in various tumors, frequently in ovarian, cervix and lung
cancers (Shayesteh et al. 1999; Zhang et al. 2002; Racz et al. 1999). Activating
PIK3CA mutations were detected in solid tumors in breast, endometrial, colorectal,
upper digestive tract, gastric, pancreas, brain, lung and hepatocellular carcinomas
(Bader et al. 2005; Samuels and Ericson 2006; for a list of mutation frequencies see
(Liu et al. 2009)).

5.3.3 Mutations in p85 Regulating Class IA PI3Ks

Truncated forms of p85 regulatory subunits have been shown earlier to constitutively
activate class IA PI3Ks. A truncation mutant containing amino acids 1-571 of p85α
fused to a fragment of the eph tyrosine kinase family (p65-PI3K) has been isolated
from a mouse lymphoma model (Borlado et al. 2000; Chan et al. 2002; Jimenez
et al. 1998; for mechanistic investigations see (Shekar et al. 2005, #40429; Backer
2010, #62337; Huang et al. 2008, #56273; Huang et al. 2007, #46673; Miled et al.
2007, #38727)), but was not identified in human cancers. A somewhat longer trunca-
tion mutant was isolated from a human lymphoma cell line (p76-PI3K; Jucker et al.
2002), and an infrequent incidence of p85α (PIK3R1) mutations were reported in
ovarian and colon tumors (Philp et al. 2001), and breast cancer (Wood et al. 2007).
The highest frequency of p85α mutations was detected in glioblastoma (TCGA study
2008; Parsons et al. 2008). Until recently, little was known concerning their capacity
to activate p110α, and their relevance in tumor progression. A meta-analysis of p85α
mutations was performed in (Jaiswal et al. 2009), where a number of mutants modu-
lating contacts between the p85α-iSH2 and the p110 C2 domain were investigated. In
particular Asn564Asp and Asp560Tyr mutants of p85α were effectively promoting
fatal tumorigenesis in a BaF3 cell mouse model (Jaiswal et al. 2009). PI3KR1 was
also recently identified as a colon cancer oncogene in a transposon insertion screen
(Starr et al. 2009). The attenuation of lipid kinase activity by p85-p110 interactions is
therefore crucial in cellular hemostasis, and the discussed structural studies are key
for the understanding how mutations in the class IA heterodimer releases constraints
on lipid kinase in disease.

5.3.4 Downstream of PI3K: TOR

Cellular growth is an important parameter in tumor progression, and is regulated by
the availability of energy and nutrients. A central hub to integrate nutrient, energy,
but also hormonal inputs are the target of rapamycin (TOR) complexes. There are
two target of rapamycin (TOR) complexes: (i) TORC1, where the TOR protein
kinase is associated with Raptor and (ii) TORC2 is bound to Rictor. TORC1 is
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activated by downstream of PKB/Akt (schematically shown in Fig. 5.4, for a in
depth review on TOR signaling see (Zoncu et al. 2011)) and the Ras/MAPK cascades
(not discussed here), which phosphorylate and inactivate TSC2. An energy sensing
pathway acting via AMPK (AMP-dependent protein kinase) can shut off TORC1
when AMP accumulates. Finally, amino acids regulate TORC1 association with
RAG proteins, re-localizing the complex to late endosomes (Sancak et al. 2010;
Sancak and Sabatini 2009). Activation of TORC1 initiates cap-dependent translation
via phosphorylation of 4E-BP1 (eIF4E-binding protein 1), and phosphorylation of
p70S6K promotes translation of ribosomal proteins (Dufner and Thomas 1999) and
ribosome biogenesis (Wullschleger et al. 2006).

Mutations or loss of heterozygosity in TSC components gives rise to the ini-
tially benign, autosomal dominant TSC syndrome (van Slegtenhorst et al. 1997),
manifested by hamartomas in a variety of organs (Cheadle et al. 2000), and an el-
evated risk to develop renal carcinoma. The serine-threonine protein kinase LKB1
upstream of AMPK normally balances TORC1 activity (Woods et al. 2003). Loss
of function of LKB1 causes the Peutz-Jeghers syndrome, a familial colorectal polyp
disorder. Peutz-Jeghers syndrome patients have a high risk for cancers in various
tissues (Boudeau et al. 2003). Some signaling molecules downstream of TOR were
also used as diagnostic markers: elevation of eIF4E correlates with a bad prognosis
in a variety of cancers (Bjornsti and Houghton 2004).

5.4 Pharmacological Targeting of PI3K/TOR Signaling

Drugs to inhibit signals emerging from mutated or up-regulated growth factor recep-
tors are already on the market or in clinical trails, and include neutralizing antibodies
and protein tyrosine kinase receptor inhibitors. Knowledge from targeted therapies
interfering with for example EGFR, ErbB2/Her2, and VEGFR, have validated two
strategies to attack tumor cells: a first one aiming to reverse tumor autonomous
signaling, and a second one targeting tumor-induced angiogenesis. As it turns out,
targeting PI3K and TOR contributes to both approaches.

5.4.1 Targeting TOR—Rapamycin and Derivatives

Besides their effects on immune cells, Rapamycin derivatives (rapalogs; see Ta-
ble 5.1) act as anti-angiogenic drugs. Rapamycin considerably reduces the production
of VEGF, and more importantly intercepts the action of this growth factor on vas-
cular endothelia (Guba et al. 2002). The latter has been shown to be mediated by
the inhibition of hypoxia-inducible factor 1α (HIF1α) expression (Lane et al. 2009).
RAD001, CCI-779, AP23573 and other rapalogs are highly specific, allosteric in-
hibitors of TORC1. Rapalogs bind to FK506-binding protein 12 (FKBP12) with a
Kd in the sub-nanomolar range (Banaszynski et al. 2005), and this rapalog/FKBP12
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complex then tightly interacts with the FRB domain of the TOR kinase. The activity
of TORC2 is not affected by rapalogs.

Presently, there are >700 clinical trials registered exploring the actions of
these compounds in proliferative disease, mostly designed as studies combining
rapalogs and best standard of care, chemotherapy, or other targeted therapies.
RAD001/Everolimus and CCI-779/Temsirolimus made it recently to market, and
are approved for the treatment of organ rejection and renal cell carcinoma (Motzer
et al. 2008; Atkins et al. 2009; Dancey 2010; for more references see Table 5.1).
The endpoint of the clinical studies was progression-free survival (PFS). Renal cell
carcinoma patients receiving Everolimus had a median PFS of 4.9 month, while
the PFS of patients receiving placebo was 1.9 month (Motzer et al. 2008; Atkins
et al. 2009; FDA documentation at http://www.accessdata.fda.gov/drugsatfda_
docs/label/2009/022334lbl.pdf). Encouraging results with rapalogs were also ob-
tained in mantle cell lymphoma (Johnston et al. 2010b; see also the approval of
Temsirolimus (Dancey 2010)), soft tissue and bone sarcoma (Blay 2011), and en-
dometrial cancer (for reviews see (Hay 2005; Faivre et al. 2006; Guertin and Sabatini
2007)).

In a subset of tumor-derived cell lines and patient biopsies elevated levels of
PKB/Akt Ser473 phosphorylation were detected after the inhibition of TORC1 us-
ing rapalogs (Sun et al. 2005; O’Reilly et al. 2006; O’Donnell et al. 2008; Tabernero
et al. 2008). It has been established, that p70S6K, activated downstream of TORC1,
phosphorylates insulin receptor substrate-1 (IRS1), and blocks its interaction with
the insulin receptor. This leads to reduced phosphorylation of IRS on YxxM motifs,
and thus attenuates recruitment of p85/p110 complexes and class IA PI3K (Shaw and
Cantley 2006; Harrington et al. 2005; Manning 2004). When the activity of p70S6K is
blocked due to TORC1 inhibition, PKB/Akt is hyper-phosphorylated and eventually
promotes cell survival and metastasis (see Fig. 5.4). Others have reported that the
targeting of TORC1 can trigger a PI3K-dependent feedback loop activating MAPK
in human cancer (Carracedo et al. 2008). All this raised concerns that feedback ac-
tivation of these stimulatory pathways would diminish the success of rapalog-based
therapies (Hay 2005; Shaw and Cantley 2006; Rosen and She 2006). In contrast, it has
been recently demonstrated that high basal levels of PKB/Akt Ser473 phosphoryla-
tion correlate with a sensitivity to RAD001, and that a subsequent RAD001-induced
increase in phospho-PKB/Akt does not correlate with cell viability after rapalogs
exposure (Breuleux et al. 2009). It has already been demonstrated earlier, that cells
expressing constitutively activated PKB/Akt (myr-PKB/Akt; N-terminally myris-
toylated) were sensitive to CCI-779 (Neshat et al. 2001). Similarly, it was found that
transgenic expression of myr-PKB/Akt in endothelial cells induced a pathological,
tumor-like form of angiogenesis in non-tumoral tissues, which could be reversed by
rapamycin (Phung et al. 2006). Early notions that loss of PTEN was an indicator
for sensitivity to rapalogs (Neshat et al. 2001), have been disputed recently (Yang
et al. 2008; for in-depth reviews see (Faivre et al. 2006; Hay 2005; Dancey 2010)).
In the future it will be interesting to compare the efficiency of rapalogs with the
performance of molecules targeting PI3K and mTOR kinase activities in clinical
settings.
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5.4.2 Targeting PI3K and mTOR Kinase

Although wortmannin (IC50 = low nM, Arcaro and Wymann 1993; Yano et al. 1993;
Wymann and Arcaro 1994) and LY294002 (IC50 = high μM, Vlahos et al. 1994)
inhibit a broad range of PI3K and PIKK family enzymes, the two compounds were in-
strumental to dissect PI3K signaling and to initiate PI3K drug development (Marone
et al. 2008; Wymann and Schneiter 2008). The development of drug-like PI3K in-
hibitors was complicated by the relative difficulty to set up relevant in vitro and
cell-based high throughput assays. Phosphoinositides are (still) complicated sub-
strates, and variations of assay conditions can influence PI3K activity considerably.
Moreover, cellular PI3K activity is mostly detected indirectly by phosphorylated
PKB/Akt, where the readout can be convoluted by feedback mechanisms. The direct
detection of cellular PtdIns(3,4,5)P3 is cumbersome (Dove and Michell 2009), and
only recently non-radioactive, mass-spectroscopy-based methods became available
to determine cellular PtdIns(3,4,5)P3 (Clark et al. 2011; Kiefer et al. 2010; Pettitt
et al. 2006; for a commentary see (Wymann and Wenk 2011)).

Early efforts to produce drug-like molecules from wortmannin have been ini-
tiated even before PI3K was identified as the inhibitor’s target. Wander AG in
Bern, Switzerland, was the first pharmaceutical company to unknowingly develop
“PI3K inhibitors” as anti-inflammatory compounds (Baggiolini et al. 1987). Trials
to separate toxicity and pharmacological action of wortmannin-derivatives were not
successful before the target enzyme was identified (Arcaro and Wymann 1993; Yano
et al. 1993; Wymann and Arcaro 1994; Thelen et al. 1994), but were taken up by
others later: Ihle and colleagues (Ihle et al. 2004) modified the furan ring of wort-
mannin to slow down covalent reactions of wortmannin-derivatives (Wymann et al.
1996). The result of this work led to the development of the wortmannin-derivative
PX-866, which displays reduced liver toxicity as compared to wortmannin, and is
currently in clinical trials in solid tumors (see Table 5.1, Ihle et al. 2004; Williams
et al. 2006).

Semaphore Pharmaceuticals modified LY294002, and linked it to a RGD peptide
to yield SF1126. SF1126 displays an increased solubility and targets the LY294002-
derivative to integrins on cancers cells (Garlich et al. 2008; Ozbay et al. 2010).

Recently, the design of small molecules targeting PI3K has been facilitated by
the availability of an extensive collection of inhibitor/PI3K structures. The release
of the first class I PI3K structure—the catalytic PI3Kγ subunit p110γ (Walker et al.
1999)—was soon followed by p110γ bound to ATP and a variety of PI3K inhibitors
such as wortmannin, LY294002, and the less specific kinase inhibitors staurosporine
and quercetin (Walker et al. 2000). The elucidation of the PI3Kγ structure bound to
Ras provided further insight into the regulation of the lipid kinase, and its putative
orientation in respect to the plasma membrane (Pacold et al. 2000). The elucidation
of structures of partial p110α bound to p85 fragments (Miled et al. 2007; Huang
et al. 2007) and p110β (Zhang et al. 2011) provided insight into the regulation of
class IA PI3K activities (see above, for a review see (Vadas et al. 2011)). Finally, the
resolution of crystal structures for p110δ and bound inhibitors clarified the dynamics
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of the various p110 isoform structures, and explained specific structural dynamics
opening a specificity pocket in proximity to Met752 of p110δ, which is relevant for
p110δ inhibitor isoform specificity (e.g. for the p110δ inhibitor IC87114 (Knight
et al. 2006; Berndt et al. 2010)).

In the past years, PI3K inhibitors have been refined, and several molecules tar-
geting all class I PI3K isoforms (pan-PI3K inhibitors) have entered clinical testing
(see Table 5.1 for molecules and references). There is a plethora of data available
documenting the preclinical action and efficacy of PI3K inhibitors, which was estab-
lished in xenograft and in syngeneic mouse models (for reviews see (Marone et al.
2008; Liu et al. 2009; Engelman 2009)). In these models it was clearly documented
that PI3K inhibition acts usually cytostatic, arrests the cell cycle of tumor cells in G1
and only exceptionally triggers apoptosis (in vitro). In the in vivo setting, pan-PI3K
inhibition displays a strong anti-angiogenic effect, which results in PI3K-induced tu-
mor cell death and impressive reduction in tumor size in mouse models. Importantly,
the effects of pharmacological targeting of PI3Ks was matched in genetic models.
In this respect, it was demonstrated that PI3Kα plays not only an important role in
driving tumor cell growth (see mutations in p110α, above), but takes a central role
in angiogenesis (Graupera et al. 2008). Interestingly, the ablation of PI3Kβ activity
attenuated tumor growth in the mammary gland (Ciraolo et al. 2008) and prostate
(Jia et al. 2008; in mutant mice. When prostate cancer tumor formation was induced
by the loss of PTEN, is was only the inactivation of PI3Kβ that was efficiently pre-
venting tumor growth, while the inactivation of PI3Kα remained without significant
effect (Jia et al. 2008). These results were confirmed using inducible shRNA vectors
targeting specific PI3K isoforms (Wee et al. 2008).

Although class I PI3Ks and their lipid product PtdIns(3,4,5)P3 are central to
metabolic control (Wymann et al. 2003b), PI3K inhibitors did not display exces-
sive toxicity in mouse models. As constitutive, genetic inactivation of PI3Kα causes
embryonic lethality (Graupera et al. 2008; Bi et al. 1999), and genetic inactivation
of PI3Kβ effects male fertility (Ciraolo et al. 2010) and triggers late stage insulin
resistance (Ciraolo et al. 2008; Jia et al. 2008), but pharmacological pan-PI3K in-
hibition only mildly lowers blood glucose levels, it is tempting to speculate that an
intermediate restoration of PI3K signaling in non-tumor tissue due to a short half-life
of PI3K inhibitors reduces toxicity.

Many of the early PI3K inhibitors and clinical candidates act on PI3K and TOR in
parallel. This dual mode of action was predicted for wortmannin early on (Wymann
et al. 1996), and is followed by compounds like PI-103 (Fan et al. 2006), BEZ235
(Maira et al. 2008; Marone et al. 2009), BGT226, PX-866 and other molecules
listed in Table 5.1. As for the pan-PI3K inhibitors above, dual-PI3K/mTOR kinase
inhibitors produce impressive tumor responses in vivo (Marone et al. 2009; Workman
et al. 2010; Ihle and Powis 2010; Falasca 2010; Roock et al. 2011; for reviews see
(Marone et al. 2008; Liu et al. 2009; Engelman 2009; Wong et al. 2010)). In some
cases, strong, prolonged mTOR kinase inhibition induces a dose-dependent hyper-
phosphorylation of PKB/Akt (as observed for PI-103 in melanoma (Marone et al.
2009)). Like for the TORC1-mediated feedback loop discussed above for rapamycin,
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it might be crucial to better elucidate feedbacks in the PI3K/mTOR pathway to
optimize the action of dual-PI3K/mTOR inhibitors.

5.4.3 Plasticity of Tumorsignaling Pathways—Resistance

Cancer progression is a complex process and involves signaling pathways distinct
from PI3K. Feedback loops and cross-talk between signaling pathways can provide
escape routes for cancer cells and lead to adaptive resistance. A better knowledge of
the plasticity and dynamics of signaling pathways in a given patient’s tumor maxi-
mizes the chances of successful targeted therapies. Imatinib (Gleevec) inactivating
the constitutively activated Bcr-Abl kinase in chronic myelogenousleukemia (CML)
patients is initially very efficient, because Bcr-Abl is initially the exclusive driver of
CML cell proliferation. Only when Bcr-Abl is further mutated to prevent imatinib
binding, or when leukemia cells acquire further oncogenic mutations, resistance to
imatinib occurs.

PI3K integrates plenty of input signals from upstream receptors (Fig. 5.3) that
are currently targeted with neutralizing anti-bodies or protein tyrosine kinase in-
hibitors. As such, breast cancer patients with tumors depending on HER2/ErbB2
are treated with trastuzumab (Herceptin), while non-small cell lung cancer patients
with EGF receptor amplifications or mutations are treated with gefitinib (Iressa) or
erlotinib (Tarceva). In these settings, PI3K inhibition is expected to be beneficial.
Cells with a loss of PTEN or activating mutations in p110α have been shown to be
sensitive to PI3K inhibition. When Ras is mutated in a tumor, such as lung cancer,
the MAPK pathway and PI3K signaling are activated in parallel. Here, mouse mod-
els have demonstrated that PI3K inhibitors meet resistance, but are efficient when
combined with Raf or MEK inhibitors (Wee et al. 2009; Grant 2008; Engelman et al.
2008; Downward 2008). That tumor cells develop resistance to PI3K inhibitors by
the mutation of gatekeeper residues is presently considered to be unlikely, as muta-
tional screens to generate inhibitor resistant PI3K did not produce inhibitor-resistant
enzyme with relevant activity (Zunder et al. 2008).

5.5 Closing Remarks

Looking back two decades when PI3K, wortmannin, TOR, and PKB/Akt (at that time
called RAC1) entered the picture, we came a long way: a plethora of input signals
for PI3Ks have been identified, and the map downstream of PI3K is well filled and
connected to important hubs signaling through PKB/Akt and TOR. In some instances,
the available literature focuses still too much on “topical” molecules, and we thus lack
a deeper understanding if specific isoforms or relatives of lipid and protein kinases
and phosphatases have non-redundant physiologic functions. The same is true for the
PI3K regulatory and adaptor subunits and their splice variants, where we lack precise
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mechanisms how they control PI3K isoform-specific signaling in time and space.
The feedback of TOR and S6K attenuating the coupling of PI3K to the activation of
the insulin receptor illustrates that the whole PI3K-PKB-TOR pathway is regulated
in a highly complex manner. Present therapeutic strategies using ATP-binding site
inhibitors to block PI3K and PIKK activities does not quite match the complexity
of the signaling network. Allosteric inhibitors and compounds targeting specific
signaling complexes could provide more specific tools. Future approaches will also
require solid quantification and the establishment of phosphoinositide fluxes.

Acknowledgements I apologize for not citing numerous excellent original articles due to space
restrictions.
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Chapter 6
Phosphoinositide 3-Kinases in Health
and Disease

Alessandra Ghigo, Fulvio Morello, Alessia Perino and Emilio Hirsch

Abstract In the last decade, the availability of genetically modified animals has
revealed interesting roles for phosphoinositide 3-kinases (PI3Ks) as signaling plat-
forms orchestrating multiple cellular responses, both in health and pathology. By
acting downstream distinct receptor types, PI3Ks nucleate complex signaling as-
semblies controlling several biological process, ranging from cell proliferation and
survival to immunity, cancer, metabolism and cardiovascular control. While the
involvement of these kinases in modulating immune reactions and neoplastic trans-
formation has long been accepted, recent progress from our group and others has
highlighted new and unforeseen roles of PI3Ks in controlling cardiovascular func-
tion. Hence, the view is emerging that pharmacological targeting of distinct PI3K
isoforms could be successful in treating disorders such as myocardial infarction and
heart failure, besides inflammatory diseases and cancer. Currently, PI3Ks represent
attractive drug targets for companies interested in the development of novel and safe
treatments for such diseases. Numerous hit and lead compounds are now becoming
available and, for some of them, clinical trials can be envisaged in the near future.
In the following sections, we will outline the impact of specific PI3K isoforms in
regulating different cellular contexts, including immunity, metabolism, cancer and
cardiovascular system, both in physiological and disease conditions.

Keywords Cancer · Immunity · Inflammation · Glucose metabolism · Heart failure

6.1 Class I PI3Ks in Cancer

The PI3K pathway participates in several processes of cancer biology including cell
transformation, proliferation, survival, motility and angiogenesis. In cancer cells,
hyperactivity of PI3K signaling results from (i) gain-of-function mutations of a class
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I PI3K, and/or (ii) abnormal activation upstream (e.g. tyrosine kinase receptors)
or downstream PI3Ks (e.g. AKT and PTEN). In particular, the gene encoding for
p110α (PIK3CA) is one of the most frequently mutated oncogenes in human tumors
(Gymnopoulos et al. 2007), as somatic mutations of the PIK3CA gene have been
reported in several cancer types including colon, ovary, breast, brain, liver, stomach,
endometrial and lung cancer (Samuels et al. 2004). Three hot-spot mutations (E542K,
E545K and H1047R) represent 80% of all PIK3CA mutations found in tumors and
map two distinct domains of the p110α protein (Zhao and Vogt 2008). E542K and
E545K mutations are situated within the helical domain, while H1047R lies in the
kinase domain. Mutations in the helical domain seem to alter the binding of p110α
to the regulatory subunit p85 and possibly interfere with the inhibitory action of
p85 on p110α, thus mimicking an activation state by tyrosine kinase receptors. The
H1047 is the most frequent mutation and occurs at the end of the activation loop
of p110α, where it appears to directly influence the interaction between p110α and
PIP2 (Chaussade et al. 2009).

PIK3CA mutations either participate in the initiation of tumorigenesis or sustain
cell growth in advanced tumors. When expressed in chicken embryo fibroblasts,
E542K, E545K and H1047R p110α mutants induce oncogenic transformation with
high efficiency (Bader et al. 2006). Although the expression of p110α mutants
in vitro results in constitutive activation of Akt even in the absence of growth fac-
tors, the impact of p110α mutation on Akt in vivo is variable (Morrow et al. 2005;
Vasudevan et al. 2009). Importantly, gain-of-function mutations in PIK3CA genes
often coexist with additional alterations in the PI3K pathway in several types of tu-
mors. For instance, mutated p110α has been associated with mutations of PTEN and
K-Ras (Silvestris et al. 2009; Velasco et al. 2006) or with ERBB2 over-expression
(Bachman et al. 2004; Saal et al. 2005). Co-occurrence of p110α gain-of-function
with other specific oncogenic alterations in the PI3K pathway suggests that the muta-
tional status of p110α and p85α may have different consequences on tumor formation
and progression depending on tissue specificity and cell type.

Somatic mutations have also been reported in the regulatory subunit p85α
(PIK3R1 gene), even though they are less frequent compared to mutations of p110α.
On the contrary, mutations in the genes encoding other PI3K regulatory subunits
(p85β—PIK3R2, and p55γ—PIK3R3), are rare events, which suggests an isoform-
specific role for p85α in cancer. Most p85α mutations (i.e. D560Y, N564D, QYL579
deletion, DS459delN and DKRMNS560del) cluster in the two SH2 domains and in
the inter-SH2 domain (Berenjeno and Vanhaesebroeck 2009; Jaiswal et al. 2009).
Analysis of this region has revealed that these mutants, while retaining the abil-
ity to bind the p110 catalytic subunit, loose their inhibitory activity on p110. In
addition, p85α mutations lead to unspecific activation of all class IA p110 isoforms.
As p110β and p110δ have been found over-expressed in certain human cancers,
the co-expression of mutated p85α in these tumors may thus further enhance the
tumorigenic activity of PI3Ks.

To date, no genetic alterations have been found in the genes encoding for p110β,
γ and δ. Conversely, increased expression of p110β and p110δ has been identified in
glioblastomas (Knobbe and Reifenberger 2003), colon and bladder tumors (Benistant
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et al. 2000). Indeed, over-expression of wild-type p110β, δ and γ is sufficient to
induce an oncogenic phenotype in cultured cells (Kang et al. 2006). Moreover, ex-
pression of myristoylated p110β induces the development of prostate intraepithelial
tumors in mice (Lee et al. 2010) and expression of myristoylated p110γ induces
a constitutive activation of Akt in Rat1 fibroblasts (Link et al. 2005). In line with
this finding, p110γ has been found over-expressed in pancreatic cancer, where it is
required for cell proliferation, as shown by reduced cell growth in the lack of p110γ
lipid kinase activity (Edling et al. 2010). Taken together, these findings suggest that
contrary to p110α, p110β, p110γ and 110δ explicate their oncogenic potential as
wild-type proteins.

p110β has emerged as an interesting target in tumors such as breast and prostate
cancers (Carvalho et al. 2010; Hill et al. 2010). In a mouse model of breast cancer
driven by hyperactivation of the HER-2 signaling pathway, the absence of p110β
lipid kinase activity strongly delays the appearance of the first tumor and reduces
tumor growth in vitro even in a context of PTEN down-regulation (Ciraolo et al.
2008). Similarly, ablation of p110β blocks PTEN loss-driven tumorigenesis in the
prostate. In this model, PTEN-mediated transformation appears to strictly depend on
p110β, since prostate-specific knockout of p110α fails to affect tumor formation (Jia
et al. 2008). These observations demonstrate the existence of a link between PTEN
loss and p110β signaling. As a matter of fact, in the absence of p110α mutations,
cancer cells harboring PTEN-null alleles depend on p110β lipid kinase activity, as
treatment with p110β-selective inhibitors can block cell growth (Wee et al. 2008).

The role of PI3Ks in cancer has been extensively described in the last decade.
Since our group has mainly focused on the area of non-oncological diseases, for
broader description of PI3Ks in cancer we refer to dedicated reviews of expert authors
(Engelman et al. 2006; Wong et al. 2010).

6.2 PI3Ks in Immunity and Inflammation

Protection against pathogens is achieved through concerted and synergic actions of
a variety of cell types, which constitute the innate and adaptive immune responses.
Innate immunity has evolved to rapidly recognize and eliminate non-self molecules
through specialized phagocytic/effector cells, neutrophils and macrophages, which
cooperate by providing the first line of antimicrobial defense. Neutrophils are the
first to infiltrate inflamed tissues, where they carry out their defensive strategy based
on bulky production of reactive oxygen species. Macrophages participate in the
later phases of the inflammatory response. These cells are characterized by a high
phagocytic activity and represent the principal scavengers of the immune system.
Moreover, they secrete pro-inflammatory cytokines, which in turn boost the host
defense. Other cell types, including mast cells and eosinophils, participate in the
response to parasites, by releasing important mediators. Adaptive immunity consti-
tutes a more sophisticated mechanism of defense, whose key feature is represented by
specific antigen recognition of the invaders by T and B lymphocytes, which clonally
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Fig. 6.1 PI3Ks control multiple aspects of innate and adaptive immunity. Class I PI3Kδ and
PI3Kγ function as master regulators of distinct cell types, orchestrating innate and adaptive im-
mune responses. In neutrophils and macrophages, both isoforms are required for correct directional
movement, while ROS production is mainly controlled by PI3Kγ. The functional interaction be-
tween PI3Kδ and PI3Kγ is also relevant for mast cell degranulation. On the other hand, only PI3Kγ
contributes to eosinophil migration. Within adaptive immunity, PI3Kδ and PI3Kγ cooperate in reg-
ulating distinct functions of T lymphocytes. While PI3Kγ is essential for thymocyte maturation and
T cell proliferation, PI3Kδ mainly participates to T cell differentiation. Instead, B cell function is
uniquely controlled by PI3Kδ

express a large repertoire of antigen receptors. Upon antigenic recognition, lympho-
cytes maintain a memory of this event, thus mounting a more rapid and efficient
response upon subsequent exposures to the same agent.

Several mechanisms have evolved to allow innate and adaptive immunity to recog-
nize and eliminate foreign antigens, while maintaining tolerance to the self. Among
these, the PI3K signaling pathway is a major example of a mechanism that requires
fine tuning in order to ensure proper defense without developing excessive inflamma-
tion and autoimmunity. In this context, PI3Ks are activated by stimulation through a
variety of receptor types, including antigen receptors, co-stimulatory receptors and
certain cytokine receptors. Hence, PI3Ks profoundly impact on the pathophysiolog-
ical regulation of innate and adaptive immunity. In the last decades, studies based
on pharmacological and genetic inhibition of PI3Ks have highlighted the role of
distinct PI3K isoforms in regulating specific aspects of immune responses (Fig. 6.1).
Although immune cells express all class I PI3Ks, a prominent role is hold by PI3Kδ
and PI3Kγ. Indeed, PI3Kδ and PI3Kγ mutant mice show relevant phenotypes in their
immune responses (Clayton et al. 2002; Hirsch et al. 2000; Jou et al. 2002; Li et al.
2000; Patrucco et al. 2004; Sasaki et al. 2000).

In the following sections, we will summarize the role of PI3Ks in innate and
adaptive immunity, with a main focus on PI3Kδ and PI3Kγ, both in physiological
and disease conditions.
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6.2.1 PI3Ks in Neutrophils and Macrophages

Neutrophils and macrophages provide the first defensive barrier against the inva-
sion by pathogens and microbial agents. Recruitment of these cells to the site of
infection is initiated by sensing of specific inflammatory signals (chemokines and
cytokines) released by the inflamed tissue. This directional cell migration is known
as chemotaxis. The importance of PI3Ks in chemotaxis has been firstly uncovered
by means of pan-PI3K inhibition with wortmannin (Okada et al. 1994). In the last 10
years, the availability of isoform-selective compounds and genetic modified animals
has allowed for further dissection of the specific contribution of distinct PI3K iso-
forms. Amongst class I PI3Ks, PI3Kδ and PI3Kγ have clearly emerged as the main
determinants of leukocyte migration, both in vitro and in vivo.

Neutrophils and macrophages from mice lacking PI3Kγ (PI3Kγ−/−) show im-
paired in vitro migration in response to different G-protein coupled receptor
(GPCR)-related stimuli such as fMLP, C5a, RANTES, IL-8 (Hirsch et al. 2000;
Li et al. 2000; Patrucco et al. 2004; Sasaki et al. 2000). In agreement, PI3Kγ−/−
animals display reduced number of infiltrating cells in a peritonitis model (Hirsch
et al. 2000; Li et al. 2000; Sasaki et al. 2000). This phenotype can be explained by
the inability of PI3Kγ−/− cells to correctly assemble and activate their molecular ma-
chinery controlling cell polarization, which represents an essential prerequisite for
directional movement. Knock-in mice expressing a membrane-targeted PI3Kγ en-
zyme (characterized by delocalized production of PIP3) recapitulate the phenotype
of PI3Kγ−/− mice, demonstrating the importance of controlled spatial and temporal
production of PIP3 in leukocyte migration (Costa et al. 2007). Thus, PI3Kγ catalytic
function is crucial for proper PIP3 generation, and, in turn, for the regulation of Rac
activity and cytoskeleton rearrangement at the leading edge (Barberis et al. 2009;
Costa et al. 2007; Ferguson et al. 2007). In addition to PI3Kγ, PI3Kδ contributes to the
fine modulation of directional movement, as the PI3Kδ-specific inhibitor IC87114
significantly dampens migration of neutrophils in vitro (Puri et al. 2004; Sadhu et al.
2003), as well as recruitment of inflammatory cells in a in vivo model of pulmonary
inflammation (Puri et al. 2004).

The recruitment of inflammatory cells at the site of infection is a multistep process,
including a first event of selectin-mediated “capture” of circulating leukocytes and
subsequent “rolling” on the vascular endothelium, followed by integrin-mediated
firm adhesion and extravasation. Both PI3Kγ and PI3Kδ are expressed in endothelial
cells, where they regulate the complex interplay between leukocytes and the inflamed,
sticky and leaky endothelium. Selective blockade of PI3Kγ in endothelial cells has
been shown to reduce selectin-mediated attachment of neutrophils and to increase
their rolling velocity (Puri et al. 2005). Similarly, endothelial PI3Kδ plays a central
role in neutrophil adhesion and subsequent transendothelial migration in response
to tumor necrosis factor α (TNF α) and leukotriene B4 (LTB4) (Puri et al. 2004).
Consistent with an essential role for both isoforms in leukocyte migration, double
knock-out PI3Kγ−/−δ−/− mice display a more dramatic phenotype than single mu-
tants (Puri et al. 2005). Nonetheless, PI3Kγ and PI3Kδ do not play overlapping roles,
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as they regulate temporally distinct events. Neutrophil emigration toward CXCL2
or CXCL1 is severely impaired in PI3Kγ−/− mice at an early time (first 90 min),
but more prolonged responses are almost entirely PI3Kγ-independent and largely
dependent on PI3Kδ (Liu et al. 2007).

After recruitment to the inflammation site, neutrophils and macrophages exert
their antimicrobial function by producing and secreting reactive oxygen species
(ROS), an event known as respiratory burst. In the absence of PI3Kγ, ROS pro-
duction evoked by cytokine-primed neutrophils in response to fMLP is significantly
reduced (Hirsch et al. 2000; Li et al. 2000; Sasaki et al. 2000). Pharmacological inhi-
bition of PI3Kγ with selective inhibitors further demonstrates that in TNFα-primed
human neutrophils PI3Kγ is needed to initiate the first phase of a temporally biphasic
pathway of ROS production induced by fMLP. Instead, PI3Kδ and at least in part
PI3Kα and PI3Kβ, are necessary for the subsequent amplification phase (Puri et al.
2004; Sadhu et al. 2003). Although the second phase of ROS production is mediated
by PI3Kδ, both phases actually depend entirely on the first phase of ROS production,
which is regulated exclusively by PI3Kγ (Condliffe et al. 2005).

6.2.2 PI3Ks in Mast Cells and Eosinophils

In their action against parasites and infections, neutrophils and macrophages are
assisted by mast cells. On the other hand, aberrant activation of mast cells causes
different allergic diseases. Mast cells are characterized by large intracytoplasmic
granules, containing hystamin and heparin, which are rapidly released following cell
activation, a process known as degranulation. In allergic reactions, mast cells remain
inactive until an allergen binds to a special set of immunoglubulins of the IgE type,
which are tightly associated to the IgE high affinity receptor (FCeRI) at the plasma
membrane. At molecular level, allergen stimulation, through IgE binding, triggers
the activation of the protein tyrosine kinase Lyn and recruitment of Syk, resulting in
the phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs).
These phosphorylated motifs provide a docking sites for the SH2 domains of class IA
PI3Ks adaptor subunits. The subsequent PIP3 production is then essential to activate
Bruton’s tyrosine kinase (Btk) and subsequently phospholipase C-γ (PLCγ). These
signaling pathways cause the opening of plasma membrane calcium channels and
granules release (Rommel et al. 2007).

The first indication of the involvement of PI3Ks in mast cells came from the
use of non-selective PI3K inhibitors. Indeed, pan-PI3K inhibitors like LY294002
and wortmannin impair mast cell degranulation (Tkaczyk et al. 2003). Class I
PI3Kδ and PI3Kγ appear to be the main isoforms involved in this process. Treat-
ment with the PI3Kδ-selective inhibitor IC87114 or genetic inactivation of PI3Kδ
activity (PI3KδD910A) dampen mast cell activity (Ali et al. 2004, 2008). Accordingly,
PI3KδD910A mice are protected from passive cutaneous anaphylaxis induced by IgE-
and antigen-injection (Ali et al. 2004, 2008). Similarly, blockade of the GPCR-
coupled PI3Kγ activity reduces mast cell degranulation and PI3Kγ−/− animals are
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resistant to passive systemic anaphylaxis (Laffargue et al. 2002). Recent findings
suggest that only a restricted pool of PI3Kγ is committed to the modulation of this
process. Indeed, the mast cell phenotype of PI3Kγ−/− animals is completed rescued
by the co-expression of p110γ catalytic subunit together with the regulatory subunit
p84/87, but not with p101 (Bohnacker et al. 2009). The current view of the complex
interplay between PI3Kγ and PI3Kδ in regulating mast cell function proposes a com-
plex epistatic interaction, with PI3Kδ acting earlier in response to IgE and PI3Kγ
functioning later to maximize degranulation (Hirsch et al. 2006).

Eosinophils are recruited and activated in response to mast cell degranulation, thus
functioning as effector cells in the allergic disease. They are typical infiltrating cells
at sites of allergen-IgE reactions, where they produce a wide array of mediators such
as cytokines and ROS. PI3Ks have been shown to regulate eosinophil chemotaxis
in response to different chemoattractants. IL-5-induced release of eosinophils from
the bone marrow is severely impaired upon treatment with the pan-PI3K inhibitor
wortmannin (Palframan et al. 1998). In addition, wortmannin decreases the number
of eosinophils in the brochoalveolar lavage (BAL) of ovalbumin (OVA)-challenged
animals (Tigani et al. 2001). Wortmannin and LY294002 have also been found to
inhibit platelet-activating factor (PAF)-induced eosinophil chemotaxis and respira-
tory burst, but not eotaxin-induced migration (Mishra et al. 2005). Furthermore,
intra-tracheal administration of PI3K inhibitors wortmannin or LY294002 could sig-
nificantly attenuate inflammation symptoms and airway hyper-responsiveness, due
to sensitization with OVA inhalation in a mouse model of asthma (Duan et al. 2005;
Ezeamuzie et al. 2001).

The specific PI3K isoforms involved in regulating eosinophil chemotaxis are still
unclear. OVA-sensitized PI3Kγ−/− mice display reduced levels of allergen-induced
eosinophilic airway inflammation and airway remodeling (Lim et al. 2009; Takeda
et al. 2009), thus pointing to a crucial role of this class I isoform. However, other
studies suggest that PI3Kγ mainly regulates the maintenance of eosinophilic inflam-
mation in vivo, rather than the recruitment process, which seems to be modulated
by other PI3Ks (Pinho et al. 2005). Further complexity comes from the unexpected
finding that double mutant mice PI3KγKO/δD910A display marked eosinophilic in-
flammation in multiple mucosal organs, as well as increased amount of serum IgE,
IL-4 and IL-5 levels (Ji et al. 2007).

6.2.3 PI3Ks in T Lymphocytes

T and B lymphocytes orchestrate a sophisticated mechanism of protection, featured
by recognition of specific antigens and pathogens. T lymphocytes are involved in cell-
mediated immunity and contribute to the control of humoral immunity, by exerting
a strict control on the activity of B lymphocytes. The first suggestion of a key role
of PI3Ks in regulating T lymphocyte function has come from studies with pan-PI3K
inhibitors. Wortmannin impairs antigen (Ag)-induced IL-2 production, as well as
Ag-induced CD4+ T cells differentiation (Shi et al. 1997). In addition, wortmannin
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and LY294002 inhibit CD3-induced IL-2 synthesis and proliferation of CD8+ T cells
(Phu et al. 2001).

More recently, the development of isoform-selective inhibitors and genetically
engineered animals has allowed to show that distinct PI3K isoforms control dif-
ferent processes of T lymphocyte function, including development, proliferation
and migration. For instance, class I PI3Kγ and PI3Kδ are both required for proper
T cell differentiation. Indeed, PI3Kγ−/− mice show a reduced number of periph-
eral T lymphocyte due to impaired maturation of thymocytes. In particular, ablation
of PI3Kγ increases the ratio of double negative (CD4− CD8−) on double positive
(CD4+ CD8+) cells in thymus, blocking thymocyte development (Sasaki et al. 2000).
This phenotype is worsened by the double ablation of PI3Kγ and PI3Kδ, leading
to a dramatic increase in the number of double negative thymocytes. On the con-
trary, PI3Kδ inactivation (PI3KδD910A) alone does not affect thymocyte development
(Ji et al. 2007; Webb et al. 2005).

Both PI3Kδ and PI3Kγ are essential for the subsequent phase of proliferation. In
naïve T cells, PI3Ks are engaged by the cross-linking of T-cell receptor (TCR),
with or without co-stimulation by CD28, or by activation of the IL-2 receptor
or chemokine receptors (Alcazar et al. 2007; Fruman and Cantley 2002). T cells
lacking PI3Kγ show abnormal TCR-mediated signaling and reduced immunological
synapse organization, as well as reduced proliferation (Sasaki et al. 2000). Similarly,
knock-in mice expressing a kinase-inactive PI3Kδ display impaired antigen-specific
T-cell responses and a reduction in T-cell activation and proliferation upon in vitro
stimulation (Okkenhaug et al. 2002).

On the other hand, PI3Kδ is central for maturation of CD4+ T cell and differen-
tiation in distinct T cell subsets (Th1, Th2, Th17, Treg). PI3KδD910A mice display
reduction of both Th1 and Th2, in vitro and in vivo (Okkenhaug et al. 2006). Further-
more, PI3Kδ cooperates with SHIP to maintain the correct ratio of Th17 and Treg
cells. SHIP1−/− mice show preferential differentiation in Treg compared to Th17
(Locke et al. 2009). On the other hand, in PI3KδD910A mice peripheral Treg matura-
tion is impaired (Ji et al. 2007; Liu et al. 2009; Oak et al. 2006; Patton et al. 2006).
Reduction of Treg function, associated with increased B cell-mediated IgE produc-
tion, renders PI3KδD910A mice prone to autoimmunity (Ji et al. 2007; Oak et al.
2006). By contrast, the impaired Treg immunosuppressive function of PI3KδD910A

mice appears beneficial in the case of infection by the parasite Leishmania major.
Indeed, the reduced Treg expansion of PI3KδD910A mice seems to be responsible for
a weakened Th1 response, thus preventing disease development (Liu et al. 2009).

The role of PI3Ks in the regulation of T cell migration is more controverse. In
some circumstances, PI3Kγ signaling appears important for T cell chemotaxis in
the mouse (Camps et al. 2005; Reif et al. 2004; Sasaki et al. 2000; Webb et al.
2005). In addition, treatment with the PI3Kγ specific inhibitor AS605240 has in-
dicated that PI3Kγ plays a dominant role in the migratory response to CXCL12
(Smith et al. 2007) in primary human T lymphocytes. In contrast, migratory re-
sponses to a range of chemokines, including CXCL12, of T cells derived from mice
expressing a catalytically-inactive form of PI3Kδ are largely unaffected (Reif et al.
2004), indicating that PI3Kγ is the predominant isoform involved in T cell migra-
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tion. However, recent works have suggested that T cell migration principally depends
on pathways involving the Rac guanine nucleotide exchange factor (GEF) DOCK2,
rather than on PI3Kδ- and PI3Kγ-dependent signaling (Nombela-Arrieta et al. 2004).
Instead, PI3Kδ is crucial for T lymphocyte trafficking, by regulating shedding and
transcriptional shut off of the lymph node-homing receptor CD62L (L-selectin)
(Sinclair et al. 2008).

Overall, these findings suggest that class I PI3Kδ and PI3Kγ cooperate in regulat-
ing T cell signaling, with PI3Kδ impacting more profoundly than PI3Kγ on regulation
of cell-based immunity.

