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1. ABSTRACT

Phosphorylated derivatives of phosphatydylinositol
(PtdIns), collectively called  phosphoinositides (PIs), have
been recognized as versatile second messengers and
modulators of lipid membrane composition in all eukaryotes.
Over the last several years, PIs emerged as key membrane-
localized signals for regulating a myriad of cellular
processes, including insulin-induced membrane receptor
signaling, GLUT4 membrane trafficking and the
accompanying actin cytoskeletal rearrangement. PIs are
synthesized from PtdIns by the action of kinases, specific
for one of the 3 hydroxyls at positions D-3, D-4 and D-5 in
the inositol head group and are degraded/turned over by the
also position-specific action of phosphoinositide
phosphatases.  Work over the last several years has clearly
implicated the products of PI 3-kinase activity, PtdIns

3,4,5-P3 and PtdIns 3,4-P2, as key elements in the proximal
insulin receptor signaling circuit that regulates GLUT4
membrane dynamics. Emerging evidence has accumulated
to suggest the role for the products of PI 4-kinases and PI
5-kinases in this process, likely at more distal steps.  Here I
review our current understanding of the role for PIs and the
enzymes involved in their turnover in the regulation of
GLUT4 membrane dynamics in response to insulin,
endothelin-1 and hyperosmotic shock.

2. INTRODUCTION

GLUT4 is the mammalian insulin-regulated
glucose transporter, whose expression is restricted to
adipose tissue and striated muscle (reviewed recently in
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Refs. 1-7). GLUT4 is an integral membrane protein and,
although it continuously recycles, is almost entirely
sequestered within the cell under resting conditions. This is
due to the slow recycling rate of GLUT4-containing
membranes (further referred to as GLUT4 vesicles), which
is almost 5-fold slower than that of transferrin receptors.
One of the most important metabolic effects of insulin is its
ability to increase the rate of glucose uptake by increasing
the number of GLUT4 glucose transporters on the adipose
and muscle cell surface. This effect is associated with a
dramatic insulin-regulated increase in GLUT4 vesicle
exocytosis  as well as a modest decrease of GLUT4 vesicle
endocytosis (8-11). The net cell surface increase of
GLUT4 molecules is responsible for more than 20-fold
stimulation of glucose transport.  This “translocation model”
was put forward more than two decades ago by Cushman and
Warzdala, 1980, and Suzuki & Kono, 1980 (12, 13) and was
supported by numerous immunoelectron microscopy and
biochemical data  that followed from different laboratories (1,
4). This effect of insulin is essential in maintaining glucose
homeostasis in humans and impaired insulin action contributes
to pathogenesis of Type 2 diabetes (14). GLUT4 is certainly a
key element in this homeostasis since muscle- or adipose
tissue-specific knockout of Glut4 gene  in mice leads to
profound insulin resistance (15, 16).

Numerous studies have focused on the sorting
signals within the  GLUT4 molecule that allow intracellular
sequestration at basal states, without which insulin would
not be able to acutely increase glucose uptake (17). This
issue however remains unresolved and, in the light of
recently published data (18), it appears still controversial.
Elucidation of the intracellular sorting mechanisms is
further complicated by the fact that the intracellular pool of
GLUT4 is not a homogeneous population of  vesicles.
Electron microscopy and biochemical studies in primary
and cultured adipocytes have detected GLUT4 in multiple
membrane subcompartments,  including clathrin-coated
pits, peripheral small vesicles, and perinuclear
tubulovesicular elements in the region of  the trans-Golgi
network (1, 4 and the references therein). It is now well
accepted that intracellular GLUT4 resides in at least two
distinct, but inter-related vesicular pools, and they both
respond to insulin (4, 5). One of the pools is associated
with the endosomal recycling system and undergoes
continuous recycling through the endocytic pathway. This
pool also contains other recycling proteins such as GLUT1,
transferrin receptors, and insulin-like growth factor (IGF)
II/manose-6-P receptors (MPR), whose membrane
dynamics are also influenced by insulin (19-23). A
significant proportion of GLUT4, however, resides in a
compartment, referred to as GLUT4 storage vesicles (GSV)
(4, 5) that  lacks endosomal markers but contains IRAP
(insulin-responsive aminopeptidase; 24). The GSV pool is
thought to serve as a reservoir of GLUT4 that is more
efficiently mobilized than the recycling endosomal pool
upon insulin challenge. Recent data from cell-free
reconstitution studies point to a population of  pre-formed
small  vesicles as a major form of GLUT4 storage, whose
mobilization to the plasma membrane accounts for the
initial acute effect of insulin on glucose transport in adipose
cells (25).

Over the last few years it became clear that
insulin is not the only stimulus able to move GLUT4
vesicles to the adipose/muscle cell surface. Muscle
exercise, hyperosmotic shock, and agonists that activate
heterotrimeric G proteins such as endothelin-1 and
bradykinin are also triggers of GLUT4 vesicle exocytosis
(3). As will be discussed further in detail, data are now
accumulating to suggest that  these agonists use distinct
signaling pathways that control the dynamics of separate
subpopulations of GLUT4 vesicles. Consistent with this
hypothesis, muscle contraction or hyperosmotic shock in a
L6 cell line,  had an effect additive to that of insulin (26,
27). In line with this idea are recent findings that activated
forms of Akt/PKB, a serine/threonine kinase downstream
of PI 3-Ks,  or insulin-dependent activation of the newly
discovered CAP/TC10 pathway primarily recruit GLUT4
vesicles from GSVs, but not from the endosomal recycling
pool (28, 29). Conversely, muscle contraction mobilizes
GLUT4 vesicles from the endosomal pool (26).

It should be emphasized that  insulin or any other
agonist that stimulates GLUT4 vesicle dynamics relays
signals that affect not only the proximal receptor signaling
but also more distal membrane events of vesicle
externalization such as  vesicle budding, fission, motility
and fusion. Thus, the activation of GLUT4 vesicle
translocation appears to be a complex multi-step process
that is most likely under the control of different signaling
pathways and control mechanisms, all of which  have to act
in a strictly precise and coordinated manner for the optimal
response on the cell surface. The exact molecular
mechanisms and signaling cascades regulating these
distinct steps have not yet been completely elucidated and
are under intensive investigation. Studies over the recent
years have identified the PI 3-kinase activation and  3-
phosphoinositide production as proximal insulin signaling
events that are absolutely necessary for GLUT4 vesicle
translocation and glucose transport increase. More recent
studies have shown that other phosphoinositide kinases
may also play a role in this insulin’s effect at proximal or
more distal steps. Below I review the different PIs, the
pathways of their biosynthesis, and the role which the
phosphoinositides and the enzymes implicated in their
metabolism  play in GLUT4 vesicle translocation regulated
by insulin or other agonists such as endothelin-1 and
hyperosmotic shock.

3.  PHOSPHOINOSITIDES

3.1. Family members
The biological versatility of PtdIns is derived

from its ability to serve as a substrate of reversible
phosphorylation. Out of the 5 free hydroxyls in the inositol
head group of PtdIns, those at positions D-3, D-4, and D-5
are found to be phosphorylated intracellularly, separately or
in all possible combinations resulting in seven distinct
species identified in eukaryotic cells (Figure 1).
Phosphorylation at positions D-2 and D-6 is most likely
sterically hindered; hence such phosphorylated derivatives
have not been found intracellularly thus far. PIs are
localized on membranes and their synthesis is catalyzed by
phosphoinositide kinases with broader or more restricted
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Figure 1. Pathways of phosphoinositide synthesis. Arrows show currently identified major routes of intracellular PI synthesis.
Dashed lines indicate in vitro synthetic routes still not confirmed in vivo. The enzymes and products implicated in GLUT4 vesicle
translocation are depicted in red. Only the enzymes dephosphorylating PtdIns 3,4,5-P3 are mentioned (green); for  a complete list
of PI phosphatases see Refs. 33,34.

substrate  specificity. In addition to the kinases (Ks) the
biological activity of PIs can be spatially controlled by
regulating the enzymes involved in their  degradation and
turnover. Accumulating evidence indicates that almost each
of the PIs serves not only as an intermediate in the
synthesis of the higher phosphorylated PIs but also as a
regulatory molecule in its own right.

3.2. Enzymology
Below I discuss the identification, structure,

activities, roles and regulations of those PI kinases and PI
phosphatases, whose actions have been implicated in the
mechanism of  GLUT4 vesicle translocation and glucose
uptake in adipose or muscle cells (Figure 2). The
classification used herein is based on a position specificity
within the inositol head group substrate, rather than on the
sequence homology among enzymes. Recent reviews  on
generic PI metabolism are available (30-34).

3.2.1.  3-Kinases
Based on chromatographic purification, PI kinase

activities were initially classified into 3 types, type I to III
(35, 36). Type I was subsequently identified as PI 3-K (37),
while the type II and III were found to be PtdIns 4-Ks (see
below). Since the initial discovery that PI 3-K activity is
associated with two viral oncoproteins, the polyoma middle
T antigen and pp60Src, it became clear that it is a critical
signal affecting many aspects of cell function (30, 38).
Multiple PI 3-K isoforms have been cloned and are now
divided into three classes, i.e., I, II and   III. Here I focus on

class IA, whose pivotal role  in insulin-regulated GLUT4
vesicle translocation and glucose transport is understood in
more detail (for reviews on class IB, II and III PI 3-Ks, see
Refs. 30, 31).

3.2.1.1. Class IA PI 3-kinases
Class IA PI 3-Ks are heterodimers composed of a

p110 catalytic subunit and a p85 (p55, p50) regulatory
subunit. Three catalytic isoforms, p110alpha, p110beta and
p110delta encoded by three separate genes have been
identified (39-41). Several isoforms of the regulatory
subunit derived from 3 distinct genes are known: p85alpha
and p85beta represent the full-length versions, whereas
p55gamma is a shorter version (42-44). Shorter forms of
the regulatory subunits, p55alpha and p50alpha are
identified that represent splice variants derived from the
gene encoding p85alpha (Pik3r1) (45, 46).

In vitro, class IA PI 3-K can phosphorylate
PtdIns, PtdIns 4-P and PtdIns 4,5-P2 on the D-3 position.
However, it is largely accepted that PtdIns 3,4,5-P3 and,
likely, PtdIns 3,4-P2 are the intracellular products,  as they
both are transiently induced following cell stimulations
(30). The principal mechanism of class IA PI 3-K
activation involves binding of the p85 SH2  domains to
tyrosine phosphorylated receptors and other signaling
molecules (30). New experimental results with transgenic
animal models indicate that optimal signaling through class
IA PI 3-K depends on a critical molecular balance between
the regulatory and catalytic subunits. In wild-type cells, p85
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Figure 2. Schematic diagram of the domain structure of mammalian phosphoinositide kinases and phosphatases. Presented are
the substrates, confirmed to be used in the context of live cells; the probable in vivo substrates are given in parenthesis. For the in
vitro substrates used by each enzyme, see the text. Denoted is the apparent molecular weight (Mr) of the enzymes determined by
sodium-dodecyl sulfate-polyacrylamide  gel electrophoresis, rather than the deduced molecular weight. The regulatory subunits
of Class IA and Class IB PI 3-kinases are not presented (see the text). If the isoforms within the subfamily have similar structures
only  the structure of the  alpha isoform is presented. Insulin is shown to activate Class II PI 3-kinase (247)  but the significance
of this activation to GLUT4 vesicles translocation is not clear at present. The list of the phosphatases is  incomplete and depicts
only those for which evidence has been presented to implicate their function in GLUT4 vesicle dynamics and glucose
homeostasis. See text for further details.

is more abundant than p110 and the free p85 form inhibits
signaling via the p85-p110-dimer by competing for binding
to phosphorylated receptors and IRS (Insulin Receptor
Substrate) proteins (47). This notion is further supported by
the results demonstrating up-regulated PtdIns 3,4,5-P3
production and enhanced IGF1/insulin signaling in cells
derived from knockout embryos with heterozygous
disruption of Pik3r1 (47).

A full-length version of the regulatory subunits
p85alpha and p85beta contain an SH3 domain, a bcr
homology (BH) domain, flanked by two proline-rich
domains, two SH2 domains and an inter SH2 domain,
containing the p110 binding region. Each of the p110
catalytic subunits contain an N-terminal region that
interacts with the regulatory subunits, a Ras-binding
domain, a PIK domain homologous to a region found in

other phosphoinositide kinases and a C-terminal catalytic
domain (Figure 2). Analysis of genomic sequencing
databases has revealed a singe type of class IA
catalytic/regulatory heterodimer in Drosophila
melanogaster and Caenorhabditis elegans (48, 49)  but not
in yeast.

3.2.2.   4-Kinases
3.2.2.1. PtdIns 4-kinases

PtdIns 4-K activities have long been described in
several tissues and classified as type II and type III based
on different catalytic properties (30, 50, 51). Mammalian
type II PtdIns 4-K is a 55 kDa integral membrane protein
believed to account for most of the PtdIns 4-K activity in
cells. Two isoforms, alpha and beta,  were recently
identified by molecular cloning. They display a high degree
of homology with each other but share no significant
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similarity to other known lipid and protein kinases (52-54).
They both are found associated with several
endomembrane compartments where they likely regulate
secretion or endosomal membrane trafficking in
mammalian cells (30, 32, 54, 55). Two isoforms for type III
PtdIns 4-Ks are also now cloned in mammalian cells: a
larger 220 kDa alpha form and a smaller 110 kDa beta form
(56-58). A splice variant of type IIIalpha has also been
reported (59). Type IIIalpha and beta isoforms appear to
display different localization, with the alpha form
associated with endoplasmic reticulum, whereas  the beta,
with Golgi membranes (60). Consistent with this
distribution, the activity of type IIIbeta but not that of type
IIIalpha is required to create and maintain the structural
integrity of the Golgi complex, most likely through a
regulation by members of  the ARF GTPase subfamily (61,
62).  The yeast orthologs of type IIIalpha and type IIIbeta,
Stt4 and Pik1, respectively, also appear to display a non-
redundant function where the  activity of Stt4 is implicated
in actin rearrangements through RhoGTPase, whereas that
of Pik1 is required for a normal secretory pathway at the
Golgi (63).

Both type II and type III PtdIns 4-Ks use
primarily PtdIns as a substrate and have no detectable
activity for phosphorylated PIs. Herein, we refer to this
subfamily as PtdIns 4-K and note that it  should be
distinguished from the PI 4-Ks that use PtdIns 5-P or PtdIns
3-P (see below).

3.2.2.2. PI 4-kinases
A subclass of PI 4-Kinases were recognized some

time ago by their ability to generate PtdIns 4,5-P2 (64, 65).
It was initially thought that these enzymes do that  through
phosphorylating position D-5 in PtdIns 4-P and were called
type II PIP 5-Ks. It was clarified later that a wrong
specificity has been assigned for these enzymes and, that in
fact, they phosphorylate PtdIns 5-P at the D-4 rather than
the D-5 hydroxyl to make PtdIns 4,5-P2 (66); hence they
are PI 4-Ks. In mammalian cells three isoforms of PI 4-Ks
encoded by distinct genes have been characterized, i.e.,
alpha, beta and gamma (64, 65, 67, 68).  The three isoforms
display different intracellular localization patterns and are
found in endoplasmic reticulum, cytosol, nucleus and actin
cytoskeleton, but not at the plasma membrane (68, 69). The
intracellular role and regulation of PI 4-Ks are still not
understood, nor is the exact meaning of this alternative
pathway for PtdIns 4,5-P2 production. PtdIns 5-P substrate
used by these enzymes is produced, at least in part, by
PIKfyve enzyme (70, and see below) and it is likely,
therefore, that the functions of these two enzymes are
closely connected.  However, this  has not yet been
addressed and needs to be determined in future studies. In
any case, two   studies implicate the  PI 4-K activities in
TNFalpha-mediated signaling (67) and thrombin-stimulated
aggregation of platelets (71). In a cellular context and in
vitro, all PI 4-Ks seem to produce PtdIns 4,5-P2 through
phosphorylation of PtdIns 5-P (66). In vitro, PtdIns 3-P has
also been found to be a substrate, although weak,  for these
enzymes and  it needs to be determined whether PtdIns 3,4-
P2 is produced through this pathway in vivo.

PI 4-Ks display a conserved kinase core domain
separated by an insert domain (Figure 2). PI 4-Kbeta is the
only PI kinase for which the three-dimensional structure
has been resolved (72). The molecule is a dimer that forms
a large flat surface thought to serve as a  membrane
interaction interface. A disordered loop of 20-25 amino
acids  termed “activation loop” has been identified and
recent studies with chimeric molecules, containing
reciprocal swaps with the PI 5-K-activation loops,
demonstrated that this region determines substrate and
signaling specificity (73, 74). Orthologs of PI 4-Ks are not
found in yeast but are present in Drosophila melanogaster
and Caenorhabditis elegans (73).

3.2.3.  5-Kinases
3.2.3.1. PtdIns(4)P 5-kinases

As mentioned above, animals use two different
routes for PtdIns 4,5-P2 synthesis, with the major route
being phosphorylation of PtdIns 4-P at position D-5 by PI
5-Ks, also known as type I PIP kinases or PtdIns(4)P 5-
kinases.  Three isoforms of PI 5-Ks encoded by three
distinct genes have been identified, i.e., alpha, beta and
gamma (75-77). Like PI 4-Ks, the PI 5-K molecules display
a central kinase core domain separated by an insert domain
(Figure 2). Sequence similarity between the three isoforms
is restricted to the central kinase core, whereas the N-
terminal and C-terminal regions are isotype-specific. PI  5-
Ks play important roles in a wide variety of cellular
responses, and their function appears to not be redundant
with that of the other PtdIns 4,5-P2 producing enzymes, the
PI 4-Kinases. Thus, it is the PI 5-Ks, and PtdIns 4,5-P2
produced by their activities that regulate actin cytoskeleton
reorganization (77-79), most likely downstream of Rho or
Rac protein  family members  (80-82).  Consistent with this
function are the data documenting interactions of PtdIns
4,5-P2 with numerous cytoskeletal proteins, including
profilin, gelsolin, vinculin, ERM (Ezrin/Radixin/Moesin)
proteins,  N-WASP (Wiskott-Aldrich Syndrom Protein),
GMC proteins (GAP43/MARCKS/CAP23) and others (83-
86), but it is still unclear which of these numerous proteins
are  the essential PtdIns 4,5-P2 effectors in cytoskeletal
rearrangement. Since yeast strains deficient in  the PI 5-K
ortholog Mss4 display defective actin filament formation
that is rescued upon overexpression of either PI 5-K or a
Rho-type GTPase (87, 88) there is little doubt that
RhoGTPases, through PI 5-K and PtdIns 4,5-P2 production,
mediate actin cytoskeleton assembly in vivo. It is still
unclear, however, whether in vivo, PI 5-Ks and  Rho or
RacGTPases utilize direct or indirect  mechanisms of
interaction since  the data are conflicting (81, 82, 89).

A major step toward understanding the role of PI
5-Ks was the recent discovery that PI 5-Ks are recruited to
active sites of cytoskeletal assembly at membrane ruffles or
to Golgi membranes, and  that the members of the  ARF
subfamily of GTPases mediate both a recruitment and
activation (61, 62, 89). In some cases phospholipase D-
catalyzed production of phosphatidic acid has been shown
to promote the PI 5-K activation mechanism (89, 90).
Together, these studies are consistent with the concept that
PI 5-Ks are key effectors for multiple GTPase-mediated
pathways related to membrane trafficking and cytoskeletal
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rearrangement but the  coordination among these pathways
is currently only a matter of speculations.

As mentioned above, the in vivo substrate utilized
by PI 5-Ks is  PtdIns 4-P. In vitro, these enzymes could
phosphorylate D-5 position in PtdIns or in any other PI (91,
92). However, studies in yeast did not confirm the broader
substrate  specificity determined in vitro (93). Therefore,
further work in a mammalian cellular context is needed to
determine whether or not these enzymes are responsible for
alternative  PtdIns 5-P, PtdIns 3,5-P2 or PtdIns 3,4,5-P3
intracellular production.

3.2.3.2. PIKfyve
PIKfyve (PhosphoInositide Kinase for five

position containing a Fyve finger) was recently identified
through a screen of fat/muscle enriched transcripts (94-96).
Mouse PIKfyve is encoded by a single-copy gene
transcribed in at least two closely sized splice variants, a
long and a short form, which differ by the  presence or
absence of a 11-amino-acid peptide segment  (94). Analysis
of human genome and  expressed sequence tags databases
indicate that the single human PIKfyve gene is located on
locus 2q33-q35 and can encode only the short form of the
protein (70). PIKfyve harbors several functional domains
including a FYVE finger domain (named after Fab1p,
YOTB,  Vac1p and EEA1), a DEP  domain (named after
Dishevelled, Egl-10 and Pleckstrin), a chaperonin-like region
and a catalytic region at the C-terminus (Figure 2). The
catalytic domain of PIKfyve displays sequence similarities
with the catalytic domains in PI 4-Ks and PI 5-Ks but not with
that  in  PI 3-Ks and PtdIns 4-Ks. PIKfyve is mainly cytosolic,
with a small fraction in a  membrane-bound form  that appears
to be associated partly with the  membranes of the late
endocytic compartment (97). It has been directly demonstrated
that the FYVE finger domain in PIKfyve binds specifically to
liposomes containing PtdIns 3-P, and since the PIKfyve
membrane-association appears sensitive to cell treatment with
wortmannin, it is conceivable that intracellular PIKfyve, at
least in part, uses the  FYVE finger - PtdIns 3-P interaction
mechanism for membrane attachment (98). A subfraction of
PIKfyve localized to cytoskeletal structures has also been
detected (97). PIKfyve intracellular localization is likely
regulated by extracellular stimuli, since biochemical studies
show a recruitment of a fraction of the cytosolic PIKfyve to
membranes upon acute  insulin treatment without
consequences on the enzymatic activity  (97). A concomitant
insulin-dependent Ser/Thr phosphorylation of PIKfyve may
play a role in the membrane tethering mechanism (97). At
present, no experimental evidence is available for the nature of
the insulin-regulated  PIKfyve membrane target, or the identity
of the Ser/Thr kinase. One essential cellular function of
PIKfyve (and its products) is associated with the maintenance
of  endomembrane homeostasis, since expression of kinase-
deficient PIKfyve point mutants in several epithelial cell types
induces a dramatic cytoplasmic vacuolation and alteration of
cell morphology (99). PIKfyve orthologs are found in all
eukaryotes, with Fab1p known as the structural and functional
counterpart in yeast (70).

In vitro PIKfyve was found to phosphorylate the
D-5 position in PtdIns  and PtdIns 3-P to make PtdIns 5-P

and PtdIns 3,5-P2, respectively (100). Studies in different
mammalian cell types  confirm both PtdIns 5-P and PtdIns
3,5-P2 production due to PIKfyve (99, 101) implicating
PIKfyve as a main pathway for intracellular biosynthesis of
these PIs.