6.2.4 PI3Ks in B Lymphocytes

B lymphocytes represent the other major cellular component of the adaptive immune
response. In contrast to what found in T cells, PI3Kγ does not play a significant role
in B cells. Conversely, PI3Kδ has been shown to control different aspects of B
lymphocyte function, including their maturation process and proliferation.

B cell development occurs through several stages. Immature B cells are produced
in bone marrow, through Ig chain rearrangement of B cell progenitors (at pro-B
and pre-B stages), followed by repertoire selection. These immature B cells then
migrate to the spleen where, upon a further selection process, they differentiate into
mature B lymphocytes by forming follicular (FO) and marginal zone (MZ) niches.
Lack of PI3Kδ has been shown to affect the early steps of B cell maturation, as
suggested by the increased pro B/pre B ratio. In agreement, the few immature B cells
of PI3KδD910A mice are unable to sustain FO and MZ pools (Clayton et al. 2002;
Jou et al. 2002; Okkenhaug et al. 2002). Interestingly, B cell development is not
further impaired when both PI3Kδ and PI3Kγ are eliminated and PI3Kγ−/− mice do
not show any clear defect in B cell maturation, thus demonstrating that PI3Kγ does
not contribute to regulation of B cell development (Webb et al. 2005).

Also B cell proliferation is strictly dependent on PI3Kδ signaling. B-cell prolif-
eration in response to IgM stimulation and BAFF is decreased in cells expressing a
catalytically-inactive form of PI3Kδ, whereas proliferation induced by IL-4, CD40
or LPS is only partially affected (Henley et al. 2008; Okkenhaug et al. 2002). In
addition, PI3Kδ activity is indispensable for B-cell-receptor-induced DNA syn-
thesis and proliferation, as well as IL-4-induced survival (Bilancio et al. 2006;
Sujobert et al. 2005). PI3Kδ−/− and PI3KδD910A B lymphocytes also display reduced
antibody production upon T cell-dependent and independent stimulation (Clayton
et al. 2002; Jou et al. 2002; Okkenhaug et al. 2002). More specifically, PI3KδD910A

mice show reduced IgM and IgG antibody responses (Okkenhaug et al. 2002). By
contrast, IgE production is paradoxically increased by genetic or pharmacological
inactivation of PI3Kδ, despite reduced Th2 responses (Zhang et al. 2008) due to the
ability of PI3Kδ to modulate IgE switch (Omori et al. 2006; Zhang et al. 2008).

Similar to the case of T cells, migration of B cells is not regulated by PI3Ks.
Rather, this process is mediated by DOCK2 and PI3K-independent Btk signaling
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(de Gorter et al. 2007; Nombela-Arrieta et al. 2004). Nonetheless, the complete
response to CXCL13 is reduced in PI3KδD910A, but not in PI3Kγ−/− B lymphocytes,
revealing a surprising and not well clarified role of PI3Kδ downstream G-protein
coupled chemokine receptors (Nombela-Arrieta et al. 2004; Reif et al. 2004).

6.2.5 PI3Ks in Inflammatory and Autoimmune Diseases

Given the central role of class I PI3Kδ and PI3Kγ in the homeostasis of both innate and
adaptive responses, these enzymes can also participate to the onset and/or progression
of diseases characterized by deregulated activation of innate and/or adaptive immu-
nity. Indeed, genetic inactivation of PI3Kγ or PI3Kδ modulates the susceptibility to
specific diseases.

6.2.5.1 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disorder that affects the joints and is
characterized by the progressive destruction of articular structures (Harris 1990).
The pathogenesis of RA is not completely understood. Chemokines and other
chemoattractants have been detected in the inflamed joints and are responsible for
the local recruitment of leukocytes. Amongst these, neutrophils constitute the most
abundant population and actively induce inflammatory response and tissue damage
(Brennan and Feldmann 1996; Edwards and Hallett 1997; Szekanecz et al. 2003).
As PI3Kγ is key in neutrophil chemotaxis, PI3Kγ deficiency is protective in different
mouse models of RA. Camps et al. first showed that PI3Kγ−/− animals are largely
resistant to αCII-induced arthritis, where type II collagen-specific monoclonal anti-
bodies are injected to initiate RA. Moreover, blockade of PI3Kγ by oral delivery of the
isoform-selective compoundAS605240 reproduces the protective effect of PI3Kγ−/−
mice in a model of collagen-induced arthritis, where typical features of the disease
are triggered by intra-dermally injection of collagen II (Camps et al. 2005). In both
cases, the protection correlates with defective neutrophil migration and thus to re-
duced accumulation of neutrophils in the joints. PI3Kγ inactivation is associated to
a milder inflammatory arthritis also in an alternative mouse model of RA based on
the transgenic overexpression of the human TNFα (Hayer et al. 2009). Interestingly,
the genetic disruption of PI3Kγ reduces the severity of arthritis through both reduced
invasion of leukocytes and reduced proliferation of synovial mesenchymal-derived
fibroblasts. These findings challenge the concept of a leukocyte-restricted role of
PI3Kγ in the pathogenesis of RA and suggest that the therapeutic potential of spe-
cific PI3Kγ inhibitors might be expanded to a broader spectrum of cell targets, thus
yielding superior results in the potential treatment of RA.

In line with a cooperative role of PI3Kγ and PI3Kδ in regulating neutrophil func-
tion, also PI3Kδ−/− mice are protected from RA. Randis et al. [2008] have shown
that administration of arthritogenic serum to PI3Kδ−/− mice results in a significant
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reduction of paw edema, similar to what observed in PI3Kγ−/− animals. A more
pronounced protection is also observed in double PI3Kδ−/−γ−/− mice, indicating
the existence of a functional interaction between PI3Kγ and PI3Kδ in inflammatory
arthritis. Accordingly, combined inhibition of PI3Kδ and PI3Kγ might represent an
intriguing innovative treatment for RA.

6.2.5.2 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized
by deregulation of T-cell mediated B-cell activation, resulting in generalized B-cell
expansion and hypergammaglobulinemia (Liu andWakeland 2001). The involvement
of PI3Ks in the pathogenesis of SLE was first uncovered by two works showing that
increased PI3K activity, due to either PTEN ablation (PTEN+/−) or overexpression of
an activating form of the p85 regulatory subunit (p65PI3K) in T lymphocytes, leads to a
SLE-like phenotype (Borlado et al. 2000; Di Cristofano et al. 1999). Interestingly, the
severity of the disease is attenuated in p65PI3KTg/PI3Kγ−/− animals, thus suggesting
that PI3Kγ plays a crucial role in SLE (Barber et al. 2006). Blockade of PI3Kγ by
the selective inhibitor AS605240 has also found effective in another mouse model of
SLE, the MRL-lpr SLE-prone model (Barber et al. 2006). Taken together, these data
encourage further study of selective PI3K inhibitors in the treatment of SLE.

6.2.5.3 Asthma

Asthma is a pulmonary disease characterized by bronchial hypersensitivity and in-
volving a Th2 immune response mounted by CD4+ T cells. Other inflammatory
cells such as mast cells and eosinophils also play important roles. In particular, neu-
trophils contribute to the chronic evolution of the disease (Baraldo et al. 2007).
The availability of pan-PI3K inhibitors first allowed to uncover the correlation
between PI3K hyperactivity and the development of allergic conditions. Indeed,
intratracheal administration of wortmannin or LY294002 significantly attenuates in-
flammation symptoms and airway hyperresponsiveness in a mouse model of asthma
(Duan et al. 2005; Ezeamuzie et al. 2001).

PI3Kδ and PI3Kγ act as master regulators of mast cells and eosinophils, which
constitute the principal mediators of allergy. Accordingly, PI3Kγ−/− animals are
completely protected against systemic anaphylaxis (Laffargue et al. 2002). Similarly,
PI3Kδ knock-in mice are partially resistant to passive cutaneous anaphylaxis induced
by IgE- and antigen-injection (Ali et al. 2004, 2008). Furthermore, intratracheal ad-
ministration of the PI3Kδ-selective inhibitor IC87114 significantly attenuates allergic
airway inflammation and suppresses OVA-induced airway hyper-responsiveness to
inhaled methacoline (Lee et al. 2006). Farghaly et al. have shown that the Th2
cytokine IL-13 fails to induce hyper-responsiveness in isolated tracheal rings from
PI3KδD910A mice. In this context, the reduced hyper-responsiveness may be attributed
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to a direct effect on airway structural cells rather than on infiltrating immune cells
(Farghaly et al. 2008).

Overall, these studies have unveiled a key role for PI3Kδ, in addition to PI3Kγ, in
the pathogenesis of allergic asthma. However, whether selective inhibition of PI3Kδ
might be protective in allergy is still controversial. In OVA-immunized mice, block-
ade of PI3Kδ leads to a paradoxical increase of both total and OVA-specific IgE levels,
despite diminished Th2 responses (Omori et al. 2006; Zhang et al. 2008). Hence,
additional studies are needed to clarify the role of PI3Kδ in regulating allergen-
mediated IgE production, as well as the resulting clinical implications in the treatment
of allergic disease. As PI3Kγ and PI3Kδ cooperate in the onset and progression of
allergic conditions, a combined inhibition of these isoforms appears as a reasonable
therapeutic strategy (Doukas et al. 2009).

6.2.5.4 Chronic Obstructive Pulmonary Disease

PI3Kδ and PI3Kγ cooperate in the pathogenesis of chronic obstructive pulmonary
disease (COPD). COPD is a common respiratory disease which, unlike allergic
asthma, involves CD8+ T cells releasing Th1-type cytokines, with the additional
contribution of macrophages and neutrophils. In COPD, airflow limitation is pro-
gressive and may be steroid-resistant (Baraldo et al. 2007; Doherty 2004). The
double selective inhibitor TG100-115, targeting both PI3Kδ and PI3Kγ, has been
shown effective in controlling COPD in different mouse models. TG100-115 signif-
icantly reduces neutrophil accumulation as well as production of the classical Th1
cytokine TNFα in a LPS-induced model of COPD. Interestingly, TG100-115 is suc-
cessful even in a steroid-resistant form of COPD induced in mice by cigarette smoke
exposure (Doukas et al. 2009). Recent reports suggest that this beneficial effect is
achieved through a selective involvement of PI3Kδ, as genetic inactivation of this
isoform, and not of PI3Kγ, restores glucocorticoid responsiveness in smoke-induced
airway inflammation (Marwick et al. 2009, 2010). Therefore, the complex interplay
between PI3Kγ and PI3Kδ in the development of COPD needs further study. Cur-
rently, double selective compounds might represent the most promising response to
the urgent need of new treatments for steroid-unresponsive inflammatory diseases.

6.3 PI3Ks in the Regulation of Glucose Metabolism
and Insulin Sensitivity

The tight control of glucose metabolism represents a fundamental physiological
mechanism regulated by a series of key metabolic hormones. The main player in this
process is insulin, a peptide hormone secreted from pancreatic β-cells in response to
elevated glucose concentrations. Insulin mainly acts by (i) inhibiting liver gluconeo-
genesis and glycogenolysis and (ii) stimulating glucose uptake in insulin-sensitive
periferal tissues, mainly skeletal muscle and adipocytes. In addition, insulin affects
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Fig. 6.2 PI3K function in glucose metabolism. Upon binding of insulin to its receptor (IR), the
IRS adaptor proteins recruit class I PI3Ks, thus triggering PIP3 production and PKB/Akt activation.
PKB, in turn, mediates the translocation of the glucose transporter GLUT4 to the plasma membrane,
which leads to glucose uptake from the extracellular space. Furthermore, Akt mediates the inhibition
of FOXO transcription, thereby negatively regulating the expression of gluconeogenic enzymes such
as PEPCK and G6Pase. Insulin also modulates glycogen synthesis through PKB-mediated inhibition
of GSK3 and the consequent activation of glycogen synthase. On the other hand, class II PI3K-C2α,
following its TC10-dependent activation, contributes to GLUT4 translocation. However, the exact
mechanisms linking IR activation to PI3K-C2α are yet to be defined

lipid metabolism and stimulates the uptake of aminoacids, thus enhancing protein
synthesis. Defects in insulin production and signaling underlie important pathologi-
cal conditions such as diabetes mellitus and the metabolic syndrome. Type 2 diabetes
represents a common disease and is characterized by impaired insulin-stimulated glu-
cose uptake, increased hepatic glucose production and inadequate compensation by
the pancreatic β-cells, ultimately leading to hyperglycemia (Kahn 1994).

The action of insulin is initiated by its binding to the insulin receptor (IR), a trans-
membrane glycoprotein with intrinsic protein tyrosine kinase activity. The adaptors
IRS (insulin receptor substrate) are the first IR substrates that undergo tyrosine phos-
phorylation upon insulin stimulation (Myers and White 1993). Six IRS isoforms are
expressed in mammals and play the role of linkers between the upstream tyrosine
kinase and the downstream regulatory enzymes and adaptor molecules. PI3K was the
first enzyme found to be associated with the IR/IRS signaling. Within this context,
upon receptor activation, IRS serves as a docking site for the SH2 domains of the
regulatory subunit of PI3K, which in turn recruit the p110 enzyme to the plasma
membrane (Myers et al. 1992; Sun et al. 1993) (Fig. 6.2). Upon activation, the p110
catalytic subunit of PI3Ks produces the lipid second messenger PIP3, which in turn
activates downstream PH domain-containing effectors that control various metabolic
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processes such as glucose uptake, lipolysis inhibition, triglyceride formation, and
glycogen synthesis. Within these processes, a key molecule activated following PIP3

generation is PKB/Akt (Taniguchi et al. 2006). However, other phosphoinositide-
activated kinases, such as atypical PKC, have also been implicated in insulin action
(Farese et al. 2005).

Amongst the downstream effectors of IR-PI3Ks, Akt represents the central node
in the insulin signaling network, stimulating blood glucose disposal and glycogen
synthesis, and inhibiting gluconeogenesis. Three different isoforms of Akt, encoded
by different genes, are found in mammals. The study of knock-out mice have iden-
tified the specific functions of each Akt isoform. Of the three isoforms, Akt2 is
in particular the main regulator of glucose homeostasis in vivo (Cho et al. 2001).
Indeed, the disruption of Akt2 in mice results in impaired glucose uptake and in
a complete failure of insulin to suppress hepatic glucose output (Cho et al. 2001).
Akt2 plays an important role also in humans in the regulation of glucose homeostasis,
since a germline mutation in Akt2 correlates with development of type 2 diabetes
(George et al. 2004).

In adipocytes and muscle cells, PI3K-dependent activation of Akt2 (and to
a lesser extent of Akt1) controls insulin-mediated glucose uptake by stimulating
GLUT4 translocation from an intracellular compartment to the plasma membrane
(Bai et al. 2007; Stenkula et al. 2010). GLUT4 exocytosis is highly regulated by
PIP3 production, although the exact mechanism is still unclear. A number of Akt sub-
strates, including the Rab-GAP AS160 (Akt substrate of 160 kDa) (Chen et al. 2011;
Sano et al. 2003) and PI5-kinase (PIKfyve) (Berwick et al. 2004), are involved in
this process. Other PI3K-dependent mediators of glucose uptake are atypical PKC
(aPKC) isoforms that regulate the kinesin and Rab4-dependent GLUT4 exocytosis
(Imamura et al. 2003). Further support for this model is given by the muscle-specific
knock-out of the aPKC PKC-λ, which results in systemic insulin resistance and
glucose intolerance (Farese et al. 2007).

The class IA PI3K pathway is also involved in insulin-mediated inhibition of hep-
atic gluconeogenesis (Agati et al. 1998; Kotani et al. 1999), a process indispensable
in a starved condition and switched-off when external resources are available. In the
latter condition, insulin negatively regulates gluconeogenesis by suppressing the ex-
pression of key gluconeogenic enzymes through theAkt-mediated phosphorylation of
the transcription factor FoxO1. Phosphorylated FoxO1 is excluded from the nucleus
and consequently fails to activate the transcription of genes required for the gluco-
neogenesis, such as phosphoenolpyruvate caboxykinase and glucose-6-phosphatase
(Nakae et al. 2001).

Together with class IA PI3Ks, PI3Ks of other classes might be involved in insulin-
mediated glucose disposal. Indeed, insulin stimulation triggers the production of
PI3P, thus possibly involving either class II or III PI3K. PI3P binds the PX and
FYVE domains of proteins involved in the control of vesicular trafficking. It is thus
possible that PI3K other than class IA are involved in processes needed for plasma
membrane fusion of cytoplasmic vesicles containing GLUT4 (Shepherd 2005). In-
terestingly, insulin-mediated PI3P production appears insensitive to the action of
wortmannin, thus excluding a role for class III enzymes, while suggesting a role
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for the wortmannin-insensitive class II PI3K-C2 isoenzymes. In line with this view,
PI3K-C2α is activated in response to insulin-dependent activation of the small GT-
Pase TC10, thus triggering PI3P elevation necessary for full-scale GLUT4 plasma
membrane translocation (Maffucci et al. 2003).

6.3.1 Class I PI3K Regulatory Subunits in Glucose Metabolism

The crucial role of PI3Ks in insulin signaling suggests that a dysfunction of the
PI3K pathway may deeply affect insulin sensitivity. Indeed, several lines of evi-
dence have indicated that PI3K signaling is compromised in the obese diabetic ob/ob
mouse model (Folli et al. 1993; Kerouz et al. 1997), as well as in diabetic patients
(Bjornholm et al. 1997; Goodyear et al. 1995).

Despite the key role of PI3K in the insulin signaling, gene deletion studies
of adaptors of the p85 family have reported unexpected paradoxical effects. In-
deed, mice lacking p85α develop hypoglycemia and increased insulin sensitivity
(Fruman et al. 2000). This phenotype probably correlates with the up-regulation of
the other Pik3r1 splicing variants, p50α and p55α, in fat and muscle, leading to an el-
evation of PIP3 levels and to facilitated GLUT4 translocation to the plasma membrane
(Terauchi et al. 1999). A slight enhancement of insulin signaling is also present
in mice lacking either p50α/p55α or p85β (Chen et al. 2004; Ueki et al.
2002). On the other hand, deletion of all Pik3r1 gene products (p85, p55,
and p50), results in perinatal lethality, associated with a substantial decrease
in the expression and activity of class IA PI3K catalytic subunits. Nonethe-
less, Pik3r1-deficient mice are hypoglycemic and more insulin sensitive be-
cause of a more active glucose transport in insulin-responsive tissues (Fruman
et al. 2000). Similar findings have been obtained with a hepatic deletion of
Pik3r1, which causes improved insulin sensitivity in liver, muscle, and fat, but
leads to a 60% decrease in total hepatic PI3K activity (Taniguchi et al. 2006).
The phosphorylation of Akt downstream PI3K is enhanced as a consequence of
reduced activity of the phosphatase PTEN, suggesting a role of p85 in PTEN reg-
ulation (Taniguchi et al. 2006). Indeed, PTEN is a potent negative regulator of the
insulin signaling and loss of PTEN in adipose tissue results in increased insulin sen-
sitivity and GLUT4 recruitment (Kurlawalla-Martinez et al. 2005). A recent study
has shown that p85 directly binds and activates PTEN, which explains the paradox
of increased insulin sensitivity in p85-deficient animals (Chagpar et al. 2010).

These studies indicate that a critical molecular balance between regulatory and
catalytic subunits determines the optimal response of the PI3K pathway to insulin
signaling (Ueki et al. 2002). In physiological conditions, the p85 regulatory subunit
is more abundant than the catalytic p110 subunit. p85 monomers can thus inhibit PIP3

production either by binding to phosphorylated IRS proteins (Ueki et al. 2002) or by
altering subcellular localization of p110/p85 dimers (Inoue et al. 1998). Unbalanced
p85 levels can compromise this regulatory mechanisms and lead to a paradoxical
increase in PI3K activity. Finding of increased p85/55/50 protein expression, in
mouse models of obesity as well as in type 2 diabetic patients further confirms this
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view (Bandyopadhyay et al. 2005) and suggests that p85 family members play a
complex role in the regulation of PI3K-mediated insulin signaling.

6.3.2 Class I PI3K Catalytic Subunits in Glucose Metabolism

The specific role of single p110 isoforms in insulin signaling has recently begun to
emerge, thanks to the development of selective pharmacological inhibitors and of
mouse genetic models. Although the lethal phenotype of mice lacking either p110α
or p110β hampers the study of their specific roles in insulin signaling, analysis
of insulin-mediated responses in heterozygous animals suggests that both proteins
might be involved. Heterozygous mice lacking either p110α or p110β show normal
responses to insulin. However, mice heterozygous for both isoforms have decreased
insulin sensitivity (Brachmann et al. 2005), suggesting that p110α and p110β play
complementary roles in insulin signaling. Nonetheless, heterozygous mice express-
ing a catalytically inactive p110α become insulin resistant with aging, and develop
glucose intolerance, hyperlipidemia, adiposity, as well as hyperglycemia and deregu-
late hepatic gluconeogenesis (Foukas et al. 2006). The use of isoform-selective p110
inhibitors has shown that p110α constitutes the major effector downstream of the
IR, while p110β plays only a marginal role, by in providing a basal threshold of PIP3

production that potentiates p110α activity (Knight et al. 2006). Indeed, mice express-
ing a kinase-dead p110β or carrying a liver-specific ablation of this enzyme develop
only mild impaired insulin sensitivity and glucose homeostasis (Ciraolo et al. 2008;
Jia et al. 2008). On the contrary, the disruption of p110α in liver results in impaired
insulin action and glucose homeostasis which cannot be rescued by p110β (Sopasakis
et al. 2010). These findings demonstrate that p110α is the primary PI3K isoform re-
quired for the metabolic actions of insulin in the liver. Instead, p110β plays a minor
but not negligible role.

6.4 Class I PI3Ks in Cardiac Physiology and Disease

Three different class I PI3Ks are expressed in the myocardial tissue (p110α, p110β
and p110γ). However, a growing amount of evidence indicates that different PI3K
isoforms participate in distinct physiological and pathological processes within car-
diomyocytes. In particular, class IA p110α mostly functions as a critical regulator
of cardiomyocyte viability and growth downstream tyrosine kinase receptors such
as IGF-I and insulin. Based on available studies, p110α activity can be generally
considered as beneficial and protective for heart function. In contrast, class IB p110γ
is uniquely controlled by GPCRs such as β-adrenergic receptors. Of note, robust
activation of p110γ is essentially detected in the context of maladaptive remodeling
and during the natural history of heart failure, where p110γ contributes to myocardial
dysfunction and impaired contractility. Hence, pharmacological inhibition of p110γ
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has emerged as a novel potential therapeutic strategy in cardiac disease. Finally,
our understanding of p110β function in the myocardium is still very initial and is
awaiting for further and detailed study.

6.4.1 PI3Kα Regulates Cardiomyocyte Growth

Studies performed on gain and loss-of function models have consistently shown
that PI3Kα activity represents a master switch leading to cardiomyocyte growth
and survival (Fig. 6.3, upper panel). Systemic knockout of p110α is embryonic
lethal without obvious cardiac abnormalities, but a general impairment in cell
growth is observed (Bi et al. 1999). In line with this finding, over-expression
of a myocardial-selective dominant-negative p110α results in smaller cardiomy-
ocytes and reduced heart mass, without affecting tissue architecture and contractility
(Crackower et al. 2002; McMullen et al. 2003; Shioi et al. 2000). On the other hand,
over-expression of a cardiac-specific and constitutively active p110α leads to my-
ocardial hypertrophy and increased heart/body weight, but without progression to hy-
pertrophic cardiomyopathy or cardiac dysfunction (Shioi et al. 2000). These findings
phenocopy the genetic loss of myocardial PTEN, which leads to PIP3 accumulation
(Crackower et al. 2002). In both over-expression and dominant negative models, the
changes in p110α activity are paralleled by corresponding changes in Akt, Gsk3β
and p70S6K activity, indicating that p110α boosts myocardial growth through the
activation of canonical PIP3-dependent anabolic pathways. Indeed, genetic manipu-
lations of Akt lead to similar cardiac phenotypes: Akt1 knockout mice show reduced
heart size, while different models of constitutively active Akt1 result in different
degrees of cardiac hypertrophy (Condorelli et al. 2002; DeBosch et al. 2006; Matsui
et al. 2002; McMullen et al. 2003).

Beyond cardiac development, the activity of p110α appears to control essentially
physiological hypertrophy, as mice expressing a dominant-negative p110α are resis-
tant to left ventricular hypertrophy induced by exercise training. Nonetheless, loss
of p110α leaves the animals prone to compensatory hypertrophy following pressure
overload by aortic constriction, indicating that p110α represents a master switch of
physiological but not of pathological hypertrophy (McMullen et al. 2003). Impor-
tantly, cardiac p110α is functionally relevant in conditions of myocardial damage,
where p110α protects cardiomyocytes from cell death and dysfunction caused by
various pathological noxae (Fig. 6.3, lower panel). Indeed, it has been shown that
in several heart disease models such as dilative myocardiopathy, myocardial in-
farction, chronic adrenergic stimulation and pressure overload, the loss of p110α
is highly detrimental and accelerates adverse ventricular remodeling, while on the
other hand constitutive p110α activity exerts cardioprotective effects (Lin et al. 2010;
McMullen et al. 2007). Taken together, our understanding of myocardial PI3Kα
suggests that any treatment targeting myocardial PI3Ks should leave p110α activity
unchanged to circumvent a negative impact on cardiac function, especially in the
context of cardiotoxicity (e.g. tumor chemotherapy) and heart failure.
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Fig. 6.3 PI3K signaling in normal and failing myocardium. Upper panel. In the myocardium,
PI3Kα is activated by tyrosine kinase receptors (RTKs) such as IGF-I, EGF and insulin receptor.
Downstream p110α, Akt and other classical PIP3-dependent anabolic pathways promote normal
myocardial development and growth. Moreover, PI3Kα is required for physiological hypertrophy.
On the other hand, p110β represents the master PI3K isoform producing PIP3 and activating Akt
upon β-adrenergic stimulation. In physiological conditions, p110γ is expressed at low levels and
contributes residually to PIP3 production upon β-adrenergic stimulation. p110γ, along with the p87
regulatory subunit, is part of a macromolecular complex mediating the cAMP-dependent activation
of PDEs, while the lipid kinase activity of p110γ is blunted by PKA phosphorylation. Lower
panel. The natural history of heart failure is characterized by the progressive increase in p110γ
lipid kinase activity, due to p110γ upregulation, regulatory isoform switch (from p87 to p101) and
loss of inhibition by PKA. By interacting with GRK2, in this context p110γ leads to AP2 and β-
arrestin mediated downregulation and desensitization of β-adrenergic receptors. In the presence of
active myocardial damage, p110α contributes to cardiomyocyte survival and provides protection
for adverse remodeling and failure
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6.4.2 PI3Kγ Regulates Cardiac Contractility and Remodeling

PI3Kγ is expressed at high levels in hematopoietic cells, especially in leukocytes.
However, p110γ is also present in the myocardium, including cardiomyocytes, en-
dothelial cells and possibly myofibroblasts. Although p110γ levels are relatively low
in cardiomyocytes, this class IB PI3K isoform has important functions both in heart
physiology and disease. In particular, p110γ is a key player in the regulation of
cardiac contractility, through combined kinase-dependent and kinase-independent
molecular mechanisms interlacing cyclic AMP (cAMP) and PIP3 signaling.

Hearts derived from p110γ knock-out mice are hyper-contractile compared to
wild-type controls both in basal and stimulated conditions, due to functional acti-
vation of their contractile machinery (Crackower et al. 2002; Patrucco et al. 2004).
This phenotype is caused by increased cellular levels of cAMP, a key second mes-
senger controlling myocardial contractility in response to β-adrenergic stimulation.
β-adrenergic receptors (β-ARs, which include β1, β2 and β3 subtypes) are GPCRs
physiologically activated by circulating or sympathetic nerve catecholamines (mostly
epinephrine). All β-AR isoforms are coupled to Gs subunits, while β2 and β3 re-
ceptors also associate to Gi subunits (Brodde et al. 2006; Skeberdis et al. 2008).
Catecholamine engagement of β-ARs leads to Gs-triggered stimulation of adenylyl
cyclase, which in turn generates the second messenger cAMP. The main signaling
effector of cAMP is protein kinase A (PKA), which is constituted by regulatory
and catalytic subunits and whose function is compartmentalized and controlled by
different proteins known as A-kinase anchor proteins (AKAPs) (Scott and Pawson
2009). In cardiomyocytes, PKA phosphorylates key players orchestrating myocar-
dial contractility, such as phospholamban, the ryanodine receptor and troponin I
(Chu et al. 2000; Marx et al. 2000; Stelzer et al. 2007).

Our group and others have shown that p110γ plays a key role in the regulation
of cAMP signaling, as p110γ is required for the activation of cellular phospho-
diesterases (PDEs) which hydrolyse cAMP to 5’-AMP and terminate signaling,
such as PDE3s and PDE4s (Conti and Beavo 2007; Ghigo and Hirsch 2011;
Kerfant et al. 2007; Patrucco et al. 2004; Perino et al. 2011). The regulation of
PDE3B by p110γ is operated within a macromolecular complex which includes
p110γ, the PI3K adaptor subunit p84/87 and PKA (Patrucco et al. 2004; Perino et al.
2011; Voigt et al. 2006). In this complex, p110γ functions as an AKAP, as it directly
binds the RIIα subunit of PKA and thus allows the activation of PDE3B by PKA
(Fig. 6.3, upper panel). Of note, this functional interaction does not require the kinase
activity of p110γ, which instead operates as a scaffold (Hirsch et al. 2009; Perino et al.
2011). In mice lacking p110γ (and not in mice expressing a kinase-inactive p110γ),
disassembly of this critical signaling complex leads to a major reduction in the phos-
phodiesterase activity, thus resulting in abnormal levels of myocardial cAMP. When
p110γ-null mice are subjected to cardiac pressure overload, cAMP further raises
uncontrolled and causes myocardial damage rapidly progressing towards overt car-
diomyopathy and heart failure (Crackower et al. 2002; Patrucco et al. 2004). Similar
to PDE3B, also PDE4 activity is controlled by p110γ, thus modulating cAMP sig-
naling within cardiomyocyte sub-cellular compartments containing SR Ca2+ ATPase
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(Kerfant et al. 2007). Taken together, these findings picture a scenario where PI3Kγ
orchestrates a complex modulation of multiple phosphodiesterases, deeply affecting
the intracellular compartmentalization of cAMP signaling in cardiomyocytes. Fur-
thermore, we have recently shown that p110γ-associated PKA not only influences
phosphodiesterase activity, but also modulates the lipid kinase activity of p110γ it-
self, as the proximity of PKA and p110γ within the same macromolecular complex
allows active PKA to phosphorylate also p110γ on T1024. As a result of PKA phos-
phorylation, p110γ lipid kinase activity is reduced (Perino et al. 2011) (Fig. 6.3,
upper panel).

A strict interplay exists between β-ARs and PI3Ks, as the stimulation of myocar-
dial β-ARs not only mobilizes adenylyl cyclase and cAMP, but also PI3Kβ, PI3Kγ
and thus PIP3 (Rockman et al. 2002). By using mice expressing a kinase inactive
p110γ or p110β, our group has recently shown in vivo that in physiological condi-
tions, β-adrenergic stimulation of the myocardium essentially activates p110β, which
is required to activate Akt. Instead, p110 γ activation only produces a minor fraction
of β-adrenergic engaged PIP3, as in the normal myocardium p110 γ is expressed at
low levels and is strictly controlled by PKA-mediated inhibition (Perino et al. 2011).
During the natural history of heart failure, the signaling scenario changes deeply, as
p110γ levels and activity increase due to (i) up-regulation of p110γ, (ii) regulatory
subunit switch (from p84/87 to p101) of p110γ and (iii) reduction of PKA-dependent
inhibition of p110γ. As a result, β-adrenergic stimulation of the failing myocardium
engages unbalanced p110γ activity, which contributes to adverse remodeling and left
ventricular failure (Patrucco et al. 2004; Perino et al. 2011).

A key pathophysiological feature of heart failure is represented by uncontrolled
catecholamine release, which produces a situation of chronic and abnormal stim-
ulation of β-adrenergic receptors. Amongst the maladaptive effects of chronic
β-adrenergic engagement is the progressive loss of the ability of β-ARs to trans-
duce signals, a process called desensitization. Furthermore, continuous adrenergic
stimulation culminates in β-AR endocytosis and cell surface downregulation. Due to
desensitization and downregulation, adrenergic signaling is therefore progressively
impaired in the failing myocardium, which loses tonic and phasic contractile re-
sponses to catecholamine stimulation (Bristow et al. 1982; Rockman et al. 2002).
Both β-adrenergic desensitization and internalization processes depend on the phos-
phorylation of β-ARs, which permits the interaction between β-ARs and β-arrestins,
cytoplasmic proteins that block coupling to G-proteins and start the internalization
process. Once in early endosomes, phosphorylated β-ARs can be either dephospho-
rylated and recycled to the cell surface or subjected to degradation in late endosomes
(Rockman et al. 2002). Nonetheless, β-ARs can induce maladaptive signaling path-
ways at the level of the early endosomes, before being degraded (Lefkowitz and
Whalen 2004). Several studies have shown that p110γ and PIP3 are key players
in these detrimental processes. In particular, p110γ preferentially cooperates with
G protein-coupled receptor kinase-2 (GRK-2, also known as β-adrenergic recep-
tor kinase-1, β-ARK-1) via its PIK domain (Naga Prasad et al. 2001; Nienaber
et al. 2003). GRK-2 constitutes a cytoplasmic complex with p110γ and, upon
β-AR stimulation, translocates to the activated receptor, where p110γ is activated
by G-proteins (Naga Prasad et al. 2000). Herein, PIP3 produced by p110γ is then
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required for AP-2 adaptor recruitment at the plasma membrane, which leads to the
consequent organization of clathrin-coated pits orchestrating the internalization of
the activated receptor (Naga Prasad et al. 2002). In vivo studies have confirmed these
mechanistic insights. In mice, over-expression of the PIK domain of PI3K reduces
GRK-2-associated PI3K activity and consequently β-AR internalization, without af-
fecting Akt or MAPK pathways (Naga Prasad et al. 2002; Nienaber et al. 2003).
In pigs subjected to ventricular pacing-induced heart failure, overexpression of the
PIK domain derived from failing hearts rapidly reverts contractility to normal levels
(Perrino et al. 2005b). Furthermore, in a model of murine cardiomyopathy (calse-
questrin over-expression), over-expression of a catalytically inactive p110γ is pro-
tective from β-adrenergic perturbation in heart failure, leading to reduced mortality
(Perrino et al. 2005a). Our group has further shown that β-AR density remains un-
changed after pressure overload in mice expressing a kinase-inactive p110γ and that
in wild type mice suffering from pressure overload-induced heart failure, adminis-
tration of a p110γ-specific pharmacological inhibitor can significantly improve both
β-AR density and left ventricular contractility (Perino et al. 2011). Taken together,
these findings picture a scenario where p110γ deregulation leads to maladaptive
β-adrenergic perturbation during heart failure, by coupling to GRK-2 and AP-2
(Fig. 6.3, lower panel).

Our group has further shown that mice expressing a kinase-inactive p110γ are
protected from adverse remodeling following pressure overload by transverse aortic
constriction. By using bone marrow chimeras, Damilano et al. have provided ev-
idence that interestingly, the detrimental effects of p110γ on the myocardium are
multifactorial. In particular, cardiomyocyte p110γ plays a role in the long term
deterioration of left ventricular contractility and diameter, as mice expressing a
kinase-inactive p110γ in cardiomyocytes are protected from left ventricular dila-
tion and failure at later time points (Damilano et al. 2011). Nonetheless, leukocyte
p110γ is also key to myocardial infiltration by inflammatory cells, orchestrat-
ing local cytokine release and ultimately leading to cardiac fibrosis and diastolic
dysfunction (Damilano et al. 2011). Indeed, the loss or inhibition of p110γ activ-
ity strongly reduces tissue inflammation in the context of cardiovascular diseases
such as myocardial infarction and aortic atherosclerosis (Fougerat et al. 2008;
Siragusa et al. 2010). These findings are in line with our broader understanding
of PI3Kγ as a cornerstone signaling enzyme in the context of inflammatory and
immune diseases.

In conclusion, these data indicate that p110γ signaling occupies a central spot
in the molecular pathophysiology of heart failure, which is dominated by abnor-
mal β-adrenergic stimulation and p110γ deregulation. In this context, p110γ es-
capes physiological feedback control mechanisms and orchestrates key aspects
of myocardial damage and remodeling, such as β-adrenergic desensitization and
downregulation, myocardial inflammation and fibrosis. As several proof-of-concept
studies have suggested, p110γ inhibition by pharmacological inhibitors appears
therefore as a promising strategy for the treatment of heart disease and calls for
further translational and pharmacological studies.
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6.5 Concluding Remarks

In the last decade, efforts from basic science have uncovered PI3K signaling as a fun-
damental biological process of eukaryotics. The high number of different isoforms
grouped in the PI3K family might envisage a complex regulation of this signal trans-
duction pathway, based on intricate interplays between distinct isoenzymes. Instead,
there is growing evidence that specific cellular functions are peculiar to distinct PI3K
isoforms. While the ubiquitous PI3Kα and PI3Kβ are mainly involved in glucose
metabolism and cancer, the hematopoietic-restricted PI3Kδ and PI3Kγ play a major
role in immunity, with specific functions of the two isoforms in selected subpopu-
lations of immune cells. Furthermore, PI3Kα and PI3Kγ have emerged as master
regulators of cardiac function, although further efforts are needed to clarify the role
of other isoforms in this context. Overall, selective targeting of specific PI3K iso-
forms can be predicted to guarantee maximum of efficacy in the treatment of specific
diseases, with minimal side effects. In some circumstances, however, different PI3K
isoforms function in a synergistic manner in regulating specific biological process.
Thus, some pathologic conditions might be more effectively treated with combined
therapies targeting more than one selected PI3K. New isoforms-selective compounds
are becoming now available, although their potency and isoform selectivity need fur-
ther improvement before entering clinical trials. Only joint efforts of basic research
on genetically engineered animals, pharmaceutical investigation and clinical trial
will finally pave our way towards the clinical use of a PI3K inhibitor.
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Chapter 7
Phosphoinositide Phosphatases: Just as
Important as the Kinases

Jennifer M. Dyson, Clare G. Fedele, Elizabeth M. Davies,
Jelena Becanovic and Christina A. Mitchell

Abstract Phosphoinositide phosphatases comprise several large enzyme families
with over 35 mammalian enzymes identified to date that degrade many phosphoinosi-
tide signals. Growth factor or insulin stimulation activates the phosphoinositide 3-
kinase that phosphorylates phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2]
to form phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3], which is rapidly
dephosphorylated either by PTEN (phosphatase and tensin homologue deleted on
chromosome 10) to PtdIns(4,5)P2, or by the 5-phosphatases (inositol polyphos-
phate 5-phosphatases), generating PtdIns(3,4)P2. 5-phosphatases also hydrolyze
PtdIns(4,5)P2 forming PtdIns(4)P. Ten mammalian 5-phosphatases have been iden-
tified, which regulate hematopoietic cell proliferation, synaptic vesicle recycling,
insulin signaling, and embryonic development. Two 5-phosphatase genes, OCRL
and INPP5E are mutated in Lowe and Joubert syndrome respectively. SHIP [SH2
(Src homology 2)-domain inositol phosphatase] 2, and SKIP (skeletal muscle- and
kidney-enriched inositol phosphatase) negatively regulate insulin signaling and glu-
cose homeostasis. SHIP2 polymorphisms are associated with a predisposition to
insulin resistance. SHIP1 controls hematopoietic cell proliferation and is mutated in
some leukemias. The inositol polyphosphate 4-phosphatases, INPP4A and INPP4B
degrade PtdIns(3,4)P2 to PtdIns(3)P and regulate neuroexcitatory cell death, or act as
a tumor suppressor in breast cancer respectively. The Sac phosphatases degrade mul-
tiple phosphoinositides, such as PtdIns(3)P, PtdIns(4)P, PtdIns(5)P and PtdIns(3,5)P2

to form PtdIns. Mutation in the Sac phosphatase gene, FIG4, leads to a degenerative
neuropathy. Therefore the phosphatases, like the lipid kinases, play major roles in
regulating cellular functions and their mutation or altered expression leads to many
human diseases.

Keywords Inositol polyphosphate 5-phosphatases · Inositol polyphosphate
4-phosphatases · Sac phosphatases · Trafficking · Hematopoietic system
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7.1 Introduction

Phosphoinositide phosphatases are a complex series of enzyme families that play
critical roles in the regulation of insulin signaling and glucose metabolism, the
progression and invasion of cancer, neurodegenerative diseases and myopathies
and are implicated in the pathogenesis of many other human diseases. In mam-
malian cells, over 35 phosphoinositide phosphatases have been identified and some,
but not all, have been extensively characterized. The results of recent mouse gene
knockout studies and emerging evidence of mutations or epigenetic change in spe-
cific phosphoinositide phosphatases have revealed non-redundant roles for these
phosphoinositide-metabolizing enzymes in vivo.

Many phosphoinositide phosphatases were originally identified and classified
following their purification from tissue homogenates using enzyme assays that rec-
ognized the ability of the lipid phosphatase to degrade specific phosphoinositides
and/or or inositol phosphates in vitro. This approach classified these phosphoinosi-
tide phosphatases on the basis of the phosphate group that was removed by the
phosphatase from the inositol ring of the phosphoinositide or inositol phosphate
substrate, hence 3-phosphatases, 4-phosphatases and 5-phosphatases were character-
ized. More recently many phosphoinositide phosphatases have been identified based
on homology within specific catalytic domains and several large families of enzymes
including the inositol polyphosphate 5-phosphatases (10 mammalian family mem-
bers) have been identified. Other smaller families including the SAC phosphatases,
and the 4-phosphatases have also been characterized. The substrates of these various
lipid phosphatases are shown in Fig. 7.1.

There is some commonality of catalytic mechanism of action amongst the differ-
ent lipid phosphatases. 4-phosphatases and the SAC phosphatase contain a CX5R
catalytic motif. In contrast the inositol polyphosphate 5-phosphatases are members
of the apurinic/apyrimidinic (AP) endonuclease family of enzymes. Below we have
described the major characteristics of the 5-, 4-phosphatases and the SAC phos-
phatases, concentrating on recent studies that delineate the roles these phosphatases
play in human diseases. Given the breadth of enzymes and their many functions we
refer throughout the text to recent excellent reviews for areas that are not extensively
covered.

7.2 Inositol Polyphosphate 5-Phosphatases

The inositol polyphosphate 5-phosphatases are a relatively large family of
10 mammalian and 4 yeast enzymes and all contain a conserved 300 amino acid
catalytic domain. The yeast enzymes will not be described here but are reviewed
elsewhere (Strahl and Thorner 2007). These enzymes remove the 5-position phos-
phate from phosphorylated phosphoinositides and inositol phosphates and exhibit
overlapping substrate specificities and also many share common protein-protein in-
teraction modules. Many of the 5-phosphatases are widely expressed, in many of the
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Fig. 7.1 In vitro and in vivo activities of mammalian phosphoinositide phosphatases. The reported
activities of the mammalian phosphatases and their in vitro and known in vivo phosphoinositide
substrates are shown. The repertoire of bona fide in vivo substrates of many of these enzymes
remains to be delineated. *MTM and MTMR refers to myotubularin and related family members,
not discussed here. Abbreviations: PtdIns Phosphatidylinositol, SYNJ synaptojanin

same cells and tissues and exhibit apparently similar enzymatic properties. Emerg-
ing evidence describing the phenotypes of 5-phosphatase knockout mice and the
recent demonstration that some 5-phosphatases such as OCRL and INPP5E are
mutated in human diseases indicates that although these enzymes share common
features, there is little functional redundancy. It is likely specificity of function is
established via distinct subcellular localization, and/or binding partners and asso-
ciation into specific signaling complexes. Here we describe the common features
of the 5-phosphatase family and highlight some recent interesting studies that re-
veal the functional diversity of this complex enzyme family. The 5-phosphatases
regulate glucose homeostasis, various aspects of hematopoietic function, embryonic
development, neuronal and kidney development, protein trafficking, synaptic vesicle
recycling, actin cytoskeleton dynamics and thereby cell migration, and cell viability
to name a few.