3.2.4.   3-Phosphatases
3.2.4.1.  PTEN

PTEN (Phosphatase and tensin homolog deleted
in chromosome ten)/MMAC (Mutated in Multiple
Advanced Cancers) was identified several years back
simultaneously by two groups (102, 103) as a candidate
tumor suppressor gene located on chromosome 10q23. A
third group identified the same gene in a search for novel
dual-specificity phosphatases and named it TEP-1
(TGFbeta-regulated and epithelial cells enriched
phosphatases) (104). Since then, it has become clear that
mutations in PTEN are associated with many human
tumors, but at particularly high frequency in endometrial
tumors and glioblastomas (105, 106). There are several
genes in the human genome very similar to PTEN, and at
least some of them express functional proteins, likely in a
tissue-specific manner  (107, 108).

Although PTEN  is homologous to dual-
specificity protein tyrosine phosphatases (PTP) studies
have demonstrated that PTEN dephosphorylates
preferentially phospholipids over proteins and peptides
(109, 110). It removes efficiently the D-3 phosphate from
PtdIns 3,4,5-P3 and PtdIns 3,4-P2, indicating the PTEN in
vivo function is a 3-PI-phosphatase. In vitro, PTEN is
shown to also dephosphorylate position D-3 in PtdIns 3,5-
P2 (111) and Ins 1,3,4,5-P4, the soluble head-group of
PtdIns 3,4,5-P3 (110).  However, in a cellular context
PTEN is believed to act exclusively on PtdIns 3,4,5-P3 and
PtdIns 3,4-P2 substrates since human cell lines, lacking the
PTEN gene or expressing a phosphatase-deficient mutant of
PTEN, appear to have higher levels of both PtdIns 3,4,5-P3
and PtdIns 3,4-P2 (112, 113). This and other evidence (108)
define PTEN as a functional antagonist of class IA PI 3-Ks.

PTEN crystal structure  has been recently
resolved (114). These studies revealed that, in addition to
the N-terminal phosphatase domain with homology to both
the PTP family and the non-phosphatases tensin and
auxilin, the enzyme exhibits a C-terminal C2-domain
similar to that observed in Ca2+-independent PKCs (102,
103, 114). At the very C-terminus of the molecule is
positioned a consensus PDZ domain-binding sequence
(Figure 2). Several interacting PDZ domain-containing
protein partners have been identified (107, 108), but the
impact of these interactions to the primary function of
PTEN in antagonizing the PI 3-K pathway is still unclear.
PTEN homologous sequences are found in yeast  (OMIM)
as well as  in Drosophila melanogaster and Caenorhabditis
elegans (107).

3.2.5.   5-Phosphatases
3.2.5.1. SHIP1 and SHIP2

SHIP1 (SH2-containing Inositol 5-Phosphatase)
has been cloned simultaneously by several laboratories and
its expression, shown to be  restricted to  hematopoietic
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cells and lung (115-119). Human SHIP1 is encoded by
locus 2q36-q37, in which the occasional overt defects
exhibit only sporadic association with tumor formation
(120). SHIP1 is phosphorylated on tyrosine in response to
multiple cytokines and B cell receptor engagement (121).
Another isoform, closely related  to SHIP1 (38% overall
identity) has been identified and called SHIP2 (122-124).
SHIP2 exhibits a broader tissue distribution and is found
abundant in insulin target tissue including skeletal muscle
and fat cells (122-124). Human SHIP2 is encoded by  locus
11q23.

Both SHIP1 and SHIP2, when overexpressed in
different cell systems, including 3T3-L1 adipocytes display
the ability to hydrolyze PtdIns 3,4,5-P3 to PtdIns 3,4-P2
(112, 125).  Unlike SHIP2, SHIP1  could also use, at least
in vitro, Ins 1,3,4,5-P4 (123). The principal mechanism of
the enzyme activation involves binding through the SH2
domains to tyrosine phosphorylated receptors and other
signaling molecules (121). In addition to the SH2 domain at
the N-terminus, both SHIP1 and SHIP2 proteins  bear an
inositol-5-phosphatase domain in the middle of the
molecule, an NPXY site  for proteins, containing the
phosphotyrosine binding domain, and a proline-rich motif
at the C-terminus (Figure 2). Analysis of genomic
sequencing databases has revealed no close SHIP orthologs
in nonmammalian organisms such as Drosophila
melanogaster and Caenorhabditis elegans (121), indicating
that SHIP proteins are a late evolutionary acquisition.

3.3. Abundance and distribution
PtdIns, the precursor of all PIs, is the most

abundant inositol lipid in mammalian cells, with levels
exceeding ~10-fold that of PtdIns 4-P and PtdIns 4,5-P2.
PtdIns 4-P and PtdIns 4,5-P2 occur in cells roughly at equal
levels and are the most abundant among the singly and
doubly phosphorylated PIs, respectively, constituting ~90%
of the phosphorylated PtdIns. PtdIns 3-P represents 2-5%
of the monophosphorylated PIs in different cell types. The
levels of PtdIns 5-P vary from undetectable in many cells to
~12 % of the monophosporylated PIs in 3T3-L1
adipocytes, a cell line that exhibits the highest PtdIns 5-P
levels among the mammalian cells tested thus far (99, 101).
The levels of the higher 3-phosphorylated species, i.e.,
PtdIns 3,4-P2, PtdIns 3,5-P2 and PtdIns 3,4,5-P3, are
typically low or undetectable in nonstimulated cells.

Until recently, conclusions about the intracellular
distribution and the acute dynamics in the levels of
different PIs have been inferred from the localization of the
enzymes responsible for their synthesis. Recent discovery
of protein modules that bind selectively PIs and
development of green fluorescent protein (GFP)-PI reporter
constructs as well as the generation of relatively specific
anti-PI antibodies, have provided new information on the
distribution and  dynamics of the phosphoinositide pools.
These studies revealed that PIs are distributed non-
uniformly within cells in spatially segregated pools. Thus,
PtdIns 3-P, visualized by  the FYVE finger domain, a
specific binding module for PtdIns 3-P, was found
predominantly on endosomal membranes (126). Spatially
segregated PtdIns 4,5-P2 pools  visualized at the cell

surface by using the phospholipase Cdelta1 or gamma2 PH
(Pleckstrin Homology) domain probes that specifically bind
PtdIns 4,5-P2, have been associated with key functions such
as phagocytosis, exocytosis, or agonist-stimulated ruffling
activity (89, 127, 128). Specific PtdIns 4,5-P2 antibodies
detected PtdIns 4,5-P2 in raft-like clusters dependent upon
membrane cholesterol (129). These data are consistent with
the biochemical detection of PtdIns 4,5-P2 (130) and type II
PtdIns 4-K in detergent insoluble, cholesterol-rich
membranes (53). However, recent on-section labeling with
the phospholipase Cdelta1 PH domain probe visualized
PtdIns 4,5-P2, in addition to the plasma membrane, at
several intracellular locations, such as Golgi, endosomes,
endoplasmic reticulum electron dense structures within the
nucleus (131). These results indicate that PtdIns 4,5-P2 has
a broader intracellular distribution than initially anticipated.
PtdIns 3,4,5-P3 has been also visualized by specific probes
comprised of the PH domains of ARNO (ADP-ribosylation
factor nucleotide binding site opener) and GRP1 (General
Receptor for 3-Phosphoinositides). Dynamic concentration
changes in PtdIns 3,4,5-P3 on the plasma membrane
associated with acute insulin action in 3T3-L1 adipocytes
and in other cell types have been possible to be directly
detected (132-135). A recent study that uses specific anti-
PtdIns 3,4,5-P3 antibodies argues against the plasma
membrane as the sole site of stimulated PtdIns 3,4,5-P3
synthesis, visualizing distinct cytoplasmic PtdIns 3,4,5-P3
pools in fibroblasts and neutrophils (136). PtdIns 3,4-P2
was also  found on the plasma membrane upon cell
stimulation with growth factors or oxidative stresses, but
not with insulin (134). Although the technology used in the
studies discussed above may have some downsides related
to the reagents’ specificity or inability to interact with
membrane PIs that are not always readily accessible (137),
we have definitely learned a great deal about the functional
dynamics of PI levels. Examination of the PtdIns 5-P or
PtdIns 3,5-P2 intracellular dynamics by selective reporter
probes awaits a better  characterization of modules and
antibodies that specifically bind those lipids.

4. GLUT4 VESICLE TRANSLOCATION IN
RESPONSE TO INSULIN RECEPTOR
STIMULATION

4.1. Signaling pathway
As discussed above, the insulin-induced

translocation of GLUT4 vesicles to the plasma membrane
and the subsequent glucose entry is a complex multi-step
process, which is a focus of intensive investigation. A
critical early event in  insulin-induced signaling that occurs
following insulin binding is autophosphorylation and
activation of insulin receptor (IR) tyrosine kinase (138).
Activated IR, in turn, phosphorylates tyrosyl residues in a
number of intermediate substrates. According to currently
existing models, two subsets of phosphorylated substrates
appear relevant to  insulin action on GLUT4 vesicle
translocation: the IRS proteins (139) and APS (Adaptor
containing PH and SH2 domains)/c-Cbl (140-142). The
first subset of substrates initiates a signaling arm that
depends on class IA PI 3-Ks, whereas the second subset
initiates a PI 3-kinase-independent signaling pathway.
Activation of the PI 3-kinase-dependent pathway is
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achieved upon tyrosine phosphorylation of IRS proteins
that recruit and activate class IA PI 3-kinase through
binding to the SH2 domain of the p85 regulatory subunit.
Activation of this pathway increases cell surface production
of PtdIns 3,4,5-P2 (132, 135), and perhaps PtdIns 3,4-P2
that, in turn, recruit and activate downstream targets
including serine/threonine kinase PDK1 (Phosphoinositide-
Dependent Kinase). Activated PDK1 in turn
phosphorylates and activates  Akt  and members of the
atypical PKC subfamily (143-146). Activation of the
serine/threonine kinases Akt,  PKCzeta and PKClambda
appears to be a key event leading to GLUT4 vesicle
translocation and enhanced glucose transport but their
downstream targets remain enigmatic.

The essential role of  the class IA PI 3-kinase-
dependent pathway in insulin’s effect on GLUT4 vesicle
translocation and glucose entry is supported by work in
many laboratories, and is discussed below in detail. Initial
skepticism for accepting this pathway as being sufficient
for insulin-regulated GLUT4 vesicle translocation came
from data demonstrating  that PDGF stimulation in 3T3-L1
adipocytes (147), integrin cross-linking in rat adipocytes
(148) and interleukin-4 activation in the L6 cell line (149),
while increasing the activity of class IA PI 3-Ks, were
unable to induce GLUT4 vesicle translocation and to
increase glucose uptake. While this paradox, at least in the
case of PDGF receptor stimulation, seems to be resolved
(being associated with insufficient PtdIns 3,4,5-P3
production on the cell surface, Ref. 132) more recent
studies raise additional mysteries. For example,
exogenously introduced cell-permeable derivatives of the
PI 3-K product PtdIns 3,4,5-P3 were found unable to
stimulate glucose transport yet they did restore insulin’s
effect on glucose uptake in 3T3-L1 adipocytes treated with
the PI 3-kinase inhibitor wortmannin (150). Moreover, over
the last few years it became clear that besides insulin,
various other stimuli such as hypoxia, physical exercise
(151)  hyperosmotic shock (152), endothelin-1 (153-156)
and other agonists (3) can induce the translocation of
GLUT4 vesicles on the adipose/muscle cell surface and
increase glucose transport without activating class IA PI 3-
Ks, further lending support for a PI 3-kinase-independent
pathway underlying these events.

Recently a series of experiments have begun to
unravel the PI 3-kinase-independent arm in insulin
signaling to GLUT4 vesicles.  According to this model,
activated IR phosphorylates the protooncogene c-cbl and
the adaptor protein APS. The phosphorylation of c-Cbl
requires an adaptor protein CAP, which is associated with
Cbl via one of its three SH3 domains (29). The complex is
recruited to lipid raft microdomains, large invaginations of
the  plasma membrane, enriched in caveolin and
cholesterol, that appear to be crucial in initiating the PI 3-
kinase-independent  pathway (157). The CAP-Cbl pathway
has been proposed to control the activity of G3C, a
guanylnucleotide exchange factor, which is capable of
activating TC10 (29, 158). TC10 is a small GTPase of the
Rho family, closely related to Cdc42 (159), that appears to
be a constitutive resident of plasma membrane lipid rafts.
GTP-loaded activated TC10, by a mechanism that involves,

at least in part, cytoskeleton rearrangement (see below),
appears to be a necessary element for insulin-induced
GLUT4 vesicle translocation and stimulation of glucose
transport. This pathway seems to operate selectively  in
insulin-responsive adipose/muscle cells since  insulin-
stimulated cCbl phosphorylation does not occur in
fibroblastic lines (141) and the TC10 expression is
primarily restricted to fat and muscle cells (159, 160).
Experimental evidence is now provided that  activation of
both PI 3-kinase-dependent and PI 3-kinase-independent
pathways are necessary for the optimal GLUT4 vesicle
translocation and increase of  glucose transport in response
to insulin (157).

4.2. Role for Class IA PI 3-kinases
Class IA PI 3-Ks and their PtdIns 3,4,5-P3/PtdIns

3,4-P2 products are central in insulin signaling  of GLUT4
vesicle translocation. Their role has been supported by
several lines of experimental evidence. Thus, a
pharmacological inhibition of class IA PI 3-kinase activity
results in an abrogation of insulin-regulated GLUT4
translocation and glucose transport (161, 162). Likewise,
disrupted interactions between the regulatory and catalytic
subunits of PI 3-Ks  results in inhibition of insulin effect on
GLUT4 vesicle translocation and glucose transport (163,
164). The ability of constitutively active forms of class IA
PI 3-kinase to mimic the above effects of insulin (165-167)
further reinforces  the critical role of these enzymes.
Downstream targets  of  PtdIns 3,4-P2 and PtdIns 3,4,5-P3
relevant in mediating insulin’s effect on GLUT4 vesicle
translocation include serine/threonine kinase PDK1 and
Akt. They are directly activated upon binding to PtdIns 3,4-
P2 and PtdIns 3,4,5-P3 (Table 1) and, in the case of Akt,
through PDK1-dependent phosphorylation (143-146).

While activation of PI 3-kinase and 3-
phopshoinositol lipid synthesis appear unequivocally to be
a necessary event for insulin signaling of GLUT4
translocation, an important question is the intracellular site
of this event.  A common logic would implicate GLUT4
vesicles themselves as a key target but this did not turn out
to be the case. Indeed, upon insulin  stimulation of 3T3-L1
adipocytes or rat skeletal muscle, little (168) or no  PI 3-
kinase protein or activity (169, 170) were found associated
with purified GLUT4 vesicles. Delivery of activated PI 3-
kinase molecules to GLUT4 vesicles in this cell type has
been shown to only partially stimulate glucose entry and
GLUT4 vesicle translocation (171), further reinforcing the
notion that GLUT4 vesicles themselves are, most likely,
not the place of  class IA PI 3-K action.  Instead, an insulin-
dependent increase in  PI 3-kinase activity  in 3T3-L1
adipocytes was  reported to be associated with a detergent-
insoluble fraction visualized as  bundles and a filamentous
network by electron microscopy (169). Similar association
of class IA PI 3-kinase with the detergent insoluble fraction
was observed  in L6 myotubes (172). Furthermore,
fluorescence microscopy studies demonstrate an acute
insulin-dependent  concentration of GFP-based PtdIns
3,4,5-P3-binding reporter proteins at the  plasma membrane,
consistent with the concept that PtdIns 3,4,5-P3 generation
at the cell surface is the key site of the PI 3-K activation
related to GLUT4 vesicle translocation (132). More studies
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Table 1. Proteins that synthesize, metabolize or bind phosphoinositides, implicated in GLUT4 vesicle dynamics
Protein Domain Binding specificity Protein function Role related to GLUT4 References
IRS-1
IRS-2
IRS-3

PH
PH
PH

PtdIns 3,4,5-P3
PtdIns 3,4-P2
PtdIns 3-P

Recruits class IA PI 3-Ks Proximal signaling  (Ins)1 138,139,
229,230

Class IA PI 3-Ks Synthesizes PtdIns 3,4-P2 and PtdIns 3,4,5-P3 Proximal signaling  (Ins) 161-167
SHIP2 Dephosphorylates PtdIns 3,4,5-P3 to PtdIns 3,4-P2 Proximal signaling  (Ins) 125,203,206
Akt PH PtdIns 3,4-P2

PtdIns 3,4,5-P3

Ser/Thr kinase downstream of class IA PI 3-Ks Proximal signaling  (Ins) 231,232

PDK1 PH PtdIns 3,4-P2
PtdIns 3,4,5-P3

Ser/Thr kinase downstream of class IA PI 3-Ks Proximal signaling  (Ins) 145,231

PIKfyve FYVE PtdIns 3-P Synthesizes PtdIns 5-P and PtdIns 3,5-P2 Proximal signaling  (Ins)
Vesicle exocytosis?

98,181

PtdIns4-K typeIIIbeta Synthesizes PtdIns 4-P GVS sorting or exocytosis
(Ins)

178

Adaptor complex Lys-rich PtdIns 3,4,5-P3 Formation of clathrin-coated buds Coating reaction 233-235
Dynamin PH PtdIns 4,5-P2 GTPase, fission of clathrin-coated pits Endocytosis 236-239
Phospholipase D PH2

PX
PtdIns 4,5-P2
?

Phospholipid hydrolysis Exocytosis? (Ins) 240-244

ARF6 PH PtdIns 4,5-P2 GTPase, activates PI 5-K F-actin remodeling (ET-1) 155,156,245
N-WASP Lys-rich2 PtdIns 4,5-P2 Regulates the assembly of actin monomers into

filaments
F-actin remodeling (Ins) 191,192,196, 246

1 In parenthesis is indicated the agonist for which the effect in stimulating GLUT4 vesicle translocation is determined. Ins,
insulin; ET-1, endothelin-1; 2 The PtdIns 4,5-P2 binding domain in  phospholipase D (240) and in N-WASP (246) are still not
identified.

will be necessary to reconcile the activation of PI 3-kinase
within the actin filaments with the generated PtdIns 3,4,5-
P3 at the plasma membrane but it is likely that the place of
PI 3-kinase-associated actin filaments is in close proximity
to the cell surface. A recent  report using dual-color wave
microscopy to simultaneously measure PtdIns 3,4,5-P3
production and GLUT4 vesicle insertion in 3T3-L1
adipocytes indicates that not only the cell surface PtdIns
3,4,5-P3 synthesis but also the amplitude of the PtdIns
3,4,5-P3 signals are essential in the insulin-triggered
GLUT4 vesicle translocation (173), indicating that the
events at the cell surface are even more complex.

Given the crucial role of class IA PI 3-Ks not
only for insulin action on GLUT4 vesicle translocation but
also for many other cellular events, it was no surprise that
elimination of p110alpha or p110beta genes caused
embryonic lethality (174, 175).  However, the findings that
mice lacking either Pik3r1 gene  (encoding the three splice
variants, p85alpha, p50alpha and p55alpha) or Pik3r2 gene
(encoding p85beta) exhibit improved, rather than
decreased, insulin sensitivity, marked by reduced insulin
and glucose levels or improved glucose tolerance (176,
177), were rather unexpected. These results are consistent
with the hypothesis that in addition to their roles in
recruiting the p110 catalytic subunits, both p85alpha and
p85beta negatively regulate insulin signaling.  Thus, the
molecular balance between the catalytic and regulatory
subunits appears critical for insulin signaling through PI 3-
K pathway.

4.3. Role for PtdIns 4-kinase
While abundant experimental evidence supports

the role of activated Class IA PI 3-kinase and the generated
3-phosphoinositol lipids in insulin-regulated GLUT4
vesicle translocation, only few studies address the role of
other inositol lipid kinases and their products in this event.
Recent data implicate PtdIns 4-K type IIIbeta as a negative
regulator of insulin-induced GLUT4 vesicle translocation
in 3T3-L1 adipocytes (178). In this study, expression of
both PtdIns 4-K type IIIbeta or  NCS-1, a recently
characterized activator of PtdIns 4-K type IIIbeta in
mammalian cells (179),  inhibited the insulin effect on

GLUT4 vesicle translocation under conditions of functional
proximal insulin signaling through both PI 3-kinase-
dependent and PI 3-kinase-independent pathways (178).
Intriguingly, NCS-1 expression  was found to also arrest
the insulin-dependent IRAP translocation, but not that of
MPR and GLUT1, implying that events at the GSV but not
at the endosomal recycling compartment, are sensitive to
PtdIns 4-K (178). Remarkably, unlike the PI 3-kinase
activity, the PtdIns 4-K activity is abundant in GLUT4
vesicles isolated from rat adipocytes and skeletal muscle
but it  is not regulated by insulin (170, 180).  Further
studies will be required to determine the step in GLUT4
membrane trafficking that is negatively affected by PtdIns
4-K type IIIbeta as well as the nature of  PtdIns 4-K
activities that are present in GLUT4 vesicles.

4.4. Role for PIKfyve
A kinase-deficient dominant-negative mutant of

PIKfyve was recently shown to negatively regulate insulin
stimulated GLUT4 vesicle translocation in 3T3-L1
adipocytes (181). The observation that cytosolic
populations of endogenous PIKfyve are recruited to
adipocyte internal membranes and phosphorylated in a
manner stimulated by acute insulin action in this cell type
(97) further reinforces a plausible role of localized  PtdIns
5-P and/or PtdIns 3,5-P2 production in the hormonal effect
on GLUT4 vesicle translocation. These results are
supported by pharmacological data, demonstrating that  the
inhibition of PIKfyve enzymatic activity by low doses of
curcumin, coincides with a dramatic arrest  of GLUT4
vesicle translocation in response to insulin stimulation of
3T3-L1 adipocytes (181).  However, as in the case of class
IA PI 3-kinases (169), the site of PIKfyve basal residence
or insulin-regulated recruitment is not GLUT4 vesicles
themselves as evidenced by results from morphological and
biochemical studies (97). Rather, PIKfyve was found  to
co-fractionate with structures that contain class IA PI 3-Ks
and other signaling molecules, but not GLUT4 and IRAP
(97). These data suggest a plausible role for concerted
activities of PIKfyve and class IA PI 3-Ks, most likely for
PtdIns 3,5-P2 production.  This concept  is further
underscored by the results documenting co-
immunoprecipitation of the two enzymes and the ability of
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acute insulin action in 3T3-L1 adipocytes, but not that of
PDGF, to selectively activate class IA PI 3-Ks in the
PIKfyve immunoprecipitates (182). It is possible that
PtdIns 3,5-P2 production is needed for an optimal Akt
activation since Akt phosphorylation at amino acid 473
seen at maximally activating insulin concentrations is
largely augmented in the presence of overexpressed
PIKfyve in CHO cells producing high levels of the insulin
receptor (181). It is also quite possible that PIKfyve, and its
lipid products, act at steps distal to the  insulin receptor
signaling, consistent with the observations demonstrating
PIKfyve-catalized PtdIns 3,5-P2 production to be essential
in maintaining endomembrane morphology and
homeostasis (99, 181). While the exact molecular
mechanism of the role for PIKfyve and its lipid products
PtdIns 3,5-P2 and/or PtdIns 5-P relevant to insulin action on
GLUT4 vesicle translocation will require further studies, it
is likely that the PIKfyve  function is needed at several
steps in both the proximal insulin receptor signaling and
more distal endomembrane events.