7.2.1 5-Phosphatase Structure and Enzyme Activity

The inositol polyphosphate 5-phosphatases are Mg2+-dependent phosphoesterases
that hydrolyze the 5-position phosphate from the inositol ring of the water-soluble in-
ositol phosphates Ins(1,4,5)P3 and Ins(1,3,4,5)P4 and the lipid-bound PtdIns-derived
second messengers PtdIns(4,5)P2, PtdIns(3,4,5)P3, and PtdIns(3,5)P2, reviewed by
(Astle et al. 2007; Ooms et al. 2009). Within the 5-phosphatase family the major-
ity of the enzymes share overlapping substrate specificities. A notable exception is
the 43 kDa 5-phosphatase (5-phosphatase-1, INPP5A) which only hydrolyzes the
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soluble inositol phosphates, Ins(1,4,5)P3 and Ins(1,3,4,5)P4 forming Ins(1,4)P2 and
Ins(1,3,4)P3 respectively. In contrast the 72 kDa 5-phosphatase (Inpp5e) only me-
tabolizes phosphoinositides and is the most potent PtdIns(3,4,5)P3 5-phosphatase in
vitro (Kisseleva et al. 2000). Some of the other nine family members also hydrolyze
soluble inositol phosphates, such as Ins(1,4,5)P3 and/or Ins(1,3,4,5)P4 and potentially
other inositol phosphates, but this has not been extensively characterized (Ooms et al.
2009). It has been challenging to determine what the bona fide in vivo substrates of
the 5-phosphatases are that result in specific phenotypes following their loss of func-
tion, since these enzymes in vitro degrade both PtdIns(3,4,5)P3, PtdIns(4,5)P2 and
in some cases also PtdIns(3,5)P2, in addition to inositol phosphates. Few studies
have attempted to correlate total cellular phosphoinositide and inositol phosphate
levels with functional defects in knockout mice, siRNA-depleted cells and/or human
cell lines with 5-phosphatase mutations. This is made even more challenging for
the 5-phosphatases, synaptojanin-1 and 2, which contain an additional catalytic Sac
domain, which contains a Cx5R motif that facilitates mono- and bis-phosphorylated
phosphoinositide metabolism, hydrolyzing PtdIns(3)P, PtdIns(4)P and PtdIns(3,5)P2

to PtdIns (Guo et al. 1999; Nemoto et al. 2001). The Sac domain is also present in two
(Inp52/3p) of the four yeast 5-phosphatases (Strahl and Thorner 2007). How the two
catalytic domains function together is not clearly defined but it is interesting to spec-
ulate that given the 5-phosphatase domain of synaptojanin hydrolyzes PtdIns(4,5)P2

to PtdIns(4)P, this may then allow access of the Sac domain to PtdIns(4)P, which
it degrades to PtdIns. To add to this complexity, unlike PTEN which directly op-
poses the activity of PI3K, 5-phosphatase degradation of PtdIns(3,4,5)P3 generates
a new signal, PtdIns(3,4)P2, which functions to activate some of the same effectors
as PtdIns(3,4,5)P3, including Akt (Franke et al. 1997; Scheid et al. 2002; Ma et al.
2008). In addition, 5-phosphatase degradation of PtdIns(4,5)P2, generates another
signaling molecule, PtdIns(4)P. Both 5-phosphatase substrates and products of their
catalysis are also targets for other lipid phosphatases which degrade phosphates from
the inositol ring at the 4- and 3-position (to be discussed below) thereby providing a
complex metabolic cascade of signaling molecules.

Common to all 5-phosphatases is a 300 amino acid catalytic domain that folds
in a manner similar to the apurinic/apyrimidinic repair endonuclease family of
DNA-modifying enzymes (Whisstock et al. 2000; Tsujishita et al. 2001). Many 5-
phosphatases contain additional domains that facilitate their subcellular localization
and/or interaction with other proteins. These include SH2, proline-rich domains,
CAAX motifs at the C-terminus, WW, SAM, ASH domains, inactive RhoGAP
(RhoGTPase-activating protein) and SKICH (SKIP (skeletal muscle- and kidney-
enriched inositol phosphatase)) carboxyl homology domains (see Fig. 7.2). Below
we describe the characteristics of each of the 10 mammalian 5-phosphatases. These
enzymes have a complex nomenclature and the reader is referred to Table 7.1
which describes their various names and also provides a summary of the reported
phenotypes for mouse knockouts of each 5-phosphatase.
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Fig. 7.2 Domain structure of the 10 mammalian inositol polyphosphate 5-phosphatases. Inosi-
tol polyphosphate 5-phosphatases contain a central 300 amino acid catalytic domain and distinct
structural elements, which facilitate specific sub-cellular localization or define protein-protein or
lipid-protein interactions, and may direct substrate specificity. The carboxyl-terminal CAAX motifs
of INPP5A, INPP5B and INPP5E mediate plasma membrane targeting. Plasma membrane local-
ization of SKIP and PIPP is regulated by the SKICH domain. The SH2 domains of SHIP1 and
SHIP2 mediate protein interactions with tyrosine-phosphorylated receptors. The SAC domains of
synaptojanin 1 and synaptojanin 2 mediate hydrolysis of PtdIns(3)P, PtdIns(4)P, or PtdIns(3,5)P2.
Proline-rich regions present in synaptojanin 1, synaptojanin 2, SHIP1, SHIP2, PIPP and INPP5E
are proposed to mediate protein-protein interactions. ASH domains within INPP5B and OCRL are
typically associated with ciliary proteins and may interact with microtubules

7.2.2 SHIP1

The SHIP (SH2-containing inositol phosphatase) family comprises SHIP1 (also
known as INPP5D) and SHIP2 (also called INPP5L1). SHIP1 regulates many as-
pects of hematopoesis. Full length SHIP1 (SHIP1α) may be spliced to generate
three shorter isoforms called SHIP1β, SHIP1δ and s-SHIP1 (Lucas and Rohrschnei-
der 1999; Tu et al. 2001). SHIP1α and SHIP1δ exhibit a restricted distribution to
hematopoietic and spermatogenic cells (Liu et al. 1998b). SHIP1, and the most
closely related 5-phosphatase SHIP2, exhibit a similar domain structure, with
an N-terminal SH2 domain, and central 5-phosphatase domain that hydrolyzes
PtdIns(3,4,5)P3 and Ins(1,3,4,5)P4, but contain divergent C-terminal proline rich
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Table 7.1 Inositol polyphosphate 5-phosphatases and phenotype of knockout mouse models

Protein
name

Alias(es) Gene
name (s)

Knockout animal models References

INPP5A IP5-P-1
Type I IP5-P
43 kDa IP5-P

INPP5A Not reported

INPP5B IP5-P-2
75 kDa IP5-P

INPP5B Males—progressive
testicular degeneration
leading to sterility

(Hellsten et al. 2001;
Janne et al. 1998)

Double KO with Ocrl
results in embryonic
lethality

SHIP1 SHIP
SHIP-1
IP5-P D

INPP5D
SHIP
SHIP1

Hematopoietic
perturbations, lung
pathology and shortened
life span (Constitutive
KO)

(Helgason et al.
1998; Tarasenko
et al. 2007;
Liu et al. 1998a)

Alterations in
cytokine-mediated
activation that influences
Th2 response and cell
cytotoxicity (T cell
specific KO)

Reduced B cells and an
increase in basal serum
IgGs. Splenic B cells
exhibited increased
proliferation and
enhanced MAPK
activation
(Ship1−/−/Rag−/−chimera)

SHIP2 SHIP-2
51C protein

INPPL1
SHIP2

Reduced body weight;
normal insulin tolerance
on standard chow diet but
resistant to weight gain on
high fat diet (mouse
constitutive KO and rat
transient SHIP2
knockdown)

(Sleeman et al. 2005;
Buettner et al. 2007)

INPP5E Pharbin
Type IV IP5-P
IP5-P E
72 kDa IP5-P

INPP5E Embryonic or early post
natal lethality. Features
consistent with ciliopathy
syndrome including,
bilateral anophthalmos,
postaxial hexadactyly,
kidney cysts, anencephaly
and exencephaly and
ossification defects

(Jacoby et al. 2009)

OCRL Lowe
oculocerebrorenal
syndrome protein
IP5-P F

OCRL
INPP5F

Testicular degeneration after
sexual maturity

(Janne et al. 1998)
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Table 7.1 (continued)

Protein name Alias(es) Gene
name (s)

Knockout animal models References

Synaptojanin-
1

SJ1, SYNJ1 SYNJ1
INPP5G

Born at mendelian
frequencies however
85% of homozygotes
died within 24h of
birth, whilst remaining
15% failed to thrive
and died within 15 days
of birth. Homozygotes
exhibited an
accumulation of
clathrin coated vesicles
in nerve terminals.
Brain cytosol from
homozygotes had
increased potency to
generate clathrin
coated liposomes
(compared to WT)

(Cremona
et al. 1999)

Synaptojanin-
2

SYNJ2 SYNJ2
INPP5H

Not reported

PIPP Phosphatidylinositol
(4,5) bisphosphate
5-phosphatase A

PIB5PA
INPP5
INPP

Not reported

SKIP None SKIP
INPP5K

Homozygotes:
Embryonic lethality
(E10.5)—cause not
reported

(Ijuin et al. 2008)

Heterozygotes:
Increased glucose
tolerance and insulin
sensitivity

*IP5-P (inositol polyphosphate 5-phosphatase)

domains. The SHIP1 C-terminus contains two NPXY motifs, that following phos-
phorylation, bind proteins with PTB domains including Shc, Dok 1, Dok 2; and four
PxxP motifs that bind SH3-containing proteins such as Grb2, Src, Lyn, Hck, Abl,
PLCg1, and PIAS1 (Liu et al. 1994), reviewed in (Hamilton et al. 2011; Sasaki et al.
2009). s-SHIP, a stem-cell specific 104 kDa isoform, lacks the SH2 domain. s-SHIP
associates with receptor complexes that are important for embryonic and hematopoi-
etic stem cell growth and survival. Recently using a transgenic mouse model, s-SHIP
promoter activity was characterized in actively functioning mammary stem cells, the
proposed precursor cells to basal-like human breast cancers (Bai and Rohrschneider
2010).

SHIP1 has been extensively studied within the hematopoietic system and plays a
regulatory role in B and T cells, dendritic cells, macrophages, mast cells, osteoclasts,
platelets and neutrophils. Ship1−/− cells in general are more proliferative and exhibit
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greater survival as a consequence of enhanced activation of both mitogen-activated
protein kinase (MAPK) and PI3K/Akt pathways, reviewed in (Hamilton et al. 2011).
Ship1-null mice develop a chronic myelogenous leukaemia (CML)-like myelopro-
liferative disease, with splenomegaly, failure to thrive, elevated macrophage and
granulocyte counts, associated with massive myeloid infiltration of the lungs, lead-
ing to a shortened life span (Brauweiler et al. 2000b; Helgason et al. 1998, 2000;
Liu et al. 1999). Stimulation of Ship1−/− hematopoietic progenitors by a number
of agonists including monocyte colony-stimulating factor (M-CSF), granulocyte
colony-stimulating factor (G-CSF), interleukin-3, or stem cell factor (SCF) results in
hyperproliferative responses and increased resistance to apoptosis, associated with
amplified Akt signaling (Helgason et al. 1998). SHIP1 is also the most significant
phosphoinositide phosphatase that regulates neutrophil migration. Ship1−/− mice
exhibit significant granulocytic infiltration of many organs including the lung, in con-
trast to the phenotype of mice with granulocyte-specific deletion of PTEN, which do
not exhibit granulocytic tissue infiltration (Nishio et al. 2007). Genetic inactivation
of Ship1 significantly impairs neutrophil polarization and motility. Studies by Nishio
et al revealed SHIP1 governs the formation of the actin-rich leading edge and thereby
polarization of neutrophils by regulating the spatial distribution of PtdIns(3,4,5)P3

which is required for chemotaxis (Nishio et al. 2007). The early death of Ship1−/−
mice may be in part a consequence of altered neutrophil chemotaxis, which leads to
the accumulation of neutrophils in the lungs.

7.2.2.1 B and T Lymphocyte Regulation by SHIP1

SHIP1 associates with ITIM’s (immunoreceptor tyrosine-based inhibitory motif) in
B cells and ITAM’s (immunoreceptor tyrosine-based activation motif), FcγRIIa and
2B4, in macrophages and Natural Killer (NK) cells (Bruhns et al. 2000; Kimura et al.
1997; Osborne et al. 1996). SHIP1 plays a significant role in regulating B cell num-
bers and function. In B lymphocytes, SHIP1 associates with the Fcγ receptor II-B
complex, where the 5-phosphatase inhibits signals stimulated by immune-complexed
antigen (Isnardi et al. 2006; Poe et al. 2000; Eissmann et al. 2005; Nakamura et al.
2002). In B cells and mast cells, the non receptor tyrosine kinase Lyn and SHIP1 act
together to negatively regulate M-CSF-dependent Akt activation (Baran et al. 2003).
SHIP1 is also a target of Lyn-dependent phosphorylation and Lyn and SHIP1 co-
operate in regulating FcγRIIb-inhibitory signaling in B cells and mast cells. SHIP1
also regulates autonomous B cell receptor (BCR) signaling (Brauweiler et al. 2000a).
SHIP1 is linked to the suppression of B-cell activating factor (BAFF)-induced sig-
naling and also functions independent of the BCR to suppress signaling mediated by
chemokine receptors such as CXCR4 (Crowley et al. 2009; Brauweiler et al. 2007).
Ship1−/− mice exhibit a reduction in the size of the peripheral B cell compartment and
reduced BCR-induced proliferation (Brauweiler et al. 2000a; Helgason et al. 2000;
Liu et al. 1998b). In addition as Ship1−/− mice age, the number of B lymphocytes
reduces, as a consequence of elevated IL6 secretion by macrophages (Maeda et al.
2010). SHIP1 may also regulate B cell maturation. Irradiated mouse bone marrow
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reconstituted with Ship1−/− hematopoietic cells shows a reduction in the immature
and mature forms of B cells (Helgason et al. 2000; Liu et al. 1998a).

MicroRNA-155 (miR-155) is a critical regulator of immune cell development,
function and disease (Baltimore et al. 2008). Recently SHIP1 has been identified as a
miR-155 target, which results in a reduction in SHIP1 protein expression in a group of
diffuse large B cell lymphomas (Pedersen et al. 2009) and in a miR-155 transgenic B
lymphoma mouse model (Costinean et al. 2009). MiR-155 represses SHIP1 through
direct 3′UTR interactions. Retroviral delivery of a miR-155-formatted siRNA against
SHIP1 results in a phenotype reminiscent of miR-155 transgenic mice or Ship1
knockout mice, both result in a myeloproliferative-like syndrome (O’Connell et al.
2009). Moreover, in miR-155 transgenic mice, SHIP1 is gradually down-regulated
in preleukemic and leukemic pre-B cells. Down regulation of SHIP1, as well as
another IL-6 inhibitor, C/EBPβ (CCAAT enhancer-binding protein β), at the pre B
stage (when miR-155 is maximally expressed) may block B-cell differentiation and
induce a reactive proliferation of the myeloid cells (Costinean et al. 2009). Down-
regulation of SHIP1 expression has also been described in macrophages responding
to inflammatory stimuli (O’Connell et al. 2009).

Epigenetic down-regulation of SHIP1 expression in response to inflammation
may play a role in promoting the transformation of B cells. Both PTEN and SHIP1
degrade PtdIns(3,4,5)P3 and regulate Akt-dependent cell proliferation and survival.
However, Ship1 knockout mice do not exhibit a predisposition to lymphoma (Miletic
et al. 2010). Interestingly, concomitant deletion of Pten and Ship1 (bPten/Ship1−/−)
is associated with the development of spontaneous B cell neoplasms, consistent with
marginal zone lymphoma, or with a lower frequency, follicular or centroblastic lym-
phoma. B cells from bPten/Ship1−/− mice proliferate in response to BAFF, unlike
single Ship1 knockout cells. Therefore PTEN and SHIP1 may cooperatively sup-
press B cell lymphoma (Miletic et al. 2010). Ikaros are a family of transcription
factors required for lymphoid development, and when functionally abnormal can
contribute to lymphoid malignancy. Chip analysis reveals that the Ikaros bind to the
promoter region of INPP5D (gene for SHIP1) and when Ikaros are not present SHIP1
expression is increased (Alinikula et al. 2010).

SHIP1 is expressed in both CD4 and CD8 lymphocytes. Peripheral T cells are
constitutively active in Ship1−/− mice, consistent with previous in vitro studies sug-
gesting SHIP1 functions downstream of T cell receptor (TCR) activation, reviewed
in (Gloire et al. 2007; Parry et al. 2010). Ligation of CD3 or CD28 on T cells
leads to SHIP1 phosphorylation, associated with activation of its 5-phosphatase ac-
tivity (Edmunds et al. 1999). The expression of SHIP1 is reduced in a human Jurkat
T-cell line. Re-expression of SHIP1 in Jurkat T-cells results in decreased levels
of PtdIns(3,4,5)P3, Akt activation and reduced cell proliferation (Horn et al. 2004;
Fukuda et al. 2005). Expression of KLF2 (Krüppel-like factor 2), a negative regulator
of T-cell proliferation, may be regulated by SHIP1 (Garcia-Palma et al. 2005). SHIP1
is also incorporated in multi-protein complexes which include LAT, Dok-2, Grb-2 and
also interacts with and may contribute to the regulation of the Tec-kinase (Tomlinson
et al. 2004; Dong et al. 2006). Ship1−/− mice exhibit some reduction in the total pe-
ripheral T cell numbers, and T cells show constitutive activation. Regulatory T cells
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(Tregs) express CD4 and CD25 markers and limit the risk of autoimmune disease aris-
ing from TCR crossreactivity (Kashiwada et al. 2006; Stephens et al. 2005). Ship1−/−
mice show increased numbers of Tregs that maintain their immunosuppressive ca-
pacity. However, in the constitutive Ship1−/− mice it was difficult to dissect the T cell
specific phenotype, due to the complex effects of cytokines. In contrast T cell specific
deletion of SHIP1 does not affect T cell or thymic development, T cell receptor sig-
naling, or the number of Tregs. Rather T cell specific deletion of both SHIP1, and the
smaller, s-SHIP isoform, reveals a role for SHIP1 in the generation of lymphocyte
subsets and in the maintenance of inflammatory versus regulatory cells, Th1 and
Th2 respectively (Tarasenko et al. 2007) favouring Th1 lymphocyte differentiation.
SHIP1 thereby plays a significant role in controlling the levels of inflammatory T
cells. T cell restricted Ship1 knockout mice exhibit decreased expression of multiple
cytokines including IL4, IL5 and IL13 (Th2 cytokines) (Tarasenko et al. 2007) with
a diminished capacity to respond to in vivo challenge to this pathway.

Dendritic cells (DCs) are critical for the processing, and presentation of antigen
to T cells. Ship1−/− mice exhibit an absence of allograft rejection (Ghansah et al.
2004; Wang et al. 2002) and SHIP1 regulates DC maturation and function, reviewed
in (Hamilton et al. 2011). Ship1−/− splenic dendritic cells are increased in number
and exhibit an altered morphology (Neill et al. 2007). SHIP1 also inhibits the gen-
eration of myeloid dendritic cells from bone marrow precursors, but promotes their
maturation and function (Antignano et al. 2010).

7.2.2.2 SHIP1 Regulates Macrophage Activity and Function

Classically activated, or M1 macrophages are induced in response to the Type I
cytokines, IFN-γ and TNF-α, which stimulate the production of pro-inflammatory
cytokines, to phagocytose and kill intracellular microorganisms and tumor cells.
Alternatively activated, or M2 macrophages are generated in response to stimulation
by type II cytokines, such as IL-4, IL-10, and IL-13, anti-inflammatory cytokines
that play important roles in killing extracellular microorganisms and parasites, and
in promoting wound healing, reviewed in (Hamilton et al. 2011). In Ship1−/− mice,
macrophages are M2 skewed in contrast to wildtype littermates which are M1 skewed
(Rauh et al. 2005). Ship1-null peritoneal macrophages exhibit hyperactivation of
components downstream of FcγR, resulting in an elevated IL-6 production, a cytokine
that can exacerbate myelopoiesis (Maeda et al. 2010). SHIP1 expression can be
increased in macrophages via activation of Toll-like receptors 4/9, which leads to
the production of autocrine-acting TGFβ, that in turn stimulates a 10-fold increase
in SHIP1 protein levels (Sly et al. 2009).

Several of the 5-phosphatases including SHIP1, SHIP2 and INPP5E inhibit
macrophage phagocytosis, by degrading PtdIns(4,5)P2 and PtdIns(3,4,5)P3, signals
that promote phagocytosis. SHIP1 and INPP5E are recruited to the macrophage
phagocytic cup, the site of PtdIns(3,4,5)P3 generation during phagocytosis. SHIP1
preferentially regulates phagocytosis mediated via the CR3 receptor, and to a lesser
extent, also FcγR-mediated phagocytosis (Ai et al. 2006; Nakamura et al. 2002;
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Cox et al. 2001; Horan et al. 2007). SHIP1 also regulates phagosome maturation
and ROS production. The 5-phosphatase, INPP5E, hydrolyzes PtdIns(3,4,5)P3 dur-
ing phagocytosis, and like SHIP1, inhibits FcγR-mediated phagocytosis, but shows
less activity for complement-mediated phagocytosis (Horan et al. 2007). The related
SHIP2 also inhibits phagocytosis. SHIP2 may indirectly regulate PtdIns(4,5)P2 lev-
els, lipid signals that significantly regulate actin dynamics during phagocytosis via
Rac-mediated activation of the PtdIns(4)P-5-kinase (Ai et al. 2006).

Some pathogens including Francisella tularensis (F. tularensis) escape phago-
lysosomal fusion allowing for their replication in the cytosol (Checroun et al.
2006; Chong et al. 2008). Upon host cell infection with F. tularensis, Fas expres-
sion increases, associated with activation of Fas-mediated apoptosis. In Ship1−/−
macrophages, phagocytosis of F. tularensis is not affected, however, fusion events
between the pathogen—containing phagocytes and lysosomes are significantly re-
duced, thereby promoting intra-macrophage growth of the pathogen, leading to
activation of SP-1 and -3 transcription factors, induction of Fas and promotion of
Fas-induced cell death (Rajaram et al. 2009). As the role of SHIP1 is only evident
upon pathogenic bacterial infection, it is likely that SHIP1 may be acting indirectly.
Interestingly, infection of macrophages with the less virulent form of F. tularen-
sis, F. novicida, strongly induces miR-155 and reduces SHIP1 expression, however,
infection with a virulent F. tularensis isolate, SCHU S4, does not alter miR-155.
The differential induction of the miR-155 response in macrophages challenged with
pathogenic versus non-pathogenic subspecies, and its subsequent effect on SHIP1 ex-
pression may contribute to the success of F. tularensis as an infectious agent (Cremer
et al. 2009).

7.2.2.3 SHIP1 Regulation of Mast cells, Osteoclasts and Platelets

Mast cells regulate allergic reactions via interaction of surface FcεRI molecules
with circulating IgE antibodies and when activated contribute to anaphylaxis and
allergic asthma. Aggregation of IgE-bearing FcεRI molecules by polyvalent antigen
leads to the release of proinflammatory mediators including histamine and TNFα,
reviewed in (Galli and Tsai 2010). ITAMs within the β and γ subunits of the FcεRI
multimer bind to the SH2 domain of SHIP1 (Kimura et al. 1997; Osborne et al. 1996).
SHIP1 functions as a negative regulator of FcεRI-mediated cellular responses in
mast cells by controlling the levels of PtdIns(3,4,5)P3, signals which promote mast
cell degranulation (Liu et al. 1999; Huber et al. 1998). SHIP1 is also recruited
to the recently identified novel ITIM-like domain-containing receptor, Allergin 1,
and facilitates Allergin-1’s inhibition of IgE-stimulated mast cell degranulation and
anaphylaxis in mice (Hitomi et al. 2010). Thus under normal conditions SHIP1
prevents degranulation signaling unless there is overwhelming challenge by antigens.
However, SHIP1 is not required for mast cell differentiation (Rauh et al. 2003).
Ship1−/− mast cells exhibit increased degranulation compared with Ship1+/+ mast
cells in response to IgE cross-linking (Huber et al. 2002). Naive Ship1−/− mice, under
steady state conditions, show signs of allergic asthma such as airway inflammation
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and remodeling, with mucus hyperproduction (Roongapinun et al. 2010). Ship1−/−
mice also show systemic mast cell hyperplasia, increased levels of the cytokines
IL-6, TNF, and IL-5, and heightened susceptibility to anaphylaxis (Haddon et al.
2009).

Osteoclasts are bone resorbing cells of monocyte-macrophage origin. M-CSF and
RANKL (receptor activator of nuclear factor-κB ligand) stimulate the differentiation
of osteoclast precursors, and this is enhanced with loss of SHIP1 (Takeshita et al.
2002). In osteoclasts SHIP1 localizes to podosomes, sites of adhesion and metal-
lomatrix proteinase secretion. Ship1−/− osteoclasts exhibit an increased ability to
resorb mineralized matrix, and Ship1-null mice exhibit signs of severe osteoporosis,
due to the presence of increased numbers of enlarged and hypernucleated osteoclasts
(Takeshita et al. 2002). Interestingly, SHIP1, via its SH2 domain, complexes with
the inhibitory adaptor and plasma membrane protein, DAP12, thereby restricting the
recruitment of PI3K to DAP12 and reduces macrophage and osteoclast activation
(Peng et al. 2010).

Both SHIP1 and the related SHIP2 are expressed in human platelets, essential
components of the initial events in blood clot formation. SHIP1 is implicated in
controlling irreversible platelet aggregation (Severin et al. 2007; Trumel et al. 1999).
SHIP2 forms a complex with the adhesion receptor, glycoprotein Ib/IX, in human
platelets, however the function of this complex remains to be determined (Dyson et al.
2003). In addition, studies by Giuriato et al suggest that SHIP1, rather than SHIP2,
controls PtdIns(3,4,5)P3 levels in response to a number of platelet agonists (Giuri-
ato et al. 1997). Following thrombin stimulation SHIP1 is tyrosine phosphorylated,
correlating with its relocation to the actin cytoskeleton and PtdIns(3,4,5)P3 produc-
tion (Giuriato et al. 1997). Collagen-related peptide stimulation of SHIP1-deficient
platelets results in increased PtdIns(3,4,5)P3 signals and activation of Bruton’s tyro-
sine kinase (Btk), which promotes calcium entry. Ship1−/− platelets exhibit defects in
platelet aggregation and abnormal platelet contractility. Ship1-null mice show pro-
longed bleeding and abnormal thrombus organization, suggesting SHIP1 is required
for normal hemostasis (Severin et al. 2007).

7.2.2.4 SHIP1 and its Association with Human Leukemia

Emerging evidence has linked changes in SHIP1 expression and/or SHIP1 mutations
in some leukemias. Recent analysis of 81 primary T-cell acute lymphatic leukemias
(ALLs) has revealed inactivation of SHIP1 and PTEN, with sparing of PIK3CA,
suggesting a role for loss of SHIP1 in disease pathogenesis (Lo et al. 2009). Mu-
tations in the SHIP1 gene (INPP5D) have also been identified within the region
encoding the 5-phosphatase domain that result in loss of 5-phosphatase activity in
acute myeloid leukemia (Luo et al. 2003, 2004). Although there is little evidence
for mutations in SHIP1 in solid tumors, recent reports have revealed tumors grow
more rapidly in Ship1−/− mice potentially resulting from SHIP1’s role in regulating
immune responses to tumor cells (Rauh et al. 2005) reviewed in (Hamilton et al.
2011).
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In Friend murine leukemia virus (F-MuLV)-induced erythroleukemia, a proto-
oncogene transcription factor, Fli-1, is activated. Fli-1 activity is downstream of
PI3K in a negative feedback loop, in which SHIP1 and Fli-1 regulate each other
to direct erythropoietin (Epo) signaling leading to either erythrocyte proliferation
or differentiation (Lakhanpal et al. 2010). Ship1-null mice exhibit accelerated pro-
gression of F-MuLV-induced erthroleukemia and Fli-1 represses expression of Ship1
during this process.

The chronic myeloid leukemia (CML) causative fusion protein, BCR/ABL, in-
hibits SHIP1 expression, with elevated SHIP1 expression noted in primitive CML
cells, but in terminally differentiating CML cells, SHIP1 levels are reduced at the
post-transcriptional level (Jiang et al. 2003; Sattler et al. 1999). Recently it was
proposed that BCR/ABL-mediated SHIP1 expression is regulated by BCR/ABL-
modulated phosphorylation of SHIP1, which acts as a trigger for its ubiquitination,
possibly by c-Cbl leading to its proteosomal degradation (Ruschmann et al. 2010).
These findings suggest that SHIP1 may act as a tumor suppressor in CML.

7.2.3 SHIP2

The 142 kDa 5-phosphatase, SHIP2 (gene name INPPL1) regulates insulin signal-
ing and metabolism. This enzyme is composed of an N-terminal SH2 domain, a
central catalytic domain and a C-terminal proline-rich domain (PRD) which con-
tains additional motifs including WW, NPXY and a sterile alpha (SAM) motif. This
5-phosphatase shares a high degree of homology and similar domain structure to
the hematopoietic specific 5-phosphatase SHIP1, but differs in its PRD. SHIP2 ex-
pression overlaps in part with that of SHIP1 in hematopoietic cells, and plays a
non-redundant role in macrophages (Giuriato et al. 2003; Bruyns et al. 1999; Wis-
niewski et al. 1999). However, SHIP2 is also widely expressed in many other cells
and tissues (Muraille et al. 1999; Sleeman et al. 2005). In vitro studies have revealed
SHIP2 utilizes a broad number of substrates including several inositol phosphates,
and phosphoinositides including PtdIns(3,4,5)P3, PtdIns(3,5)P2 and PtdIns(4,5)P2

(Taylor et al. 2000; Pesesse et al. 1997; Schmid et al. 2004). SHIP2 also hy-
drolyzes other inositol phosphates and phosphoinositides in vitro (Chi et al. 2004).
However the majority of reports have concentrated on SHIP2’s role in regulating
PtdIns(3,4,5)P3 signaling, rather than its regulation of other phosphoinositides or
inositol phosphates and what role this activity plays in vivo is unclear.

As assessed by traditional microscopy techniques, SHIP2 is predominantly
cytosolic but upon growth factor/insulin stimulation or cell-matrix contact, the
5-phosphatase translocates to the plasma membrane where it regulates the actin
cytoskeleton via association with a number of actin-regulatory proteins including
filamin, p130Cas, Shc, vinexin and LL5β (Takabayashi et al. 2010; Gagnon et al.
2003; Paternotte et al. 2005; Prasad et al. 2001; Dyson et al. 2001). More recently, us-
ing TIRF (total internal reflection fluorescence) microscopy, recombinant SHIP2 has
been detected, like synaptojanin and OCRL, at clathrin-coated vesicles, mediated by
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an interaction between the SHIP2 PRD with intersectin. At this site SHIP2 acts as a
negative regulator of clathrin-coated pit growth (Nakatsu et al. 2010).

In a number of insulin-sensitive cells including podocytes, SHIP2 overexpres-
sion regulates insulin-stimulated PI3K-generated PtdIns(3,4,5)P3 degradation and
thereby Akt activation resulting in reduced plasma membrane GLUT4 association
and as a consequence reduced glucose uptake and glycogen synthesis (Hyvonen et al.
2010; Sasaoka et al. 2001; Wada et al. 2001). Surprisingly, however, SHIP2-depleted
3T3 L1 adipocytes do not exhibit altered insulin-mediated PI3K/Akt signaling (Tang
et al. 2005). Linking the actin cytoskeletal and insulin signaling properties of SHIP2
is its interaction in the glomeruli with CD2-associated protein, which also binds with
the key podocyte adhesion protein, nephrin and actin (Hyvonen et al. 2010). Over-
expression of SHIP2 induces a 2-fold increase in podocyte apoptosis. Endogenous
Ship2 protein levels are significantly elevated in the glomeruli of diabetic mice and
rats (Hyvonen et al. 2010).

Clinical studies have identified a correlation between insulin resistance and the
development of diabetic nephropathy (Parvanova et al. 2006; Orchard et al. 2002).
Polymorphisms in the SHIP2 gene, INPPL1, have been identified in diabetic and also
control subjects and are implicated in the pathogenesis of Type 2 diabetes, hyper-
tension and the metabolic syndrome. Additionally, some reports have demonstrated
altered expression of polymorphic SHIP2 in vitro. For example, a 16bp deletion in
the 3′-untranslated region (UTR) of INPPL1 has been detected in Type 2 diabetic pa-
tients, compared to healthy subjects, which when expressed in HEK cells, increased
expression of the reporter protein. Although these studies are in vitro, it does suggest
the 16bp deletion in the 3′UTR may enhance SHIP2 expression in vivo resulting in
altered phosphoinositide metabolism and insulin sensitivity (Marion et al. 2002). Ad-
ditionally, single nucleotide polymorphisms (SNPs) have been identified in INPPL1.
In a British cohort study, INPPL1 SNPs are significantly associated with diabetes
and hypertension (Kaisaki et al. 2004). Surprisingly, analysis of the same SNPs in a
French and British cohort did not identify association of INPPL1 SNPs with diabetic
patients per se, rather, an association was observed with hypertensive metabolic syn-
drome patients (Kaisaki et al. 2004; Marcano et al. 2007). In contrast in a Japanese
cohort, INPPL1 SNPs have been identified in control, rather than diabetic patients.
Analysis of one of the several INPPL1 SNPs identified in control subjects, that is
located in the 5-phosphatase domain, results in less efficient inhibition of insulin-
stimulated PtdIns(3,4,5)P3 levels and Akt phosphorylation, consistent with reduced
5-phosphatase activity. It has been proposed that INPPL1 SNPs in control subjects
may protect subjects from Type 2 diabetes (Kagawa et al. 2005). INPPL1 SNPs have
also been identified in non-coding sequences. SNPs in the promoter and 5′UTR of
the INPPL1 gene are associated with impaired fasting glycaemia. In cell culture
systems, one INPPL1 haplotype was examined, which like the 16bp deletion in the
3′UTR, resulted in increased promoter activity, suggesting increased SHIP2 expres-
sion (Ishida et al. 2006). Collectively these studies indicate that polymorphisms in
INPPL1 are associated with hypertensive metabolic subjects, whilst at the molecular
level, these polymorphisms, or at least those examined, may act to increase SHIP2
expression.
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SHIP2 is also highly expressed in the brain and in NGF-stimulated PC12 cells.
It localizes to lamellipodia and neurite buds, suggesting that SHIP2 may play a role
in the early events of neurite budding (Aoki et al. 2007). Supporting this, siRNA-
mediated knockdown of Ship2 in Pten-deficient PC12 cells, results in an elevation
in the number of neurites per cell but also hyper-elongation (Aoki et al. 2007). Ship2
knockout mice do not exhibit an overt neurological phenotype, however, detailed
analysis has not been reported.

7.2.3.1 Ship2−/− Mice: Regulation of Glucose Homeostasis and Weight Gain

Two studies have reported the phenotype of Ship2−/− mice with conflicting results. In
the first report Ship2-null mice were generated by targeted deletion of exons 19–29
of the Inppl1 gene (Clement et al. 2001). These mice die within 3 days of birth,
associated with low blood glucose and insulin concentrations. However in this study
the Phox2a gene was also inadvertently deleted, and this may contribute to the mouse
phenotype. In a more recent study, Ship2−/− mice were generated by deletion of the
first 18 exons of the Inppl1 gene, which encodes the SH2 domain and 5-phosphatase
catalytic domain. Ship2−/− mice are viable but showed reduced body weight, asso-
ciated with reduced serum lipids and 6-fold lower serum leptin levels on a standard
chow diet (Sleeman et al. 2005). No changes in fasting serum glucose, insulin lev-
els, or glucose/insulin tolerance were detected. On a standard chow diet, Ship2−/−
mice exhibit enhanced insulin-mediated Akt and p70S6K activation in the liver and
skeletal muscle. On a high fat diet, Ship2-null mice are resistant to weight gain,
hyper-glycemia or insulinemia and show decreased serum lipids. This latter study
has been validated by more recent studies using a variety of approaches described
below.

Acute knockdown of Ship2 using antisense oligonucleotides in rats essentially
recapitulates the phenotype observed in Ship2−/− mice (Buettner et al. 2007). On
a standard diet, Ship2 knockdown rats show normal insulin tolerance, whilst in
contrast, on a high fat diet the rats exhibit increased glucose disposal. Enhanced
insulin-stimulated Akt activation is detected in the muscle of Ship2 knockdown rats,
correlating with reduced Ship2 expression in this tissue. Data from two rodent models
with either chronic ablation of Ship2, or acute reduction of Ship2, has revealed a role
for this enzyme in regulating diet-induced insulin resistance (Buettner et al. 2007;
Sleeman et al. 2005). Therapeutically, whether long-term application of SHIP2 anti-
sense therapy is a viable option for the treatment of insulin resistance is unclear,
however, anti-sense therapies have been successful in treating some human diseases
(Jason et al. 2004).

Transgenic mice overexpressing Ship2 (Ship2-Tg) exhibit significant weight gain
(5%) and elevated fasting insulin, but not glucose, leptin, adiponectin or serum lipids
levels compared to wildtype controls (Kagawa et al. 2008). Additionally Ship2-Tg
mice display impaired glucose tolerance and insulin sensitivity, correlating with
reduced insulin-stimulatedAkt activation in the liver, skeletal muscle and fat. Surpris-
ingly, decreased phosphorylation of insulin receptor substrate 1 (IRS1) is observed
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in the liver of Ship2-Tg mice as well as impaired glucose homeostasis. Moreover,
increased liver G6P (glucose-6-phosphatase) and PEPCK (phosphoenolpyruvate car-
boxykinase) mRNA coupled with reduced glycogen content and GK (glucokinase)
mRNA in Ship2-Tg indicates hepatic insulin resistance. Liver-specific overexpres-
sion of Ship2 in a diabetic rodent model (db/db) has also been reported (Fukui
et al. 2005). Leptin receptor-deficient db/db mice are leptin resistant and diabetic,
and exhibit insulin resistance associated with decreased PI3K/Akt signaling, hyper-
glycemia, hyperinsulinemia, increase gluconeogenesis and other metabolic related
symptoms (Kobayashi et al. 2000). Overexpression of wildtype Ship2 in db/+ m (het-
erozygote) mice decreases liver Akt activation, whilst overexpression of catalytically
inactive Ship2 (ΔIP-Ship2) which acts as a dominant-negative, enhances liver Akt
activation, but does not affect insulin signaling in peripheral insulin-sensitive tissues
(Fukui et al. 2005). In contrast, overexpression of wildtype Ship2 in the liver results
in reduced glucose tolerance, whilst mice expressing the catalytically inactive Ship2
display improved tolerance, suggesting Ship2 modulates liver-restricted insulin sen-
sitivity to influence peripheral glucose and insulin tolerance. Insulin signaling is also
critical for brain function (Muntzel et al. 1995). Endogenous Ship2 protein levels in
db/+ m mice are elevated relative to controls and are further increased in homozygous
mice (db/db). Ship2-Tg mice show impairment of brain insulin/insulin-like growth
factor I (IGF-I) signaling, attenuation of the neuroprotective effects of insulin/IGF-I,
and a decline in learning and memory. Inhibition of Ship2, using the specific in-
hibitor, AS1949490, in the db/db mice, improves synaptic plasticity and memory
formation (Suwa et al. 2009). Liver-specific inhibition of Ship2 in a second diabetic
mouse model, KKAy, is associated with reduced liver G6P and PEPCK mRNA in
response to pyruvate, probably as a consequence of increased gluconeogensis due
to insulin resistance (Grempler et al. 2007). Collectively these studies reveal SHIP2
plays complex roles in regulating insulin signaling and metabolism in a number of
insulin-sensitive tissues.

7.2.3.2 SHIP2 and Regulation of Cancer

SHIP2 has been implicated in regulating the cell cycle, although, the mechanisms are
yet to be fully delineated. SHIP2 overexpression induces glioblastoma cell cycle ar-
rest, and also suppresses platelet derived growth factor (PDGF)- and IGF-stimulated
cell cycle progression in vascular smooth muscle cells (Taylor et al. 2000; Sasaoka
et al. 2003). SHIP2 is predicted to be either a suppressor or enhancer of cell prolifer-
ation, depending on the cell type. In HeLa cells, SHIP2 expression regulates receptor
endocytosis and ligand-induced epidermal growth factor receptor (EGFR) degrada-
tion. In breast cancer cells, SHIP2 controls the levels of this receptor, promoting
cell proliferation and tumor growth and in this context SHIP2 does not act as a tu-
mor suppressor (Prasad 2009). Under conditions of SHIP2 siRNA, EGF-stimulated
Akt activation is suppressed, in contrast to findings in insulin-stimulated cells where
Ship2 loss of expression enhances PI3K/Akt signaling (Prasad 2009). SHIP2 there-
fore plays a role in promoting EGF-stimulated Akt activation, possibly by regulating
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EGFR internalization. This is consistent with recent findings that SHIP2 may regulate
clathrin-coated pit formation (Nakatsu et al. 2010).

Recently SHIP2 has been implicated in the pathogenesis of squamous cell car-
cinoma (SSC) (Sekulic et al. 2010; Yu et al. 2008). The SHIP2 gene, INPPL1, is a
target of small non coding microRNA (miRNA)-205, which suppresses its expres-
sion in stratified squamous epithelia. Aggressive SCCs show reduced expression of
SHIP2 with increased miRNA-205 expression. Interfering with miRNA-205 by dis-
tinct mechanisms, increases SHIP2 expression and suppresses Akt activation, and
increases keratinocyte cell death (Yu et al. 2008). miRNA-205 is upregulated in sev-
eral carcinomas, so it will be of interest in future studies to examine its effects on
SHIP2 expression and Akt regulation in these cancers (Iorio et al. 2005, 2009; Majid
et al. 2010).

7.2.4 Synaptojanin 1 and 2

Synaptojanin 1 and 2 (gene names SYNJ1 and SYNJ2, respectively) are two related
5-phosphatases that share amino acid sequence homology and a similar domain
structure and both contain two distinct catalytic domains. Both enzymes contain an
N-terminal Sac1 domain, a central 5-phosphatase domain and divergent C-terminal
proline-rich domains. The 5-phosphatase domain hydrolyzes the 5-position phos-
phate from PtdIns(3,4,5)P3, PtdIns(4,5)P2, Ins(1,4,5)P3 and Ins(1,3,4,5)P4, whilst
the Sac1 domain contains a CX5R motif that mediates the dephosphorylation of
phosphates from the inositol ring of PtdIns(3)P, PtdIns(4)P and PtdIns(3,5)P2 to
form PtdIns (Guo et al. 1999; Nemoto et al. 2001; McPherson and Marshall 1996).
Synaptojanin 1 and 2 can be alternatively spliced in the C-terminal proline rich
domain giving rise to 145 and 170 kDa isoforms of synaptojanin 1 and up to six
isoforms of synaptojanin 2 (Nemoto et al. 1997, 2001; Ramjaun and McPherson
1996; Seet et al. 1998). The 145 kDa isoform of synaptojanin 1 is highly expressed
in presynaptic nerve terminals, however, the 170 kDa synaptojanin 1 isoform is not
expressed in neuronal cells (McPherson et al. 1996; Ramjaun and McPherson 1996).