One intriguing observation from several
independent studies in different laboratories is the similar
morphological changes in the form of multiple large
vacuolar structures that are induced upon expression of
either kinase-deficient dominant-negative PIKfyve mutants
or PtdIns 4-K type IIIbeta activator NCS-1 in COS cells
(99, 179, 181). Intriguingly, in 3T3-L1 adipocytes such
morphological defects are not apparent (178, 181).  These
results are consistent with the hypothesis that accumulation
of PtdIns 4-P pool or lack of PtdIns 3,5-P2 result in an
activation or inactivation of a common step, the outcome of
which in 3T3-L1 adipocytes is the arrest of GLUT4 vesicle
translocation in response to insulin. Further studies
designed to define the  exact function of  these PIs in the
context of GLUT4 membrane trafficking will be
interesting.

4.5. Role for PI 5-kinases
It is rather surprising that while PI 5-K-dependent

PtdIns 4,5-P2 production has been implicated in almost
every step of endocytosis and regulated secretion, including
vesicle budding, fission, motility and fusion (83-86),
studies implicating localized PtdIns 4,5-P2 production in
the action of insulin on  GLUT4 vesicle translocation are
lacking. Experimental results in other trafficking systems
give support for two mechanisms that underlie a PtdIns 4,5-
P2 role: a dynamic and localized de novo biogenesis or
mobilization of the available PtdIns 4,5-P2 pool for
functional interaction with other proteins. Although direct
data for  the role of PI 5-Ks and PtdIns 4,5-P2 in  insulin
action on GLUT4 vesicle translocation are currently
unavailable,  below I discuss potential  steps that may  rely
on PtdIns 4,5-P2 de novo synthesis and interactions with
downstream protein effectors.

Studies in several laboratories have implicated
the mobilization of actin filament assembly in insulin-
regulated  GLUT4 vesicle translocation onto the
adipose/muscle cell surface (172, 183-189). It has recently
become apparent that insulin can relay two types of signals
to modulate actin rearrangements: one dependent on PI 3-

kinase activity, while another appears to be PI 3-kinase
independent (190-192). The PI 3-kinase-dependent signal is
associated with actin filament remodeling known as
membrane ruffling. Because the PI 3-kinase-dependent
actin rearrangement could be selectively  influenced by
specific agents that are ineffective in insulin activation of
GLUT4  vesicle translocation (193), it seems reasonable to
suggest that the insulin-induced PI 3-kinase-dependent
actin remodeling is unrelated to  GLUT4 vesicle
redistribution, although more  work will be needed to
support this contention. The PI 3-kinase-independent
signal, however, implicates the function of N-WASP in the
activation of cortical F-actin  formation in 3T3-L1
adipocytes that appears  to promote GLUT4 vesicle
responsiveness to insulin (190-192). The mechanism
involves N-WASP recruitment to TC10 at the cortical
region of insulin-stimulated 3T3-L1 adipocytes. Evidence
has been recently provided to suggest that TC10 regulates
differentially two distinct compartmentalized actin
populations, and the balance between these two opposite
effects is suggested to be critical in the regulation of
GLUT4 vesicle  translocation (194). Under these
conditions, a stimulation of actin comet tailing of GLUT4
vesicles was observed in both isolated vesicles or upon
insulin stimulation of intact 3T3-L1 adipocytes (190). It is
now established from other transport systems that PtdIns
4,5-P2 is a key cofactor in signaling of the actin filament
assembly related to vesicle motility mechanism involving
comet tail propulsion (85, 86, 195). PtdIns 4,5-P2
accumulates in membrane rafts and promotes a local
recruitment and activation of specific intermediates at the
cell surface.  Members of the WASP family of proteins are
now identified as such intermediate elements that are
recruited to membrane PtdIns 4,5-P2, and are activated in a
coordinated action with the GTP-loaded Cdc42 or other
adaptor proteins (196-198; Table 1). Activated N-WASP,
in turn, increases the activity of Arp2/3 (Actin related
proteins) protein complex that nucleates the polymerization
of the new actin filaments to create a branching network
with free fast-growing barbed filament ends oriented in the
opposite direction to vesicle movement.  Studies are now
needed to identify whether PtdIns 4,5-P2 has a role in  the
N-WASP/TC10 control of cortical or perinuclear actin
polymerization related to  GLUT4 vesicle trafficking in
adipocytes and muscle cells.

It should be emphasized that in most cells, the
total levels of PtdIns 4,5-P2 do not change dramatically in
response to agonist stimulation. This holds true for 3T3-L1
adipocytes, where levels of PtdIns 4,5-P2 remained largely
unaltered by acute insulin action (D. Sbrissa  &  A.
Shisheva, unpublished data). Several points should be made
relative to this issue. First, as discussed above, in insulin-
sensitive cells a portion of PtdIns 4,5-P2 is rapidly
consumed for PtdIns 3,4,5-P3 conversion by the  insulin-
activated PI 3-Ks. Second, acute insulin action  reportedly
stimulates phospholipase C activity in adipocytes (199,
200) that would rapidly degrade PtdIns 4,5-P2. Thus, even
in a scenario whereby insulin affects de novo synthesis of
PtdIns 4,5-P2 by activating PI 5-Ks,  this may not be readily
detectable by quantifying the total PtdIns 4,5-P2 levels.
Apparently, approaches detecting localized PtdIns 4,5-P2
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production should be more informative but currently such
data related to the acute insulin action, are unavailable.

4.6. Role for PTEN
The function of PTEN as a 3-phosphatase on

PtdIns 3,4,5-P3, and likely  PtdIns 3,4-P2 substrates,
together with the indisputable role of class IA PI 3-K
products in insulin-induced increase  of glucose uptake
suggest that PTEN will antagonize insulin-regulated
GLUT4 vesicle  dynamics and glucose metabolism. This
has been directly demonstrated in two reports using 3T3-L1
adipocytes, transduced with recombinant PTEN adenovirus
(113, 201). Under these conditions insulin’s ability to
activate glucose transport and to redistribute GLUT4
vesicles onto the cell surface were abrogated without
affecting the in vitro PI 3-kinase activity (113, 201).
Consistent with this inhibitory PTEN’s role, microinjection
of anti-PTEN antibodies has been shown to increase
GLUT4 plasma membrane accumulation in both basal and
insulin-stimulated cells. This increase was abrogated  in
cells pretreated with the PI 3-kinase inhibitor wortmannin
(201). Combined  results from these studies suggest that
PTEN negatively regulates insulin action through
antagonizing the PI 3-kinase signaling pathway to  GLUT4
vesicle translocation.  This  conclusion is further supported
by the reported decrease or increase of insulin-induced
intracellular PtdIns 3,4-P2 or PtdIns 3,4,5-P3 production
upon 3T3-L1 adipocyte  transduction with PTEN wild-type
or phosphatase-deficient mutants, respectively (113).

A number of different Pten knockout mice have
been generated and in all cases homozygous mutant
embryos die during gestation at E6.5-9.5, displaying
common features such as increased cell proliferation and
abnormal pattern formation (202). Heterozygous Pten+/-
mice develop neoplasia in multiple organ systems, but not
hypoglycemia, with half of the mice dying within a year.
These findings are consistent with the hypothesis that
PtdIns 3,4,5-P3 and PtdIns 3,4-P2 levels regulated by PTEN
are related to tumorogenesis activity rather than to glucose
homeostasis.

4.7. Role for  SHIP1 and SHIP2
The role of PtdIns 3,4,5-P3 in insulin-induced

GLUT4 vesicle dynamics has been further supported by the
results from studies in 3T3-L1 adipocytes expressing
SHIP1 or SHIP2 (125, 203). Both SHIP proteins were
found to inhibit insulin-regulated GLUT4 vesicle
translocation and glucose transport stimulation concomitant
with a decreased PtdIns 3,4,5-P3 production and arrested
activation of the PtdIns 3,4,5-P3-downstream targets Akt
and PKClambda (125, 203) Thus, in cell systems both
SHIP1 and SHIP2, acting as 5-phosphatases appear to be
negative regulators of insulin effect on GLUT4 vesicle
dynamics  via the PI 3-kinase-dependent pathway.

Examination of  knockout animal models,
however, reveals substantial differences.  Thus, Ship1-/-
mice develop normally and are  fertile but display a
decreased life span due to myeloid cell infiltration (204,
205). Remarkably, SHIP2 appears to be a potent negative
regulator of insulin signaling and insulin sensitivity in vivo.

Mice lacking SHIP2 exhibit increased sensitivity to insulin,
characterized by severe neonatal hypoglycemia,
deregulated expression of the genes involved in
gluconeogenesis, and perinatal death (206). Adult mice that
are heterozygous for the SHIP2 mutation have increased
glucose tolerance  and insulin sensitivity in skeletal muscle
evidenced by an increased recruitment of GLUT4 on the
plasma membrane and increased glycogen synthesis (206).
Although the PI levels in these animals have not been
examined, these results would suggest that PtdIns 3,4,5-P3
levels regulated by SHIP2 are related to glucose
homeostasis. Thus,  SHIP2 appears to be a major negative
regulator of insulin action on glucose metabolism in vivo,
implying that its inhibition may provide a novel therapeutic
target  for improving insulin sensitivity in type 2 diabetes.

5. GLUT4 VESICLE TRANSLOCATION IN
RESPONSE TO HETEROTRIMERIC G-PROTEIN-
COUPLED RECEPTOR STIMULATION

Agonists that activate the heterotrimeric G-
protein Gq/G11 alpha subunit, as well as expression of
constitutively  active forms of Gq/G11 were shown to
increase glucose transport and GLUT4 vesicle translocation
in adipocytes (153, 154, 207-210). Although the results in
these studies slightly differ, primarily in the role for PI 3-K
activation, it is suggested that Gq/G11 is also a necessary
factor in the regulation of GLUT4 vesicle translocation and
glucose transport by insulin (209, 210) but it is still unclear
how insulin activates Gq/G11 alpha subunit. An important
role of Gi2 alpha subunit in glucose disposal at the level of
GLUT4 vesicles has also been elucidated. Transgenic mice
harboring an adipose/muscle tissue-specific expression of a
constitutively activated GTPase-deficient mutant form of
Gi2 alpha showed increased glucose tolerance and their
adipocytes displayed  enhanced plasma-membrane-
accumulated GLUT4 or glucose transport  in both the
absence and presence of insulin (211, 212).

5.1. Endothelin-1 signaling pathway and role for PI
kinases

Among the list of G-protein Gq/G11 a�phα
subunit  agonists, the signaling pathway to GLUT4 vesicle
translocation induced by endothelin-1, a 21 amino acid-
polypeptide hormone produced mainly in cardiac myocytes
and vascular endothelial cells (213), is understood in
somewhat more detail. Endothelin-1 receptors couple to
Gq/G11, which are abundant in 3T3-L1 adipocytes (153-
155). Endothelin-1 downstream signaling transmission is
not completely clear but  most of the studies show it to be
PI 3-kinase-independent (153-156). It involves tyrosine
phosphorylation mediated in part by a proline-rich tyrosine
kinase PYK2 and a beta-arrestin 1-dependent recruitment
of a Src family kinase  (214, 215). Remarkably, similarly to
insulin, endothelin-1 appears to mobilize cortical F-actin in
cultured adipocytes, but unlike the insulin effect, this seems
to be  largely mediated by ARF6 (155, 156). Thus, the
available experimental evidence is consistent with a model
whereby the initial steps of regulation of GLUT4 vesicle
translocation by  insulin and endothelin-1 differ. However,
the two patways converge at the step that mobilizes cortical
actin filaments.
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A well established signaling pathway for the
Gq/G11 alfa subunit is activation of phospholipase Cbeta,
hydrolysis of PtdIns 4,5-P2, and a subsequent activation of
protein kinase C (216). However, inhibition of
phospholipase C and protein kinase C failed to block
endothelin-1 stimulated glucose transport (153), further
reinforcing the role of ARF6 as an intermediate, required
downstream in endothelin-1 signaling to regulate cortical
F-actin and GLUT4 vesicle translocation (155, 156). While
a downstream target of activated ARF6 in response to
endothelin-1 remains unknown, studies in other trafficking
systems have identified ARF6 as a direct activator of PI 5-
Kalpha in EGF signaling to regulate actin polymerization
and membrane ruffling in HeLa cells (89). Elevated plasma
membrane PtdIns 4,5-P2 production in response to EGF
reportedly  also requires phosphatidic acid, thus supporting
the role for both ARF6 and phospholipase D in activating
PI 5-Kalpha (89).  A more recent study (217) also
implicates the ARF6-dependent regulation on PI 5-Kalpha
activity and PtdIns 4,5-P2 turnover in the control of
trafficking through the plasma membrane and nonclathrin
derived endosomal compartment. Together, these results
suggest a potential role for PI 5-Ks as a downstream
effector of activated ARF6 in endothelin-1 signaling to
GLUT4 vesicle dynamics, a hypothesis that needs to be
tested in future studies.

While endothelin-1 may use the ARF6-dependent
pathway for F-actin assembly related to GLUT4 vesicle
translocation and increased  glucose uptake, the insulin
signaling modulates these processes independently of
ARF6 (132, 155, 156, 218). As discussed above (see
Section 4.5.) acute insulin also increases cortical actin
polymerization in the context of GLUT4 vesicle
translocation but this  likely involves TC10. Together, these
data point to at least two separate PI 3-kinase-independent
pathways controlling actin assembly relevant to GLUT4
vesicle  translocation: one, initiated by Gq/G11 a�pha
subunit activation and mediated by ARF6 GTPase, and
another, initiated by IR activation and mediated  by TC10
GTPase.  Although no experimental evidence is currently
available, it is likely that both pathways converge at the
level of PI 5-K activation and localized PtdIns 4,5-P2
production, a hypothesis that certainly  deserves
consideration and appropriate experimentation.

6. GLUT4 VESICLE TRANSLOCATION  IN
RESPONE TO HYPEROSMOTIC SHOCK

6.1. Signaling pathway and role for PI kinases
Early studies in 1960 and 1970 demonstrated that

stress stimuli such as hyperosmolarity had potent insulin-
like effects on glucose metabolism, including activation of
glucose transport in adipocytes and skeletal muscle (219-
221). More recently, it has been shown that in 3T3-L1
adipocytes the hyperosmotic-dependent increase of glucose
transport is due to GLUT4 vesicle translocation to the cell
surface, comprising 50% of the effect elicited at maximally
activating insulin concentrations (152, 222). A similar
subcellular redistribution of GLUT4 vesicles in response to
hyperosmotic shock has been established in L6  myoblasts
stably expressing GLUT4 (27). The proximal signaling

pathway  involved in the GLUT4 vesicles’ response to
hyperosmolarity is not very clear but seems to involve
tyrosine phosphorylation of Gab-1 (Grb2-Associated
Binder-1) protein, a member of the IRS protein family
(223, 224). Other tyrosine phosphorylated proteins have
also been implicated but the activation of IR tyrosine
kinase seems not to be the initial triggering mechanism
(152, 224, 225). Rather, the dramatic tyrosine
phosphorylation of Gab-1 in response to hyperosmotic
shock has been attributed to Src kinase family members
(224). The importance of Gab-1 in the hyperosmotic shock-
induced signaling  to GLUT4 vesicle translocation is
underscored by the findings that microinjected anti-Gab-1
antibodies inhibit this process (224).   

In contrast to insulin, but like endothelin-1,
hyperosmolatity-induced stimulation of GLUT4 vesicle
translocation and glucose transport in both adipocytes and
L6 myoblasts is reportedly insensitive (27, 152, 222) or
only partially sensitive (224) to inhibition of PI 3-K activity
by wortmannin. Consistent with the lack of PI 3-kinase
activation, hyperosmotic shock was found to be without
any effect on the phosphorylation and activation of the PI
3-K downstream effector Akt (152, 226, 227). In one study,
however, evidence is presented that class IA PI 3-K activity
associates with  Gab-1 upon  hyperosmotic shock (224) but
the significance of this interaction for signaling to GLUT4
is still unclear at present.

Experimental evidence has been recently
presented to implicate the activation of TC10 pathway and
F-actin rearrangement in osmotic shock-activated GLUT4
vesicle translocation (228). Pharmacological disruptions of
cortical actin integrity resulted in inhibition of
hyperosmotic shock-stimulated glucose transport, further
supporting the role of actin rearrangement in this process
(228). Importantly, osmotic shock-dependent activation of
actin rearrangement  and increased amounts of cortical
actin appear to be largely wortmannin resistant (224, 228).
Thus, as in the case with insulin and endothelin-1,
regulation of cortical actin remodeling that proceeds in a PI
3-K-independent mode appears necessary for GLUT4
vesicle translocation in response to osmotic shock.
Noteworthy, a recent study utilizing metabolic labeling of
inositol phospholipids in 3T3-L1 fibroblasts documents a
substantial increase of total  PtdIns 4,5-P2 levels subsequent
to 15 min cell treatment  with sorbitol (101). The nature of
activated PtdIns 4,5-P2-producing enzymes under these
conditions  remains to be identified as well as whether this
effect takes place in 3T3-L1 adipocytes. Demonstrating
plausible effects of insulin, hyperosmotic shock and
endothelin-1  to activate the PtdIns 4,5-P2 producing
enzymes in  insulin-sensitive cells will be important, as will
further insights into the role of  TC10 or Arf6 for this
activation in the context of GLUT4 vesicle translocation.

7. CONCLUSIONS AND PERSPECTIVES

The cellular biology underlying the activation of
GLUT4 vesicle dynamics and glucose transport is
extremely complex, indicating that we still have a long way
to go before we have the complete picture. Since the initial
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discovery that inhibition of PI 3-kinase activity arrests
GLUT4 vesicle translocation and glucose transport in
response to insulin, our understanding for the PIs’ role and
their metabolism expanded both in importance and
complexity. It now seems clear that 3-phosphoinositides
and the enzymes involved in their turnover play a central
role in the action of insulin to move GLUT4 vesicles to the
adipose/muscle cell surface. Other PI kinases have also
proven to be essential for these processes. While we know
now that the activity of several proteins relevant to GLUT4
vesicle translocation can  be modified by the products of PI
3-kinase, we will certainly witness in the near future the
identification of others,  whose activity is altered  by
products of  other PI kinases. This may not only influence
the proximal signaling circuit but also more distal events of
GLUT4 vesicle budding, fission and motility. Of particular
interest is the localized  PtdIns 4,5-P2 production at specific
sites which may serve as membrane platforms for
regulation of targeted activities related to PI 3-kinase-
independent signaling pathways. These events are likely to
underlie the mechanism of F-actin remodeling seen on the
way of  GLUT4 vesicle relocation to the cell surface
induced not only by insulin but also by a number of  other
agonists. The development of increasingly improved tools
to monitor PI dynamics, combined with the ability to
observe live cells with sophisticated optics in a temporal
and spatial manner will certainly help to further illuminate
the road of GLUT4 vesicle delivery to the plasma
membrane.

8. AKNOWLEDGEMENT

I am grateful to all members of my laboratory,
and particularly to Drs. Ogi Ikonomov and  Diego Sbrissa
for their excellent work and stimulating discussions. The
critical reading of this manuscript by Dr. David Lawson is
greatly appreciated. I thank Linda McCraw for the
excellent secretarial assistance in preparation of this
review. The work described from my laboratory was
funded from ADA, JDFI and NIH (DK58058).

9. REFERENCES

1.  Czech M  P: Molecular actions of insulin on glucose
transport.  Annu Rev Nutr 15, 441-471 (1995)

2.  Rea S & D. E. James: Moving GLUT4. The biogenesis
and trafficking of GLUT4 storage vesicles.  Diabetes 46,
1667-1677 (1997)

3.  Czech M P & S. Corvera: Signaling mechanisms that
regulate glucose transport. J Biol Chem 274, 1865-1868
(1999)

4. James D E: GLUT4 traffic report: molecular
mechanisms of insulin-stimulated GLUT4 trafficking in
adipocytes.  In: Insulin signaling: from cultured cells to
animal models.  Eds: Grunberger G, Zick Y. Taylor and
Francis, London, 219-241 (2002)

5.  Simpson F, J. P. Whitehead & D. E. James: GLUT4 –
At the cross roads between membrane trafficking and
signal transduction.  Traffic 2, 2-11 (2001)

6.  Litherland G J, E. Hajduch & H. S. Hundal: Intracellular
signaling mechanisms regulating glucose transport in
insulin-sensitive tissues.  Mol Memb Biol 18, 195-204
(2001)

7.  Thurmond D C & J. E. Pessin: Molecular machinery
involved in the insulin-regulated fusion of GLUT4-
containing vesicles with the plasma membrane.  Mol Memb
Biol 18, 237-245 (2001)

8.  Jhun B H, A. L. Rampal, H. Liu, M. Lachaal & C. Y.
Jung: Effects of insulin on steady state kinetics of GLUT4
subcellular distribution in rat adipocytes.  J Biol Chem 267,
17710-17715 (1992)

9.  Satoh S, H. Nishimura, A. E. Clark, I. J. Kozka, S. J.
Vannucci, I. A. Simpson, M. J. Quon, S. W. Cushman & G.
D. Holman: Use of bismannose photolabel to elucidate
insulin-regulated GLUT4 subcellular trafficking kinetics in
rat adipose cells.  Evidence that exocytosis is a critical site
of hormone action.  J Biol Chem 268, 17820-17829 (1993)

10.  Yang J & G. D. Holman: Comparison of GLUT4 and
GLUT1 subcellular trafficking in basal and insulin-
stimulated 3T3-L1 cells.  J Biol Chem 268, 4600-4603
(1993)

11.  Czech M P & J. M. Buxton: Insulin action on the
internalization of the GLUT4 glucose transporter in
isolated rat adipocytes.  J Biol Chem 268, 9187-9190
(1993)

12.  Cushman S W & L. J. Wardzala: Potential mechanism
of insulin action on glucose transport in the isolated rat
adipose cells: Apparent translocation of intracellular
transport systems to the plasma membrane.  J Biol Chem
255, 4758-4762 (1980)

13.  Suzuki K & T. Kono: Evidence that insulin causes
translocation of glucose transport activity to the plasma
membrane from an intracellular storage site.  Proc Natl
Acad Sci USA 77, 2542-2545 (1980)