Synaptojanin 1 is highly expressed in the brain and localizes to presynaptic
nerve terminals where it complexes with multiple interacting proteins including
Grb2 (growth-factor-receptor-bound protein 2), dynamin, syndapin, endophilin, am-
phiphysin I and II, Eps15, clathrin, AP-2, DAP160 (dynamin-associated protein
160)/intersectin, myosin 1E, Snx9 (sortin nexin 9) and phospholipase C (Krendel
et al. 2007; Yeow-Fong et al. 2005; Haffner et al. 2000; Ahn et al. 1998; McPherson
et al. 1996) reviewed by (Astle et al. 2007). In general these interactions promote
synaptojanin 1 subcellular localization and/or enhance its catalytic activity (Ringstad
et al. 1997; Schuske et al. 2003; Lee et al. 2004). Many of these interacting partners
function to regulate endocytosis. Intersectin 1 is an endocytic scaffolding protein that
may coordinate clathrin coat assembly with synaptojanin 1-mediated PtdIns(4,5)P2

hydrolysis (Adayev et al. 2006). AP2, the adaptor protein that binds clathrin, also
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binds to intersectin 1, and it has been proposed this interaction may occlude the
recruitment of PtdIns(4,5)P2-bound synaptojanin 1 (Pechstein et al. 2010).

Synaptojanin 1 interacts with endophilin, which targets the 5-phosphatase to
sites of endocytosis and promotes its 5-phosphatase catalytic activity in degrad-
ing PtdIns(4,5)P2 (Ringstad et al. 1997; Schuske et al. 2003; Lee et al. 2004). The
enzymatic activity of synaptojanin 1 is also regulated by its phosphorylation, includ-
ing its constitutive phosphorylation in unstimulated nerve terminals by EphB2 and
Cdk5 (Lee et al. 2004; Irie et al. 2005). Cdk5 (cyclin-dependent kinase 5) phospho-
rylation of synaptojanin 1 impairs its 5-phosphatase activity and its interaction with
endophilin 1 and amphiphysin 1 (Lee et al. 2004). Following nerve depolarization,
synaptojanin 1 is dephosphorylated by the serine threonine phosphatase calcineurin
(McPherson et al. 1996; Bauerfeind et al. 1997). EphB2 tyrosine kinase phospho-
rylation of synaptojanin 1 also impairs its association with endophilin (Irie et al.
2005). In contrast, phosphorylation of synaptojanin 1 by the dual-specificity tyrosine-
phosphorylated and regulated kinase 1A (MNB/DYRK1A) increases synapojanin 1
PtdIns(4,5)P2 5-phosphatase activity and regulates its interaction with amphiphysin
1 and intersectin 1 (Adayev et al. 2006). The subcellular targeting of synaptojanin
1 is also influenced by the fatty acid groups on PtdIns(4,5)P2. Synaptojanin 1 ex-
hibits a preference for PtdIns(4,5)P2-containing long chain polyunsaturated fatty
acids over synthetic PtdIns(4,5)P2 with two saturated fatty acids (Schmid et al.
2004). In Caenorhabditis elegans (C.elegans) mutants which lack the preferred fatty
acids groups on PtdIns(4,5)P2, synaptojanin 1 is mislocalized resulting in defective
synaptic vesicle recycling (Marza et al. 2008).

Deletion of synaptojanin 1 homologs in mice, D. melanogaster and C.elegans has
revealed synaptojanin 1 regulates clathrin-mediated endocytosis and neuronal func-
tion. Most Synj1−/− mice die shortly after birth, and the 15% of knockout mice that
survive up to 15 days exhibit progressive weakness, ataxia and convulsions. Neu-
rons from mice with loss of synaptojanin show increased PtdIns(4,5)P2, correlating
with an accumulation of clathrin-coated vesicles, associated with decreased synaptic
vesicles (Cremona et al. 1999). A similar phenotype is observed in synaptojanin
(unc-26) deficient C.elegans and D. melanogaster (Harris et al. 2000). PtdIns(4,5)P2

regulates the releasable pool of synaptic vesicles and secretory granules at nerve
synapses (Gong et al. 2005; Milosevic et al. 2005; Di Paolo et al. 2004), and the
formation of new synaptic vesicles at the plasma membrane (Cremona et al. 1999;
Verstreken et al. 2003; Mani et al. 2007; Van Epps et al. 2004; Harris et al. 2000).
PtdIns(4,5)P2 may affect several steps in the synaptic vesicle cycle, a process that re-
lies on clathrin-dependent endocytosis, and functions to supply new synaptic vesicles
during nerve stimulation (Kasprowicz et al. 2008; Haucke 2003). Synaptic vesicles
are released following stimulation and fuse with the presynaptic plasma membrane,
and are then in turn recycled via endocytosis via clathrin-mediated reinternaliza-
tion. Clathrin-coated pit formation requires the assembly of endocytic proteins at
PtdIns(4,5)P2-enriched membrane sites. By degrading PtdIns(4,5)P2, synaptojanin
1 directs the uncoating of clathrin, and thereby the recycling of the vesicles. Hence in
the absence of synaptojanin 1, there is an accumulation of clathrin-coated vesicles.
Interestingly, in D. melanogaster, disruption of the NCA (Na+/Ca2+ antiporter) ion
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channel, or unc-80, which encodes a novel protein required for ion channel sub-
unit localization, partially suppresses the synaptojanin 1 knockout phenotype, whilst
overexpression of endophilin can also partially rescue the synaptojanin-null pheno-
type, suggesting that aberrant NCA ion channel and endophilin function, may be
required for proper synaptic vesicle recycling (Jospin et al. 2007).

Finally another function for synaptojanin 1 has been identified in Danio rerio
(D. rerio). An ENU mutagenesis screen for D. rerio larvae with vestibular defects
identified mutant Synj1 induces abnormalities in hair cell basal blebbing and may
function to regulate the number and release of synaptic vesicles at hair-cell ribbon
synapses (Trapani et al. 2009).

7.2.4.1 Association of Synaptojanin 1 with Human Disease

Increased expression of synaptojanin 1 has been described in Down’s syndrome
by several groups using various experimental approaches. The synaptojanin gene
(SYNJ1) is localized to chromosome 21q22.2, a region implicated in Down’s syn-
drome, bi-polar disorder and schizophrenia (Cheon et al. 2003; Arai et al. 2002). In a
Down’s syndrome mouse model, Ts65Dn, and also in transgenic synaptojanin 1 mice,
increased expression of synaptojanin 1 is associated with a decrease in PtdIns(4,5)P2

levels, leading to cognitive defects (Voronov et al. 2008). The D. melanogaster or-
thologs of three genes implicated in Down’s syndrome, syn (synaptojanin), dap160
(intersectin) and nla (nebula), when overexpressed individually in D. melanogaster
lead to abnormal synaptic morphology. However, overexpression of all three can-
didate genes concomitantly is required for defective endocytosis, impaired vesicle
recycling and locomotor defects. Moreover, dissection of the activities of the func-
tional complex formed between synaptojanin, intersectin and nebula, has revealed
nebula regulates 5-phosphatase catalytic activity, whilst intersectin directs the sub-
cellular localization of synaptojanin (Chang and Min 2009). Synaptojanin mutations
also exacerbate polyglutamine toxicity in C.elegans, suggesting a potential protective
role for synaptojanin, like endophilin, in Huntington’s disease (Parker et al. 2007).

7.2.4.2 Synaptojanin 2

Synaptojanin 2 is much less characterized than synaptojanin 1 however, it plays a
role in the regulation of clathrin-mediated endocytosis. Synaptojanin 2 knockout
mice have not been described to date. Synaptojanin 2 may play a protective role as a
regulator of hair cell survival and hearing. However recently, a mutant mouse called
Mozart which exhibits recessively inherited non syndromic progressive hearing loss,
has been shown to result from mutation in SYNJ2. This mutation occurs in the
catalytic 5-phosphatase domain resulting in loss of PtdIns(4,5)P2 and PtdIns(3,4,5)P3

degrading activity. SYNJ2 but not SYNJ1 is expressed in the inner and outer hair cells
within the cochlea. Mozart mutant mice show progressive hearing loss with hair loss
(Manji et al. 2011). RNAi-mediated depletion of synaptojanin 2 in a lung carcinoma
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cell line impairs clathrin-mediated receptor internalization, resulting in a reduction
of clathrin-coated pits and vesicles (Rusk et al. 2003). Synaptojanin 2 splice variants
specifically interact with Rac1 in a GTP-dependent manner resulting in translocation
of synaptojanin 2 from the cytosol to the plasma membrane, facilitating inhibition
of endocytosis (Malecz et al. 2000; Nemoto et al. 2001). A role for synaptojanin 2 in
Rac1-mediated cell invasion and migration has also been identified via the regulation
of lamellipodia and invadipodia formation. RNAi-mediated depletion of either Rac1
or synaptojanin 2 in glioblastoma cells equally inhibits cell migration and invasion,
in addition to reducing the formation of invadipodia and lamellipodia, suggesting
synaptojanin 2 may act downstream of Rac1 within this signaling pathway (Chuang
et al. 2004).

7.2.5 INPP5E: A Lipid Phosphatase Linked to Cilia

INPP5E (also called the Type IV 5-phosphatase, or pharbin, gene name INPP5E) is
widely expressed in the brain, kidneys, testis and other tissues and plays a critical
role in the regulation of embryonic development (Kisseleva et al. 2000; Kong et al.
2000; Asano et al. 1999). Human INPP5E and the rat enzyme, pharbin, share 74%
amino acid sequence identity (Kisseleva et al. 2000). This lipid phosphatase con-
tains the central 5-phosphatase domain, flanked by regions with proline rich motifs,
with a C-terminal CAAX motif. The 5-phosphatase has been localized to the cy-
tosol and a perinuclear/Golgi localization in proliferating cells (Kong et al. 2000). In
macrophages, during phagocytosis INPP5E localizes to the phagocytic cup and reg-
ulates FcγR1-mediated phagocytosis (Horan et al. 2007). In cells which have exited
the cell cycle INPP5E localizes to cilia (Jacoby et al. 2009), sensory projections that
co-ordinate cell signaling pathways and play a role in regulating cell division and
differentiation. Cilia are also important for many aspects of embryonic development
(Tobin and Beales 2009).

INPP5E hydrolyzes the 5-position phosphate from PtdIns(4,5)P2 and
PtdIns(3,4,5)P3, forming PtdIns(4)P and PtdIns(3,4)P2 respectively, and is re-
ported to be the most potent PtdIns(3,4,5)P3 5-phosphatase in vitro (Kisseleva et al.
2000; Kong et al. 2000). Overexpression of mouse Inpp5e in unstimulated 3T3-L1
adipocytes also generates PtdIns(3)P at the plasma membrane of transfected cells, via
hydrolysis of PtdIns(3,5)P2, promoting the translocation and insertion of the glucose
transporter, GLUT4, into the plasma membrane, without affecting glucose uptake
(Kong et al. 2006). However, these results are based on ectopic Inpp5e overexpres-
sion and this may not occur in vivo. Inpp5e is expressed in the hypothalamus and,
following insulin stimulation, is tyrosine phosphorylated and interacts with IRS-
1/IRS-2 and PI3K (Bertelli et al. 2006). Antisense-mediated reduction of Inpp5e in
the hypothalamus results in reduced food intake and weight loss, accompanied by
altered metabolic parameters including reduced serum insulin, leptin and glucose
levels (Bertelli et al. 2006).
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7.2.5.1 INPP5E is Mutated in Human Ciliopathy Syndromes

Recent exciting studies have reported the phenotype of Inpp5e homozygous null
mice, demonstrating a significant role for this 5-phosphatase in embryonic develop-
ment. In addition INPP5E is mutated in two human ciliopathy syndromes, genetic
diseases that affect the function of cellular cilia, or anchoring structures such as
the basal body (Tobin and Beales 2009). Homozygous deletion of Inpp5e in mice,
results in late embryonic lethality or death shortly after birth, with exencephaly, poly-
dactyly, and kidney cysts, features of a ciliopathy (Jacoby et al. 2009). An inducible
global knockout of Inpp5e leads to polycystic kidneys by 6 months and elevated
body weight, indicating the 5-phosphatase also plays a significant functional role
in the adult animal (Jacoby et al. 2009). In human studies a SNP for INPP5E has
been identified in MORM (mental retardation, obesity, congenital retinal dystro-
phy and micropenis in male), a rare ciliopathy syndrome that results in a truncated
INPP5E protein lacking the C-terminal 18 amino acids, which encompasses the
CAAX motif. This motif is required for correct 5-phosphatase cilia axoneme local-
ization (Jacoby et al. 2009). Whether the elevated body weight in Inpp5e-null adult
mice is due to a regulatory role of the 5-phosphatase in insulin signaling is unknown,
however, patients with ciliopathy syndromes frequently exhibit obesity (Tobin and
Beales 2009). A second study has identified SNPs in INPP5E in human subjects
with Joubert syndrome, which is characterized by underdevelopment of the cerebral
vermis, polydactyly, retinal degradation, mental retardation and other phenotypes
(Bielas et al. 2009). All six SNPs localize to regions encoding the catalytic do-
main of the INPP5E protein. These mutants exhibit reduced activity in hydrolyzing
PtdIns(3,4,5)P3 and to a lesser extent PtdIns(4,5)P2. Overexpression of the Joubert
SNP INPP5E mutants does not suppressAkt signaling, unlike expression of wildtype
INPP5E. Interestingly, a homozygous mutation in INPP5E has been identified in a
Joubert Syndrome (ciliopathy) patient that has only mild clinical features, includ-
ing minimal truncal ataxia and oculomotor apraxia and normal cognitive function.
Neuroimaging of the brain revealed the classical molar tooth sign which occurs in
Joubert Syndrome (Poretti et al. 2009). The molecular mechanisms by which loss of
function of INPP5E leads to similar complex phenotypes in both mice and humans
is yet to be fully delineated, specifically how this relates to INPP5E regulation of
PtdIns(3,4,5)P3/Akt signaling is unknown.

7.2.5.2 INPP5E and Cancer

Gene expression profiling has revealed altered expression of INPP5E in a variety of
cancers including cervical cancer, in which INPP5E is one of the top five (of 74 genes)
with altered expression, showing an over 50-fold change (Yoon et al. 2003). Addition-
ally INPP5E is one of the top six genes upregulated in non-Hodgkin’s lymphoma
following treatment (Chow et al. 2006). In uterine leiomyosarcoma compared to
normal myometrium INPP5E RNA levels are increased greater than 5-fold (Quade
et al. 2004). Decreased INPP5E gene expression has also been identified in stomach
cancer and metastatic adenocarcinoma (Ramaswamy et al. 2003; Kim et al. 2003).
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Interestingly, co-overexpression of INPP5E and another 5-phosphatase, SKIP, has
been detected in gemcitabine-resistant pancreatic cell lines (Akada et al. 2005). It
is tempting to speculate whether the different profiles of INPP5E gene expression
in cancer are related to the newly identified function of INPP5E at cilia, as these
organelles have a recently identified role in cancer, and depending on the initiating
event, may either hinder or instigate tumor growth (Toftgard 2009). Moreover, cilia
assembly and disassembly is linked to the cell cycle. It is therefore of interest that
overexpression of INPP5E decreases cell growth due to increased apoptosis, whilst
mouse embryonic fibroblasts (MEFs) isolated from the Inpp5e-null mice exhibit cell
cycle arrest, albeit at moderate levels, possibly due to altered cilia disassembly in
response to platelet-derived growth factor (PDGF) stimulation (Jacoby et al. 2009).

7.2.6 OCRL

OCRL (also called Lowe protein, gene name INPP5F) is a 5-phosphatase that is
mutated in Lowe oculocerebrorenal (OCRL) syndrome and in some cases of Dent-2
disease (Attree et al. 1992; Hoopes et al. 2005; Sekine et al. 2007; Utsch et al. 2006).
Lowe syndrome is an X-linked disorder affecting ∼1 in 200,000 births that is char-
acterized by growth and mental retardation, bilateral congenital cataracts and renal
impairment, associated with impaired solute and protein reabsorption in the kidney
proximal tubule and renal tubular acidosis (Lowe 2005). Female carriers show punc-
tate opacities in the lens (Gardner and Brown 1976; Roschinger et al. 2000). Dent-2
disease is characterized by low molecular weight proteinuria and renal failure (Bo-
kenkamp et al. 2009). OCRL shares 45% amino acid identity and a similar domain
structure to the related 5-phosphatase, INPP5B. Both enzymes contain a recently
identified NH2-terminal PH domain, a central catalytic 5-phosphatase domain, fol-
lowed by an ASH domain (ASPM (abnormal spindle-like microcephaly-associated
protein)/SPD2 (spindle pole body 2)/hydin) and a catalytically inactive C-terminal
Rho-GAP domain (Mao et al. 2009). Mutations in some ASH-domain-containing
proteins are associated with abnormalities in brain development, such as hydro-
cephalus (Kumar et al. 2004; Bond et al. 2003; Ponting 2006). The OCRL sequence
also contains two clathrin box binding motifs, one in its N-terminal PH domain and
the second within the inactive Rho-GAP domain, as well as a clathrin adaptor AP-2-
binding motif that is flanked by the PH and 5-phosphatase catalytic domains (Mao
et al. 2009). OCRL and INPP5B share overlapping substrate specificity, hydrolyzing
the 5-position phosphate from the inositol rings of PtdIns(4,5)P2, PtdIns(3,4,5)P3,
Ins(1,4,5)P3 and Ins(1,3,4,5)P4, whilst OCRL also hydrolyzes PtdIns(3,5)P2 (Schmid
et al. 2004; Zhang et al. 1995). However, several studies suggest the major substrate
that OCRL regulates in intact cells is PtdIns(4,5)P2 (Zhang et al. 1998). For example
the total cellular levels of PtdIns(4,5)P2, but not PtdIns(3,4,5)P3, are increased in
cells from Lowe syndrome patients (Zhang et al. 1995).

OCRL is expressed in a wide range of human and mouse tissues (Janne et al.
1998). Surprisingly, although mutations in human OCRL cause significant human
disease, deletion of Ocrl in mice does not lead to either Lowe or Dent-2 disease-like
phenotypes (Janne et al. 1998). This lack of functional redundancy in mice may be
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due to compensation by other 5-phosphatases, most probably Inpp5b (Janne et al.
1998). Mice which lack both Ocrl and Inpp5b are embryonic lethal (Bernard and
Nussbaum 2010).

7.2.6.1 OCRL Forms Multiple Protein Complexes and Regulates Vesicular
Trafficking

OCRL interacts with clathrin, AP-2, cdc42 (cell division cycle 42), Rac, APPL1
(adaptor protein containing PH domain) Ses1/2 (from the word “sesquipedalian”),
GIPC (GAIP-interacting protein, C terminus) and active forms of Rab1 and Rab5/6,
the latter also stimulates the PtdIns(4,5)P2 activity of OCRL (Swan et al. 2010;
Hyvola et al. 2006). Various types of mutations, including missense and trun-
cating, have been identified in Lowe syndrome, many in the region encoding the
5-phosphatase catalytic domain. However, mutations in the ASH/RhoGAP domain
have also been identified. Interestingly, APPL1 and Ses1/2 proteins bind to the same
region of the ASH/RhoGAP domain of OCRL, and their association with OCRL
is mutually exclusive. Furthermore, like APPL1, Ses1/2 localizes to the endocytic
compartment (Swan et al. 2010). APPL1 resides on a subset of peripheral OCRL-
positive endosomes that are derived from clathrin-coated pits that receive internalized
receptors.

OCRL mutations occur in both Lowe and Dent-2 patients (Shrimpton et al. 2009)
and although Lowe syndrome and Dent-2 disease share common kidney defects, for
unknown reasons, Dent-2 disease patients do not exhibit all the abnormalities that
are commonly present in Lowe syndrome (Dent and Friedman 1964; Cho et al. 2008;
Hoopes et al. 2005; Utsch et al. 2006; Shrimpton et al. 2009). Disease causing muta-
tions in OCRL have been identified throughout the coding sequence, some of which
result in reduced protein expression, by generating a non-sense transcript whilst
others are located in the ASH/RhoGAP domain, a region of OCRL that commonly
mediates its association with other proteins (McCrea et al. 2008; Addis et al. 2004;
Swan et al. 2010). Interestingly, regardless of the site of mutation in OCRL, Lowe pa-
tient fibroblasts all exhibit elevated PtdIns(4,5)P2, suggesting OCRL localization and
association with other proteins is, in addition to its 5-phosphatase activity, critical for
OCRL function (Lichter-Konecki et al. 2006; Kawano et al. 1998; Lin et al. 1997).
The association of OCRL withAPPL is abolished by disease causing mutations in the
ASH/RhoGAP domain of OCRL (Erdmann et al. 2007; McCrea et al. 2008). Signifi-
cantly, 10 of the Lowe syndrome and one of the Dent-2 disease-causing mutations in
OCRL inhibit its association with APPL1 or Ses1/2, suggesting that selective loss of
APPL1 or Ses1/2 binding to OCRL cannot explain the clinical differences between
Lowe and Dent-2 disease (Swan et al. 2010). The only disease-causing mutation
in OCRL, A861T, that is able to associate with the endocytic proteins APPL1 and
Ses1/2, is both missense and a splice-site mutation, and has been proposed to regulate
OCRL protein expression by generating a non-sense transcript (Swan et al. 2010;
Kawano et al. 1998). It remains to be determined whether loss of the association be-
tween OCRL and APPL1 and/or Ses1/2 is involved in Lowe and/or Dent-2 disease.
It has been suggested that using its ASH/RhoGAP binding surface, OCRL may bind
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a progression of endocytic proteins via the same motif, as is the case for APPL and
Ses1/2, and that cumulative defects in this process may contribute to altered OCRL
function causing Lowe and/or Dent-2 disease (Swan et al. 2010). APPL1 binding
to OCRL is abolished by disease causing mutations in the OCRL-ASH-Rho GAP
domain (Swan et al. 2010). Failure of OCRL to associate withAPPL1 may contribute
to the neurological/cognitive defects observed in Lowe syndrome. Both APPL1 and
GIPC bind the TrkA (tropomyosin receptor kinase A) NGF (nerve growth factor)
receptor and together regulate TrkA endocytic trafficking (Erdmann et al. 2007; Lin
et al. 2006; Varsano et al. 2006). GIPC and APPL1 also associate with megalin,
a receptor expressed in the kidney proximal tubule which facilitates the uptake of
low-molecular-mass proteins. Both GIPC- and megalin-knockout mice exhibit low-
molecular-mass proteinuria, similar to that found in Lowe syndrome (Norden et al.
2002).

Mutations in the 5-phosphatase domain of OCRL contribute to the Lowe
syndrome phenotype due to loss of PtdIns(4,5)P2 hydrolysis, whereas muta-
tions in the ASH and RhoGAP domains result in mislocalization of the protein
(http://research.nhgri.nih.gov/lowe/) (Bond et al. 2003; Erdmann et al. 2007; Mc-
Crea et al. 2008). Some point mutations in the inactive RhoGAP domain of OCRL
lead to impaired 5-phosphatase activity, possibly due to altered protein conforma-
tion (Lichter-Konecki et al. 2006). Mutations in OCRL which disrupt the interaction
between the 5-phosphatase and Rab1, Rab5 or Rab6 perturb the Golgi targeting of
the enzyme (Hyvola et al. 2006).

There is growing evidence OCRL regulates vesicular trafficking, however, despite
many interesting studies it still remains to be determined how OCRL degradation
of PtdIns(4,5)P2 regulates many of these events. PtdIns(4)P localizes to the Golgi,
but there is limited evidence for PtdIns(4,5)P2 at this site. In non stimulated cells
OCRL localizes to the TGN (trans-Golgi network), lysosomes and endosomes and is
enriched in clathrin-coated vesicles (Zhang et al. 1998; Choudhury et al. 2005; Erd-
mann et al. 2007). Overexpression of OCRL (and OCRL that lacks the 5-phosphatase
domain) fragments the Golgi (Choudhury et al. 2005; Hyvola et al. 2006). In ad-
dition, OCRL and mutant OCRL expression, redistributes the cation-independent
mannose-6-phosphate receptor (M6PR) to enlarged endosomes, and blocks clathrin-
mediated transport from early endosomes to the Golgi, and retrograde trafficking
(Choudhury et al. 2005). Moreover, siRNA-mediated knockdown of OCRL leads to
impaired endosome to trans-Golgi trafficking, as shown by an accumulation of M6PR
in endosomes (Choudhury et al. 2005). Increased levels of circulating lysosomal en-
zymes are found in the plasma of Lowe syndrome affected individuals suggesting
an endosomal trafficking/secretion defect (Ungewickell and Majerus 1999). OCRL
mutant expression also affects endocytosis of the transferrin receptor, independent of
its Golgi function (Choudhury et al. 2005; Hyvola et al. 2006). In addition perhaps
by regulating PtdIns(4,5)P2 levels, OCRL regulates actin cytoskeletal dynamics. Fi-
broblasts derived from affected individuals with Lowe syndrome exhibit abnormal
cell migration, cell spreading and fluid phase uptake and an altered actin cytoskele-
ton, a phenotype that can be rescued by expression of INPP5B (Mao et al. 2009; Coon
et al. 2009). OCRL translocates to membrane ruffles in a Rac1-dependent manner, in
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response to growth factor stimulation, where it co-localizes with polymerized actin
and Rac1 (Faucherre et al. 2005).

The underlying molecular defects in Lowe Syndrome and Dent-2 disease are
emerging, however, the kidney defects that are common to both syndromes and the
significant role OCRL plays in vesicular trafficking, have lead to the prediction that
the renal tubular acidosis observed in affected individuals may be the result of abnor-
mal trafficking of receptors, that promote solute reabsorption from proximal tubules
(Norden et al. 2002). Specifically, OCRL may regulate the recycling of cubulin and
megalin, the latter is a proximal tubule renal receptor that facilitates the uptake of
low molecular weight proteins. Significantly, megalin associates, like OCRL, with
GIPC and APPL1 (Swan et al. 2010; Hyvola et al. 2006). Homozygous deletion
of megalin, or GIPC in mice leads to low molecular weight proteinuria, similar to
that observed in Lowe syndrome and Dent-2 disease and affected individuals exhibit
reduced megalin levels in their urine. Collectively these studies suggest that OCRL
may regulate the recycling of megalin to the apical surface of renal proximal tubule
cells, and in its absence, this may lead to proteinuria.

7.2.7 INPP5A

INPP5A (also called the type I 5-phosphatase, 5-phosphatase-1 or 43 kDa 5-
phosphatase, gene name INPP5A) hydrolyzes the second messenger molecules
inositol 1,4,5-trisphosphate (Ins(1,4,5)P3) and inositol 1,3,4,5-tetrakisphosphate
(Ins(1,3,4,5)P4) to form Ins(1,4)P2 and Ins(1,3,4)P3 (Laxminarayan et al. 1993,
1994; De Smedt et al. 1994). These inositol phosphate signaling molecules play
significant roles in regulating calcium release from intracellular stores, and at the
plasma membrane (reviewed by (Berridge and Irvine 1989)). There is little evi-
dence to date that this enzyme hydrolyzes the membrane bound phosphoinositides,
PtdIns(3,4,5)P3 and/or PtdIns(4,5)P2. INPP5A contains the 5-phosphatase domain
and a C-terminal CAAX motif, that mediates its plasma membrane localization (De
Smedt et al. 1996). Although INPP5A was one of the first 5-phosphatase enzymes
to be identified and purified, its function in vivo remains relatively uncharacterized.
No mouse knockout for this enzyme has been reported, although in some databases
it is suggested to be embryonically lethal. INPP5A enzyme activity is regulated in
vitro by binding the adaptor protein, 14.3.3 (Campbell et al. 1997), and also by
Ca(2+)/calmodulin kinase II (De Smedt et al. 1997). Underexpression of INPP5A
using an antisense strategy results in enhanced intracellular calcium oscillations and
cellular transformation (Speed et al. 1996). However, there are few studies report-
ing a role for this enzyme in human disease. Recently expression of INPP5A was
implicated in skin cancer pathogenesis (Sekulic et al. 2010). Deletion of a region on
chromosome 10q, which contains the INPP5A gene, is detected in 24% of squamous
cell carcinomas (SCC) of the skin. A decrease in INPP5A appears to be an early
event in SCC development, as loss of its expression is also detected in (35%) of
actinic keratoses, the earliest stage in SCC development (Sekulic et al. 2010).
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7.2.8 INPP5B

INPP5B (also called 5-phosphatase-2 or 75 kDa 5-phosphatase, gene name INPP5B)
shares 45% amino acid identity, as well the same domain structure as OCRL, but
lacks the clathrin and AP-2 binding motifs (Attree et al. 1992; Erdmann et al.
2007). Although it was originally purified from human platelets as a 75 kDa 5-
phosphatase, this is a cleaved fragment of a larger protein (Mitchell et al. 1989).
Unlike OCRL, it contains a C-terminal CAAX motif, which facilitates its mem-
brane attachment via isoprenylation (Matzaris et al. 1998). The N-terminal portion
of INPP5B also contributes to its membrane localization. INPP5B hydrolyzes
PtdIns(3,4,5)P3, PtdIns(4,5)P2, Ins(3,4,5)P3 and Ins(1,3,4,5)P4 (Matzaris et al. 1998;
Jefferson and Majerus 1995; Schmid et al. 2004). Deletion of the CAAX motif re-
duces INPP5B catalytic activity (Erdmann et al. 2007), however deletion of both the
N- and C-terminal domains in recombinant INPP5B has no effect on enzyme activity
(Jefferson and Majerus 1995; Matzaris et al. 1998). INPP5B forms a direct complex
with many of the endocytic Rab proteins including Rab1, Rab2 (cis-Golgi), Rab5
(early endosomes), Rab6 (Golgi stack) and Rab9 (late endosomes), suggesting the 5-
phosphatase may regulate early secretory/trafficking events between the endoplasmic
reticulum (ER) and Golgi, and/or retrograde trafficking from the Golgi to ER (Erd-
mann et al. 2007; Shin et al. 2005). In quiescent cells, INPP5B localizes to the Golgi,
mediated by its C-terminal RhoGAP domain interaction with the Rab proteins, whilst
upon growth factor stimulation it translocates to lamellipodia where it co-localizes
with Rab5 and actin (Shin et al. 2005; Williams et al. 2007). INPP5B binds Rab5 via
its ASH domain. Mutation of conserved key residues within the ASH domain that
mediate the interaction of the 5-phosphatase with Rab5 results in mislocalization
of INPP5B from the Golgi (Shin et al. 2005; Williams et al. 2007). Co-expression
of an activated Rab5 mutant, together with INPP5B, recruits the 5-phosphatase to
a population of enlarged early endosomes. Rab5 binding to INPP5B increases 5-
phosphatase catalytic activity (Erdmann et al. 2007; Shin et al. 2005). Additionally
the inactive RhoGAP domain of INPP5B interacts with the Rho family GTPases,
Rac and cdc42, but not Rho. Functionally, overexpression of INPP5B regulates ret-
rograde transport from the ER-Golgi intermediate compartment to the ER, probably
dependent on its interaction with Rab proteins, but independent of its 5-phosphatase
activity (Williams et al. 2007). However, in a separate study siRNA-mediated knock-
down of INPP5B did not alter retrograde trafficking but rather inhibited transferrin
endocytosis (Choudhury et al. 2005; Shin et al. 2005).

Interestingly, the human INPP5B gene is located on chromosome 1p34, and genes
flanking this locus are associated with genetic disorders with features of Lowe syn-
drome including abnormal kidney function, lens development and mental retardation
(Bisgaard et al. 2007; Konrad et al. 2006; Cormand et al. 1999; Shearman et al. 1996;
Nicole et al. 1995). In contrast the murine Inpp5b gene is on chromosome 4, where
neighbouring genes are involved in lens development (Janne et al. 1994, 1995). How-
ever, Inpp5b-null mice do not exhibit features of Lowe or Dent-2 disease, but rather
show abnormalities in the testis (Janne et al. 1998). Inpp5b−/− testis exhibits vacuoles
in seminiferous tubule epithelium and an accumulation of adherence junctions in the
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vacuoles of Sertoli cells. Sperm from these mice exhibit reduced motility and fer-
tilization; abnormal processing of the sperm/egg adhesion molecule, and are unable
to penetrate zona-pellucida free eggs, due to a decrease in binding and fusion with
the egg plasma membrane (Marcello and Evans 2010). Reduced ADAMs processing
in Inpp5b-null mice may explain the observed infertility, as ADAMs deficient mice
exhibit multi-faceted infertility including abnormal sperm/egg binding (Cho et al.
2000). However, more recent studies have shown little correlation between ADAMs
processing levels and infertility in Inpp5b-null mice (Marcello and Evans 2010).
Conditional knockout of Inpp5b in spermatids does not recapitulate the fertility de-
fects observed in the global Inpp5b−/− mice, suggesting loss of Inpp5b function in
somatic cells that support sperm function may contribute to the observed infertility
(Hellsten et al. 2001).

7.2.9 PIPP

The proline-rich inositol polyphosphate 5-phosphatase, PIPP (gene name INPP5J),
is a little characterized 5-phosphatase and its function remains elusive. PIPP is ex-
pressed in brain, breast, heart, kidney, liver, stomach, and lung (Mochizuki and
Takenawa 1999). This 108 kDa 5-phosphatase contains N- and C-terminal pro-
line rich domains which may facilitate protein-protein interactions and a central
5-phosphatase catalytic domain that degrades PtdIns(3,4,5)P3 (Mochizuki and Tak-
enawa 1999; Ooms et al. 2006; Gurung et al. 2003). PIPP also contains a SKICH
domain that mediates its constitutive association with the plasma membrane (Gu-
rung et al. 2003). PIPP hydrolyzes PtdIns(3,4,5)P3 decreasing Akt activation and
its downstream signaling and recent reports indicate PIPP directly opposes onco-
genic PI3K/Akt signaling, and its overexpression decreases colony formation in soft
agar and reduces proliferation mediated by oncogenic PIK3CA (Ooms et al. 2006;
Mochizuki and Takenawa 1999; Denley et al. 2009). In NGF-differentiated PC12
cells, PIPP localizes to the plasma membrane, the shaft of extending neurites and the
growth cone where it regulates PtdIns(3,4,5)P3 levels and the activation of Akt and
GSK3β. PIPP, like SHIP2, regulates neurite outgrowth and elongation (Ooms et al.
2006). To date the phenotype of PIPP knockout mice remains unreported.

The human PIPP gene, INPP5J, is located on chromosome 22q12. Loss of het-
erozygosity (LOH) of chromosome 22q is frequently detected in breast carcinomas
with the most commonly deleted region 22q13 (Castells et al. 2000; Ellsworth et al.
2003; Iida et al. 1998). Allelic loss of chromosome 22q12 has also been reported
(Ellsworth et al. 2003; Iida et al. 1998; Osborne and Hamshere 2000) with one study
demonstrating LOH of markers within this region in ∼ 30% of breast tumors (Iida
et al. 1998). LOH of the markers D22S1150 and D22S280 that map to chromosome
22q on either side of INPP5J has been detected in 41% and 45% of breast carcinomas
respectively (Allione et al. 1998). INPP5J mRNA is expressed at higher levels in es-
trogen receptor (ER)+ve tumors compared to ER−ve tumors (Gruvberger et al. 2001;
van’t Veer et al. 2002). In a screen of ∼ 5000 genes, INPP5J was one of 231 genes
significantly associated with disease outcome (van’t Veer et al. 2002). Higher expres-
sion of INPP5J correlates with a better prognosis, defined as no distant metastases
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developing within 5 years of diagnosis (van’t Veer et al. 2002). INPP5J has been
reported to be one of the 10 highest ranked genes for predicting breast cancer patient
outcome (Takahashi et al. 2004). However, the role that PIPP plays in controlling
breast cancer proliferation is yet to be reported.

7.2.10 SKIP

SKIP (skeletal muscle and kidney inositol phosphatase, gene name INPP5K) is a
relatively uncharacterized 51 kDa 5-phosphatase, which is most highly expressed
in the heart, skeletal muscle and kidney, that regulates embryonic development,
insulin signaling and glucose homeostasis (Ijuin and Takenawa 2003; Ijuin et al.
2000, 2008). SKIP contains the common catalytic 5-phosphatase domain, with a
C-terminal SKICH domain (which is also found in the 5-phosphatase, PIPP), that
mediates its plasma membrane association following growth factor stimulation (Ijuin
and Takenawa 2003; Gurung et al. 2003). In unstimulated cells SKIP is distributed
in a perinuclear distribution which may indicate its association with the ER (Gurung
et al. 2003). Purified SKIP recombinant protein exhibits a preference for degrading
PtdIns(4,5)P2 over PtdIns(3,4,5)P3, but studies in cell lines in which SKIP expression
has been reduced by siRNA has revealed PtdIns(3,4,5)P3 levels are significantly
increased in response to insulin stimulation, associated with enhanced Akt activation
indicating SKIP regulates PI3K/Akt signaling in intact cells (Ijuin and Takenawa
2003; Schmid et al. 2004). SKIP overexpression in L6 myotubes attenuates insulin-
stimulatedAkt and p70S6K phosphorylation and inhibits translocation of the glucose
transporter, GLUT4, to the plasma membrane leading to decreased glucose uptake
and inhibition of glycogen synthesis (Ijuin and Takenawa 2003). Skip−/− mice are
embryonically lethal at E10.5 for unknown reasons (Ijuin et al. 2008). Interestingly
Skip+/− mice exhibit increased glucose tolerance and insulin sensitivity, regardless
of diet, however, on a high fat diet, these increases are lower compared to wild-
type mice, suggesting that loss of Skip expression may provide some protection
against diet-induced obesity (Ijuin et al. 2008). SKIP may play a significant role
in regulating insulin signaling in skeletal muscle, the major site for post-prandial
glucose uptake. However, SKIP is also highly expressed in the brain as well as
skeletal muscle, therefore the observed increase in whole-body insulin sensitivity
could also be mediated by SKIP regulation of brain PI3K/Akt signaling, although
this has not yet been reported. The tissue-specific role of SKIP in the regulation of
insulin signaling will be aided by the development of tissue-specific Skip−/− mouse
models, which have not been described to date.

7.2.10.1 SKIP Association with Human Disease

The heterozygous deletion of eight candidate genes, including SKIP, is associated
with the contiguous-gene syndrome Miller-Dieker syndrome (MDS), a severe form
of lissencephaly (smooth brain) due to defects in neuronal cell migration, which leads
to mental retardation and craniofacial/limb abnormalities (Kato and Dobyns 2003;
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Cardoso et al. 2003). Recent further refinement of the critical genomic region reduced
the candidate gene number to six, including SKIP (Bruno et al. 2010). Whether SKIP
contributes to MDS is currently unknown.

The human SKIP gene is located on chromosome 17p13.3, a region reported to
be deleted or hyper-methylated in numerous human cancers including brain, breast,
and hepatocellular cancers (Cornelis et al. 1994; Saxena et al. 1992; Zhao et al.
2003a, 2003b; Biegel et al. 1992; Rood et al. 2002). Microarray analysis of gene
expression profiles has revealed altered SKIP expression, both up and down, in
a diverse range of human cancers. SKIP transcription is down-regulated in lung
adenocarcinoma (Beer et al. 2002; Stearman et al. 2005; Su et al. 2007), prostate
carcinoma (Dhanasekaran et al. 2005), chronic lymphocytic leukaemia (Haslinger
et al. 2000), Burkitt lymphoma (Corcione et al. 2006) and hepatocellular carcinoma
(Wurmbach et al. 2007;Ye et al. 2003b). Conversely, SKIP is up-regulated in bladder
cancer (Sanchez-Carbayo et al. 2006), cutaneous melanoma (Talantov et al. 2005),
multiple myeloma (Zhan et al. 2007) and gemcitabine-resistant pancreatic cancer
cell lines (Akada et al. 2005). As yet there have been no functional studies showing
the effects of altered expression of SKIP on human cancer cell proliferation and/or
invasion.

SKIP also interacts with the human hepatitis B virus (HBV) core protein, lead-
ing to nuclear localization of the protein complex, resulting in the suppression of
HBV gene expression and virion replication (Hung et al. 2009). The mechanism
of suppression remains unknown; however, the suppressive effect is not mediated
by the 5-phosphatase activity of SKIP, but by a newly identified functional domain
of SKIP located within amino acids 199–226 (Hung et al. 2009). HBV infection
can lead to severe liver disease including hepatocellular carcinoma (Bertoletti and
Gehring 2007). The interaction of SKIP and HBV core protein is noteworthy in light
of the reported LOH at 17p13.3 in hepatocellular carcinoma, and micro-array studies
showing decreased SKIP transcription in hepatocellular carcinoma (Wurmbach et al.
2007; Ye et al. 2003a; Zhao et al. 2003a).

7.2.11 Future Studies on 5-Phosphatases

Many recent gene-linkage, in vitro and in vivo studies have demonstrated the
significance of the 5-phosphatases in multiple aspects of embryonic and human
development and disease. Over the last decade the 5-phosphatase enzymes have
been re-classified from PI3K-terminating enzymes to PI3K-modifying enzymes, as
many of the products of their catalysis exhibit signaling properties in their own right.
Surprisingly, even though the 5-phosphatase family encompasses 10 mammalian
enzymes there appears to be little functional redundancy.

The generation of 5-phosphatase knockout animals has provided valuable and
sometimes unexpected information about these enzymes. The embryonic lethality
or early death associated with some of the 5-phosphatase knockout mice indicates a
significant role in development, however, the generation and characterization of in-
ducible constitutive enzyme-null mouse models would be beneficial in determining
their role in non-developmental processes. Moreover, tissue- or cell-specific
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knockout models and/or crossing null mice with various cancer models will also
assist in determining whether the 5-phosphatases function as bona fide tumor sup-
pressors, for which there is currently little evidence with the exception of SHIP1.
Furthermore, the use of 5-phosphatase expression as a diagnostic and/or prognostic
indicator or as a druggable target should be evaluated in the coming years.

7.3 Inositol Polyphosphate 4-Phosphatases

Inositol polyphosphate 4-phosphatases preferentially hydrolyze the D4 position
phosphate of target inositol head-groups. The 4-phosphatase enzyme family com-
prises two inactive members, and five active members (see Table7.2) which can be
sub-classified based on substrate specificity into the PtdIns(4,5)P2 4-phosphatases
or PtdIns(3,4)P2 4-phosphatases. The catalytic product of the PtdIns(4,5)P2 4-
phosphatases is PtdIns(5)P, while the PtdIns(3,4)P2 4-phosphatases generate Pt-
dIns(3)P.