14.  Shulman G I: Cellular mechanisms of insulin
resistance.  J Clin Invest 106: 171-176 (2000)

15.  Abel E D, O. Peroni, J. K. Kim, Y. B. Kim, O. Boss, E.
Hadro, T. Minnemann, G. I. Shulman & B. B. Kahn:
Adipose-selective targeting of the GLUT4 gene impairs
insulin action in muscle and liver.  Nature 409, 729-733
(2001)

16.  Zisman A, O. D. Peroni, E. D. Abel, M. D. Michael, F.
Jauvais-Jarvis, B. B. Lowell, J. F. Wojtaszewski, M. F.
Hirshman, A. Virkamaki, L. J. Goodyear, C. R. Kahn & B.
B. Kahn: Targeted disruption of the glucose transporter 4
selectively in muscle causes insulin resistance and glucose
intolerance.  Nat Med 6, 924-928 (2000)

17.  Lalioti V, S. Vergarajauregui & I. V. Sandoval:
Targeting motifs in GLUT4.  Mol Memb Biol 18, 257-264
(2001)



Phosphoinositides in GLUT4 vesicle dynamics

958

18.  Al-Hasani H, R. K. Kunamneni, K. Dawson, C. S.
Hinck, D. Muller-Wieland & S. W. Cushman: Roles of the
N- and C-termini of GLUT4 in endocytosis.  J Cell Sci 115,
131-140 (2002)

19.  Davis R J, S. Corvera & M. P. Czech: Insulin
stimulates cellular iron uptake and causes the redistribution
of intracellular transferrin receptors to the plasma
membrane.  J Biol Chem 261, 8708-8711 (1986)

20.  Oka Y, C. Mottola, C. L. Oppenheimer & M. P. Czech:
Insulin activates the appearance of insulin-like growth
factor II receptors on the adipocyte cell surface.  Proc Natl
Acad Sci USA 81, 4028-4032 (1984)

21.  Clark J F, P. W. Young, K. Yonezawa, M. Kasuga &
G. D. Holman: Inhibition of the translocation of GLUT1
and GLUT4 in 3T3-L1 cells by the phosphatidylinositol 3-
kinase inhibitor, wortmannin.  Biochem J 300, 631-635
(1994)

22.  Wardzala L J, I. A. Simpson, M. M. Rechler & S. W.
Cushman: Potential mechanism of the stimulatory action of
insulin on insulin-like growth factor II binding to the
isolated rat adipose cell.  Apparent redistribution of
receptors cycling between a large intracellular pool and the
plasma membrane.  J Biol Chem 259, 8378-8383 (1984)

23.  Kandror K V & P. F. Pilch: The insulin-like growth
factor II/mannose 6-phosphate receptor utilizes the same
membrane compartments as GLUT4 for insulin-dependent
trafficking to and from the rat adipocyte cell surface.  J Biol
Chem 271, 21703-21708 (1996)

24.  Kandror K V & P. F. Pilch: gp160: a tissue-specific
marker for insulin-activated glucose transport.  Proc Natl
Acad Sci USA 91, 8017-8021 (1994)

25.  Xu Z & K. V. Kandror: Translocation of small pre-
formed vesicles is responsible for the insulin activation of
glucose transport in adipose cells. Evidence from the in
vitro reconstitution assay.  J Biol Chem 277, 47972-47975
(2002)

26.  Plough T, B. van Deurs, S. W. Cushman & E. Ralston:
Analysis of GLUT4 distribution in whole skeletal muscle
fibers: identification of distinct storage compartments that
are recruited by insulin and muscle contractors.  J Cell Biol
142, 1429-1446 (1998)

27.  Li D, V. K. Randhawa, N. Patel, M. Hayashi & A.
Klip: Hyperosmolarity reduces GLUT4 endocytosis and
increases its exocytosis from a VAMP2-independent pool
in L6 muscle cells.  J Biol Chem 276, 22883-22891 (2001)

28.  Foran P G, L. M. Fletcher, P. B. Oatey, M.
Mohammed, J. O. Dolly & J. M. Tavare: Protein kinase B
stimulates the translocation of GLUT4 but not GLUT1 or
tansferrin receptors in 3T3-L1 adipocytes by a pathway
involving SNAP-23, synaptobrevin-2, and/or cellubrevin.  J
Biol Chem 274, 28087-28095 (1999)

29.  Baumann C A, V. Ribon, M. Kanzaki, D. C.
Thurmond, S. Mora, S. Shigematsu, P. E. Bickel, J. E.
Pessin & A. R. Saltiel: CAP defines a second signaling
pathway required for insulin-stimulated glucose transport.
Nature 407, 202-207 (2000)

30.  Fruman DA, R. E. Meyers & L. C. Cantley:
Phosphoinositide kinases.  Annu Rev Biochem 67, 481-507
(1998)

31.  Vanhaesebroeck S, J. Leevers, K. Ahmandi, J. Timms,
R. Katso, P. C. Driscoll, R. Woscholski, P. J. Parker & M.
D. Waterfield: Synthesis and function of 3-phosphorylated
inositol lipids.  Annu Rev Biochem 70, 535-602 (2001)

32.  Hsuan J J, S. Minogue & M. dos Santos:
Phosphoinositide 4- and 5-kinases and the cellular roles of
phosphatidylinositol 4,5-bisphosphate.  Adv Canc Res 74,
167-216 (1998)

33.  Majerus P W, M. V. Kisseleva & F. A. Norris: The
role of phosphatases in inositol signaling reactions.  J Biol
Chem 274, 10669-10672 (1999)

34.  Woscholski R & P. J. Parker: Inositol phosphatases –
constructive destruction of phosphoinositides and inositol
phosphates.  In: Biology of phosphoinositides.  Ed:
Cockcroft S. Oxford University Press, Oxford Vol. 27, 320-
338, (2000)

35.  Endemann G, S. N. Dunn & L. C. Cantley: Bovine
brain contains two types of phosphatidylinositol kinase.
Biochemistry 26, 6845-6852 (1987)

36.  Whitman M, D. Kaplan, T. Roberts & L. Cantley:
Evidence for two distinct phosphatidylinositol kinases in
fibroblasts.  Implications for cellular regulation. Biochem J
247, 165-174 (1987)

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

38.  Fruman D A & L. C. Cantley: Phosphoinositide 3-
kinase in immunological systems.  Sem Immunol 14, 7-18
(2002)

39.  Hiles I D, M. Otsu, S. Volinia, M. J. Fry, I. Gout:
Phosphatidylinositol 3-kinase: structure and expression of
the 110 kD catalytic subunit.  Cell 70, 419-429 (1992)

40.  Hu P, Mondino, A., E. Y. Skolnik & J. Schlessinger:
Cloning of a novel, ubiquitously expressed human
phosphatidylinotisol 3-kinase and identification of its
binding site on p85.  Mol Cell Biol 13, 7677-7688 (1993)

41.  Vanhaesebroeck B, M. J. Welham, K. Kotani, R. Stein,
P. H. Warne, M. J. Zvelebil, K. Higashi, S. Volinia, J.
Downward & M. D. Waterfield: P110delta, a novel
phosphoinositide 3-kinase in leukocytes.  Proc Natl Acad
Sci USA 94, 4330-4335 (1997)



Phosphoinositides in GLUT4 vesicle dynamics

959

42.  Escobedo J A, S. Navankasattusas, W. M. Kavanaugh,
D. Milfay, V. A. Fried & L. T. Williams: cDNA cloning of
a novel 85 kd protein that has SH2 domains and regulates
binding of PI3-kinase to the PDGF beta-receptor.  Cell 65,
75-82 (1991)

43.  Otsu M, I. Hiles, I. Gout, M. J. Fry, F. Ruiz-Larrea, G.
Panayotou, A. Thompson, R. Dhand, J. Hsuan & N. Totty:
Characterization of two 85 kd proteins that associate with
receptor tyrosine kinases, middle-T/pp60c-src complexes,
and PI3-kinase.  Cell 65, 91-104 (1991)

44.  Pons A, T. Asano, E. Glasheen, M. Miralpeix, Y.
Zhang, T. L. Fisher, M. G. Myers, Jr., X. J. Sun & M. F.
White: The structure and function of p55PIK reveal a new
regulatory subunit for phosphatidylinositol 3-kinase.  Mol
Cell Biol 15, 4453-4465 (1995)

45.  Fruman D A, L. C. Cantley & C. L. Carpenter:
Structural organization and alternative splicing of the
murine phosphoinositide 3-kinase p85 alpha gene.
Genomics 37, 113-121 (1996)

46.  Inukai K, M. Funaki, T. Ogihara, H. Katagiri, A.
Kanda, M. Anai, Y. Fukushima, T. Hosaka, M. Suzuki, B.
C. Shin, K. Takata, Y. Kazaki, M. Kikuchi, Y. Oka & T.
Asano: p85alpha gene generates three isoforms of
regulatory subunit for phosphatidylinositol 3-kinase (PI 3-
kinase), p50alpha, p55alpha, and p85alpha, with different
PI 3-kinase activity elevating responses to insulin.  J Biol
Chem 272, 7873-7882 (1997)

47.  Ueki K, D. A. Fruman, S. M. Brachmann, Y-H. Tseng,
L. C. Cantley & C. R. Kahn: Molecular balance between
the regulatory and catalytic subunits of phosphoinositide 3-
kinase regulates cell signaling and survival.  Mol Cell Biol
22: 965-977 (2002)

48.  Morris J Z, H. A. Tissenbaum & G. Ruvkun: A
phosphatidylinositol-3-OH kinase family member
regulating longevity and diapause in Caenorhabditis
elegans.  Nature 382, 536-539 (1996)

49.  Leevers S J, D. Weinkove, L. K. MacDougall, E.
Hafen & M. D. Waterfield: The Drosophila
phosphoinositide 3-kinase Dp110 promotes cell growth.
EMBO J 15, 6584-6594 (1996)

50.  Balla T: Phosphatidylinositol 4-kinases.  Biochim
Biophys Acta 1436, 69-85 (1998)

51.  Gehrmann T & L. M. G. Heilmeyer Jr:
Phosphatidylinositol 4-kinases.  Eur J Biochem 253, 357-
370 (1998)

52.  Barylko B, S. H. Gerber, D. D. Binns, N. Grichine, M.
Khvotchev, T. C. Sudhof & J. P. Albanesi: A novel family
of phosphatidylinositol 4-kinases conserved from yeast to
humans.  J Biol Chem 276, 7705-7708 (2001)

53.  Minogue S, J. S. Anderson, M. G. Waugh, M. dos
Santos, S. Corless, R. Cramer & J. J. Hsuan: Cloning of a

human type II phosphatidylinositol 4-kinase reveals a novel
lipid kinase family.  J Biol Chem 276, 16635-16640 (2001)

54.  Balla A, G. Tuymetova, M. Barshishat, M. Geiszt & T.
Balla: Characterization of type II phosphatidylinositol 4-
kinase isoforms reveals association of the enzymes with
endosomal vesicular compartments.  J Biol Chem 277,
20041-20059 (2002)

55.  Martin T F J, K. M. Loyet, V. A. Barry & J. A.
Kowalchyk: The role of PtdIns 4,5-bisphosphate in
exocytotic membrane fusion.  Biochem Soc Trans 25, 1137-
1141 (1997)

56.  Nakagawa T, K. Goto & H. Kondo: Cloning,
expression, and localization of a 230-kDa
phosphatidylinositol 4-kinase.  J Biol Chem 271, 12088-
12094 (1996)

57.  Nakagawa T, K. Goto & H. Kondo: Cloning and
characterization of a 92 kDa soluble phosphatidylinositol 4-
kinase.  Biochem J 320 (Pt 2), 643-649 (1996)