7.3.1 PtdIns(4,5)P2 4-Phosphatases

The PtdIns(4,5)P2 4-phosphatases hydrolyze PtdIns(4,5)P2 exclusively and there are
two mammalian (TMEM55A and TMEM55B) and one bacterial (invasion plasmid
gene D [IpgD]) isoenzymes identified to date. The mammalian TMEM55A/B en-
zymes share 52% amino acid identity, including a catalytic CX5R motif, and are
ubiquitously expressed in human tissues, however TMEM55A exhibits higher ex-
pression in the liver, spleen and thymus, and TMEM55B is more prevalent in regions
of the brain (Ungewickell et al. 2005). In human cells, both enzymes localize to late
endosomes/lysosomes. Overexpression of TMEM55A increases cellular PtdIns(5)P
and is associated with increased EGFR degradation (Ungewickell et al. 2005; Zou
et al. 2007). Following cell stress, TMEM55A translocates to the nucleus where it
acts to promote p53 acetylation and stability, resulting in increased apoptosis through
PtdIns(5)P-dependent ING2 (inhibitor of growth protein 2) activity (Zou et al. 2007).
To date, no mouse knockout models or functional studies for these enzymes have
been reported.

Interestingly, while the bacterial 4-phosphatase, IpgD, exhibits sequence homol-
ogy with the mammalian PtdIns(3,4)P2 4-phosphatases (Norris et al 1998), this
enzyme actually functions to regulate PtdIns(4,5)P2 levels in mammalian cells. The
pathogen, Shigella flexneri (S. flexneri), responsible for causing bacillary dysentery
in humans, directly injects IpgD into mammalian host cells through its type III secre-
tion machinery during infection, resulting in PtdIns(4,5)P2 dephosphorylation at the
host cell plasma membrane, thereby facilitating actin reorganization and the forma-
tion of entry sites that promote bacterial uptake (Niebuhr et al. 2000, 2002; Allaoui
et al. 1993). Interestingly, dephosphorylation of PtdIns(4,5)P2 by IpgD also results
in the accumulation of its phosphoinositide product, PtdIns(5)P, which activates the
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PI3K/Akt pathway to signal for host cell survival (Pendaries et al. 2006; Guittard
et al. 2010). In addition, increased production of IpgD-dependent PtdIns(5)P may
also promote tyrosine phosphorylation of Src family kinases and their substrates to
regulate immunogenic T-cell responses (Guittard et al. 2009, 2010).

An IpgD-related enzyme, SopB/SigD, has also been identified in Salmonella
species. This enzyme is integral for Salmonella-mediated pathogenesis in host sys-
tems (Galyov et al. 1997), through a variety of mechanisms including chloride
channel and tight junction regulation, leading to cell permeability (Boyle et al.
2006; Feng et al. 2001), regulation of vesicular trafficking, and the formation of
the Salmonella-containing vacuole (SCV) (Hernandez et al. 2004; Mallo et al. 2008;
Bakowski et al. 2010) and the promotion ofAkt phosphorylation and host cell survival
(Knodler et al. 2005, 2009). SopB exhibits 3-, 4- and 5-phosphatase activity towards
multiple soluble and insoluble inositol phosphates, and initial studies reported its
ability to hydrolyze the D4 phosphate from PtdIns(3,4)P2 and Ins(1,3,4)P3, but not
PtdIns(4,5)P2 (Norris et al. 1998). More recent studies, however, suggest that SopB
does, in fact, utilize PtdIns(4,5)P2 as a substrate and that negative regulation of
this phosphoinositide by SopB may promote actin reorganization, opening of tight
junctions and inhibition of SCV-lysosome fusion in host cells (Mason et al. 2007;
Bakowski et al. 2010). Given the contrasting results concerning SopB substrates,
this enzyme remains to be classified as a bona fide PtdIns(4,5)P2 4-phosphatase.

7.3.2 PtdIns(3,4)P2 4-Phosphatases

There are two mammalian PtdIns(3,4)P2 4-phosphatases; type I and type II (gene
names; INPP4A and INPP4B, respectively), which share 37% amino acid identity,
including a conserved amino-terminal C2 domain, responsible for their interactions
with target phosphoinositides (Shearn and Norris 2007; Ivetac et al. 2005). Apart
from a conserved CX5R motif they share little resemblance to the PtdIns(4,5)P2 4-
phosphatases. INPP4A was the first mammalian 4-phosphatase identified, initially
found to hydrolyze the soluble Ins(3,4)P2 and Ins(1,3,4)P3 (Bansal et al. 1987). It
was later identified as a magnesium-, calcium- and lithium-independent phosphatase
(Bansal et al. 1990) with additional activity towards insoluble PtdIns(3,4)P2, 120-
fold greater than Ins(3,4)P2 (Norris and Majerus 1994), indicating PtdIns(3,4)P2 is
its preferred in vivo substrate. The catalytic activity of both enzymes is mediated by a
conserved carboxy-terminal catalytic CX5R (CKSAKDR) motif (Norris et al. 1997).
INPP4A also binds the p85 subunit of PI3K, which may facilitate the recruitment of
the phosphatase to substrate-enriched membranes (Munday et al. 1999).Alternatively
spliced variants have been identified for both INPP4A and B, featuring a hydrophobic
C-terminal transmembrane domain (Norris et al. 1997). The function of these spliced
isoforms in mammalian cells remains unknown.
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7.3.2.1 INNP4A Regulates Excitatory Neuronal Cell Death

INPP4A and B exhibit ubiquitous tissue distributions, with the highest expression in
brain and heart (Norris et al. 1995, 1997). Evidence from recent knockout mouse stud-
ies and analysis of human tumors suggests non-redundant roles for these enzymes.
Knockout of the Inpp4a gene in mice promotes postnatal neuronal degeneration
and lethality by 2–3 weeks of age (Nystuen et al. 2001; Sachs et al. 2009; Sasaki
et al. 2010). The naturally-occurring Inpp4a knockout mouse, weeble (Inpp4awbl),
resulting from a spontaneous single nucleotide deletion in exon 10 of the Inpp4a
gene (Δ744G), exhibits early onset cerebella ataxia, associated with Purkinje cell
loss (Nystuen et al. 2001; Sachs et al. 2009). In a mouse model of targeted Inpp4a
disruption (Inpp4a−/−), neuronal degeneration is restricted to the striatum, associ-
ated with increased apoptosis of medium-sized spiny projection neurons (MSNs),
resulting from glutamate receptor excitotoxicity (Sasaki et al. 2010). Both mouse
models of Inpp4a loss reveal a neuroprotective role for this enzyme in postnatal an-
imals, however, Inpp4a is dispensable during embryogenesis (Nystuen et al. 2001;
Sachs et al. 2009; Sasaki et al. 2010). Although the precise molecular mechanisms
by which Inpp4a fulfils its neuroprotective function during postnatal development
are emerging, regulation of PtdIns(3,4)P2 appears critical as Inpp4awbl Purkinje cells
exhibit PtdIns(3,4)P2 accumulation (Shin et al. 2005). Furthermore, treatment of
wildtype MSNs with PtdIns(3,4)P2 promotes glutamate-induced cell death (Sasaki
et al. 2010).

Recent reports also indicate that the PtdIns(3,4)P2 4-phosphatases can function
to regulate a wide range of additional cellular processes. For example, INPP4A acts
to control normal endosome function and is recruited to endosomal membranes by
binding Rab5, thereby increasing its PtdIns(3,4)P2 catalytic activity and contributing
to an endosomal pool of PtdIns(3)P (Ivetac et al. 2005; Shin et al. 2005). Absence
or depletion of INPP4A promotes the formation of dilated endosomes and impairs
transferrin internalization and its overexpression rescues PI3K inhibition-induced
endosomal dilation, dependent on its catalytic activity (Ivetac et al. 2005; Shin et al.
2005). Interestingly, the endosomal function of INPP4A is not recapitulated by the
INPP4B isoform, which does not localize to endosomal membranes or contribute
to the production of endosomal PtdIns(3)P. Rather, INPP4B regulates plasma mem-
brane localized PtdIns(3,4)P2 downstream of PI3K activation, a role also shared by
INPP4A, which translocates to the plasma membrane upon growth factor stimulation
(Ivetac et al. 2005; Shin et al. 2005). The role of the 4-phosphatases at the plasma
membrane is presumably to regulate signaling events downstream of PtdIns(3,4)P2,
including activation of the proto-oncogene, Akt. Indeed, both INPP4A and INPP4B
negatively regulate Akt activation and its downstream cellular processes including
cell proliferation, tumor growth, anchorage-independent colony formation and cell
migration (Ivetac et al. 2009; Vyas et al. 2000; Gewinner et al. 2009; Fedele et al.
2010; Hodgson et al. 2011).
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7.3.2.2 Association of INPP4A and INPP4B with Human Disease

There is some evidence of altered INPP4A expression in human diseases, including
asthma (Sharma et al. 2010), prostate cancer (LaTulippe et al. 2002) and leukemia
(Erkeland et al. 2004), but no functional studies have been reported. In contrast,
a significant role for INPP4B as a putative tumor suppressor in multiple human
cancers has recently been identified. For example, INPP4B expression is lost during
malignant proerythroblast progression and re-introduction of INPP4B into late-stage
blasts decreasesAkt activation (Barnache et al. 2006). In human prostate cancer cells,
INPP4B is an androgen receptor (AR)-responsive gene (Hodgson et al. 2011), and
its transcription is diminished in late-stage, androgen-independent prostate cancer
xenografts in mice (Gu et al. 2005). Significantly, INPP4B protein is frequently lost
in human prostate cancers, associated with reduced recurrence-free survival (Hodg-
son et al. 2011) and diminished INPP4B gene transcription is frequently observed
in metastatic prostate carcinomas (Taylor et al. 2010). Interestingly, in the human
mammary gland INPP4B is expressed in a sub-population of estrogen receptor (ER)-
positive cells in the terminal ductal lobuloalveolar units (TDLU), where it may act
to suppress cell proliferation (Fedele et al. 2010). Indeed, in human breast cancer,
INPP4B is frequently deleted (Naylor et al. 2005) and its transcription and protein
expression positively correlates with ER and progesterone receptor (PR) expression
(Yang et al. 2005; West et al. 2001; Fedele et al. 2010). LOH maps to the INPP4B
gene in a range of human cancers, including breast and ovarian carcinomas and
melanomas, associated with decreased patient survival (Gewinner et al. 2009). In
human breast cancer, INPP4B LOH and protein loss occur most frequently in the
aggressive basal-like sub-type (Gewinner et al. 2009; Fedele et al. 2010). Signifi-
cantly, loss of INPP4B protein expression is frequently observed in PTEN-null breast
cancers, associated with increased Akt phosphorylation, indicating co-operative pro-
motion of tumorigenesis through the loss of multiple phosphoinositide phosphatases
(Fedele et al. 2010). Overall these studies highlight the importance of PtdIns(3,4)P2-
dependent signaling and its regulation by the 4-phosphatases in maintaining normal
cell proliferation and implicates this pathway in the regulation of human cancer.
Collectively these studies identify INPP4B as a significant new tumor suppressor in
many human cancers.

7.3.3 Inactive 4-Phosphatases: P-Rex Family Guanine
Nucleotide Exchange Factors

The PtdIns(3,4,5)P3-dependent Rac exchanger (P-REX) enzymes are related to the
PtdIns(3,4)P2 4-phosphatases, as they contain a 4-phosphatase homology domain,
which shows primary amino acid sequence identity with INPP4A, with a conserved
carboxy-terminal CX5R 4-phosphatase catalytic motif (Welch et al. 2002). In contrast
to the PtdIns(3,4)P2 4-phosphatases, P-REX enzymes do not exhibit phosphoinosi-
tide phosphatase activity for unknown reasons (Welch et al. 2002). Rather, these
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proteins are critical for the regulation of signaling events downstream of PI3K acti-
vation in a phosphoinositide phosphatase-independent manner and are implicated in
a range of human functions and diseases, including cancer and diabetes. Therefore
the 4-phosphatase enzyme family is reminiscent of the myotubularins, with both
active and inactive family members.

To date, three P-REX isoenzymes have been identified; P-REX1, P-REX2a and P-
REX2b, all of which are multi-domain proteins, sharing 59% amino acid identity with
similar protein structures, including tandem amino-terminal dbl-homology (DH) and
pleckstrin-homology (PH) domains, two DEP domains and two PDZ domains (Welch
et al. 2002; Donald et al. 2004; Rosenfeldt et al. 2004). The P-REX2a and P-REX2b
isoforms are transcribed from the same gene, however P-REX2b lacks the carboxy-
terminal 4-phosphatase domain (Rosenfeldt et al. 2004). The founding member of
the P-REX family of proteins, P-REX1, was initially identified in neutrophils as
the major guanine nucleotide exchange factor (GEF) required for activation of the
Rho-family GTPase, Rac (Welch et al. 2002), and P-REX2a and 2b also exhibit Rac-
GEF activity (Donald et al. 2004; Rosenfeldt et al. 2004; Li et al. 2005). Activation
of these enzymes occurs synergistically via binding to PtdIns(3,4,5)P3 and the G-
protein, Gβγ, at the plasma membrane in response to extracellular stimulation and
receptor tyrosine kinase (RTK) and G protein-coupled receptor (GPCR) activation,
dependent on their PH and DH domains, respectively (Welch et al. 2002; Hill et al.
2005; Donald et al. 2004; Barber et al. 2007). The multi-domain nature of the
P-REX enzymes is critical for their activation and function. For example, the Rac-
GEF activity is mediated by their DH/PH domains (Hill et al. 2005) and the PH
domain may facilitate the specific recognition of certain Rac isoforms as substrates
(Joseph and Norris 2005). In addition, the P-REX1 tandem DEP domains bind the
mammalian target of rapamycin (mTOR) and this interaction is necessary for mTOR
complex 2 (mTORC2)-dependent Rac activation (Hernandez-Negrete et al. 2007).
Furthermore, the PDZ domains of P-REX1 can bind GPCR, suppressing receptor
internalization and promoting downstream signaling and cell migration (Ledezma-
Sanchez et al. 2010). Interestingly, the function of P-REX1 may also be self-regulated
by inter-domain interactions between the DEP and PDZ domains, and also by the
PH domain (Hill et al. 2005; Urano et al. 2008). Moreover, recruitment of P-REX
proteins to activated RTKs at the plasma membrane may also serve to facilitate
their phosphorylation and/or dephosphorylation and activation, possibly mediated
by protein kinase A (PKA) (Montero et al. 2011; Mayeenuddin and Garrison 2006;
Urano et al. 2008; Zhao et al. 2007). Interestingly, the 4-phosphatase domain of these
enzymes appears to be dispensable for P-REX-mediated Rac activation, however it
may play a role in promoting full P-REX function in an undefined manner (Hill
et al. 2005; Waters et al. 2008). Once activated at the plasma membrane, P-REX
enzymes catalyze the formation of functional Rac and are, therefore, critical for
the regulation of a wide range of Rac-dependent cellular processes, including actin
reorganization (Welch et al. 2002; Montero et al. 2011; Qin et al. 2009; Waters et al.
2008), cell migration, invasion and chemotaxis (Yoshizawa et al. 2005; Qin et al.
2009; Hernandez-Negrete et al. 2007; Ledezma-Sanchez et al. 2010; Li et al. 2005),
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gene transcription (Li et al. 2005) and ROS and superoxide formation (Wang et al.
2008; Welch et al. 2005; Dong et al. 2005; Nie et al. 2010).

P-REX1 is expressed most abundantly in peripheral blood leukocytes (Welch
et al. 2002), however the P-REX2 isoforms are notably absent from circulating
leukocytes (Donald et al. 2004; Rosenfeldt et al. 2004). Mouse models of altered
P-Rex1 expression, including P-Rex1−/− mice and a transgenic mouse expressing
a Rac-GEF-dead P-Rex1 mutant, while viable and healthy, exhibit impaired neu-
trophil and macrophage function, including decreased Rac1 and Rac2 activation,
diminished ROS and superoxide formation and decreased chemotaxis and recruit-
ment to inflammation (Welch et al. 2005; Dong et al. 2005; Wang et al. 2008).
Interestingly, both P-Rex1 and P-Rex2a are highly expressed in the brain (Welch
et al. 2005; Yoshizawa et al. 2005; Donald et al. 2008) and P-Rex1 negatively reg-
ulates neurite differentiation, elongation and migration of rat pheochromocytoma
PC12 and primary hippocampal and cerebral cortical neurons through the regulation
of actin reorganization (Waters et al. 2008; Yoshizawa et al. 2005).

P-Rex2−/− mice, like P-Rex1−/− mice, are viable, fertile and healthy, however
they exhibit abnormal Purkinje cell development with decreased dendritic diameter
and length, associated with impaired motor coordination, which is more severe in
females and worsens with age (Donald et al. 2008). Interestingly, P-Rex1−/− mice
do not exhibit the same differences in Purkinje cell integrity or motor skills as P-
Rex2−/− mice, however, depletion of both P-Rex1 and P-Rex2 (P-Rex1−/−P-Rex2−/−)
exacerbates the phenotype observed in single P-Rex2−/− animals (Donald et al. 2008),
attributed to reduced sustained post-synaptic long term potentiation (LTP) in the
cerebellum (Jackson et al. 2010).

7.3.3.1 P-REX1 Regulation of the PI3K Pathway and Disease Associations

The P-REX enzymes are also critical for the regulation of phosphoinositide signal-
ing, even in the absence of phosphoinositide phosphatase activity, and are implicated
in human diseases associated with PI3K pathway alterations, including cancer and
diabetes. These enzymes achieve their phosphoinositide-regulatory function indi-
rectly through domains distinct from the 4-phosphatase domain. For example, the
DH/PH domain of P-REX2a binds the 3-phosphatase and tumor suppressor, PTEN,
negatively regulating the 3-phosphatase activity of this enzyme toward its substrate,
PtdIns(3,4,5)P3 (Fine et al. 2009). Significantly, overexpression of P-REX2a in breast
cancer cells decreases PTEN phosphoinositide phosphatase activity, associated with
increasedAkt phosphorylation and cell proliferation and rescues PTEN-induced sup-
pression of Akt phosphorylation. Conversely, P-REX2a deficiency decreases Akt
activation and cell proliferation in cells expressing PTEN. Interestingly, the inhibitory
function of P-REX2a on PTEN is dependent on its binding ability, but independent
of its Rac-GEF activity (Fine et al. 2009). As a negative regulator of PTEN activity,
it is not surprising that P-REX2 is implicated in human cancers. The P-REX2 gene is
located at 8q13, a region frequently amplified in breast, prostate and ovarian cancers
(Fejzo et al. 1998; Dimova et al. 2009; Sun et al. 2007). In breast cancer, amplified
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P-REX2a expression inversely correlates with PTEN loss and is frequently observed
in breast cancers expressing mutant PI3K, and overexpression of both P-REX2a and
mutant PI3K drives mammary cell transformation (Fine et al. 2009).

Utilizing an alternative mechanism, the P-REX1 isoform can also function to
potentiate PI3K/Akt signaling through activation of Rac1, which, in turn, promotes
Akt phosphorylation resulting in reciprocal activation of Rac1, in a positive feedback
loop (Nie et al. 2010). This relationship is dependent on the Rac-GEF activity of P-
REX1 and the kinase activity of Akt. Significantly, amplified P-REX1 expression is
associated with decreased disease-free survival in human breast cancer (Montero et al.
2011) and metastatic prostate cancer (Qin et al. 2009). Interestingly, P-REX1 may
also play a role in the promotion of angiogenesis, potentially facilitating tumor
growth and metastasis (Carretero-Ortega et al. 2010). Conversely, P-REX1 protein
depletion in breast and prostate cancer cells decreases Rac activation, lamellipodia
formation, cell motility, invasion, proliferation and xenograft tumor growth and
metastasis (Montero et al. 2011; Qin et al. 2009). Recently P-REX1 was identified as
an essential mediator of ErbB2 signaling in breast cancer (Sosa et al. 2010). P-REX1
is highly overexpressed in breast cancers. ErbB2 and GPCR signaling converges
on P-REX1 to facilitate Rac activation. Interestingly, P-REX1 is also implicated in
diabetes. The gene encoding P-REX1 is located on chromosome 20q12-13, which is
linked to Type 2 diabetes, and P-REX1 may be a type 2 diabetes-susceptibility gene
(Bento et al. 2008; Lewis et al. 2010). The precise mechanisms by which the P-REX
enzymes function in health and disease are, however, largely unknown and are the
focus of current research.

7.4 Sac Domain Phosphoinositide Phosphatases

Sac domain phosphoinositide phosphatases are characterized by the presence of a
conserved Sac phosphatase domain that was first identified in the founding member,
yeast suppressor of actin (ySac1) (Novick et al. 1989; Guo et al. 1999). The Sac
domain exhibits broad specificity for phosphoinositide substrates, and its intrinsic
catalytic CX5R(S/T) motif can hydrolyze both the mono-phosphorylated phospho-
inositides, PtdIns(3)P, PtdIns(4)P and PtdIns(5)P, in addition to dual-phosphorylated
PtdIns(3,5)P2 (Guo et al. 1999). The Sac phosphatase domain comprises ∼ 400
amino acids arranged into 7 highly conserved motifs (Guo et al. 1999) and is unique
in its structure and mechanism of substrate dephosphorylation, possibly involving the
presence of a self-regulatory SacN domain (Manford et al. 2010). The functions of
the Sac phosphatases are varied, and alterations in their expression are implicated in
a range of diseases including cardiac hypertrophy and neurodegenerative disorders.

Generally, Sac domain phosphatases can be divided into two classes. The first class
comprises the stand-alone Sac phosphatases that contain a conserved amino-terminal
Sac domain with no other identifiable motifs, and examples include yeast ySac1 and
yFig4, and human SAC1, SAC2/INPP5F and SAC3/FIG4 (Table7.3). The second
class is the Sac domain-containing inositol phosphatases (SCIPs), which comprise
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Table 7.3 Mammalian Sac domain phosphatases

Protein name Alias(es) Gene Animal models References

SAC1 SAC1 Not reported
SAC2 INPP5F INPP5F Inpp5f −/− constitutive KO

mouse—normal development,
increased stress-induced cardiac
hypertrophy

(Zhu et al. 2009)

Sac2 transgenic mouse—normal
development, resistant to
stress-induced hypertrophy

(Zhu et al. 2009)

SAC3 FIG4 FIG4 Fig4−/− constitutive KO mouse—“pale
tremor”, severe tremor, abnormal gait,
neurodegeneration, juvenile lethality

(Chow et al.
2007; Zhang
et al. 2008;
Ferguson et al.
2009)

both a Sac phosphatase domain in addition to a central inositol polyphosphate 5-
phosphatase catalytic domain, and examples include human synaptojanin 1 and 2,
and the yeast phosphatases, Inp51, Inp52 and Inp53, reviewed in (Hughes et al.
2000). While in most cases the Sac domain alone is incapable of hydrolyzing inositol
headgroups with adjacent phosphates, such as PtdIns(3,4)P2 and PtdIns(4,5)P2, the
5-phosphatase domain of SCIPs allows this class of enzyme to utilize PtdIns(4,5)P2

as a substrate (Guo et al. 1999). Here, we have outlined the major functions of the
yeast and mammalian stand-alone Sac phosphatases, with particular emphasis on the
role these enzymes play in mammalian cells and in human disease.

7.4.1 SAC1

The stand alone Sac phosphatase, ySac1, was the first enzyme of this family to be
identified in the yeast Saccharomyces cerevisiae (S. cerevisiae) as a regulator of actin
organization and membrane trafficking events through the Golgi (Cleves et al. 1989;
Novick et al. 1989; Whitters et al. 1993). In yeast, loss of ySac1 results in a range
of cellular defects, including actin cytoskeletal disorganization and cold sensitivity
for growth (Novick et al. 1989; Cleves et al. 1989), abnormal vacuole formation
and trafficking (Foti et al. 2001; Tahirovic et al. 2005) and cell wall abnormalities
(Schorr et al. 2001). Interestingly, however, ablation of ySac1 in yeast is not lethal.
The function of Sac1 is evolutionarily conserved, with Sac1 orthologs identified
as critical enzymes in a range of biological systems, including D. melanogaster
(Wei et al. 2003; Yavari et al. 2010) and Arabidopsis thaliana (Despres et al. 2003;
Zhong andYe 2003; Zhong et al. 2005). SAC1 expression is essential for viability in
mammalian systems and Sac1−/− mice exhibit pre-implantation lethality (Liu et al.
2008). Furthermore, SAC1 depletion in human cells results in decreased cell viability,
inhibition of G2-M cell cycle progression and suppressed cell growth rates (Liu et al.
2008; Cheong et al. 2010). Sac1 is ubiquitously expressed in adult and embryonic rat
and mouse tissues (Nemoto et al. 2000; Liu et al. 2009), however, its expression is
specifically up-regulated in the heart and regions of the brain during embryogenesis



7 Phosphoinositide Phosphatases: Just as Important as the Kinases 253

(Liu et al. 2009), suggesting a critical tissue-specific role for this enzyme during
development. Given the importance of SAC1 for cell viability and development, it
is surprising that this enzyme has not yet been associated with any human disease.

7.4.1.1 Structure and Function

SAC1 localizes to the ER and Golgi compartments in both yeast and mammalian
cells, anchored to the membranes by dual trans-membrane domains located in its
carboxyl-terminus (Whitters et al. 1993). In quiescent cells, SAC1 resides pre-
dominantly in the Golgi, translocating to the ER upon growth factor stimulation
(Blagoveshchenskaya et al. 2008; Cheong et al. 2010). While both yeast and hu-
man SAC1 exhibit Golgi-ER shuttling, the mechanism differs between species. In
S. cerevisiae, retention of ySac1 in the ER is dependent on interactions between
its carboxyl-terminal tail and the ER resident protein, Dpm1 (Dolichol phosphate
mannosyltransferase) (Faulhammer et al. 2005), however, the mechanism for shut-
tling between intracellular compartments is not understood. In contrast, mammalian
SAC1 forms oligomers in the ER via leucine zipper motifs located in its Sac domain,
which interact with the coatomer protein complex II (COP-II) to promote its trans-
port to the Golgi (Blagoveshchenskaya et al. 2008). Upon growth factor stimulation,
activation of the mitogen activated protein kinase (MAPK) pathway promotes disso-
ciation of SAC1 complexes to reveal a coatomer protein complex I (COP-I)-binding
carboxyl-terminal “KXKXX” motif and induce retrograde trafficking back to the
ER (Blagoveshchenskaya et al. 2008; Rohde et al. 2003; Liu et al. 2008). To date
the precise function of SAC1 in distinct sub-cellular compartments remains poorly
understood. SAC1 utilizes PtdIns(4)P as its predominant substrate, and depletion
of this phosphatase in both yeast and mammalian cells results in increased cellu-
lar PtdIns(4)P levels (Guo et al. 1999; Nemoto et al. 2000; Rivas et al. 1999; Liu
et al. 2008; Cheong et al. 2010). Sequestration of SAC1 in the ER following cell
stimulation may allow accumulation of Golgi PtdIns(4)P, thereby promoting pro-
tein export to the plasma membrane (Blagoveshchenskaya et al. 2008). Conversely,
Golgi-localized SAC1 may assist in the maintenance of normal Golgi organization
through spatio-temporal regulation of PtdIns(4)P levels and its downstream effector
proteins (Cheong et al. 2010). Indeed, RNAi-mediated SAC1 depletion results in
disruption of Golgi integrity and distorted morphology, however, this does not affect
overall rates of secretion (Liu et al. 2008; Cheong et al. 2010). Interestingly, how-
ever, expression of a Golgi-directed SAC1 mutant, resulting in PtdIns(4)P depletion,
suppresses trafficking from this site (Szentpetery et al. 2010). Intriguingly, the ySac1
crystal structure suggests this phosphatase may function beyond its sub-cellular dis-
tribution, revealing the presence of a linker sequence located between the catalytic
domain and the carboxyl-terminal trans-membrane domain, which may allow the Sac
domain access to adjacent membranes even when embedded in the membranes of in-
tracellular organelles (Manford et al. 2010). For example, ER-localized SAC1 could
regulate phosphoinositides embedded in adjacent regions of the plasma membrane,
however this function remains to be confirmed.
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7.4.2 SAC2

The human SAC2 (gene name INPP5F) is an exceptional Sac phosphatase as it can
hydrolyze the D5 position phosphate of PtdIns(4,5)P2 and PtdIns(3,4,5)P3, gener-
ating PtdIns(4)P and PtdIns(3,4)P2 respectively (Minagawa et al. 2001). Although
SAC2 contains a conserved catalytic phosphatase motif, it differs slightly from ySac1
in its surrounding modules, which may be responsible for the differential substrate
specificities (Minagawa et al. 2001). Northern blot analysis indicates that this en-
zyme is ubiquitously expressed in human tissues, with highest levels detected in
brain, heart, skeletal muscle, kidney and placenta (Minagawa et al. 2001). The
heart-specific function of Sac2 has been characterized in mouse models with defi-
ciency of this enzyme. Both Inpp5f knockout mice, and a histone deacetylase 2
(Hdac2) transgenic mice in which Inpp5f expression is transcriptionally repressed,
exhibit stress-induced cardiac hypertrophy associated with elevated PtdIns(3,4,5)P3

and hyper-phosphorylation of Akt and GSK3β (Trivedi et al. 2007; Zhu et al. 2009).
Reciprocally, Sac2 transgenic mice are resistant to cardiac hypertrophy (Zhu et al.
2009), verifying the importance of this protein for normal cardiac myocyte function.

7.4.3 SAC3/Fig4

The related SAC3 (gene name FIG4) also serves a critical function in mammalian
systems. Mutations in this enzyme are associated with human neuropathies. SAC3
is the human counterpart of the yFig4 protein (Rudge et al. 2004; Sbrissa et al.
2007), initially identified in S. cerevisiae as a pheromone-regulated or induced gene
(Erdman et al. 1998). Both yFig4 and SAC3 utilize PtdIns(3,5)P2 as their preferred in
vivo substrate (Rudge et al. 2004; Sbrissa et al. 2007). Intriguingly, however, cellular
depletion of these phosphatases results in a paradoxical suppression of PtdIns(3,5)P2

levels, due to the loss of an activating interaction between the Sac phosphatases and
the PtdIns(3,5)P2-generating PtdIns(3)P 5-kinases, Fab1 in yeast and PIKfyve in
mammalian cells (Duex et al. 2006a, 2006b; Gary et al. 2002; Rudge et al. 2004;
Sbrissa et al. 2007; Chow et al. 2007; Botelho et al. 2008). This association is
permitted by direct interactions between the phosphatases and the intermediate yeast
Vac14 or mammalian ArPIKfyve proteins, allowing the formation of a stable ternary
complex that promotes both activation of Fab1/PIKfyve, to generate PtdIns(3,5)P2,
in addition to stabilization of its agonist yFig4/SAC3 (Sbrissa et al. 2007; Ikonomov
et al. 2010). This complex localizes to intracellular vesicular membranes to regulate
PtdIns(3,5)P2 production at these sites (Sbrissa et al. 2007; Rudge et al. 2004; Botelho
et al. 2008).

7.4.3.1 SAC3 Function and Disease Associations

In the mouse, Sac3 protein and RNA is ubiquitously detected in all tissues, with
highest expression in the brain, white adipose tissue and lung (Sbrissa et al. 2007;
Chow et al. 2007). Sac3 may play a role in insulin-mediated GLUT4 translocation
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and glucose entry in mouse adipocytes, potentially implicating this enzyme in insulin
resistance (Ikonomov et al. 2009). The rat Sac3 homolog is also important for neu-
rite elongation in neuronal PC12 cells (Yuan et al. 2007). A naturally occurring Sac3
knockout mouse (Fig4−/−), termed “pale tremor”, exhibits severe tremor and abnor-
mal gait, associated with neurodegeneration and juvenile lethality (Chow et al. 2007;
Zhang et al. 2008; Ferguson et al. 2009). Fig4−/− derived fibroblasts and neurons
exhibit enlarged endosomal and lysosomal compartments and impaired organelle
trafficking (Chow et al. 2007; Ferguson et al. 2009) and brains from Fig4−/− mice
exhibit inclusion bodies with markers of defective autophagy (Ferguson et al. 2009).
The clinical and pathological features of the pale tremor mouse are reminiscent of
human neuropathies, in particular Charcot-Marie-Tooth (CMT) disorder. Indeed,
an autosomal recessive form of CMT, type 4J (CMT4J), is caused by a pathogenic
mutation at amino acid 41 (Ile-to-Thr) in SAC3 (Chow et al. 2007). While the re-
sulting mutant protein exhibits no change in its PtdIns(3,5)P2 phosphatase activity,
it is no longer stabilized by its interaction with ArPIKfyve and is thereby readily de-
graded (Ikonomov et al. 2010). In addition, deleterious mutations in the human FIG4
gene are associated with the severe human neuropathy, amyotrophic lateral sclerosis
(ALS) (Chow et al. 2009), further highlighting the importance of this enzyme in the
regulation of neuronal function.

7.5 Concluding Remarks

The characterization of the phosphoinositide phosphatases has lagged behind the
kinases but the results of the many recent studies described here reveal they play just
as important a role in cellular function and human disease as the phosphoinositide
kinases. There is likely to be many more exciting results that emerge in the next few
years on the role the lipid phosphatases play in human diseases. Many phosphoinosi-
tide phosphatases exhibit altered expression in many different diseases as shown by
gene array expression analysis but the functional consequences remain to be deter-
mined but are likely to be significant. Characterization of mouse knockout models of
some of the lipid phosphatases is still emerging, which may give significant insights
into phosphatase function. Furthermore most reports to date have characterized the
function of individual lipid phosphatases in isolation and it will be a challenge for
the future to determine how these enzymes work together to regulate the complex
interactive phosphoinositide signaling pathway.
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Chapter 8
The PTEN and Myotubularin Phosphoinositide
3-Phosphatases: Linking Lipid Signalling
to Human Disease

Elizabeth M. Davies, David A. Sheffield, Priyanka Tibarewal, Clare G. Fedele,
Christina A. Mitchell and Nicholas R. Leslie

Abstract Two classes of lipid phosphatases selectively dephosphorylate the 3 po-
sition of the inositol ring of phosphoinositide signaling molecules: the PTEN and
the Myotubularin families. PTEN dephosphorylates PtdIns(3,4,5)P3, acting in direct
opposition to the Class I PI3K enzymes in the regulation of cell growth, proliferation
and polarity and is an important tumor suppressor. Although there are several PTEN-
related proteins encoded by the human genome, none of these appear to fulfill the
same functions. In contrast, the Myotubularins dephosphorylate both PtdIns(3)P and
PtdIns(3,5)P2, making them antagonists of the Class II and Class III PI 3-kinases and
regulators of membrane traffic. Both phosphatase groups were originally identified
through their causal mutation in human disease. Mutations in specific myotubular-
ins result in myotubular myopathy and Charcot-Marie-Tooth peripheral neuropathy;
and loss of PTEN function through mutation and other mechanisms is evident in as
many as a third of all human tumors. This chapter will discuss these two classes of
phosphatases, covering what is known about their biochemistry, their functions at
the cellular and whole body level and their influence on human health.
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8.1 Introduction

Phosphoinositides are second messengers that relay extracellular signals to initiate
cellular signaling cascades. They are derived from the precursor phosphatidylinositol
(PtdIns), which can be transiently phosphorylated at the D3, D4 or D5 position of the
inositol head group. Seven phosphoinositide species have been currently identified,
each with unique subcellular localization patterns and distinct roles in cellular sig-
naling pathways. Generation of phosphoinositides phosphorylated at the D3 position
of the inositol head group is a critical component in phosphoinositide metabolism,
and in the coordination of cellular responses required for appropriate physiologi-
cal development. Phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3) levels
are low in quiescent cells but increase transiently in response to agonist stimula-
tion. Agonist-induced activation of the class I phosphatidylinositol 3-kinase (PI3K)
results in the generation of PtdIns(3,4,5)P3 at the plasma membrane through the
phosphorylation of phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) at the D3
position of its inositol head group. PtdIns(3,4,5)P3 directs numerous cellular pro-
cesses, including cell proliferation, growth, survival, cell polarity and migration.
Phosphatidylinositol 3-phosphate (PtdIns(3)P) is constitutively generated at the site
of early endosomes by the class III PI3K (Vps34) or by the class II PI3K. PtdIns(3)P
regulates endosomal fusion and motility; receptor sorting and recycling; and vesi-
cle trafficking. Phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2) is generated
by phosphorylation of PtdIns(3)P by the PIKfyve kinase on early and/or late en-
dosomes and regulates endosomal sorting and endomembrane homeostasis. The
downstream cellular effects of 3-phosphorylated phosphoinositides are transmit-
ted via the recruitment of specific phosphoinositide-binding proteins. This occurs
either through interaction of the phosphoinositide inositol head group with basic
amino acid residues or alternatively via interaction with discrete phosphoinositide-
binding domains, for example pleckstrin homology (PH) domains. Dysregulation
of 3-phosphoinositide metabolism leads to the disruption of cellular function and
the development of disease. Therefore, their levels are tightly regulated by the ac-
tivity of the phosphoinositide kinases, which generate them; and the activity of
phosphoinositide 3-phosphatases, which selectively remove the phosphate group at
the D3 position of their inositol head-groups. The phosphoinositide 3-phosphatases
include PTEN and its related homologs; and the multiple members of the myotubu-
larin (MTM) family. These enzymes share a highly conserved phosphatase domain,
containing a CX5R catalytic motif, and both will be described within this chapter.
While in vitro kinetic analyses have demonstrated enzyme activity of PTEN and
MTMs toward membrane-bound phosphoinositides and soluble inositol phosphates,
membrane-bound phosphoinositides are recognized as their preferred physiological
substrates. Therefore, at the functional level, the 3-phosphatases act preferentially
at membrane microdomains at the plasma membrane or on intracellular organelles
such as early endosomes.

PTEN is a recognized tumor suppressor gene, which is frequently mutated at
the 10q23 chromosomal locus in both spontaneous cancers and hereditary cancer
predisposition syndromes. PtdIns(3,4,5)P3 is the recognized physiological substrate
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of PTEN, generating PtdIns(4,5)P2. Therefore, PTEN directly antagonizes the Class
I PI3K at the plasma membrane, and thereby regulates cell proliferation, survival,
cell cycle progression, cell polarity, migration, invasion, embryonic development,
immune function, insulin signaling and glucose metabolism. The myotubularins
are a large family consisting of 9 catalytically active and 7 catalytically inactive
family members. Heterodimeric interaction between active and inactive members
of the myotubularin family regulates catalytic activity and/or sub-cellular protein
localization of the active family members. Myotubularins hydrolyze PtdIns(3)P and
PtdIns(3,5)P2, to generate PtdIns and PtdIns(5)P respectively. Therefore, MTMs
antagonize Class II and III PI3Ks, thereby regulating phosphoinositide-dependent
endosomal membrane homeostasis. Mutations in various members of the myotubu-
larin family are associated with human disease, including the peripheral neuropathy
Charcot-Marie Tooth disease; and mytobular or centronuclear myopathies. Dephos-
phorylation of phosphoinositides at the D3 position of the inositol head-group is
also a function of Sac1, which has been extensively described in Chap. 7, and will
not be further described here. The following chapter will discuss the prominent
features of these two families of 3-phosphoinositide phosphatase enzymes, focusing
on current studies that enhance our knowledge of how the loss of function of these
proteins contributes to human diseases.

8.2 PTEN

PTEN/MMAC/TEP1 (phosphatase and tensin homolog deleted on chromosome
ten/mutated in multiple advanced cancers/TGFβ-regulated and epithelial cell-
enriched phosphatase) is a tumor suppressor that is frequently mutated in sporadic
human cancers and also in the inherited autosomal dominant cancer predisposi-
tion syndromes, Cowden disease, Lhermitte-Duclos disease, Bannayan-Zonana
syndrome, and Proteus and Proteus-like syndromes (Yin and Shen 2008). These
syndromes are characterized by developmental disorders, including neurological
abnormalities, multiple hamartomas, and an associated increased risk of cancer de-
velopment in later life, including breast, thyroid, and endometrial cancers (Liaw et al.
1997; Marsh et al. 1997; Tsuchiya et al. 1998). Other PTEN-like phosphatases have
been identified in humans including the Trans-membrane Phosphatase with Tensin
homology (TPTE), and the TPTE and PTEN homologous inositol lipid phosphatase
(TPIP/TPTE2). However, these enzymes appear to be expressed predominantly in
the testis, and although their functions are poorly defined, they seem quite distinct
from those of PTEN, reviewed in (Sasaki et al. 2009).

PTEN shares sequence homology with the protein tyrosine phosphatase family
and initial reports identified PTEN as a dual-specificity protein phosphatase (Li and
Sun 1997; Myers et al. 1997). Subsequent studies using recombinant PTEN iden-
tified its 3-phosphatase activity toward PtdIns(3,4,5)P3, PtdIns(3,4)P2, PtdIns(3)P,
and Ins(1,3,4,5)P4 (Maehama and Dixon 1998). Whilst constitutive elevation of
both PtdIns(3,4)P2 and PtdIns(3,4,5)P3 have been identified in PTEN-null cells
(Haas-Kogan et al. 1998; Taylor et al. 2000b), there is evidence to indicate that
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PtdIns(3,4,5)P3 is the major physiological target of PTEN. Firstly, a H93A PTEN mu-
tant selectively reduces PTEN activity toward PtdIns(3,4,5)P3, but not PtdIns(3,4)P2

(Lee et al. 1999). Furthermore, the catalytic efficiency of PTEN for PtdIns(3,4,5)P3 as
a substrate is 200-fold greater than that for PtdIns(3,4)P2 (McConnachie et al. 2003).
Therefore, in the physiological context, it is likely PTEN is a phosphoinosi-
tide phosphatase that preferentially hydrolyzes the D3-position phosphate from
PtdIns(3,4,5)P3, to generate PtdIns(4,5)P2, and thereby directly antagonizes phos-
phoinositide 3-kinase (PI3K) signaling and attenuates Akt activation to regulate cell
survival and proliferation (Salmena et al. 2008).

8.2.1 PTEN Structure

Several domains and motifs have been identified in PTEN that contribute to its ac-
tivity, stability or localization (Fig. 8.1). PTEN contains two major domains, which
associate across an extensive interface through hydrogen bonding (Lee et al. 1999;
Li et al. 1997; Steck et al. 1997). Within the amino-terminal domain is the catalytic
phosphatase domain, that contains a conserved CX5R catalytic motif; and also an ex-
treme amino-terminal PtdIns(4,5)P2—binding motif (Walker et al. 2004; Campbell
et al. 2003; Iijima et al. 2004). The carboxyl-terminal domain contains a calcium-
independent phospholipid binding C2 domain that regulates its plasma membrane
localization; two PEST (proline, glutamic acid, serine, threonine) sequences, and a
PDZ (Post synaptic density protein, Drosophila disc large tumor suppressor, zonula
occludens-1 protein)-binding domain, that mediates the interaction with several bind-
ing partners and can affect PTEN protein stability (Salmena et al. 2008). Examination
of PTEN’s crystal structure reveals the presence of a more enlarged catalytic pocket,
in comparison to protein tyrosine phosphatases, which also have a CX5R catalytic
motif, facilitating the association of PtdIns(3,4,5)P3 with particular basic catalytic
residues (Lee et al. 1999). The amino-terminal PtdIns(4,5)P2—binding motif, in
addition to the C2 domain, regulates the transient association of PTEN from the
cytosol to the plasma membrane, positioning the phosphatase for maximal access to
its membrane-bound phosphoinositide substrate.

8.2.2 Regulation of PTEN

PTEN can be regulated both at the level of transcription, or by post-translational
modification. Indeed, regulation of PTEN at the transcriptional level plays a promi-
nent role in those cancers or cases of Cowden disease in which mutation of PTEN is
absent, but PTEN expression is lost. Naturally occurring alternative splice variants of
PTEN have been identified in both normal and cancerous tissue (Sharrard and Mait-
land 2000). However, in identified PTEN mutation-negative cases of Cowden disease
or sporadic breast cancers, alternative splice variants of PTEN are found to associate
with decreased transcription of full-length PTEN (Sarquis et al. 2006; Agrawal and
Eng 2006). Epigenetic silencing of the PTEN promoter through methylation and the
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Fig. 8.1 Schematic representation of the major domains of the human PTEN family. The domain
structure of human PTEN is shown, along with its closest 7 relatives within the human genome.
More distantly related phosphatases display both lower sequence identity through the phosphatase
domain and lack an adjacent recognizable C2 domain. Numbers below each protein name show
the sequence identity with PTEN through the phosphatase domain. Domains are those identified
in the NCBI/CDD database. Abbreviations: GAK Cyclin G-associated Kinase, PTP/DSP Protein
tyrosine phosphatase/dual specific phosphatase, M Transmembrane domain, SH2 Src homology 2,
PTB Phosphotyrosine binding, S/T Kinase Serine/Threonine Protein Kinase, PDZB binding motif
for PDZ domains (Post synaptic density protein, Drosophila disc large tumor suppressor, zonula
occludens-1 protein)

actions of several oncogenic microRNAs also decrease PTEN protein expression in
sporadic cancers (Khan et al. 2004; Whang et al. 1998; Mirmohammadsadegh et al.
2006; Salvesen et al. 2004; Poliseno et al. 2010a).

Post-translational modifications of PTEN may regulate protein stability, expres-
sion, catalytic activity or sub-cellular localization. PTEN interacts with PCAF
(p300/CBP-associated factor), a histone acetyltransferase that regulates gene tran-
scription (Okumura et al. 2006; Yao and Nyomba 2008). Interaction of PTEN and
PCAF results in increased acetylation of Lys125 and Lys128, within the catalytic
cleft of PTEN, inhibiting PTEN’s phosphatase activity. Several studies have shown
that phosphorylation of specific residues within the carboxyl-terminal of PTEN by
a number of kinases also regulates protein stability and turnover. Phosphorylation
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of PTEN at a cluster of phosphorylation sites (Ser380, Thr382, Thr383 and Ser385)
in the carboxyl-terminal tail region by casein kinase 2 promotes a conformational
change in PTEN, indirectly increasing PTEN’s resistance to proteosome-mediated
degradation, but decreasing its membrane association and cellular activity (Vazquez
et al. 2000, 2001, 2006; Torres and Pulido 2001; Maccario et al. 2010). Conversely,
glycogen synthase kinase 3β (GSK3β)-mediated phosphorylation of PTEN at Thr366

in its carboxyl-terminal tail results in protein destabilization (Maccario et al. 2007).
Phosphorylation of PTEN by the Src family of protein-tyrosine kinases, probably
within the C2 domain, may also regulate protein stability or its sub-cellular local-
ization (Lu et al. 2003). Additionally, the candidate tumor suppressor, PICT-1 (also
known as GLTSCR2) promotes PTEN phosphorylation and stability, although the
precise mechanism is unclear (Okahara et al. 2004). PEST sequences are commonly
found in proteins that are targeted for degradation within the ubiquitin pathway.
Phosphorylation-dependent polyubiquitination has been proposed as a potential
molecular mechanism targeting PTEN for proteosomal degradation (Tolkacheva et al.
2001), however, the identification of the physiological ubiquitin ligase remains to
be confirmed. Studies in which NEDD4-1 levels were manipulated through ectopic
expression or RNA interference, identified this protein as the E3 ubiquitin ligase
that polyubiquinates PTEN (Wang et al. 2007, 2008). However, studies in Nedd4-1
knockout mice, showed that Nedd4-1 was dispensable for the regulation of PTEN
stability, activity and/or localization (Fouladkou et al. 2008). The reasons for these
apparent contradictory findings are yet to be resolved.

Recently PTEN was demonstrated to interact with P-Rex2, a multi-domain pro-
tein that contains a Rac GEF domain and a domain with homology to the inositol
polyphosphate 4-phosphatases. Within this latter domain P-Rex2 contains a CX5R
motif, but there is no evidence that P-Rex2 or the related P-Rex1 are catalytically
active phosphoinositide phosphatases (see Chap. 7). The interaction between P-Rex2
and PTEN inhibits PTEN catalytic activity, and as a consequence cell proliferation
and survival is enhanced (Fine et al. 2009).

8.2.3 Functional Roles of the Protein Versus Lipid Phosphatase
Activity of PTEN

Lipid phosphatase-independent roles for PTEN are currently emerging; however, the
identification of the G129E missense mutation in Cowden disease kindred, which
selectively eliminates the lipid phosphatase activity of PTEN, while retaining its pro-
tein phosphatase activity, demonstrates that the lipid phosphatase activity of PTEN
is essential for tumor suppression (Furnari et al. 1998; Myers et al. 1998). However,
while PTEN is the central regulator of the PI3K signaling pathway, reports from many
studies suggest a role for the protein phosphatase activity of PTEN, particularly in
adhesion and cell migration, and the functional role of PTEN may indeed require
both its lipid and protein phosphatase activities. Potential PTEN protein substrates
include FAK, Shc and platelet-derived growth factor receptor (PDGFR) (Gu et al.
1999; Tamura et al. 1998; Mahimainathan and Choudhury 2004); however, whether
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these are bona fide physiological targets of PTEN remains unresolved (Davidson
et al. 2010).

In Dictyostelium discoideum (D. discoideum), PTEN sub-cellular localization is
restricted to the rear and lateral aspects of the cell, ensuring PtdIns(3,4,5)P3 is lo-
calized to the leading edge of chemotaxing cells (Funamoto et al. 2002; Iijima and
Devreotes 2002). The reconstitution of wild-type PTEN into PTEN-null mouse fi-
broblasts inhibits cell migration, and decreases the activation of the small GTPases
Rac1 and Cdc42, dependent on the lipid phosphatase activity of PTEN (Liliental et al.
2000). However, studies using the G129E mutant (Furnari et al. 1998; Myers et al.
1998) have shown that PTEN can inhibit mammalian cell migration through a mech-
anism that is dependent on PTEN’s protein phosphatase activity (Tamura et al. 1998,
1999a; Dey et al. 2008; Leslie et al. 2007; Gildea et al. 2004; Gu et al. 1999). The
most compelling function of the protein phosphatase activity of PTEN in the regula-
tion of mammalian cell migration is its proposed role in the auto-dephosphorylation
of its carboxyl-terminal tail to reveal its lipid-binding C2 domain. PTEN inhibits cell
migration in glioblastoma cells, independent of its lipid phosphatase activity, but
reliant on its protein phosphatase activity (Raftopoulou et al. 2004). The C2 domain
alone can also inhibit cellular migration in microinjection experiments, suggesting
that this activity of the C2 domain may be regulated by the full-length protein. The
dephosphorylation of PTEN is essential to C2 domain activation and is dependent
solely on the protein phosphatase activity of PTEN. Raftopoulou et al. identified the
specific dephosphorylation of residue Thr383 as important in this process; however
analysis in many cell types by multiple groups using phospho-specific antibodies
has failed to delineate the significance of this site as compared to the other phospho-
rylation cluster sites Ser380, Thr382 and Ser385 in the regulation of PTEN’s activity
and function (Odriozola et al. 2007; Leslie et al. 2007; Rahdar et al. 2009). PTEN
has previously been shown to exhibit preferential protein substrate specificity toward
highly acidic proteins and peptides (Myers et al. 1997). The PTEN carboxyl-terminal
tail is predominantly acidic, which may implicate the protein phosphatase activity
of PTEN in its autodephosphorylation, leading to the activation of the C2 domain
and inhibition of cellular migration. In support of this, a 71 amino acid region within
the carboxyl-terminal tail of PTEN has been identified as an auto-inhibitory domain
that regulates membrane localization and catalytic activity through an intramolecular
association with the CBRIII motif of the C2 domain (Odriozola et al. 2007). One
report suggests that PTEN is involved in the regulation of two distinct processes that
require the co-operation of both its lipid and protein phosphatase activities to mediate
cell migration during embryonic development (Leslie et al. 2007). The protein phos-
phatase activity of PTEN is required for the control of epithelial-to-mesenchymal
transition (EMT) via the autodephosphorylation of its carboxyl-terminal domain,
while the lipid phosphatase activity of PTEN regulates PtdIns(3,4,5)P3-dependent
cell polarization and directionality of mesodermal cell migration. A recent study has
also contributed to the contention that both the lipid and phosphatase activities of
PTEN are required to act in co-operation to regulate physiological processes. David-
son et al. generated a novel PTEN mutant, Y138L, which retains lipid phosphatase
activity, but lacks phosphatase activity toward protein substrates (Davidson et al.
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2010). Using this mutant alongside the well-described G129E mutant, the role of the
lipid and protein phosphatase activities of PTEN in physiological processes was fur-
ther delineated. The lipid phosphatase activity of PTEN regulated cell proliferation in
soft agar and cell spreading. Adherent cell migration was regulated by either the pro-
tein or lipid phosphatase activities of PTEN; whereas cellular invasion required the
coordinated actions of both activities. Therefore, the lipid and protein phosphatase
activities of PTEN may be required for the regulation of cellular processes important
in development and disease prevention.

8.2.4 A Nuclear Function for PTEN

Apart from its function as a negative regulator of PI3K-mediated signaling pathways
at the plasma membrane, a role for PTEN within the cell nucleus is currently emerg-
ing. The localization of PTEN within the nucleus has been described in a range of both
normal and tumor cells, with nuclear exclusion of PTEN associated with increased
cancer progression (Zhou et al. 2002; Perren et al. 2000; Fridberg et al. 2007). At
the functional level, targeted expression of PTEN within the nucleus does not affect
catalytic activity in vitro, but leads to loss of PTEN function in cellular assays of pro-
liferation, promotes cell cycle arrest and inhibits anchorage-independent cell growth
(Ginn-Pease and Eng 2003; Liu et al. 2005b; Chung and Eng 2005; Denning et al.
2007). Therefore, control of PTEN localization may become a future therapeutic tool.

While a traditional NLS (nuclear localization signal) has not been identified in
PTEN to date, a number of mechanisms regulating PTEN nuclear localization have
been proposed. PTEN has been shown to enter the nucleus through passive diffusion
in a RAN (Ras-related nuclear protein)-independent manner (Liu et al. 2005a). Puta-
tive NLS-like sequences have additionally been identified in PTEN that are required
for nuclear import, mediated through interaction with MVP (major vault protein)
(Chung et al. 2005). A further mechanism has identified both putative NLS and
nuclear exclusion motifs as necessary for nuclear localization of PTEN, mediated
through currently unidentified importin proteins and RAN (Gil et al. 2006). Finally,
mono-ubiquitination is emerging as a critical means of regulating PTEN localiza-
tion. NEDD4-1-mediated mono-ubiquitination of Lys289 or Lys13 residues within
PTEN has been identified as a molecular mechanism that regulates nuclear import
of the protein (Trotman et al. 2007). Although the nuclear function of PTEN re-
mains to be fully characterized, the K289E mutation in the carboxyl-terminal tail
of PTEN is associated with Cowden disease. This point mutation does not affect
catalytic activity or plasma membrane localization (Georgescu et al. 2000), but
prevents mono-ubiquitination at this site (Trotman et al. 2007). Alternative reg-
ulation of mono-ubiquitination of PTEN occurs through the opposing actions of
HAUSP (herpesvirus-associated ubiquitin-specific protease) and PML (promyelo-
cytic leukemia protein) via the adapter protein DAAX (death domain-associated
protein) (Song et al. 2008). PTEN localization is abnormal in acute promyelocytic
leukemia where PML function is impaired; and HAUSP is over-expressed in human
prostate cancer and is associated with nuclear exclusion of PTEN.
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While a nuclear pool of PtdIns(3,4,5)P3 has been identified, this may be insen-
sitive to PTEN expression (Lindsay et al. 2006), suggesting a phosphoinositide
phosphatase-independent role for nuclear PTEN. In support of this, several groups
have described phosphatase-independent functions of PTEN within in the nucleus,
which may promote chromosome stability. These functions are predominantly
associated with the regulation of protein interactions within the nucleus. Phosphatase-
independent protein interactions between PTEN and p300 in the nucleus induce
hyper-acetylation of p53, inducing cell cycle arrest in response to DNA damage
(Liu et al. 2006). An association between loss of PTEN and chromosomal fragmen-
tation has recently been described, suggesting a possible role for PTEN in DNA
repair mechanisms. Endogenous PTEN was identified at the centromere, where it
associated with the core centromeric protein Cenp-C, a protein required for kineto-
chore assembly and also during mitosis for metaphase to anaphase transition (Shen
et al. 2007). This association was mediated via the carboxyl-terminus of PTEN,
independently of catalytic activity.

8.2.5 PTEN Function as Revealed by Mouse Knock-out Studies

To dissect PTEN function, both global and tissue-specific deletion of PTEN in
mice have been undertaken over the last 10 years. These studies have revealed
roles for PTEN in autoimmune disease, non-alcoholic steatohepatitis, insulin hy-
persensitivity, heart failure, angiogenesis via regulation of endothelial cell function,
macroencephaly, bone density, respiratory distress syndrome, immunoglobulin class
switching, and resistance to hair graying to name a few (Knobbe et al. 2008). Ho-
mozygosity for a null mutation of Pten in mice results in early embryonic lethality
(Di Cristofano et al. 1998, 1999; Podsypanina et al. 1999; Stambolic et al. 1998;
Suzuki et al. 1998). Many different tissue-specific mouse Pten knockouts have been
generated and their phenotypes are summarized in Table 8.1. For more detailed de-
scriptions of conditional Pten mutant mice the reader is referred to recent reviews
(Suzuki et al. 2008; Knobbe et al. 2008).

8.2.6 Disruption of PTEN Correlates with Tumorigenesis
and Cancer Progression

After p53, PTEN is the second most frequently mutated tumor suppressor gene in
human cancer. It was identified as the tumor suppressor gene at the 10q23 human
chromosomal locus, a region frequently mutated in a vast range of sporadic can-
cers (Li and Sun 1997; Steck et al. 1997). The classification of PTEN as a tumor
suppressor is further sustained through the identification of germline mutations of
PTEN in the autosomal dominant cancer predisposition syndromes, Cowden disease,
Lhermitte-Duclos disease and Bannayan-Zonana syndrome. While targeted disrup-
tion of Pten in mice results in early embryonic death between embryonic day 6.5 and
9.5, the phenotype exhibited in heterozygotes varies, possibly as a result of variations
in targeting constructs; however, increased susceptibility to tumor formation is



290 E. M. Davies et al.

Table 8.1 Genetically modified PTEN murine models

PTEN knockout
mouse model

Phenotype Reference

Constitutive Pten knockout mice
Global Homozygotes: Embryonic death at E6.5-E9.5

Heterozygotes: Increased susceptibility to tu-
mor development in multiple tissues. Increased
autoimmune responses

(Di Cristofano et al.
1998, 1999;
Podsypanina et al.
1999; Stambolic et al.
1998; Suzuki et al.
1998)

Conditional Pten knockout mice (single mutants)
Adipocyte-specific
(aP2Cre)

Improved systemic glucose tolerance and
insulin sensitivity. Increased resistance to
diabetes

(Kurlawalla-Martinez
et al. 2005)

B-cell-specific
(CD19Cre)

Impaired immunoglobulin class switching and
defective B-cell homeostasis.
Hyper-proliferation, resistance to apoptosis and
enhanced migration of splenic B-cells.
Abrogation of BCR-mediated apoptosis and
restoration of BCR-induced cell cycle
progression via PtdIns(3,4,5)P3-dependent
signaling pathways in immature B cells

(Suzuki et al. 2003b;
Anzelon et al. 2003;
Cheng et al. 2009)

Cardiomyocyte-
specific
(MckCre)

Cardiac hypertrophy from 10 weeks of age and
decreased cardiac contractility

(Crackower et al. 2002)

Cerebellum-specific
(En2Cre-neuronal
and glial cells of the
vermis of the
cerebellum)
(L7Cre-Purkinje
cells)

Reduced proliferation and progressive loss of
Purkinje cells, beginning in early postnatal
development, characterized by increasing
vacuolation of the cells and the accumulation of
fibrillary inclusions. Increased cerebellar size,
neurons with larger soma size and thickened
dendrites, dysplastic astrocytes and abnormally
localized oligodendrocytes

(Marino et al. 2002)

Chrondrocyte-
specific
(Col2a1Cre)

Contrasting phenotype reported in two
independent studies. Ford-Hutchinson et al.
showed increased skeletal size, increased
vertebrae size, and primary spongiosa
development. They described disorganization
of long bone growth plates, matrix
overproduction and accelerated hypertrophic
differentiation. No evidence of hamartoma,
benign bone lesions, or chondrosarcoma was
reported, however, 2/12 mice followed for a
period of 12 months, developed metastatic
osteosarcoma. However, Yang et al. described a
phenotype with chondrocyte-specific deletion
of Pten resulting in dyschondroplasia, as a
result of delayed chondrocyte differentiation
and decreased proliferation. Pathological
cartilaginous neoplasms were evident from
birth resembling human enchondroma

(Ford-Hutchinson et al.
2007; Yang et al. 2008)
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Table 8.1 (continued)

PTEN knockout
mouse model

Phenotype Reference

Endothelial
cell-specific
(Tie2Cre)

Homozygotes: Embryonic death prior to E11.5,
associated with bleeding and cardiac failure as a
result of impaired recruitment of pericytes and
vascular smooth muscle cells to blood vessels,
and cardiomyocytes to the endocardium
Heterozygotes: Enhanced tumorigenesis due to
increased angiogenesis, associated with altered
expression of endothelial cell receptor proteins,
vascular adhesion molecules and vascular
growth factors

(Hamada et al. 2005)

Hematopoietic stem
cells (pIpc-inducible
Mx1Cre)

Rapid development of myeloproliferative
disorders within 4–6 weeks of age, which
progressed to acute myeloid leukemia or acute
lymphoblastic leukemia

(Yilmaz et al. 2006;
Zhang et al. 2006)

Hepatocyte-specific
(AlbCre)

Increased hepatomegaly, steatohepatitis and an
accumulation of triglycerides similar to that in
human non-alcoholic steatohepatitis (NASH).
Increased levels of C16:1 and C18:1 acids
within the liver. Increased induction of
adipocyte-specific genes (adipsin, adiponectin,
and aP2) and lipogenic genes. Increased
development of liver adenoma and
hepatocellular carcinoma within 78 weeks of
age. Decreased serum glucose levels due to
insulin hypersensitivity, and reduced serum
insulin. Hepatic steatosis, inflammation, and
carcinogenesis in Pten-deficient mice were
attenuated in females compared to males.
Decreased hepatic protein levels of apoB100
and microsomal triglyceride transfer protein

(Horie et al. 2004;
Anezaki et al. 2009;
Stiles et al. 2004;
Qiu et al. 2008)

Hypothalamic
POMC-specific
(PomcCre)

Development of hyperphagia and
sexually-differential diet-induced obesity. In
male mice, increased body weight was
associated with increased consumption of a
normal diet. Females maintained normal body
weight on a normal chow diet, but became
obese on a high-fat diet. Pomc-expressing
neurons were larger in Pten-null cells and had
more efferent fibers than wild-type neurons

(Plum et al. 2006)

Intestinal epithelial
cell-specific
(Tg(Cyp1a1-
cre)1Dwi or
Tg(Vil-
cre/ESR1)23Syr)

No effect on the normal architecture or
homeostasis of the epithelium within adult or
embryonic epithelial cells

(Marsh et al. 2008)

Intestinal stem
cell-specific
(Mx1Cre)

Deletion of PTEN in the epithelial and stromal
cells of the small intestine results in increased
proliferative intestinal stem cells that initiate
intestinal polyp formation, resembling
intestinal polyposis, within 1 month

(He et al. 2007)
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Table 8.1 (continued)

PTEN knockout
mouse model

Phenotype Reference

Keratinocyte-
specific (k5Cre,
MMTVCre)

Epidermal hyperplasia, hyperkeratosis, and
shaggy hair. Decreased body weight, with
approximately 90% of mutants dying from
malnutrition within 3 weeks of birth, as a result
of esophageal hyperkeratosis. Mice that survive
beyond 2 months of age show increased
susceptibility to the development of squamous
papilloma squamous cell carcinoma, sebaceous
carcinoma and adenocarcinoma of the sweat
gland within 9 months

(Suzuki et al. 2003a;
Yang et al. 2005;
Backman et al. 2004)

Lung epithelial
cell-specific
(Doxycycline-
inducible
SP-C-rtTA/ (tetO)7-
Cre)

Ninety percent of mutant mice that receive
doxycycline in utero (E10-16) die of hypoxia
within 2 h of birth. Hyperplasia of
bronchioalveolar epithelial cells and
myofibroblast precursors. Enlarged
undifferentiated alveolar epithelial cells, and
impaired production of surfactant proteins.
Increased numbers of bronchioalveolar stem
cells, which are putative initiators of lung
adenocarcinoma. Increased susceptibility of the
surviving mutants, and mice receiving
doxycycline postnatally (P21-27), to
spontaneous or induced lung adenocarcinoma

(Yanagi et al. 2007)

Macrophage-
specific
(LysMCre)

Increased susceptibility to infection and
reduced clearance of infection, resulting from
decreased secretion of tumor necrosis factor,
correlating with reduced expression of
inducible nitric oxide synthase and reduction in
nitric oxide production

(Kuroda et al. 2008)

Mammary-specific
(MMTVCre)

Enhanced lobulo-alveolar development,
excessive ductal branching, delayed involution
and severely reduced apoptosis in mutant
mammary tissue. Increased development of
mammary tumors in mutant females within
2 months of age

(Li et al. 2002a)

Melanocyte-specific
(DctCre)

Increased melanocytes in the dermis of
perinatal mice. Protection against hair graying.
No change in spontaneous tumor development,
but increased susceptibility to the development
of large nevi and melanoma after carcinogen
exposure

(Inoue-Narita et al.
2008)
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Table 8.1 (continued)

PTEN knockout
mouse model

Phenotype Reference

Neuronal
cell-specific
(GfapCre)

Increased neurological defects including
seizures and ataxia within 6–9 weeks of birth,
death within 29–48 weeks of age.
Macroencephaly, hydrocephaly and dysplasia
of several neural cell populations, including
enlarged soma in Pten-null neurons,
accompanied by enlarged caliber of neuronal
projections and increased dendritic spine
density. Abnormal synaptic structures and
severe myelination defects, with weakened
synaptic transmission and plasticity at
excitatory synapses. Disorganized architecture
as a result of neuronal migratory defects that
lead to abnormal accumulation of granule cells
in the external granule cell layer

(Backman et al. 2001;
Kwon et al. 2001; Yue
et al. 2005; Fraser et al.
2008)

Neuronal
(differentiated cells
of cortical layer
III-IV NseCre)

Increased soma hypertrophy, macroencephaly
and premature death in the forebrain and
hippocampus. Increased axonal outgrowth and
altered spine morphology. Abnormal social
interaction, increased anxiety, hyperactivity and
increased sensory sensitivity, reminiscent of
autistic spectrum disorders in humans.
Increased sporadic spontaneous seizures

(Kwon et al. 2006;
Ogawa et al. 2007)

Neuronal progenitor
cell-specific
(NestinCre)

Early perinatal death. Enlarged,
histoarchitecturally abnormal brains, as a result
of increased cell proliferation, decreased cell
death and enlarged cell size

(Groszer et al. 2001)

Neutrophil-specific
(LysMCre)

Increased superoxide production. Enhanced
actin polymerization, membrane ruffling, and
pseudopod formation, which resulted in
increased chemotaxis and migratory speed, but
loss of directionality

(Zhu et al. 2006a)

NKT cell-specific
(LckCre)

Reduced levels of serum γ-interferon, in
response to NKT activation. Impaired NKT cell
development, with increased numbers of
immature NKT cells and decreased numbers of
mature NKT cells, with impaired functionality.
Increased tumorigenesis, resulting from
decreased immune surveillance

(Kishimoto et al. 2007)

Oocyte-specific
(GDF9Cre)

Premature activation of the complete primordial
follicle pool, resulting in ovarian failure

(Reddy et al. 2008)

Osteoblast-specific
(OcCre)

Progressively increasing bone mineral density
throughout life, as a result of increased
differentiation and reduced apoptosis

(Liu et al. 2007)
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Table 8.1 (continued)

PTEN knockout
mouse model

Phenotype Reference

Ovarian granulosa
cell-specific
(Cyp19Cre)

Increased ovary volume, increased production
of oocytes during ovulation and increased
number of pups

(Fan et al. 2008)

Pancreatic-specific
(Pdx1Cre, RipCre)

Increased islet cell numbers and total islet mass
evident at P15 and persisting through adulthood
in RipCrePtenflox/flox mice, in which Pten is
deleted in pancreatic β-cells only.
Hypoglycemic and diabetic resistance in adult
mice, with smaller body mass and reduced
lifespan, but no evidence of pancreatic tumor
development.
However, Pdx1CrePtenflox/flox mice, which lack
Pten expression in all pancreatic cells, show
progressive replacement of the acinar pancreas
with highly proliferative ductal structures,
containing mucins and expressing markers of
pancreatic progenitor cells, with increased
development of ductal malignancy. Mice
exhibited delayed onset of
streptozotocin-induced diabetes and sex-biased
resistance to high-fat-diet -induced diabetes

(Stanger et al. 2005;
Stiles et al. 2006;
Nguyen et al. 2006;
Tong et al. 2009)

Primordial germ
cell-specific
(TNAPCre)

Bilateral testicular teratoma development in all
new-born males, as a result of impaired mitotic
arrest and outgrowth of cells with immature
characters. Increased pluripotent embryonic
germ cell production in both sexes

(Kimura et al. 2003)

Prostate-specific
(PbCre, PbCre4,
MMTVCre PSACre,
PSACreER(T2))

Development of prostatic hypoplasia within the
early postnatal period, rapidly progressing to
high-grade prostatic intraepithelial neoplasia,
then to invasive adenocarcinoma, and
metastatic carcinoma

(Ma et al. 2005;
Backman et al. 2004;
Trotman et al. 2003;
Wang et al. 2003;
Ratnacaram et al. 2008)

Retinal ganglionic
cell-specific
(AAVCre surgical
delivery)

Increased RGC survival, protein synthesis and
axon regeneration following optic nerve injury

(Park et al. 2008)

Retinal pigment
epithelium-specific
(TRP1Cre)

Progressive degeneration of both RPE cells and
their photoreceptors due to an inability of RPE
cells to maintain basolateral adhesions, the
development of an epithelial-to-mesenchymal
transition (EMT), and subsequent cellular
migration out of the retina

(Kim et al. 2008)
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Table 8.1 (continued)

PTEN knockout
mouse model

Phenotype Reference

Smooth muscle
cell-specific
(TaglnCre,
Sm22αCre)

Elevated incidence of smooth muscle cell
hyperplasia and abdominal leiomyosarcomas,
within 2 months of age
Early perinatal lethality, increased development
of medial and intimal smooth muscle cell
hyperplasia, and vascular recruitment of
progenitor/proinflammatory cells

(Hernando et al. 2007;
Nemenoff et al. 2008)

Skeletal
muscle-specific
(MckCre)

Enhanced protection from insulin resistance
and diabetes on a high-fat diet
Reversal of high-fat diet-induced impairment of
muscle regeneration

(Wijesekara et al. 2005)

T-cell-specific
(LckCre, CD4Cre)

Defective thymic negative selection, increased
autoimmune responses. Lymphadenopathy,
splenomegaly, and enlarged thymus within 6–8
weeks. Post-natal death prior to 20 weeks of
age as a result of malignant T-cell lymphoma

(Suzuki et al. 2001;
Hagenbeek and Spits
2008; Hagenbeek et al.
2004; Xue et al. 2008)

Thyroid follicular
cell-specific
(TpoCre)

Increased induction of thyroid hyperplasia and
diffuse colloid goiter, caused by an increased
thyroid mitotic index. Increased neoplastic
transformation within 10 months of age

(Yeager et al. 2007)

Ureteric bud
epithelial cell-
specific (HoxB7Cre)

Defective branching morphogenesis in
developing mouse kidneys, mislocalization
of glomeruli and post-natal lethality before P26

(Kim and Dressler
2007)

Urothelial
cell-specific
(FabpCre)

Increased urothelial hyperplasia with complete
penetrance at 6–8 weeks after birth. Increased
spontaneous pedicellate papillary transitional
cell carcinoma and increased susceptibility to
chemically-induced carcinogenesis

(Tsuruta et al. 2006;
Yoo et al. 2006)

Conditional Pten knockout mice (double mutants)
B-cell-specific
(CD19Cre) Pten &
Ship1

Development of spontaneous and lethal B cell
neoplasms consistent with marginal zone
lymphoma or follicular or centroblastic
lymphoma

(Miletic et al. 2010)

Central nervous
system-specific
(hGFAPCre) Pten &
p53

Complete CNS deletion of Pten resulted in
lethal hydrocephalus in early postnatal life.
hGFAP-Cre+;p53lox/lox;Ptenlox/ + mice
presented with acute-onset neurological
symptoms, including seizure, ataxia and/or
paralysis. Mice developed penetrant acute-onset
high-grade malignant glioma with clinical,
pathological and molecular resemblance to
primary glioblastoma multiforme in humans

(Zheng et al. 2008)
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Table 8.1 (continued)

PTEN knockout
mouse model

Phenotype Reference

Endothelial
cell-specific
(Tie2Cre) Pten &
Pdk1

Slight delay in embryonic lethality, resulting
from defective vascular remodeling and cardiac
development

(Feng et al. 2010)

Intestinal epithelial
cell-specific
(Tg(Cyp1a1-
cre)1Dwi or
Tg(Vil-
cre/ESR1)23Syr)
Pten & Apc

Accelerated tumorigenesis through increased
activation of Akt, resulting in the rapid
development of adenocarcinoma

(Marsh et al. 2008)

Keratinocyte-
specific (k5Cre)
Pten & Smad4

Development of early onset hyperplasia and
dysplasia in the esophageal and forestomach
epithelia and accelerated tumor formation in
the forestomach. Squamous cell carcinomas
developed at 1 month of age, which progressed
to invasive SCC with 100% penetrance by
2 months. Mice exhibited progressive growth
retardation and post-natal death between P10
and P100

(Teng et al. 2006)

Prostate-specific
(PBCre4) Pten &
Trp53

Development of invasive prostate cancer by 2
weeks post-puberty, with disease progression
and death prior to 7 months of age

(Chen et al. 2005)

Renal tubular
cell-specific
(NseCre) Pten &
TSC1

Development of severe polycystic kidney
disease and increased post-natal lethality

(Zhou et al. 2009)

T-cell-specific
(LckCre) Pten &
Mnk1/Mnk2

Suppression of malignant T-cell lymphoma
associated with T-cell-specific deletion of Pten
in mice

(Ueda et al. 2010)

Urothelial
cell-specific
(AdenoCre—
surgical
delivery)Pten & p53

Development of bladder tumors with 100%
penetrance by 6 months of age, displaying the
histological features of carcinoma in situ, as
well as high-grade invasive carcinoma

(Puzio-Kuter et al.
2009)

observed in multiple tissues, signifying haploinsufficiency of Pten in mouse models
(Di Cristofano et al. 1998; Podsypanina et al. 1999; Suzuki et al. 1998).

Indeed, PTEN is frequently mutated or its expression lost in many human can-
cers including glioblastomas, breast, kidney and uterine endometrioid carcinomas,
lung cancer, colon cancer, and melanoma (Jiang and Liu 2008; Salmena et al. 2008;
Steck et al. 1997). The incidence of somatic mutation or deletion of PTEN is high in
high-grade glioblastoma (estimated prevalence 30–40%), breast (10%), melanoma
(7–20%), prostate cancer (15%), and endometrial cancer (50%). PTEN mutations
have been reported at lower rates in bladder, lung, ovary, colon cancers, and in lym-
phoma (Cairns et al. 1997; Gronbaek et al. 1998; Kim et al. 1998; Kohno et al. 1998;
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Sansal and Sellers 2004). PTEN inactivation results in multiple abnormal processes
leading to abnormal cell polarity and invasion, cell proliferation and survival, cell ar-
chitecture, chromosomal integrity, cell cycle progression, and stem cell self-renewal.
In the early stages of some cancers, including prostate, breast, colon, or lung can-
cers, monoallelic PTEN mutation or deletion is detected, however, the second PTEN
allele remains active (Salmena et al. 2008), and it is only in late stage or metastatic
cancers that biallelic loss of PTEN is observed. Most PTEN mutations lead to loss
of phosphatase activity both to phosphoinositide and protein substrates.

Examination of tissue-specific Pten deletion in mice further supports a role for
Pten in the prevention of tumorigenesis, with hyper-proliferation and neoplastic
change observed in tissues where Pten is selectively inactivated (Backman et al.
2004; Horie et al. 2004; Yanagi et al. 2007; Yeager et al. 2007). Furthermore, in-
jection of Pten-deficient ES cells, PTEN-null tumor cells or catalytically inactive
PTEN mutants in nude or syngeneic mice results in enhanced tumor generation, due
to increased anchorage-independent cell growth and abnormal differentiation (Di
Cristofano et al. 1998; Li and Sun 1998). Studies in cell culture models have re-
vealed loss of PTEN function results in increased proliferation, growth and survival,
correlating with increased basal PtdIns(3,4,5)P3 levels and enhanced Akt activation
(Subramanian et al. 2007; Li and Sun 1998; Furnari et al. 1998; Myers et al. 1998;
Stambolic et al. 1998; Lee et al. 1999; Davies et al. 1998; Haas-Kogan et al. 1998).
Conversely, expression of PTEN induces apoptosis and promotes cell cycle arrest
(Furnari et al. 1998; Li and Sun 1998; Maehama and Dixon 1998; Davies et al. 1998;
Koul et al. 2001; Tamura et al. 1999a; Stambolic et al. 1998).

PTEN’s haploinsufficiency is sufficient to promote tumor formation. Analysis of
a series of hypomorphic mouse mutants, developed in order to assess a correlation
between PTEN levels and cancer progression, reveals that heterozygous Pten loss in a
mouse model of prostate cancer leads to prostate epithelial hyperplasia and low-grade
lesions with incomplete penetrance (Trotman et al. 2003). Further reduction in Pten
is associated with massive prostate hyperplasia in all mice, with accelerated tumor
progression, and complete loss of Pten leads to highly invasive and aggressive cancer.
These studies suggest the reduction in PTEN expression below the heterozygous loss
of function level may lead to more aggressive cancer. Recently it was reported even
a subtle reduction (20%) in Pten expression may promote cancer susceptibility in
mice. Pten hypermorphic mice (Ptenhy/+), which express 80% of normal levels
of Pten, develop a variety of tumors, with the most common being breast cancer
(Alimonti et al. 2010). These mice show reduced survival, develop autoimmune
disease, with lymphadenopathy and splenomegaly, but significantly, females show
an increased susceptibility to epithelial cancers including breast cancer (∼75%) and
uterine cancer (67%). Even this small reduction in PTEN by 20% is sufficient to
promote the activation of a pro-proliferative gene expression signature.

Interestingly, in some tissues complete loss of PTEN from untransformed cells
may trigger cellular senescence, a process which protects against tumor initiation
(Alimonti et al. 2010). Cell senescence is a very stable form of cell cycle arrest,
which is activated in response to stress, including oncogenic signaling and telomere
shortening (Collado and Serrano 2010). Recent studies have revealed constitutive
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activation of Akt promotes senescence via inhibition of the transcription factors
FOX01/03 (Nogueira et al. 2008).

Altered PTEN expression in cancer may be due to inherited germ line mutations,
sporadic mutations or chromosomal alterations, transcriptional repression, epige-
netic silencing, post-transcriptional gene regulation, post-translational modification,
and aberrant PTEN localization, which can in turn regulate the initiation, progression
and long term survival from cancer (Sasaki et al. 2009). Recent studies have revealed
a significant role for post-transcriptional silencing of PTEN by multiple microRNAs
(miRNAs) from precursors with a single hairpin structure (miR-21, miR-22, miR-214
and miR-205) or from a polycistronic structure (mir-17-92, mir-106b, mir-367-302b
and mir-221-22) that recognizes target sequences in PTEN and thereby regulates its
expression, reviewed in (He 2010). Interestingly, the related PTENP1 may act as a
decoy for the same miRNA species to rescue PTEN loss of expression (He 2010).
Consistent with this contention, PTENP1 chromosome deletion has been reported in
colon and breast cancer associated with decreased PTEN expression (Poliseno et al.
2010b).

PTEN localizes to the cytosol, plasma membrane and nucleus, and its function as
a tumor suppressor appears to be dependent on its appropriate localization within the
cell. Numerous inactivating mutations of PTEN have been identified in both heredi-
tary and spontaneous human cancers that map to the phosphatase domain of PTEN,
however, many mutations map to areas outside of this region (Marsh et al. 1998).
These residues may be crucial for the regulation of protein stability, or localization
patterns. For example, mutations that map to the C2 domain, or that disrupt the
phosphatase/C2 domain interface, have been identified, which prevent the correct
positioning of PTEN at the plasma membrane and thereby access to PtdIns(3,4,5)P3

(Lee et al. 1999). Loss-of-function hereditary mutations have also been described
within the promoter region of PTEN, leading to increased Akt signaling (Zhou et al.
2003). As described earlier, the nuclear import-defective PTEN mutants, K289E and
K13E, are associated with hereditary and spontaneous cancer respectively (Trotman
et al. 2007; Duerr et al. 1998). PTEN mutations within the conserved polybasic
amino-terminal motif required for PtdIns(4,5)P2 binding have also been identified in
sporadic cancer. While retaining catalytic activity, mutation of PTEN within this re-
gion disrupts PtdIns(4,5)P2 binding, thus preventing the correct orientation of PTEN
at the plasma membrane and access to PtdIns(3,4,5)P3 (Han et al. 2000; Walker et al.
2004).

Loss of PTEN is associated with highly invasive cancer, implicating this enzyme
in cell motility and invasion. Indeed, disruption of Pten in D. discoideum impairs
cell polarization, actin polymerization and both the speed and directionality of cell
migration (Iijima and Devreotes 2002; Funamoto et al. 2002). In contrast, disruption
of PTEN in numerous mammalian cells increases cell migration (Gao et al. 2005;
Gu et al. 1999; Liliental et al. 2000; Suzuki et al. 2003b; Tamura et al. 1998, 1999b).
Chemoattractant-induced Transwell migration of Pten-deficient murine neutrophils
is increased, however, defects in directionality are evident in single-cell chemotaxis
assays (Subramanian et al. 2007) and in the prioritization of chemoattractant cues
(Heit et al. 2008). On the other hand, these results contrast with studies in human
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cell lines that show that while loss of PTEN increases the rate of chemokine-induced
migration, it does not affect directionality (Lacalle et al. 2004). Also in primary
neutrophils a more dominant role for the PtdIns(3,4,5)P3 5-phosphatase, SHIP1,
than PTEN has been shown (Nishio et al. 2007). Interestingly, subventricular zone
precursor cells (Li et al. 2002a) and isolated primary B cells (Fox et al. 2002) from
Pten+/− mice also exhibit greater motility than wild-type cells, providing further
evidence that in mice, Pten is haploinsufficient.

PTEN may exert a tumor suppressive effect via regulation of surrounding fibrob-
lasts. Recently PTEN loss of function has been linked to the regulation of stroma
and tumor cell signaling (Trimboli et al. 2009). Genetic inactivation of Pten in
stromal fibroblasts of mouse mammary glands accelerates the initiation and malig-
nant transformation of mammary epithelial tumors. Notably there was significant
remodeling of the extracellular matrix with increased angiogenesis. Global gene ex-
pression profiling of PTEN-depleted mammary stromal cells reveals activation of
the Ets2-specific transcription program (Trimboli et al. 2009). Ets2 inactivation in
Pten stroma-deleted tumors decreases tumor growth and progression, revealing the
Pten–Ets2 axis as a stroma-specific signaling pathway that suppresses mammary
epithelial tumors.

8.2.7 The Tumor Context of PTEN Loss of Function

There are several points which will be considered here regarding the occurrence of
changes in other oncogenes and tumor suppressors in tumors, in addition to PTEN.
Firstly, does additional activation of other components of the broad PI3K/growth
factor receptor signaling network occur in PTEN null tumors? Secondly, are there
other independent pathways that are favorably mutated in parallel with PTEN in
certain tumor types? And thirdly, are there oncogenes and tumor suppressors that
affect malignant transformation indirectly through their influence on PTEN function,
in the way that murine double minute 2 (MDM2) amplification drives tumorigenesis
through suppression of p53 function?

In other major functional pathways implicated in cancer, such as the Rb and
MDM2/p53 pathways, mutation of more than one component of the same definable
functional pathway is generally very rare (Cancer Genome Atlas Research Network
2008). However, in the PI3K pathway, mutation of multiple components, such
as both PTEN and p110α PI3K is not uncommon (Yuan and Cantley 2008; Can-
cer Genome Atlas Research Network 2008). Because many factors independently
influence cellular PtdIns(3,4,5)P3 levels and localization, and because there are many
PtdIns(3,4,5)P3-binding proteins and Akt substrates, that regulate diverse biological
processes with different dose responses to changes in PtdIns(3,4,5)P3 levels, it seems
unsurprising that multiple mutations within the pathway are able to drive further
selective advantages to a tumor.

Extensive genomic and expression analyses of large numbers of tumors has con-
firmed their classification into identifiable groups that share patterns of genomic and
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expression changes. For example, 94% of the “classical” sub-type of glioblastomas
share high level amplification of EGFR and homozygous deletion of CDKN2A (Ver-
haak et al. 2010). However, in many tumor types, PTEN loss is common in many
independently identifiable sub-groups of tumors. For example, in a categorization
of glioblastomas, loss of one allele of PTEN occurs at very high levels in all four
categories of glioblastoma, with lowest frequency being in “proneural” tumors, but
still as high as 67% (Verhaak et al. 2010). However, there are cases with notable
association of PTEN mutation with other events. For example, several studies have
identified a strong association between TMPRSS2-ERG translocations and loss of
PTEN in a large fraction of human prostate cancers (Taylor et al. 2010) and have
demonstrated the functional significance of this genetic interaction in transgenic
mice (Carver et al. 2009). Similarly, co-operating pathways have been identified in
experiments in mice, with for example, experimental deletion of Pten from T-cells
leading to lymphomas that are also found to display myc translocations (Liu et al.
2010).

Finally, data has emerged over the last few years showing that several regulators of
PTEN function are mutated or over-expressed in tumors and that this may represent a
mechanism by which they affect tumor development indirectly through the regulation
of PTEN. These include P-REX2 and SIPL1 that appear to directly inhibit PTEN
activity, RAK and PICT1/GLTSCR2 that stabilize the PTEN protein and the E3
ubiquitin ligase, NEDD4 (Fine et al. 2009; He et al. 2010; Okahara et al. 2006;
Wang et al. 2007; Yim et al. 2009). These findings have been recently reviewed in
depth (Leslie et al. 2010).

8.2.8 PTEN and Cellular Senescence

Loss of PTEN function appears to be a common early event in endometrial cancer
(Mutter et al. 2000). However, this appears not to be the case in most other tu-
mor types, and PTEN loss has been described at highest frequencies in late stage
tumors in many tissues (Salmena et al. 2008). In particular, complete PTEN loss
is infrequent in early stages of prostate cancer (Taylor et al. 2010). Interestingly,
acute complete loss of PTEN may induce cell senescence, a cellular program in
mitotic cells that induces irreversible growth arrest as an anti-tumor mechanism.
This program may be initiated by tumor suppressor genes in response to DNA dam-
age and/or oncogene activation (Campisi and d’Adda di Fagagna 2007). Complete
acute loss of Pten from untransformed cells, rather than promoting enhanced pro-
liferation, induces a significant senescence response that opposes tumor progression
associated with enhanced p19Arf–p53 signaling (Chen et al. 2005). Therefore, com-
plete loss of PTEN can oppose tumorigenesis by triggering a p53-dependent cellular
senescence response. Inactivation of PTEN concomitantly with p53 allows escape
from senescence, promoting invasive cancer. PTEN-induced cell senescence has
also been shown in primary human epithelial cells (Kim et al. 2007). PTEN-loss—
induced cellular senescence occurs rapidly after Pten inactivation, in the absence of
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cellular proliferation and DNA damage checkpoint responses, and is associated with
enhanced p53 translation. Pharmacological inhibition of PTEN or p53-stabilizing
drugs potentiates senescence and its tumor suppressive potential (Alimonti et al.
2010).

Pten-loss—induced cellular senescence exerts its effects using molecular path-
ways distinct from oncogenic-induced cell senescence. Skp2 protein is an E3-
ubiquitin ligase that mediates degradation of a number of proteins, including p21
and p27. Mice lacking Skp2 are viable, but Skp2 inactivation restricts tumorigenesis
by promoting cellular senescence during oncogenic conditions, such as following
expression of the Ras oncoprotein. In the absence of Skp2, cells lacking Pten be-
come more sensitized to senescence (Lin et al. 2010). Mice with loss of one copy
of Pten and deficient in Skp2 (Pten+/−; Skp2−/−) are protected from cancer. Recent
studies have revealed PTEN also acts as a critical determinant of cell fate between
senescence and apoptosis in several glioma cell lines in response to ionizing radi-
ation. Depletion of Akt or scavenging of reactive oxygen species (ROS) prevents
radiation-induced senescence in PTEN-deficient glioma (Lee et al. 2011).

8.2.9 PTEN and the Brain

As previously described, germline mutations in PTEN are associated with Cow-
den disease, Lhermitte-Duclos disease and Bannayan-Zonana syndrome, which are
collectively described as the PTEN hamartoma tumor syndromes (PHTS) (Salmena
et al. 2008). Whether these are indeed separate syndromes, or only one syndrome
with a broad clinical spectrum remains to be determined, however, neurological ab-
normalities are a prominent feature of these disorders. PTEN is widely expressed
in the mammalian brain and is enriched in large pyramidal, Purkinje, olfactory and
mitral neurons. Conditional deletion of Pten specifically in the mouse brain results
in macrocephaly and increased neurological defects including seizures and ataxia,
commencing within 6–9 weeks of birth (Groszer et al. 2001; Backman et al. 2001;
Kwon et al. 2001). The macrocephaly is associated with abnormal brain patterning,
as a consequence of increased neuronal cell number, enhanced cell survival, and
enlarged cell size, as a result of enhanced PI3K/Akt signaling, subsequent activation
of the mTOR complex and the promotion of protein translation. Pten−/− mice addi-
tionally exhibit dysplasia of neuronal cell populations, abnormal synaptic structures
and severe myelination defects. The number of neuronal stem cells in the fetal brain
is also regulated by PTEN, with loss of PTEN in neuronal stem cells shown to stim-
ulate stem cell proliferation and enhance self-renewal capacity (Groszer et al. 2006).
The observed phenotypes in Pten−/− mice recapitulate many of those described in
PHTS, in particular Lhermitte-Duclos disease (Waite and Eng 2002). In addition,
PTEN function is implicated in depression and anxiety (Bandaru et al. 2009), and
also in response to drug addiction (Ji et al. 2006). Pharmacological inhibition of
PI3K by wortmannin treatment leads to increased depression and anxiety (Bandaru
et al. 2009) and impaired fear memory (Lin et al. 2001). Conditional knockout of
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Pten in specific differentiated neurons results in increased anxiety and decreased
social interaction suggesting that either up- or down-regulation of PI3K signaling,
and thus too much or too little PtdIns(3,4,5)P3, is critical to these processes (Kwon
et al. 2006).

PTEN not only controls neuronal cell number and size but is also implicated
in regulating responses to neuronal injury, including brain ischemia (Chang et al.
2007). Increased expression of PTEN in hippocampal neurons promotes neuronal
cell death following exposure to the excitatory amino acid glutamate via regulation of
the Akt signaling pathway, while decreased expression of endogenous Pten increases
neuron resistance to seizure-induced cell death (Gary and Mattson 2002). In a rat
model of transient cerebral ischemia, PTEN phosphorylation is enhanced in the
ischemic core (Omori et al. 2002), which is proposed to decrease PTEN phosphatase
activity (Torres and Pulido 2001) and thereby increaseAkt signaling. In a rat model of
chronic exposure to ethanol, increased PTEN expression is associated with cerebellar
hypoplasia and increased neuronal cell death (reviewed in (Chang et al. 2007)).
Therefore, downregulating the activity and/or expression of PTEN may be a novel
therapeutic treatment for brain injury.

The precise molecular mechanisms surrounding the role of PTEN in ischemic
neurodegeneration remain to be determined, and PTEN may co-operatively regulate
numerous down-stream effectors. A direct role for PTEN has been described in the
regulation of neurodegeneration during oxidative stress via mitochondria-dependent
apoptosis. Neuronal precursor cells, that lack one copy of PTEN, exhibit increased
resistance to oxidative stress-induced apoptosis (Li et al. 2002b). In many cells in
response to growth factor stimulation, PTEN translocates to the plasma membrane to
degrade PtdIns(3,4,5)P3 and inhibit Akt signaling; however in staurosporine-treated
hippocampal neurons, mitochondrial accumulation of PTEN is observed, consistent
with a role for PTEN in the regulation of mitochondria-dependent apoptotic path-
ways. Knockdown of PTEN protects hippocampal cells from apoptotic damage by
inhibiting staurosporine-induced release of cytochrome c and caspase-3 activity (Zhu
et al. 2006b). Down-regulation of PTEN decreases the activity of apoptosis signal-
regulating kinase 1 (ASK1), an upstream component of the mitogen-activated protein
kinases (Wu et al. 2006). The activity of the pro-apoptotic c Jun N-terminal kinases
1/2 is reduced as a result of decreased PTEN activity and increased Akt activation
following ischemic injury (Zhang et al. 2007). PTEN regulates the generation of
intracellular ROS in response to oxygen–glucose deprivation (OGD) and neurotoxin
1-methyl-4-phenylpyridinium iodide (Zhu et al. 2007). Suppression of PTEN activ-
ity also complexes with the N-methyl-d-aspartate (NMDA) receptor (NMDAR), a
subtype of excitatory glutamate receptor that promotes excitotoxicity-induced neu-
ronal death, to inhibit extrasynaptic NMDAR activity, leading to protection against
ischemic neuronal death in vitro and in vivo (Ning et al. 2004).

PTEN may also play a role in regulating neurodegeneration associated with
Alzheimer disease (AD) and Parkinson disease. Decreased PTEN expression has
been reported in the hippocampus ofAD brains (Griffin et al. 2005). Three mitochon-
drial associated genes parkin, DJ-1 and PINK1 (PTEN-induced putative kinase 1),
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have recently been shown to be associated with early-onset recessive parkinsonism
(reviewed in (van der Vegt et al. 2009)). PINK1 is a serine/threonine kinase, which
is transcriptionally activated by PTEN (Valente et al. 2004), and phosphorylates
TRAP1, preventing oxidative stress-induced mitochondrial cytochrome c release
(Pridgeon et al. 2007). Parkin is an E3 ubiquitin ligase and DJ-1 functions in parallel
to the PINK1/parkin pathway to maintain mitochondrial function in the presence of
oxidative stress (Inzelberg and Jankovic 2007). Mutations in PINK1 occur in famil-
ial Parkinson disease and loss of PINK1 function increases sensitivity to oxidative
stress, followed by neuronal death (Gispert et al. 2009). DJ-1 inhibits PTEN’s neg-
ative regulation of the PI3K/Akt/mTOR pathway, which exerts a pro-survival effect
during oxidative stress (Delgado-Esteban et al. 2007). siRNA knock-down of DJ-1
enhances cellular sensitivity to oxidative stress in Drosophila and mice brains (Kim
et al. 2005; Shendelman et al. 2004). DJ-1 and PINK1, with PTEN, may contribute
to the regulation of neuroprotection and neurodegeneration. Thus when PTEN levels
are high, DJ-1 signaling will decrease and the PI3K/Akt/mTOR pathway will be
suppressed, enhancing sensitivity of neuronal cells to oxidative stress. When PTEN
levels are low, PINK1 levels will also be low, and oxidative stress-induced neuronal
mitochondrial death pathways may be enhanced (Bonifati et al. 2003).

8.2.10 The PTEN and p53 Association

Over several years, many studies have implied a specific functional connection be-
tween PTEN and p53, the stress-induced transcription factor that is itself the most
frequently mutated tumor suppressor in human cancers (Liu et al. 2008). p53 may
influence PTEN expression through the presence of potential p53-binding sites in
the PTEN promoter. This mediates induction of PTEN transcription, as part of a p53
transcriptional program in response to stresses, such as gamma irradiation (Stam-
bolic et al. 2001). Conversely, PTEN has been reported to affect p53 in several
ways. p53 expression is normally maintained at low levels by the action of a proto-
oncogenic E3 ubiquitin ligase, MDM2. Two reports simultaneously described the
phosphorylation of MDM2 by the PTEN-regulated kinase, AKT, and showed that
MDM2 ligase activity is increased by phosphorylation on these sites (Mayo and Don-
ner 2001; Zhou et al. 2001). PTEN activity, or inhibition of PI3K, suppresses MDM2
transcription by negatively regulating its P1 promoter (Chang et al. 2004), thereby
enhancing p53 levels. A direct physical interaction between PTEN and p53 has also
been reported, and PTEN-null ES cells and immortalized mouse embryonic fibrob-
lasts (MEFs) exhibit reduced p53 levels (Freeman et al. 2003). Together these studies
provide good evidence that loss of PTEN can lead to reduced p53 function in several
settings. However, more recent work has added a complication to this picture, show-
ing that genetic deletion of both Pten copies from primary MEFs, or in the murine
prostate, leads to an induction of p53 expression and cellular senescence as described
here earlier (Chen et al. 2005). A resolution to these somewhat contradictory findings
and a better understanding of the complex relationship(s) between PTEN and p53
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will require further study, and may be critical given the frequency with which both
tumor suppressors are deregulated in cancer.

8.2.11 PTEN Function and Stem Cell Fate

Much of our knowledge of PTEN function comes from tissue-specific genetic dele-
tion of Pten in mouse models (see Table 8.1). Several such mouse models have
revealed the specific effects of Pten in the regulation of stem cell fate in different
lineages. Deletion of Pten early in development from the mouse brain leads to in-
creased numbers of neural stem cells and increases in differentiated cell numbers and
size (Groszer et al. 2001). These increases in neural stem cell number are caused by
promotion of the G0-G1 cell cycle progression and a gene expression signature asso-
ciated with rapid proliferation and a rapid cell cycle (Groszer et al. 2006). In contrast,
studies of mice lacking Pten in hematopoietic stem cells (HSCs) have indicated that
Pten loss promotes a short term proliferation of these cells, yet leads to a long term
depletion of the self-renewing stem cell compartment (Yilmaz et al. 2006). Crucially,
Pten loss in HSCs leads to the rapid development of leukemia in these mice, yet this
disease is characterized by the presence of Pten-null self-renewing leukemic stem
cells (LSCs). These apparently distinct characteristics of normal HSCs versus LSCs
suggests that their self-renewal is regulated by different mechanisms and provides
hope for therapies that target LSCs, without killing normal HSCs. The short term
proliferation of HSCs driven by Pten loss is associated with enhanced G0-G1 cell
cycle transition, as observed in neuronal stem cells. However, why in HSCs, this
leads to a transient, rather than long term expansion in stem cell numbers, as seen in
the brain, is unclear. Studies of other lineages imply that other stem cell populations
can be similarly classified, with Pten loss in melanocyte stem cells also leading to
long term stem cell expansion (Inoue-Narita et al. 2008). This proposed role for
PTEN in the maintenance of the normal stem cell compartment is supported by the
identification of PTEN as the most significantly reduced transcript in microarray
analyses of gene expression differences between normal fetal neuronal stem cells
and glioblastoma stem cells isolated from brain tumor patients (Pollard et al. 2009).
By regulating PTEN expression this may allow in future therapeutic approaches that
target cancer stem cells (or cancer-initiating cells) without affecting normal stem cell
compartments (Rossi and Weissman 2006).

8.2.12 PTEN and the Immune System

The role of the PI3K signaling network in the immune system has been studied exten-
sively. This research activity has been driven by the recognition that PI3K signaling
plays key roles in the survival and proliferation of several normal and transformed
immune cell populations and also in other immune cell functions such as migration,
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phagocytosis and reactive oxygen species generation (Fruman and Bismuth 2009).
Of particular significance was the initial discovery that mice selectively lacking the
gamma catalytic isoform of PI3K (p110γ) were viable and fertile, yet their T-cells and
neutrophils displayed reduced chemotaxis in vitro and recruitment in vivo (Hirsch
et al. 2000; Sasaki et al. 2000; Li et al. 2000). This has lead to intense drug discovery
activity attempting to target p110γ, and also p110δ, for inflammatory diseases, that
have been sustained by subsequent discoveries (Ruckle et al. 2006).

The tumor suppressor activity of PTEN is important in the avoidance of both T
cell and B cell malignancies, due to its roles in promoting non-proliferative states and
apoptosis. Studies of mice, in which Pten has been specifically deleted in immune cell
populations have also identified roles for the phosphatase in the suppression of B-cell
and neutrophil migration in vivo (Suzuki et al. 2003b; Subramanian et al. 2007; Heit
et al. 2008; Li et al. 2009). Furthermore, Pten-null macrophages exhibit elevated
phagocytosis and Fcγ-mediated signaling (Cao et al. 2004). Given these specific ac-
tions of PTEN to limit the selection and proliferation of immune cell populations and
also in suppressing immune cell activities, it is not surprising that autoimmunity is a
striking phenotype of Pten loss in mice. As discussed, tight regulation of PI3K and
thus PtdIns(3,4,5)P3 levels is important for normal development and responsiveness
of the immune system and also to prevent immunopathology. Some studies have
shown that diminished PI3K activity can also lead to similar autoimmune condi-
tions (Oak et al. 2006), while hyperactivation of this pathway in T-cells also leads
to lymphoproliferation and systemic immunity (Suzuki et al. 2001). Consistent with
this, Pten heterozygous (Pten+/−) mice develop lymphoproliferative syndrome with
autoimmune features (Di Cristofano et al. 1999; Suzuki et al. 2001). Several mech-
anisms have been proposed for PTEN’s role in suppressing autoimmunity. PTEN
can regulate Fas-mediated apoptosis (an autoimmunity repression mechanism) and
also IL-4 production and thus regulate CD4(+) T-cell function (Di Cristofano et al.
1999; Liu et al. 2010). Mice with higher expression of microRNA miR-17-92 have
been shown to have similar autoimmune disorders and this is believed to be due to
miR-17-92-mediated suppression of PTEN expression (Xiao et al. 2008).

8.2.13 PTEN Function in Epithelial Biology

The frequent loss of PTEN function observed in epithelial-derived solid tumors
(carcinomas) has stimulated investigations into the functions of PTEN in normal
and transformed epithelial biology. Significantly, several pieces of evidence point
towards distinct roles for PTEN and PI3K signaling in epithelia, regulating both cell
growth, proliferation and also cell polarity/architecture (Liu et al. 2004; Leslie et al.
2008). In this context, it is notable that PtdIns(3,4,5)P3 is found to be enriched in the
basolateral membrane of several epithelial cell types (Liu et al. 2004; Watton and
Downward 1999) and PTEN appears to be strongly enriched in the apical domains
of some but not all, epithelial cell types, such as the Drosophila melanogaster (D.
melanogaster) photoreceptors and embryonic epithelia (von Stein et al. 2005; Pinal
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et al. 2006), chick epiblast (Leslie et al. 2007) and murine retinal pigment epithelium
(Kim et al. 2008). These localization data and the identified interactions of PTEN
with proteins such as PAR3 and MAGI1 indicate that PTEN is enriched in apical cell-
cell junctional complexes, almost certainly including adherens junctions (Pinal et al.
2006; von Stein et al. 2005; Kotelevets et al. 2005). Functional studies in cultured
epithelial cells suggest that PTEN acts to suppress PI3K-dependent epithelial cell-
cell junctional destabilization (Kotelevets et al. 2001; Martin-Belmonte et al. 2007;
Liu et al. 2004). In particular, in epithelial cell lines cultured in 3D matrices, the
knockdown of PTEN expression leads to a dramatic loss of cell polarity and tissue
organization (Martin-Belmonte et al. 2007). Knockdown of PTEN in normal human
mammary epithelial cells causes the formation of disorganized hyperplastic lesions
when introduced into humanized murine mammary fat pads (Korkaya et al. 2009).

The phenotypes of mice with different epithelial tissue-specific deletion of Pten,
reveals a range of related effects but dramatic differences in the severity of the phe-
notype. Inducible deletion of Pten from the intestinal epithelium has no overt effects
on the morphology of the tissue in the absence of further alterations (Marsh et al.
2008). Deletion of PTEN from the kidney leads to defects in branching morphogene-
sis within the organ, which although not affecting the integrity of the epithelium still
appear responsible for the death of these animals within a month of birth (Kim and
Dressler 2007). Similarly, MMTV-Cre driven mammary-specific deletion of PTEN
in mice leads to hyperproliferative development of the gland with dysregulated ductal
branching and mammary tumors (Li et al. 2002a). In addition, deletion of Pten in the
lung leads to increased epithelial cell size, abnormal lung morphogenesis and ade-
nocarcinoma in mice that escape the hypoxic postnatal lethality (Yanagi et al. 2007).
Perhaps most remarkably, deletion of Pten from the retinal pigment epithelium, that,
significantly, displays a strongly polarized localization of the Pten protein, causes a
full EMT and complete disruption of the tissue (Kim et al. 2008). This supports a
model in which PTEN function plays a role in establishing, although perhaps less
significantly maintaining, epithelial cell-cell junctions, with loss of PTEN driving a
shift to a more motile, mesenchymal phenotype (Leslie et al. 2007; Song et al. 2009;
Kim et al. 2008).

8.3 Myotubularins

The myotubularins are a large family of conserved proteins in eukaryotes. They
dephosphorylate PtdIns(3)P and PtdIns(3,5)P2, to form PtdIns and PtdIns(5)P re-
spectively. Despite the large number of myotubularins (MTMs) and shared specificity
for their substrates, mutations in individual myotubularins can cause different human
diseases. Myotubularins exhibit varied sub-cellular localization, and integrate into
protein/signaling complexes. These lipid phosphatases are required for the cellular
control of diverse processes, including ion channel-stimulated excitation-contraction
coupling and signaling, endocytic trafficking, autophagy and cell proliferation.
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The myotubularins are defined by conserved myotubularin-related and dual spe-
cific protein tyrosine phosphatase CX5R-containing domains. 16 myotubularins have
been described in mammalian cells, the first was designated myotubularin (MTM1),
and the other family members “myotubularin-related phosphatases” (MTMR1-15)
(Table 8.2). Seven of the myotubularins possess inactivating mutations within the
catalytic motif, and are phosphatase dead, however, a number of these proteins
still play an active role in cellular functions and when mutated can cause disease
(Begley et al. 2006). Myotubularins possess a number of additional domains, con-
served across most family members; including PH-GRAM (Pleckstrin-Homology-
Glucosyltransferase, Rab-like GTPase Activator), and coiled-coil domains (Laporte
et al. 2003) (Fig. 8.2). However, the two most recently described myotubularins,
MTMR14 and MTMR15, exhibit very little homology at the PH-GRAM or coiled-
coil regions. Myotubularins also contain conserved SID (Set Interacting Domain),
and RID (Rac Induced Recruitment Domain) domains (Begley et al. 2003, 2006;
Laporte et al. 2003). Individual myotubularins also contain a number of additional
protein or lipid interacting modules, described in more detail below.

A phylogenetic survey of 31 different species across broad taxonomic groups
counted varied complements of different myotubularins, ranging from one in fungi
such as Saccharomyces cerevisiae and Aspergillus niger, to 19 in Entamoeba
histolytica (Kerk and Moorhead 2010). Additionally, the inactive myotubularin ho-
mologs appear to have evolved on three separate occasions in different eukaryotic
lineages, highlighting their presence as more than simply an interesting observation.
Phylogenetic analysis also permits the grouping of the myotubularins into similarity
clusters—three for active myotubularins, and three for inactive (See Fig. 8.2) (Laporte
et al. 2003; Kerk and Moorhead 2010). Some organisms with lower complements of
myotubularins have representatives of these groups (Robinson and Dixon 2006; La-
porte et al. 2003). For example, for Caenorhabditis elegans (C. elegans) these are:
M1-mtm-1 (CeY110A7A.5); R3-mtm-3 (CeT24A11.1); R6-mtm-6 (CeF53A2.8);
R5-mtm-5 (CeH28G03.6) and mtmr-9 (CeY39H10A) (Xue et al. 2003). Recently,
MTMR14 (also known as hJumpy or MIP) has been characterized, and it contains an
active CX5R phosphatase motif and homology to the myotubularin-related domain,
but no PH-GRAM domain (Alonso et al. 2004; Tosch et al. 2006; Vergne et al. 2009).
A sixteenth myotubularin has also been identified, MTMR15, which shares little ho-
mology with other myotubularins, and has an inactive phosphatase site (Alonso et al.
2004). This protein functions as a DNA repair enzyme and as such, its characteri-
zation as a myotubularin awaits further clarification. Many myotubularins (MTM1,
MTMR1-6 and MTMR12) are expressed in a broad range of tissues and cell types
(Laporte et al. 1998; Nandurkar et al. 2001; Zhao et al. 2001). In contrast, MTMR5
is concentrated in the testis, and MTMR7 shows a brain-specific expression (Laporte
et al. 1998; Firestein et al. 2002). Non-redundancy may be a result of differences in
the sub-cellular distribution of various myotubularins, and also by different protein
and lipid interactions. This in turn may regulate myotubularin access to specific pools
of PtdIns(3)P and/or PtdIns(3,5)P2 in a directed manner, with different functional
consequences (Kim et al. 2002; Lorenzo et al. 2006), as described below.
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Fig. 8.2 Schematic representation of the major domains of the human myotubularins. Groups
are named as reported by (Laporte et al. 2003; Kerk and Moorhead 2010). Domain associations
were obtained from searches on conserved domains using NCBI/CDD and SMART databases, as
well as those reported by (Laporte et al. 2003). Abbreviations: PH-GRAM Pleckstrin-Homology-
Glucosyltransferase, Rab-like GTPase Activator; PTP/DSP Protein tyrosine phosphatase/dual
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Differentially Expressed in Neoplastic versus Normal cells; ZnFRad18, Rad18-like CCHC Zinc
finger
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8.3.1 Myotubularin Structure and Substrate Specificity

The crystal structure of MTMR2 has been solved, and shows a larger active site
pocket than most other protein tyrosine phosphatases, which is postulated to be
required to accommodate the large inositol head group of phosphoinositides (Begley
et al. 2003). The “WPD” loop also differs from most protein tyrosine phosphatases,
lacking an aspartic acid, prompting Begley et al. to speculate a unique phosphatase
action for the myotubularins (Begley et al. 2003). The tertiary structure also reveals
that the then-named “GRAM domain” (Doerks et al. 2000) is similar to the PH
domain, a phosphoinositide, phosphotyrosine and protein-protein interacting region,
and that the SID domain is part of the protein phosphatase domain (Begley et al.
2003). The PH-GRAM domain may interact with PtdIns(5)P (Lorenzo et al. 2005),
PtdIns(3,5)P2, PtdIns(4)P, and PtdIns(3,4,5)P3 (Berger et al. 2003), although this
predicted role in lipid binding is not fully established. MTMR2 binds PtdIns(3)P
and PtdIns(3,5)P2 in its active site, however, no lipid binding was detected at the
PH-GRAM domain (Begley et al. 2006).

Despite showing the properties consistent with the tyrosine phosphatase superfam-
ily, the myotubularins exhibit predominant activity against 3-phosphorylated phos-
phoinositides (Taylor et al. 2000a; Zhao et al. 2001). PtdIns(3)P and PtdIns(3,5)P2

are hydrolyzed at their 3-position phosphate by the MTMs, in vitro forming PtdIns
and PtdIns(5)P respectively (Velichkova et al. 2010; Naughtin et al. 2010; Tosch
et al. 2006; Berger et al. 2002, 2006; Tronchere et al. 2004; Schaletzky et al. 2003;
Begley et al. 2003: Zhao et al. 2001; Walker et al. 2001; Taylor et al. 2000a; Blon-
deau et al. 2000). Myotubularins exhibit significantly less catalytic activity against
PtdIns(3,4,5)P3, PtdIns(3,4)P2, PtdIns(4,5)P2, PtdIns(4)P or PtdIns(5)P (Blondeau
et al. 2000; Walker et al. 2001; Zhao et al. 2001; Berger et al. 2002; Schaletzky
et al. 2003; Tronchere et al. 2004; Tosch et al. 2006). One exception is MTMR14,
which exhibits phosphatase activity against a larger number of phosphoinositides
(PtdIns(3,5)P2 > PtdIns(3,4)P2 > PtdIns(4,5)2 > PtdIns(3)P) (Shen et al. 2009). How-
ever, in a separate study using immunoprecipitates from HEK293 cells, MTMR14
selectively degraded only PtdIns(3)P and PtdIns(3,5)P2 (Tosch et al. 2006).

The cellular localization of PtdIns(3)P and PtdIns(3,5)P2 is predominantly endo-
somal, and some of the myotubularins are predicted to control endosomal PtdIns(3)P
levels, although there are conflicting reports. The different effects of MTM over-
expression or decreased expression on endosomal PtdIns(3)P may relate to different
experimental approaches. Many microscopy-based studies have detected endosomal
PtdIns(3)P, by expression of GFP-tagged constructs containing two FYVE domains
in tandem, with co-localization with endosomal markers. Another approach has uti-
lized purified GST-2xFYVE as a probe, detected by GST antibodies after cellular
fixation and permeabilization (Gillooly et al. 2000). Over-expression of MTM1,
MTMR2-4, and MTMR14 decreases endosomal PtdIns(3)P in both cell lines as well
as in primary cells (Kim et al. 2002; Kelley and Schorey 2004; Lorenzo et al. 2006;
Tosch et al. 2006; Cao et al. 2007; Naughtin et al. 2010; Taguchi-Atarashi et al.
2010). Expression of the D. melanogaster mtm decreases endosomal PtdIns(3)P in
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hemocytes (Velichkova et al. 2010). However, other studies have shown that expres-
sion of MTM1 (Laporte et al. 2002), or MTMR2 (Kim et al. 2002) does not influence
endosomal PtdIns(3)P levels, and in fibroblasts from human patients with different
MTM1 mutations, no alteration in endosomal PtdIns(3)P probe fluorescence was de-
tected (Tronchere et al. 2004). Fili and colleagues used a chimeric MTM1 protein
designed to be recruited to Rab5 positive membranes only upon addition of rapa-
logue (Fili et al. 2006). Expression of the MTM1-FKB chimera in HeLa cells did not
decrease GST-2xFYVE staining until rapalogue was added, which induced MTM1
targeting to early endosomes (Fili et al. 2006). In contrast, siRNA knockdown of
different myotubularins increases endosomal PtdIns(3)P in some studies (Cao et al.
2008; Naughtin et al. 2010; Taguchi-Atarashi et al. 2010; Velichkova et al. 2010).
Some of the differences in the effects of myotubularin expression on PtdIns(3)P
might be accounted for by the frequent reliance of over-expression of myotubu-
larins and/or GST-2xFYVE probe over-expression and the associated difficulties
in comparing cells with different expression levels. Expression of a GFP-2xFYVE
probe per se, as opposed to application of a recombinant GST-2xFYVE probe af-
ter cellular fixation, itself interferes with PtdIns(3)P-dependent events (Vieira et al.
2004; Gillooly et al. 2000). In addition, most studies have presented qualitative
representative images of cells with little quantification. Of special note, Cao et al.
used siRNA to MTM1 or MTMR2, and with quantitation demonstrated increased
PtdIns(3)P in cells by analysis of GFP-2xFYVE fluorescence (Cao et al. 2008). In-
terestingly, MTM1 knockdown did not alter total GFP-2xFYVE fluorescence, but
increased the fraction of GFP-2xFYVE which co-localized with the early endosomal
marker, EEA1. In contrast MTMR2 siRNA increased late endosomal GFP-2xFYVE
(Cao et al. 2008). Additionally, GST-2xFYVE staining was quantified in HeLa cells
treated with MTMR4 siRNA (Naughtin et al. 2010). This study reported that in
knockdown cells, the increased GST-2xFYVE signal did not reflect an increase in
the fluorescence associated with individual endosomes, but rather was a result of
a large increase in the number of GST-2xFYVE-positive endosomes per cell. This
suggests a function of MTMR4 is to restrict PtdIns(3)P from certain endosomal
populations.

Despite being characterized as a dual specific phosphatase, the ability of a my-
otubularin to utilize phosphoprotein(s) as substrates has only been identified in one
study. Recently, negative regulation of TGFβ signaling by MTMR4 was demon-
strated, via binding to and dephosphorylation of the R-SMADS, SMAD2 and
SMAD3 (Yu et al. 2010). Expression of MTMR4 rendered cells resistant to the
anti-proliferative effects induced by TGFβ treatment (Yu et al. 2010). This raises
the possibility that MTMR4 and other myotubularins may exhibit biological activity
against additional phosphoprotein substrates.

To determine the sub-cellular localization of specific MTMs, many studies have
relied on ectopic over-expression of myotubularin in cells (Blondeau et al. 2000;
Taylor et al. 2000a; Firestein et al. 2002; Walker et al. 2001; Kim et al. 2002; Berger
et al. 2003, 2006; Chaussade et al. 2003; Kim et al. 2003; Tsujita et al. 2004; Robin-
son and Dixon 2005; Lorenzo et al. 2006; Tosch et al. 2006; Vergne et al. 2009;
Taguchi-Atarashi et al. 2010; Plant et al. 2009). These various studies have reported
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discordant results for the sub-cellular localization of some of the myotubularins, per-
haps as a result of different experimental techniques or differences in cell types and/or
the level of over-expression achieved. Multiple reports have localized recombinant
MTM1 to the cytosol, at the plasma membrane and on membrane ruffles (Blondeau
et al. 2000; Fili et al. 2006; Kim et al. 2002; Laporte et al. 2002; Lorenzo et al. 2006;
Nandurkar et al. 2003; Taylor et al. 2000a; Tsujita et al. 2004). In contrast, endoge-
nous myotubularin is reported to localize to early endosomes, where it regulates a
pool of PtdIns(3)P (Cao et al. 2007, 2008). The only myotubularin which has been
consistently reported to localize to endosomes is MTMR4, which contains a FYVE
domain. When expressed in cells recombinant MTMR4 exhibits an endosomal dis-
tribution, co-localizing with early, late and recycling endosomal markers (Lorenzo
et al. 2006; Naughtin et al. 2010; Plant et al. 2009; Yu et al. 2010).

Several reports have localized recombinant MTMR2 to the cytosol, with some
perinuclear enrichment (Kim et al. 2002, 2007; Robinson and Dixon 2005) as well
as the nucleus (Lorenzo et al. 2006), whilst endogenous MTMR2 is detected on
late endosomes (Cao et al. 2008). Some of the inconsistencies in these reports on
the different sub-cellular localizations of myotubularin and the MTMs may be a
consequence of different protein:protein interactions between myotubularins, and/or
the localization may change with agonist specific-cell stimulation, or may be cell
type-specific. For example stimulation of COS7 or FlpIn293 cells with EGF results
in a MTM1 or MTMR2 cytosolic redistribution to punctate and vesicular structures
(Tsujita et al. 2004; Berger et al. 2011).

Several other myotubularins exhibit a cytosolic localization, with non-specific
patterns of punctate or reticular localization (Lorenzo et al. 2006). Over-expressed
wild-type MTMR3 localizes to a cytosolic and reticular distribution, with some over-
lap with the endoplasmic reticulum (Walker et al. 2001), and despite the presence
of a FYVE domain it shows little endosomal localization. In addition, mutations in
MTMR3 have been associated with significant alterations in its sub-cellular distri-
bution (Walker et al. 2001; Lorenzo et al. 2005). A single mutation at the cysteine
in the MTMR3 catalytic site (C413S) results in its punctate cellular distribution, co-
localizing with structures which by ultrastructural analysis have the appearance of
autophagosomes, and by light microscopy co-localize with autophagosome markers
such as WIPI-1α and DFCP1 (Walker et al. 2001; Taguchi-Atarashi et al. 2010).
Double mutation of MTMR3 C413S, together with deletion of the PH domain,
surprisingly induces Golgi localization of MTMR3 (Lorenzo et al. 2005).

8.3.2 Myotubularin Association with Human Disease

Mutations in either active or inactive myotubularins lead to human disease. MTM1
is mutated in X-linked centronuclear (myotubular) myopathy (Laporte et al. 1996).
This congenital disease is characterized by severe muscle weakness in affected males,
which often results in death in infancy from respiratory failure (Laporte et al. 1996).



8 The PTEN and Myotubularin Phosphoinositide 3-Phosphatases 313

Pathological analysis of muscles from affected patients reveals small rounded mus-
cle cells with centrally placed nuclei and a surrounding halo devoid of contractile
elements (Laporte et al. 1996). Mtm1−/− mice exhibit growth retardation with a
shortened life span, associated with a progressive muscle phenotype that resembles
the human disease, attributed to a defect in muscle maintenance, but not myogenesis
(Biancalana et al. 2003). MTMR2 mutation is associated with the peripheral neu-
ropathy Charcot-Marie-Tooth disease type 4B1, and mutation in its inactive binding
partner MTMR13 leads to a similar clinical syndrome, Charcot-Marie-Tooth disease
type 4B2 (Bolino et al. 2000; Berger et al. 2002; Azzedine et al. 2003; Senderek
et al. 2003). Pathological analysis of affected patients reveals a demyelinating neu-
ropathy with focally folded myelin sheaths. Mice have also been generated with a
deletion of Mtmr2, or Mtmr13 genes (Bolino et al. 2004; Tersar et al. 2007; Robinson
and Dixon 2005). Mtmr2−/− mice with a complete deletion are viable, but under-
represented according to Mendelian predictions, and exhibit growth retardation, but
no apparent weakness (Bolino et al. 2004). These mice show a peripheral neuropa-
thy on nerve conduction and histopathological analyses, and also exhibit azospermia
(Bolino et al. 2004). Conditional loss of Mtmr2 in Schwann cells, but not neu-
rons, reproduces the neuropathy phenotype (Bolis et al. 2005). In a separate study,
mice expressing a truncated transcript lacking the phosphatase domain of Mtmr2
were born within the expected Mendelian frequency, and showed normal growth and
physical appearance (Bonneick et al. 2005). Histopathological analysis, however,
revealed the characteristic features observed in humans with Charcot-Marie-Tooth
4B1 (Bonneick et al. 2005). Mtmr13−/− mice are viable and are born at the predicted
Mendelian frequency (Tersar et al. 2007; Robinson et al. 2008). These mice do not
exhibit an obvious disease phenotype, however, defects were observed on detailed
motor testing at 12 months age, with electrophysiological and histopathological ev-
idence of neuropathy (Tersar et al. 2007). A mouse knock-out of Mtmr5 exhibits
azospermia, perhaps related to abnormalities in Sertoli cell function (Firestein et al.
2002). Mutations of MTMR14 are implicated in some cases of human autosomal
recessive centronuclear myopathy (Tosch et al. 2006). Mtmr14−/− mice have a nor-
mal appearance, but exhibit abnormal motor testing during strenuous exercise, and
abnormalities of excitation-contraction coupling (Shen et al. 2009).

8.3.3 Inactive Myotubularins and Protein Complex Formation

Inactive myotubularins have been speculated to regulate the catalytic activity of the
active myotubularins, or alternatively to interact with active myotubularins and direct
their sub-cellular localization (Berger et al. 2003, 2006; Kim et al. 2003; Nandurkar
et al. 2003). For example, the inactive MTMR13 increases the activity of MTMR2
toward PtdIns(3)P and PtdIns(3,5)P2, by 10- and 25-fold amounts respectively
(Berger et al. 2006). This might provide a molecular basis for the observation that
mutations in the inactive MTMR13 result in Charcot Marie Tooth type 4B2 neuropa-
thy in humans and in mouse models. Both endogenous and recombinant MTMR2
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and MTMR13 form homodimers in cells via interaction of their coiled-coil domains
(Berger et al. 2006). These myotubularins also interact with each other in a tetrameric
protein complex (Berger et al. 2006). The sub-cellular distribution of MTMR13
overlaps with MTMR2 under resting conditions, but diverges under conditions of
hypo-osmotic stress, suggesting that in addition to regulating enzyme activity of an
active phosphatase, the inactive phosphatase regulates the sub-cellular localization
of the active phosphatase (Berger et al. 2006). Similarly, MTMR12 forms a complex
with MTM1, which requires the SID domain. This interaction directs the localization
of MTM1 away from the plasma membrane with reversal of MTM1-induced changes
in filopodial formation in COS7 cells (Nandurkar et al. 2003). Interactions have also
been observed for many other recombinant myotubularins, but whether these interac-
tions occur in vivo is unclear due to a general difficulty in this field in making specific
high affinity antibodies to any of the myotubularins: MTM1 interacts with MTMR10
(Lorenzo et al. 2006); MTMR2 interacts with MTMR5, MTMR10, MTMR12 and
MTMR13, and the interaction between MTMR5 and MTMR13 requires the coiled-
coil domain and increases phosphatase activity (Nandurkar et al. 2003; Kim et al.
2003; Robinson and Dixon 2005; Lorenzo et al. 2006; Berger et al. 2006). MTMR3
interacts with MTMR4 and co-expression of MTMR3 and MTMR4 alters the sub-
cellular localization of each phosphatase (Lorenzo et al. 2006); MTMR6, MTMR7
and MTMR8 interact with MTMR9; the MTMR7/MTMR9 interaction requires the
coiled-coil domain and results in increased MTMR7 phosphatase activity (Mochizuki
and Majerus 2003; Lorenzo et al. 2006). Protein complex formation is not restricted
only to other myotubularins. MTM1 and MTMR2 interact in a multi-protein com-
plex with the Class III PI3K (hVps34) and hVps15 (Cao et al. 2007, 2008). MTMR2
also interacts with PSD95, an excitatory postsynaptic scaffolding protein, as well as
with disc-large1 (Dlg1) (Bolis et al. 2009; Lee et al. 2010). MTRM4 interacts with
R-SMADs, and the ubiquitin ligase, NEDD4 (Plant et al. 2009; Yu et al. 2010).

8.3.4 Myotubularins and Cellular Function

The functional role that individual myotubularins play in the cellular control of phos-
phoinositide signaling is currently a target of much work. PtdIns(3)P localizes to early
and late endosomes, the plasma membrane and the forming autophagosome (Gillooly
et al. 2000, 2003; Tooze and Yoshimori 2010). The localization of PtdIns(3,5)P2 is
within endosomes/lysosomes (Dove et al. 2009). A number of the myotubularins may
regulate endosomal PtdIns(3)P. This suggests potential roles for the myotubularins
in regulating endocytic trafficking, including endocytosis, degradative and recycling
pathways and autophagy. In C. elegans, mutations in mtm-6 or mtmr-9 impair en-
docytosis by coelomocytes (Fares and Greenwald 2001; Xue et al. 2003). siRNA
depletion of MTMR4 decreases endocytosis of transferrin by HeLa cells (Naughtin
et al. 2010). Conversely, siRNA depletion of MTMR2 in neuronal cells enhances
endocytosis and impairs synaptic maintenance (Lee et al. 2010). Sorting of EGFR
for degradation is an important PI3K-dependent pathway. Expression of MTM1 or
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MTMR2 inhibits EGFR degradation (Tsujita et al. 2004; Berger et al. 2011). In con-
trast, Lorenzo and colleagues found that over-expression of MTMR4, but not MTM1,
MTMR2 or MTMR3, impaired EGFR degradation in some cells (Lorenzo et al.
2006). Expression of a catalytically inactive MTMR4, or treatment with MTM1 or
MTMR2 siRNA also results in impairment of EGFR degradation, possibly suggest-
ing that tight control of phosphoinositide levels is necessary for normal degradative
receptor sorting (Lorenzo et al. 2006; Cao et al. 2008). Recycling of transferrin can
occur by both PI3K-dependent and independent pathways, and over-expression of
MTMR4 impairs the sorting of transferrin from early endosomes (Naughtin et al.
2010). In contrast, expression of a phosphatase inactive MTMR4 mutant increases
transferrin recycling (Naughtin et al. 2010). Recycling of MIG-14/Wls is necessary
for Wnt secretion, a signaling process important in tissue development and disease,
and it has recently been reported that this is disrupted in C. elegans mtm-6 and mtmr-
9 mutants (Silhankova et al. 2010). The authors also reported that mtm-6 and mtmr-9
regulate the localization of sorting nexin 3 to PtdIns(3)P-positive endosomes and
maintain normal trafficking of MIG-14/Wls to control Wnt secretion (Silhankova
et al. 2010).

Autophagy is a cellular process whereby portions of the cellular contents are in-
ternalized in double membrane autophagosomes and degraded. PtdIns(3)P plays a
significant role in autophagosome initiation (Tooze and Yoshimori 2010). MTMR3
and MTMR14 localize to the site of autophagosome formation and negatively reg-
ulate autophagy (Vergne et al. 2009; Dowling et al. 2010; Taguchi-Atarashi et al.
2010). Additionally MTMR14 Danio rerio (D. rerio) morphants show elevated au-
tophagic markers, and a double morphant embryo of MTM1 and MTMR14 exhibits
significantly greater autophagic markers and autophagic structures by ultrastructural
analysis (Dowling et al. 2010). Taken together, this data suggests that at least three
of the myotubularins may inhibit autophagy.

A number of reports have recently linked the muscle defects observed in my-
otubularin mutations with alterations in skeletal muscle triad structure and function.
Ultrastructural defects in T-tubules and the sarcoplasmic reticulum have been de-
scribed in animal models of myotubular myopathy, including Mtm1−/− mice,
knockdown of mtm1 in D. melanogaster and D. rerio and a spontaneous Mtm1
mutation in Labrador retrievers, as well as in the tissues of patients with myotubular
myopathy (Al-Qusairi et al. 2009; Dowling et al. 2009, 2010; Beggs et al. 2010;
Toussaint et al. 2010). In skeletal muscle, MTM1 localizes to the region of the
T-tubule (Buj-Bello et al. 2008; Dowling et al. 2009). Mtm1−/− mice show de-
pressed calcium release from the sarcoplasmic reticulum with lower protein levels
of the type 1 ryanodine receptor (RyR1). MTM1 D. rerio morphants show abnor-
mal excitation-contraction coupling (Al-Qusairi et al. 2009; Dowling et al. 2009).
MTMR14 D. rerio morphants show normal muscle triad ultrastructure, but defec-
tive excitation-contraction coupling and a motor phenotype (Dowling et al. 2010).
A mouse Mtmr14−/− model exhibits prolonged muscle relaxation and fatigability, a
result of spontaneous calcium leakage from the sarcoplasmic reticulum (Shen et al.
2009). Intriguingly, the Mtmr14−/− mouse shows increased PtdIns(3,5)P2 (Shen et al.
2009). PtdIns(3,5)P2 and PtdIns(3,4)P2 directly activate the RyR1 calcium channel,
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linking the observed muscle weakness with an accumulation of these phosphoinosi-
tides (Shen et al. 2009). In addition to the effect of MTM1 and MTMR14 on muscle
calcium channel signaling, a third myotubularin has also been linked to ion channel
signaling. MTMR6 negatively regulates the calcium-dependent activated potassium
channel, KCa3.1 (Srivastava et al. 2005; Choudhury et al. 2006). MTMR6 functions
as a negative regulator of calcium influx and proliferation of reactivated CD4 + T
cells (Srivastava et al. 2006). Very recently myotubularin has been shown to bind
desmin, and regulate desmin function (Hnia et al. 2010). Desmin is a major inter-
mediate filament protein in skeletal muscle, and mutations in desmin are associated
with cardiomyopathy and myopathy (Omary et al. 2004). Loss of MTM1 results
in abnormal desmin intermediate filament assembly and mitochondrial positioning,
and this is independent of the phosphatase activity of MTM1 (Hnia et al. 2010).

Several MTMs have also been associated with abnormal muscle maturation and
atrophy. Abnormal regulation of the MTMR1 gene has been described in myotonic
dystrophies types 1 and 2 (Buj-Bello et al. 2002a; Santoro et al. 2010). MTMR4 inter-
acts with the ubiquitin ligase NEDD4, and in atrophying muscle increased levels of
NEDD4 correlate with decreased levels of MTMR4 (Plant et al. 2009). Additionally,
aged mice show progressive loss of Mtmr14, together with altered motor function
and calcium homeostasis, suggesting a role for the loss of MTMR14 in sarcopenia
(Romero-Suarez et al. 2010).

The molecular basis of myotubularin mutations and resultant neurological man-
ifestations are also slowly emerging. MTMR2 forms a protein complex, interacting
with the scaffolding protein Dlg1, the plus-end kinesin motor protein, Kif13b, and
the exocyst component Sec8 (Bolis et al. 2009). Dlg1 and Kif13b transport MTMR2
to sites of membrane remodeling, where MTMR2 restricts and Sec8 promotes mem-
brane addition to regulate Schwann cell myelination (Bolis et al. 2009). Additionally,
expression of recombinant MTM1 or MTMR2 mutants, but not wild type MTM1,
results in aggregation of neurofilaments in an adrenal carcinoma cell line (Goryunov
et al. 2008). MTMR2 interacts with the scaffolding protein, PSD95, and knockdown
of MTMR2 results in reduced excitatory synapse number and synapse transmission
(Lee et al. 2010).

Two of the myotubularins have also been linked in gene association studies to
metabolic defects. Single nucleotide polymorphisms (SNPs) of MTMR4 are associ-
ated with elevated plasma total cholesterol values, and SNPs in MTMR9 associate
with obesity and hypertension (Dolley et al. 2009; Yanagiya et al. 2007). However
the molecular basis of these interesting observations remains currently unknown.

A number of the myotubularins may also positively regulate cell proliferation
and/or inhibit apoptosis. MTMR6 expression promotes resistance to etoposide-
induced apoptosis, an effect enhanced by MTMR9 (Zou et al. 2009a). Silencing of
MTMR2 in cultured Schwann cells results in decreased proliferation and enhanced
caspase-dependent cell death (Chojnowski et al. 2007). MTMR2 and MTMR13 pos-
itively regulate Akt signaling and prevent the degradation of EGFR (Berger et al.
2011). MTMR4 expression suppresses growth inhibition induced by TGFβ, through
its action in dephosphorylating R-SMADS (Yu et al. 2010). Taken together this data
suggests that at least five of the myotubularins are pro-proliferative, by yet to be
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defined molecular mechanisms. RNAi-mediated knockdown of the D. melanogaster
homologs of human MTM1, MTMR5/13 or MTMR 6/7/8 result in mitotic defects,
suggesting a role for myotubularins in the regulation of cell division (Chen et al.
2007). These findings are of interest given recent evidence that shows PtdIns(3)P
localizes to the midbody during division (Sagona et al. 2010).

Additional diverse functions of myotubularins have been reported. MTMR8 may
be involved in angiogenesis as Mtmr8 knockdown in D. rerio results in abnormal
vascular development (Mei et al. 2010). Mtm1 knockdown in D. melanogaster pro-
duces defects in cell cytoskeletal responses to hormone stimulation, and alters the
wound recruitment of hemocytes (Velichkova et al. 2010). Mtm1 also functions in
C. elegans as a negative regulator of corpse engulfment during development (Zou
et al. 2009b).

8.4 Concluding Remarks

We have described a wealth of research conducted over 15 years or so, that has shown
us how these two contrasting groups of PI 3-phosphatases, which play roles in the
fundamental cellular processes of signal transduction and of membrane traffic, have
important influences on human health and disease. The ability to use biochemistry
and genetics to link strongly the related catalytic activities of these phosphatases to
human diseases provides an excellent framework for future studies, which are both
biological and translational. Ongoing work should provide a deeper understanding of
the complex biology by which aberrant PI 3-kinase functions cause these pathologies
and it is hoped that drug discovery efforts in these areas, many targeting the lipid
kinases, may lead to successful treatments Table 8.3.

Additional information regarding sequences and online database entries is shown
on Table 8.3.
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Glossary

A glossary of terms is provided for readers who are not experts of the inositol lipid
field.

myo-Inositol: This is one of nine possible stereoisomers of inositol which is a
cyclohexanehexol. Myo-inositol is the most commonly occurring stereoisomer in
nature, therefore, the IUPAC-approved abbreviation “Ins” refers to myo-inositol
(Nomenclature Committee of the International Union of Biochemistry, 1989,
http://www.chem.qmul.ac.uk/iupac/cyclitol/myo.html). The conformation of myo-
inositol is the so-called “chair” conformation with five equatorial and one axial
hydroxyl groups. This conformation, and the numbering of the hydroxyls have been
best visualized by Agranoff (1978) who compared the ring to a turtle and the hydrox-
yls to the appendages. Here, the numbering starts with the right front flipper going
counterclockwise. The head of the turtle then corresponds to the axial hydroxyl at the
2nd position. It is notable that myo-inositol has an axis of symmetry going through
the 2nd and 5th carbons. The numbering used refers to the D-enantiomers but it is
important to remember that because of this symmetry D-Ins1P is the same as L-Ins3P
and, therefore, isomers (such as Ins1P and Ins3P) that are enantiomeric twins cannot
be separated with conventional HPLC methods.
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Phosphatidylinositol: This is the base molecule for all phosphoinositides. The
recommended abbreviation is PtdIns (http://www.chem.qmul.ac.uk/iupac/misc/
phos2t8.html#t4) but the early literature often uses “PI” as the abbreviation. This
short form is still in use in the context of kinases that phosphorylate PtdIns or its
phosphorylated derivatives, such as in PI 3-kinases or PI 4-kinases. PtdIns consists
of a diacylglycerol backbone in which the 1- and 2-positions of the glycerol are most
often esterified with a stearoyl- and arachidonyl- fatty acid chains, respectively, and
the myo-inositol ring is linked to the 3rd- position of the glycerol via a phosphodi-
ester bond formed with the 1st hydroxyl of inositol. PtdIns can be phosphorylated in
all but the 2nd and 6th positions of the inositol ring, giving rise to the seven known
phosphoinositides.
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Polyphosphoinositides: This refers to any of the further phosphorylated PtdIns
regardless of the number and positions of the phosphate groups. Sometimes they are
abbreviated as PPIs but mostly in the 80’s literature but this is still the recommended
abbreviation (see in Michell et al. 2005).

Phosphoinositides: This is a term often used to designate collectively PtdIns and
all of its phosphorylated derivatives regardless of their isomerism. “PI” is the abbre-
viation used lately for phosphoinositides but it often causes confusion so it should
be avoided. There is no consensus abbreviation for this term that includes both
PtdIns and the PPIs. The individual forms of PPIs are abbreviated specifying the
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positions phosphorylated on the inositol ring. For example, phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P2] is a double phosphorylated PtdIns with positions
4- and 5- phosphorylated.

It is worth pointing out here a few rules about the terminology: the numbers on
the inositol ring are not “primed”, since there is no other ring in the structure that
would require the use of “prime” to discriminate the rings (as opposed to multiring
structures such as the nucleosides). The number of phosphates are indicated by the
prefixes “bis-” (latin for twice) “tris-” (greek for three times) to indicate that these
molecules contain the indicated number of phosphates but all placed individually
at various positions. (contrast this with ATP which is a “triphosphate” with the
phosphates linked to one another). There are no higher numbers than trisphosphates
in phosphoinositides but there are in the soluble inositol phosphates, for which the
numbers continue as “tetrakis-”, “pentakis-” and “hexakis–” ‘kis’being a greek prefix
for –times. In the abbreviations it is recommended to italicise the “P” if it designates
a phosphomonoester (see Michell et al. (2005) in the list below for more details on
nomenclature recommendations).

Old literature used terms such as “DPI” and “TPI” for diphosphoinosi-
tide and triphosphoinositide, respectively. These correspond to mono- and bis-
phosphorylated PtdIns from a time when the exact configurations of the phosphates
were not known.

Phosphoinositide kinases: Phosphoinositide kinases add a phosphate to a specific
position onto the inositol ring of phosphoinositides usingATP. The kinases are named
after the position they phosphorylate and hence we distinguish 3-, 4- and 5-kinases
(no primes!!). There is an inherent inconsistency about the abbreviations used to
designate these enzymes. For example, the term “PI 3-kinase” is used to refer to any
of the 3-kinases, regardless of the substrates they phosphorylate. Since there are PI
3-kinases that can only phosphorylate PtdIns (and not further phosphorylated forms)
(the Class III PI 3-kinases) they are also named PtdIns 3-kinases. However, the
Class I PI 3-kinases that phosphorylate PtdIns(4,5)P2 are rarely called PtdIns(4,5)P2

3-kinases and in most articles unspecified “PI 3-kinase” refers to the Class I enzymes.
In contrast, PI 4-kinases can only phosphorylate PtdIns (and not further phosphory-
lated forms) in which case it would be more correct to call them PtdIns 4-kinases.
However, because of historical reasons, these inconsistencies are tolerated even if
they defy logic based on current knowledge. The list of the various forms and classes
of PI kinases are summarized in the respective chapters.

Phosphoinositide phosphatases: Phosphoinositide phosphatases remove one or
more phosphates from PPIs. They can be specific to the position of the phos-
phate they remove and the substrate they can use. Some will dephosphorylate only
PPIs while others can also use the water-soluble inositol phosphates as substrates.
Phosphatases are usually named after the position of phosphate they attack such as
5-phosphatases or 3-phosphatases. Some PI phosphatases are not position specific,
such as the monophosphatases (see Chapters 7 and 8 in Volume I for more details).

Phospholipase C: These enzymes (PLCs) hydrolyze PtdIns (or PPIs) by cleaving
the phosphodiester group such that they leave diacylglycerol behind and release the
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inositol headgroup, which carries the phosphate still attached at the 1-position (or
other phosphates if the substrate is any of the PPIs). To discriminate from other PLCs
that use other phospholipids as substrate (such as PC-PLC), PLCs that hydrolyze
phosphoinositides are called PI-PLCs. This, however, also causes some confusion,
since mammalian PI-PLCs are believed to hydrolyze primarily PtdIns(4,5)P2 in vivo
(although they can also hydrolyze PtdIns and PtdIns4P in vitro). However, there
are bacterial PLC enzymes that will use either PtdIns or phosphatidylinositol gly-
can (GPI) linkages but cannot hydrolyze polyphosphoinositides. The literature that
deals with the bacterial enzymes uses the term PI-PLC to emphasize that the bac-
terial enzymes are specific for PtdIns or GPI. So the term “PI-PLC” means two
different enzyme groups depending on whether used in mammalian or prokary-
otic studies. However, in most cases PLC without any designation refers to the
mammalian phosphoinositide-specific PLCs.

Inositol 1,4,5-trisphosphate: Ins(1,4,5)P3 is the water soluble molecule liber-
ated after PLC-mediated hydrolysis of PtdIns(4,5)P2. This molecule has a receptor
located in the ER membrane that also is a Ca2+ channel and which is gated by
Ins(1,4,5)P3 binding. Ins(1,4,5)P3 is a bona fide second messenger liberated upon
stimulation of cell surface receptors coupled to PLC activation.

PH domain: PH domains (for pleckstrin homology domains) are protein modules
of roughly 150 amino acid length that were first recognized in pleckstrin (Tyers
et al. 1988). These were the first protein modules that were shown to bind PPIs. Many
PH domains can recognize and bind phosphoinositides with variable specificities
earning these domains the reputation of being PPI binding modules. Although several
PH domains can, indeed, recognize PIs with high affinity and specificity, many
PH domains show promiscuous PPI recognition and many do not bind PIs at all.
Moreover, PH domains also recognize proteins and often bind proteins and lipids
simultaneously (Lemmon 2004).

FYVE domain: This was the second protein module identified with specific PPI
recognition, namely to recognize PtdIns3P (Burd and Emr 1998). Its name originated
from the four molecules (three from baker’s yeast) in which this module was first
described (Fab1, YOTB, Vac1 and EEA1). FYVE domains use two Zn2+ ions to
stabilize their structure and they are also called FYVE zinc fingers. They show
structural similarities to the C1 domains that recognize diacylglycerol (Misra and
Hurley 1999; Kutateladze et al. 1999).

PX domain: Phox-homology domains were also recognized as capable of binding
PtdIns3P. They were initially found in sorting nexins (Ponting 1996) and NADPH
oxidase subunits (Bravo et al. 2001; Ellson et al. 2001; Kanai et al. 2001), but they
are present in a large variety of signaling molecules. PX domains can also bind other
phospholipids, such as PtdOH and PtdIns(3,4)P2, and they also interact with proteins
(Vollert and Uetz 2004).

Phosphoinositide binding protein domains: In addition to the above defined
protein modules, several other modular protein domains have been identified as phos-
phoinositide effectors (Lemmon 2008). Because of their increasing number they will
not be listed here but can be found in the individual Chapters.
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Actin-regulatory protein, 68, 227
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Acute myeloid leukemia, 226, 291
ADAMs, 241
α-Adaptin, 39
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3T3 L1 adipocytes, 228, 234
β-Adrenergic receptor, 79, 135, 198, 201, 202
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age-1, 100
Airway hyper-responsiveness (AHR), 141, 189,
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Akt1, 104, 130, 196, 199
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Akt3, 104
Akt activation, 99, 100, 131, 222, 223,
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Alpha-actinin, 36
Alzheimer, 70, 302
Amoeboid migration, 99, 138
Amphiphysin 1, 231, 232
Amphiphysin 2, 231
Amyotrophic lateral sclerosis, 255
Angiotensin II, 11, 69, 139
ANTH domain, 135
Anti-nuclear autoantibodies, 142
AP-1, 13
AP-2, 38, 39, 41–44, 203, 231, 236, 237, 240
AP-3, 13, 14

AP-4, 39
AP180, 38, 43
Apoptosis signal-regulating kinase 1 (ASK1),

302
APPL1, 237–239
Arabidopsis thaliana, 252
Arf1, 13–15, 17
Arf6, 37
Arp2/3 complex, 68
ArPIKfyve protein, 254
AS160, 196
AS1949490, 230
ASH domain (ASPM/SPD2/hydin), 218, 236,

240
Aspergillus niger, 307
Asthma, 140, 141, 189, 193, 194, 225, 248
Astrocyte, 13, 78, 290
Ataxia, 74, 116, 232, 235, 247, 293, 295, 301
Ataxia telangiectasia-related (ATR), 116
Atg6, 130
Atg14L, 130
ATM (ataxia telangiectasia mutated), 8, 116
Atypical G-protein transglutaminase II, 69
Autoimmune disease, 126, 136, 138, 141–143,

192, 193, 224, 289, 297
Autoinhibition, 75, 81
Autophagosome, 312, 314, 315
Autophagy, 116, 130, 255, 306, 314, 315; see

also PI3K complexs I and II
Autosomal-dominant cancers, 147, 255, 283,
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B
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BaF3 cell, 146
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Chronic myelogenous leukaemia (CML), 126,

151, 222, 227
Chronic obstructive pulmonary disease

(COPD), 141, 194
Chylous ascites, 101
Ciliopathy syndrome, 220, 235
c-kit receptor, 141
Clathrin-coated vesicles, 39, 41, 43, 227, 232,

238
Clathrin-mediated endocytosis, 38, 39, 42, 43,

116, 232, 233
CMT4J patients, 255
Coated pits, 39, 43, 203, 228, 231, 232, 234,

237
Coatomer protein complex I (COP-I), 253
Coatomer protein complex II (COP-II), 253
Cochlea, 233
Cofilin, 33, 68
Coiled-coil domain, 71, 72, 307, 314
Compartmentalization, 202
Congenital cataracts, 236
COP-I-vesicle, see Coatomer protein complex I
COP-II vesicle, see Coatomer protein complex

II
COS-7 cells, 14, 16, 80
Cowden disease, 283, 284, 286, 288, 289, 301
Craniofacial/limb abnormalities, 242
Cubulin, 239
Cul3-SPOP (cullin 3-speckle-type POZ domain

protein), 47, 48
Cutaneous melanoma, 243
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CX5R catalytic motif, 216, 282, 284
Cyclic AMP (cAMP), 78, 79, 101, 140, 201,

202
Cytochrome c, 302, 303

D
DAAX (death domain-associated protein), 288
daf16, 100
Danio rerio, 233, 315, 318
DAP12, 226
DAP160 (dynamin-associated protein 160),

231
Dbl, 235
dbl-homology (DH), 249
Degenerative neuropathy, 255
Degranulation, 141, 142, 188, 189, 225
Demyelinating neuropathy, 313
Dendritic spines, 293
Dent-2 disease, 236–240
DEP domain, 249
Desmin, 316
DHR-1 domain, 135, 136
Diabetic nephropathy, 228
Diacylglycerol (DAG), 16, 45, 62, 96
Diacylglycerol kinase, 45
Diacylglycerol-activated serine/threonine

protein kinase (PKC), 96
Dictyostelium discoideum, 67, 99, 113, 138,

287, 298
Disc-large1 (Dlg1), 314
DJ-1, 302, 303
DNA repair, 47, 289, 307
DNA-dependent protein kinase (DNA-PKcs),

116, 117, 130
DOCK2, 136, 138, 191
Dok 1, 221
Dok 2, 221, 223
Dominant-negative, 199, 230
Dorsal ruffles, 33
Down’s syndrome, 233
Dpm1 (Dolichol phosphate

mannosyltransferase), 253
Drosophila melanogaster, 113, 232, 233, 252,

305, 310, 315, 318
Drug target, 143
Dynamin-2, 38, 43
Dynamin oligomer, 38, 43, 129, 231; see

also Clathrin-coated vesicles and
Clathrin-mediated endocytosis

E
E-cadherin, 37, 40, 41
EEA1, 14, 129, 311; see also FYVE domain
EF-hand, 64, 80

EGFR, 10, 13, 36, 44, 76, 116, 144, 147, 300
EGFR degradation, 230, 244, 315, 316
Embryonic development, 134, 217, 234, 235,

242, 283, 287
Embryonic lethality, 70, 76, 101, 150, 220,

221, 235, 243, 289
Endocytic recycling compartment, 15, 36
Endometrioid carcinoma, 296
Endophilin 1, 232
Entamoeba histolytica, 307
ENTH domain, 135
ENTH/ANTH domain, 135
ENU mutagenesis screen, 233
Eosinophils, 185, 188, 189, 193
Eotaxin, 189
Epac, 79
Epinephrine, 201
Eps15, 231
Epsin, 38, 43
ERK, 78, 97, 103
Erlotinib, 151
Erythroleukemia, 45, 227
Erythropoiesis, 76
Erythropoietin (Epo), 227
Estrogen receptor, 102, 241, 248
Eukaryotic elongation factor 1A, 13
Everolimus, 120, 148
Excised patch recording, 19, 27, 83
Exo70, 37
Exocyst complex, 36, 37, 316
Extracellular matrix, 299

F
Fab1/PIKfyve, 135, 254; see also FYVE

domain
Fab1p, 26, 27
FAK, 38, 286
FAPP1, 12, 14, 16
Fcγ R-mediated phagocytosis, 224, 225, 234,

305
FERM domain, 135
Fibroblast growth factor (FGF), 17, 74
Fibronectin, 37
Fig4, 254, 255
Filamin, 227
Filopodia, 33, 314
FK506-binding protein 12 (FKBP12), 147
Fluorescence resonance energy transfer

(FRET), 104
FMLP (formylmethionyl leucyl phenylalanine),

97, 98, 187, 188
Focal adhesions, 36–38
Foxn1, 69
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FoxO1, 131, 137, 196
FOXO3a, 100, 104
Francisella tularensis, 225
Frequenin (Frq1p), 15
Friend murine leukemia virus, 227
Frq1p, 16
FYVE domain, 27, 100, 135, 196, 310, 312

G
G protein-coupled receptor (GPCR), 62, 72,

96, 127, 202, 249
G1/S boundary, 70
G2/M phase, 70
G2/M transition, 70
G6P (glucose-6-phosphatase), 230
Gastrointestinal stromal tumors, 144
Gefitinib, 151
Gelsolin, 33, 68
Gemcitabine, 236, 243
GGA protein, 13
GGA1, 13
GGA2, 13
GGA3, 13, 14
GIPC (GAIP-interacting protein, C terminus),

237–239
GK (glucokinase), 230
Gleevec, 144, 151
Glioblastoma, 102, 146, 230, 234, 287, 296,

300, 304
GLTSCR2, 286, 300
Gluconeogenesis, 194, 196, 198, 230
Glucose homeostasis, 196, 198, 217, 229, 230,

242
Glucose intolerance, 196, 198
Glucose uptake, 194–196, 228, 234, 242
GLUT4, 196, 197, 228, 234, 242, 254
Glutamate, 29, 247, 302
Glycogen synthase, 100, 134, 286
Glycogenolysis, 194
Glycosphingolipids, 12, 17, 18
Glycosylphosphatidylinositol (GPI), 340
Golgi resident proteins, 16
Golgi-ER shuttling, 253
Golgi-localised, γ -ear-containing, Arf-binding

protein (GGA), 13
Granulocyte/macrophage colony-stimulating

factor (GM-CSF), 139
Grb2 (growth-factor-receptor-bound protein 2),

231
Gsk3β (glycogen synthase kinase 3β), 11, 134,

199, 241, 254, 286
GTPase activating proteins (GAPs), 72, 103,

135

Guanine nucleotide exchange factors (GEFs),
35, 77, 103, 112, 135, 138, 191, 248, 249

Guanosine 3’, 5’-monophosphate (GTP), 37,
65, 72, 77, 135

Gαq, 63–65, 69, 71–74, 82

H
Hamartin, 131; see also TSC1
Hamartomas, 147, 283
HAUSP (herpes virus-associated

ubiquitin-specific protease), 288
HBV core protein, 243
Hck, 221
Heart failure, 140, 198, 199, 201–203, 289
Hedgehog signalling, 17, 18
HEK cells, 228
HeLa cells, 230, 311, 314
Hemidesmosomes, 36
Hemostasis, 111, 146, 226
Heparin, 79, 188
Hepatitis C virus (HCV), 14
Hepatocellular carcinoma, 10, 146, 243, 291
Hepatocyte necrosis, 101
Heterodimerisation, 4
High fat diet, 220, 229, 242, 294, 295
Histone H1, 48, 70
Histone H3, 48
hJumpy, 307
Human neuropathies, 254, 255
hVps15, 130, 314
hVps34, 130, 314
Hyperactivation of Akt, 102
Hypergammaglobulinemia, 193
Hyperglycaemia, 230
Hyperinsulinaemia, 230
Hyperlipidemia, 198
Hypoglycemia, 101, 197, 294
Hypothalamus, 234

I
IC87114, 118, 141, 150, 187, 188, 193
IgE binding, 188
IgE high affinity receptor (FCeRI), 188
IgE switch, 191
IL-1β, 69, 70
IL-2, 142, 189, 190
IL-4, 126, 189, 191, 224, 305
IL-5, 189, 226
IL-6, 69, 70, 127, 142, 223, 224, 226
IL-8, 187
Imatinib, 144, 151
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Immunoreceptor tyrosine-based activation
motifs (ITAMs), 75, 126, 140, 188, 222,
225

Immunoreceptor tyrosine-based inhibitory
motifs (ITIMs), 222, 225

Infertility, 71, 241
Inflammation, 69, 70, 112, 136, 138, 140, 142,

143, 185–189, 193, 194, 203, 223, 225,
250

ING2, 49, 244
Inhibitor of growth protein 2, see ING2
Inner and outer hair cells, 233
Inositide 5-phosphatase, 216–219
Inositol 1,3,4,5-tetrakisphosphate, 5, 97,

217–219, 231, 236, 239, 240, 283
Inositol 1,4,5-trisphosphate, 62, 63, 67, 68,

217, 218, 231, 236, 239
Inositol-phosphoceramides, 17, 19
Inositol polyphosphate 5-phosphatase, 216,

217, 241, 252
Inp51, 252
Inp52, 218, 252
Inp53, 252
INPP4A, 245–248, 257
INPP4B, 215, 245–248, 257
INPP5A, 217, 220, 239, 256
INPP5B, 220, 236–238, 240, 256
INPP5E, 220, 224, 225, 234–236, 256
INPP5F, 220, 236, 251, 252, 256, 257
INPP5J, 241, 242, 256
INPP5K, 257
INPPL-1, 220, 227, 228, 231, 256
Ins(1,3,4)P3, 218, 239, 246
Ins(1,3,4,5)P4, see Inositol

1,3,4,5-tetrakisphosphate
Ins(1,3,4,5)P4 receptor, 217–219, 231, 240,

283
Ins(1,4,5)P3, see Inositol 1,4,5-trisphosphate
Insulin granules, 129
Insulin mediated endocytosis, 196
Insulin resistance, 150, 196, 228–230, 255,

295
Insulin responsive cells, 100
Insulinaemia, 229
Insulin-like growth factor, 230
Integrin-linked kinase (ILK), 130
Intersectin 1, 231, 232
Invadopodia, 36
Invasion plasmid gene D (IpgD), 244
Ion selectivity, 12, 232, 233, 306, 316
IP3 receptor, 49
IP3 receptor mobility, 49
IpgD, 244, 246

Iressa, see Gefitinib
IκB kinase (IκBK), 134

J
Joubert syndrome, 235
Jun N-terminal kinase (JNK), 302

K
Keratinocytes, 70, 231
Kif13b, 316
Knock-in mice, 101, 187, 190, 193
Knock-out mouse, 71, 140, 196, 201, 218, 223,

232

L
L6 myotubes, 242
LAB/Lat2, 126, 140
Lamellipodia, 33, 35, 229, 234, 240, 251
Lamin B, 45
lamp-1, 13
LARG, 77, 78
LAT, 75, 126, 140, 223
Leishmania major, 190
Leptin receptor, 230
Leucine zipper, 253
Leukotriene B4, 187
Lhermitte-Duclos disease, 283, 289, 301
Linker for activation of T cells (LAT), 75, 126,

140, 223
Lipid signaling pathway, 101
Lipid transfer activity, 17
Lissencephaly, 242
LL5β, 227
Long term potentiation (LTP), 250
Loss of heterozygosity (LOH), 101, 102, 241,

243, 248
Low-density lipoprotein, 138, 139
Lowe oculocerebrorenal (OCRL) syndrome,

see Lowe syndrome
Lowe protein, 236; see also OCRL protein
Lowe syndrome, 220, 236–240, 256; see also

OCRL protein
LPS, 69, 126, 127, 141, 191, 194
L-selectin, see CD62L
Lung adenocarcinoma, 243, 292
LY294002, 9, 18, 98, 116, 117, 149, 188–190,

193
Lymph node-homing receptor, 191
Lymphocytes, see B lymphocytes and T

lymphocytes
Lyn, 75, 188, 221, 222
Lysophosphatidic acid, 77, 78, 127, 129
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M
M1-mtm-1, 307
M1-muscarinic receptor, 73
Macroencephaly, 289, 293
Macrophages, 101, 136, 138, 139, 142, 185,

188, 221–226, 234
Mal (MyD88-adaptor-like), 126
Mannose-6-phosphate receptor (M6PR), 238
Mast cells, 16, 138, 140–142, 188, 193, 221,

222, 225, 226
Mastoparan, 7
MDCK cells, 15, 16
Megalin, 238, 239
MEL cells, 48
Membrane ruffles, 33, 35, 68, 238, 312
Memory formation, 230
Mental retardation, 235, 236, 240, 242
Mesenchymal migration, 287, 294
Metastatic adenocarcinoma, 235
Methacoline, 193
Mg2+-dependent phosphoesterase, 217
Microspikes, 33
Microvilli, 33
Miller-Dieker syndrome (MDS), 242
MIP, 307, 308
Mitogen-activated protein kinase (MAPK), 17,

129, 147, 148, 151, 203, 222, 253
Mitogen-activated protein kinase-activated

kinase 2 (MAPKAP-2), 130
MORM (mental retardation, obesity, congenital

retinal dystrophy and micropenis), 235
Motile actin comets, 33
Mouse erythroleukemia (MEL), 45
Mozart, 233
mRNA export, 47
Mss4p, 27, 29, 31, 46
mtmr-9, 307, 314, 315
mTOR (mammalian target of rapamycin), 103,

104, 116–119, 130, 131, 144, 148–151,
301

mTORC1 (mTOR complex 1), 119–121
mTORC2 (mTOR complex 2), 100, 119, 249
Multiple myeloma, 120, 243
Multivesicular bodies, 9
Murine erthythroleukamia (MEL) cells, 45, 48
MVP (major vault protein), 288
myc translocation, 300
Myeloproliferative disease, 74, 222
Myocardial infarction, 138, 140, 199, 203
Myosin 1E, 231
Myosin light chain kinase, 37
Myotonic dystrophies, 316
Myotubular myopathy, 112, 308, 312, 315

Myotubularin, 112, 249, 282, 283, 306, 307,
310–318

N
NADPH oxidase, 128, 135
NCA (Na+/Ca2+ antiporter), 232, 233
NCS-1, 8, 15
Nedd4-1, 286
Nephrin, 228
Neuroexcitatory cell death, 247
Neurofibrillary tangles, 70
Neuronal cell migration, 242
Neutrophils, 37, 73, 97–99, 128, 137, 138, 142,

185, 187, 192–194, 299, 305
N-formylmethionyl-leucyl-phenylalanine

(fMLP), 97, 98, 187, 188
NGF (nerve growth factor), 238
NGF-differentiated PC12 cells, 241
NK cells, 222
nla (nebula), 233
NLS (nuclear localization signal), 46, 288
N-methyl-D-aspartate (NMDA) receptor
Non-Hodgkin’s lymphoma, 118–121, 235
Non-kinase scaffolding function, 101
Non-steroidal anti-inflammatory drugs

(NSAIDs), 143
NPXY motif, 221, 227
NS5A, 14
NTAL, 126, 140
Nuclear envelope, 44, 45, 80
Nuclear phosphoinositide cycle, 104
Nuclear speckles, 45, 47, 48
NVP-BEZ235, 103
N-WASP, 35

O
OCRL gene, 217, 237, 238, 256
OCRL protein, 220, 227, 236–240
μ-Opioid receptor, 74
OSBP1, 17
Osteoclast activation, 226
Ovalbumin (OVA), 141, 189, 193, 194
Oxysterol-binding protein (OSBP), 7, 8, 13, 17

P
p50, 197
p53, 49, 145, 244, 289, 299–301, 303
p55, 197
p70S6K, 131, 147, 148, 199, 229, 242
p85, 97, 98, 123, 145, 149, 184, 193, 197, 198,

246
p110, 91, 101, 102, 104, 116
p115RhoGEF, 77, 78
p130Cas, 227
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Palmitoylation, 5, 6
Pancreatic β-cells, 16, 129, 194, 195, 294
Pancreatitis, 143
Parkin, 302, 303
Parkinson disease, 302, 303
PCAF (p300/CBP-associated factor), 285
PDGF (platelet-derived growth factor), 7, 10,

11, 35, 97–99, 116, 129, 236
PDK-1 (phosphoinositide-dependent kinase-1),

100, 103, 126
PDZ domain, 80, 249
Penicillium funiculosum, 98
PEPCK (phosphoenolpyruvate carboxykinase),

230
Perinatal lethality, 101, 197
Pertussis toxin, 127
PEST sequence, 286
Peutz-Jeghers syndrome, 147
PH, see Pleckstrin homology
Phagocytosis, 224, 225, 234, 305
Pharbin, 234
PH-GRAM, 307, 310
5-phosphatase, 11, 217–219, 222, 223,

225–228, 231–243
43 kDa 5-phosphatase, 217, 239
75 kDa 5-phosphatase, 218, 240
Phosphatidylinositol 3,5-bisphosphate

[PtdIns(3,5)P2], 217, 218, 234, 254, 282,
283, 306, 310, 313

Phosphatidylinositol 4,5-bisphosphate
[PtdIns(4,5)P2], 10, 12, 67, 68, 81, 95,
117, 123, 218, 232, 236, 282, 284

Phosphatidylinositol kinase activity, 96
Phosphatidylserine (PtdSer), 69
Phosphodiesterase (PDE), 63, 101, 140, 201,

202
Phosphoinositide phosphatase, 102, 131, 216,

222, 248–251
Phospholamban, 201
Phospholipase C (PLC), 26, 33, 62
Phospholipase D (PLD), 138
Phospholipid binding pocket, 30
Phox2a, 229
PI3K/Akt signaling, 228, 230, 241, 242, 251,

284, 301
PI 3-K-C2, 98
PI 3-K effectors, 100, 102, 104
PI3K complex I, 130
PI3K complex II, 130
PI4KII, 2
PI4KIII, 2, 116, 117
PIAS1, 221
PICT-1, 286

PIK domain, 202, 203
Pik1, 4, 8, 9, 15
Pik1p, 8, 15
PIK3CA, 102, 103, 145, 146, 184, 226
PIK3CB, 102
PIK3R1, 101, 102, 146, 184
PIK3R2, 184
PIK3R3, 184
PIK93, 9, 12
PIKfyve kinase, 282
PINK1 (PTEN-induced putative kinase 1), 302,

303
PIP2, see Phosphatidylinositol 4,5-bisphosphate
PIP3, 26, 49, 187, 188, 195–199, 201, 202
PIPKI, 27, 29–31, 37, 46
PIPKII, 27, 29–31, 48
PIX, 136
PKA (protein kinase A), 27, 28, 31, 99, 201,

202, 249
PKC (protein kinase C), 8, 11, 31, 45, 99, 196
Platelet-activating factor (PAF), 189
PLCγ 1, 221
Pleckstrin-homology (PH), 99, 126, 135, 249,

282
PML (promyelocytic leukemia protein), 288
Podosomes, 36, 226
Polycystic kidneys, 235, 296
Polydactyly, 235
Polymorphism, 129, 228
Polyoma tumor DNA virus, 96
Presynaptic nerve terminals, 231
P-REX1 (PtdIns(3,4,5)P3-dependent Rac

exchanger), 103, 249–251
P-REX2a, 249–251
P-REX2b, 249
Pro-apoptotic, 100, 302
Profilin, 26, 33, 36, 68
Progesterone receptor (PR), 248
Proline-rich inositol polyphosphate

5-phosphatase, 241
Proline-rich domains, 218, 227, 231
Prostate cancer, 145, 150, 185, 248, 251, 288,

296, 297, 300
Protein kinase D (PKD), 8, 17, 31
Protein phosphatase, 131, 283, 286–288, 310
Proteinuria, 236, 238, 239
Proteus, 283
Proteus-like syndrome, 283
PTB domains, 221
PtdIns3P, 96, 97, 99, 103, 112, 116, 117, 129
PtdIns4P, 96, 116, 117
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PtdIns(3,4,5)P3, 63, 75, 117, 126, 135, 217,
218, 223–225, 227, 231, 236, 242, 283,
302, 310

PtdIns(3,4,5)P3 phosphatase, 101, 102
PtdIns(4,5)P2, 10, 11, 67, 81, 117, 123, 217,

218, 231, 236, 240, 284, 310
PTEN (phosphatase and tensin homolog

deleted on chromosome 10), 102
PTEN hamartoma tumor syndromes (PHTS),

301
Punctate opacities in the lens, 236
Purkinje cell, 13, 18, 247, 250
PX domain, 62, 103, 135
PxxP motifs, 221

Q
Quercetin, 149

R
R3-mtm-3, 307
R5-mtm-5, 307
R6-mtm-6, 307
Rab1, 237, 238, 240
Rab2, 240
Rab5, 128, 130, 237, 238, 240, 247, 311
Rab6, 237, 238, 240
Rab9, 240
Rab11, 8, 9, 37
Rac, 8, 11, 73, 76, 99, 135, 225, 237, 238, 240,

249, 251
Rac1, 35, 82, 234, 238, 239, 250, 251, 287
Raf, 99, 151
RalA, 69
RalGDS, 99
RAN (Ras-related nuclear protein), 288
RANTES, 187
Rap1, 77, 78
Rapalogue, 311
Raptor, 131, 146
Ras, 63, 77, 78, 84, 99, 127, 128, 144, 145,

149, 151, 301
Reactive oxygen species (ROS), 185, 188, 189,

225, 250, 301, 302, 305
Readily-releasable pool, 37
Respiratory burst, 101, 188, 189
Retinal degradation, 235
Retinoblastoma protein RB (pRB), 48
Retrograde trafficking, 238, 240, 253
Rheumatoid arthritis (RA), 141
Rho superfamily, 103
Rhodopsin, 71
Rictor, 131, 146
RID (Rac induced recruitment domain), 307
RNA interference, 286

RNA polymerase II, 47, 70
ROCK, 37, 38
ROS, see Reactive oxygen species
RTK (receptor tyrosine kinase), 74, 76, 96, 98,

249
Rubicon, 130
Ryanodine receptor, 201, 315

S
S phase, 70, 98, 104
S6K1 (p70 ribosomal protein S6 kinase-1), 98,

104
Sac domain, 218, 231, 251–253
Sac domain-containing inositol phosphatases

(SCIPs), 251, 252
Sac domain phosphoinositide phosphatase, 251
Sac1, 12, 17, 252, 253, 283
Sac1 phosphatase, 18; see also Sac domain
SAC2/INPP5F, 251
Sac3, 254, 255
SAC3/FIG4, 251, 254
Salmonella, 246
Salmonella-containing vacuole (SCV), 246
SAM domain, 218, 227
Sarcopenia, 316
Schizophrenia, 73, 233
Schizosaccharomyces pombe, 67
Schwann cells, 313, 316
Ses1/2, 237, 238
Sec3, 37
Sec8, 316
Second messenger, 12, 44, 45, 49, 62, 69, 97,

201, 217, 239, 282
Sertoli cell, 241, 313
SGK3 (serum and glucocorticoid-regulated

kinase-3), 103
SH2 (Src homology 2), 98
SH3 domain, 74, 75, 83
SH3-containing protein, 221
Shc, 221, 227, 286
Shigella flexneri, 244
SHIP (SH2-domain inositol phosphatase), 131,

137
SHIP1α, 219, 220
SHIP1δ, 219, 220
Ship2, 228–230
SID (set interacting domain), 307, 310, 314
SigD/SopB, 246
Single nucleotide polymorphisms (SNPs), 228,

316
SKICH (SKIP carboxyl homology domains),

218, 241, 242
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SKIP (skeletal muscle and kidney inositol
phosphatase), 236, 242, 243

SLP-76, 75
Smoothened, 17, 18
SopB, 246
Speckle targeted PIPKIalpha regulated-poly(A)

polymerase (Star-PAP), 46
Sperm function, 241
Spermatids, 79, 241
Sphingomyelin, 12, 16
Sphingosine-1-phosphate receptor, 127
Splenomegaly, 222, 297
Squamous cell carcinomas (SCC), 231, 239
Src, 26, 36, 43, 75, 96, 97, 221, 246, 286
Staurosporine, 8, 149, 302
Steatohepatitis, 289
Sterile alpha motif (SAM), 218, 227
Stomach cancer, 235
Stress responses, 116
Stt4p, 11
Superoxide formation, 250
Suppressor of morphogenesis in genitalia-1

(SMG-1), 116
Swiss 3T3 cells, 45
Syk, 75, 126, 140, 188
Synaptic plasticity, 230, 232
Synaptic vesicles, 13, 16, 217, 232, 233
Synaptojanin 1, 218, 231–233, 252
Synaptojanin 2, 231, 233, 234
Synaptotagmin, 37
Syndapin, 231
SYNJ1, 231, 233
SYNJ2, 231, 233
Syntaxin 8, 13
Systemic lupus erythematosus (SLE), 142, 143,

193

T
T cell receptor interacting molecule (TRIM),

126
T loop kinase, 100
T lymphocytes, 136, 143, 189–191, 193, 222
Talin, 32, 36, 38
Tarceva, 151
Telomere, 297
Temsirolimus, 121, 148
TG100-115, 118, 140, 141, 194
Thr308, 100, 130
Thrombin, 78, 127, 226
Thrombin receptor, 77
Thymocytes, 190
TIRF (total internal reflection fluorescence)

microscopy, 227

TMEM55A, 244, 245, 257
TMEM55B, 244, 245, 257
Toll—IL-1 receptor domain-containing adaptor

protein (TIRAP), 126
Toll-like receptor (TLR), 126, 138
TORC1, 103, 131, 147, 148, 150
TORC2, 131, 146, 148
Transcription, 47–49, 131, 134, 248, 250, 284
Transferrin receptor, 238
Transformation/transcription domain-

associated protein (TRRAP),
116

Transforming retroviral oncogene, 99
Trans-membrane phosphatase with tensin

homology (TPTE), 283
Triose phosphate isomerase (TIM) barrel, 63,

65, 73, 74, 82, 83
TrkA (tropomyosin receptor kinase A), 238
Troponin I, 201
TSC1, 131
TSC2, 131, 147
Tuberin, 131; see also TSC2
Tumor suppressor, 48, 49, 70, 79, 102, 104,

145, 230, 248, 289, 305
Type 2 diabetic patient, 197, 228
Type III secretion machinery, 244
Type IV 5-phosphatase, see INPP5E

U
unc-80, 233
Uncoating, 232
3’-untranslated region (UTR), 228
UVRAG, 130

V
Vac14, 254
Vacuole, 26, 240, 246, 252
v-Akt, 99
Vascular endothelial growth factor (VEGF), 76,

144, 147
Vasculogenesis, 76
Vav, 136
Villin, 35
Vinculin, 36, 38
Vinexin, 227
Vps15p, 129
Vps30p, 130
Vps34, 116, 117, 129, 130, 282
VSVG, 16, 17

W
WASP, see Wiskott Aldrich Syndrome protein
Weight gain, 229
Winged helix/forkhead family, 69
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Wingless, 10
Wiskott Aldrich Syndrome protein (WASP), 68
Wnt ligand, 10
Wnt signalling, 11
Wortmannin, 9, 11, 98, 101, 116, 117, 149,

150, 187–189, 193, 196, 197, 301
WW, 218, 227

X
Xenopus laevis, 75

X-linked centronuclear (myotubular) myopathy,
312

X-linked disorder, 236
X-linked myotubular myopathy, 112; see also

Myotubular myopathy

Y
YOTB, 135; see also FYVE domain

Z
ZAP-70, 75, 126
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