58.  Meyers R & L. C. Cantley: Cloning and
characterization of a wortmannin-sensitive human
phosphatidylinositol 4-kinase.  J Biol Chem 272, 4384-
4390 (1997)

59.  Wong K & L. C. Cantley: Cloning and characterization
of a human phosphatidylinositol 4-kinase.  J Biol Chem
269, 28878-28884 (1994)

60.  Wong K, D. D. R. Meyers & L. C. Cantley:
Subcellular locations of phosphatidylinositol 4-kinase
isoforms.  J Biol Chem 272, 13236-13241 (1997)

61.  Godi A, P. Pertile, R. Meyers, P. Marra, G. Di Tullio,
C. Iurisci, A. Luini, D. Corda & M. A. De Matteis: ARF
mediates recruitment of PtdIns-4-OH kinase-β and
stimulates synthesis of PtdIns(4,5)P2 on the Golgi complex.
Nat Cell Biol 1, 280-287 (1999)

62.  Jones D H, J. B. Morris, C. P. Morgan, H. Kondo, R.
F. Irvine & S. Cockcroft: Type I phosphatidylinositol 4-
phosphate 5-kinase directly interacts with ADP-
ribosylation factor 1 and is responsible for
phosphatidylinositol 4,5-bisphosphate synthesis in the
Golgi compartment.  J Biol Chem 275, 13962-13966 (2000)

63.  Audhya A, M. Foti & S. D. Emr: Distinct roles for the
yeast phosphatidylinositol 4-kinases, stt4p and pik1p, in
secretion, cell growth, and organelle membrane dynamics.
Mol Biol Cell 11, 2673-2689 (2000)

64.  Boronenkov I V & R. A. Anderson: The sequence of
phosphatidylinositol-4-phosphate 5-kinase defines a novel
family of lipid kinases.  J Biol Chem 270, 2881-2884
(1995)

65.  Divecha N, O. Truong, J. J. Hsuan, K. A. Hinchliffe &
R. F. Irvine: The cloning and sequence of the C isoforms of
PtdIns4P 5-kinase.  Biochem J 309, 715-719 (1995)



Phosphoinositides in GLUT4 vesicle dynamics

960

66.  Rameh L E & L. C. Cantley: The role of
phosphoinositide 3-kinase lipid products in cell function  J
Biol Chem 274, 8347-8350 (1999)

67.  Castellino A M, G. J. Parkers, I. V. Boronenkov, R. A.
Anderson & M. V. Chao: A novel interaction between the
juxtamembrane region of the p55 tumor necrosis factor
receptor and phosphatidylinositol-4-phosphate 5-kinase.  J
Biol Chem 272, 5861-5870 (1997)

68.  Itoh T, T. Ijuin & T. Takenawa: A novel
phosphatidylinositol-5-phosphate 4-kinase
(Phosphatidylinositol-phosphate kinase IIγ) is
phosphorylated in the endoplasmic reticulum in response to
mitogenic signals.  J Biol Chem 273, 20292-20299 (1998)

69.  Boronenkov I V, J. C. Loijens, M. Umeda & R. A.
Anderson: Phosphoinositide signaling pathways in nuclei
are associated with nuclear speckles containing pre-mRNA
processing factors.  Mol Biol Cell 9, 3547-3560 (1998)

70.  Shisheva A: PIKfyve: the road to PtdIns 5-P and PtdIns
3,5-P2. Cell Biol Internat 25, 1201-1206 (2001)

71.  Hinchliffe K A, R. F. Irvine & N. Divecha: Regulation
of PtdIns4P 5-kinase C by thrombin-stimulated changes in
its phosphorylation state in human platelets.  Biochem J
329, 115-119 (1998)

72.  Rao V D, S. Misra, I. V. Boronenkov, R. A. Anderson
& J. H. Hurley: Structure of type IIβ phosphatidylinositol
phosphate kinase: a protein kinase fold flattened for
interfacial phosphorylation.  Cell 94, 829-839 (1998)

73. Kunz J, M. P. Wilson, M. Kisseleva, J. H. Hurley, P.
W. Majerus & R. A. Anderson: The activation loop of
phosphatidylinositol phosphate kinases determines
signaling specificity.  Mol Cell 5, 1-11 (2000)

74.  Kunz J, A. Fuelling, L. Kolbe & R. A. Anderson:
Stereospecific substrate recognition by phosphatidylinositol
phosphate kinases is swapped by changing a single amino
acid residue.  J Biol Chem 277, 5611-5619 (2002)

75.  Loijens J C & R. A. Anderson: Type I
phosphatidylinositol-4-phosphate 5-kinases are distinct
members of this novel lipid kinase family.  J Biol Chem
271, 32937-32943 (1996)

76.  Ishihara H, Y. Shibasaki, N. Kizuki, H. Katagiri, Y.
Yazaki, T. Asano & Y. Oka: Cloning of cDNAs encoding
two isoforms of 68-kDa type I phosphatidylinositol-4-
phosphate 5-kinase.  J Biol Chem 271, 23611-23614 (1996)

77.  Ishihara H, Y. Shibasaki, N. Kizuki, T. Wada, Y.
Yazaki, T. Asano & Y. Oka: Type I phosphatidylinositol-4-
phosphate 5-kinases.  Cloning of the third isoform and
deletion/substitution analysis of members of this novel lipid
kinase family.  J Biol Chem 273, 8741-8748 (1998)

78.  Shibasaki Y, H. Ishihara, N. Kizuki, T. Asano, Y. Oka
& Y. Yazaki: Massive actin polymerization induced by

phosphatidylinositol-4-phosphate 5-kinase in vivo.  J Biol
Chem 272, 7578-7581 (1997)

79.  Yamamoto M, D. H. Hilgeman, S. Feng, H. Bito, H.
Ishihara, Y. Shibasaki & H. L. Yin: Phosphatidylinositol
4,5-bisphosphate induces actin stress-fiber formation and
inhibits membrane ruffling in cvl1 cells.  J Cell Biol 152,
867-876 (2001)

80.  Chong L D, A. Traynor-Kaplan, G. M. Bokoch & M.
A. Schwartz: The small GTP-binding protein Rho regulates
a phosphatidylinositol 4-phosphate 5-kinase in mammalian
cells.  Cell 79, 507-513 (1994)

81.  Tolias K F, L. C. Cantley & C. L. Carpenter: Rho
family GTPases bind to phosphoinositide kinases.  J Biol
Chem 270, 17656-17659 (1995)

82.  Tolias K F, J. H. Hartwig, H. Ishihara, Y. Shibasaki, L.
C. Cantley & C. L. Carpenter: Type I alpha
phosphatidylinositol-4-phosphate 5-kinase mediates Rac-
dependent actin assembly.  Curr Biol 10, 153-156 (2000)

83.  Martin T F: Phosphoinositide lipids as signaling
molecules: common themes for signal transduction,
cytoskeletal regulation, and membrane trafficking.  Annu
Rev Cell Dev Biol 14, 231-264 (1998)

84.  Toker A: The synthesis and cellular roles of
phosphatidylinositol 4,5-bisphosphate.  Curr Opin Cell Biol
10, 254-261 (1998)

85.  Martin T F J: PI(4,5)P2 regulation of surface membrane
traffic.  Curr Opin Cell Biol 13, 493-499 (2001)

86.  Caroni P: Actin cytoskeleton regulation through
modulation of PI(4,5)P2 rafts.  EMBO J 20, 4332-4336
(2001)

87.  Desrivieres S, F. T. Cooke, P. J. Parker & M. N. Hall:
MSS4, a phosphatidylinositol-4-phosphate 5-kinase
required for organization of the actin cytoskeleton in
Saccharomyces cerevisiae.  J Biol Chem 273, 15787-15793
(1998)

88.  Desrivieres S, F. T. Cooke, H. Morales-Johansson, P.
J. Parker & M. N. Hall: Calmodulin controls organization
of the actin cytoskeleton via regulation of
phosphatidylinositol (4,5)-bisphosphate synthesis in
Saccharomyces cerevisiae.  Biochem J 366, 945-951 (2002)

89.  Honda A, M. Nogami, T. Yokozeki, M. Yamazaki, H.
Nakamura, H. Watanabe, K. Kawamoto, K. Nakayama, A.
J. Morris, M. A. Frohman & Y. Knaho:
Phosphatidylinositol 4-phosphate 5-kinase alpha is a
downstream effector of the small G protein ARF6 in
membrane ruffle formation.  Cell 5, 521-532 (1999)

90.  Skippen A, D. Jones, C. Morgan, M. Li & S.
Cockcroft: Mechanism of ARF-stimulated
phosphatidylinositol 4,5-bisphosphate synthesis in HL60
cells.  J Biol Chem 277, 5823-5831 (2002)



Phosphoinositides in GLUT4 vesicle dynamics

961

91.  Zhang X, J. C. Loijens, I. V. Boronenkov, G. J. Parker,
F. A. Norris, J. Chen, O. Thum, G. D. Prestwich, P. W.
Majerus & R. A. Anderson: Phosphatidylinositol-4-
phosphate 5-kinase isozymes catalyze the synthesis of 3-
phosphate-containing phosphatidylinositol signaling
molecules.  J Biol Chem 272, 17756-17761 (1997)

92.  Tolias K F, L. E. Rameh, H. Ishihara, Y. Shibasaki, J.
Chen, G. D. Prestwich, L. C. Cantley & C. L. Carpenter:
Type I phosphatidylinisotol-4-phosphate 5-kinases
synthesize the novel lipid phosphatidylinositol 3,5-
bisphosphate and phosphatidylinositol 5-phosphate.  J Biol
Chem 273, 18040-18046 (1998)

93.  McEwen R K, S. K. Dove, F. T. Cooke, G. F. Painter,
A. B. Holmes, A. Shisheva, Y. Ohya, P. J. Parker & R. H.
Michell: Complementation analysis of PtdIns kinase-
deficient yeast mutants demonstrates that S. pombe and
murine Fab1p homologues are phosphatidylinositol 3-
phosphate 5-kinases.  J Biol Chem 274, 33905-33912
(1999)

94.  Shisheva A, D. Sbrissa & O. Ikonomov: Cloning,
characterization, and expression of a novel Zn2+-binding
FYVE finger-containing phosphoinositide kinase in
insulin-sensitive cells.  Mol Cell Biol 19, 623-634 (1999)

95.  Shisheva A, C. Demarco, O. Ikonomov & D. Sbrissa:
PIKfyve and the acute insulin actions.  In: Insulin
signaling: from cultured cells to animal models.  Eds:
Grunberger G, Zick Y, Taylor and Francis, London, 219-
241 (2002)

96.  Ikonomov O C & A. Shisheva: Update to: Differential
display protocol with selected primers that preferentially
isolates mRNAs of moderate- to low-abundance in a
microscopic system.  In: Expression genetics: Differential
display. Update Series. Eds: Pardee A B, McClelland M.
USA: Eaton Publishing 198-199 (1999)

97.  Shisheva A, B. Rusin, O. C. Ikonomov, C. DeMarco &
D. Sbrissa: Localization and insulin-regulated relocation of
phosphoinositide 5-kinase PIKfyve in 3T3-L1 adipocytes.
J Biol Chem 276, 11859-11869 (2001)

98.  Sbrissa D, O. C. Ikonomov & A. Shisheva:  PtdIns-3-P
interacting domains in PIKfyve: Binding specificity and
role in PIKfyve endomembrane localizations.  J Biol Chem
277, 6073-6079 (2002)

99.  Ikonomov O C, D. Sbrissa & A. Shisheva: Mammalian
cell morphology and endocytic membrane homeostasis
require enzymatically active phosphoinositide 5-kinase
PIKfyve.  J Biol Chem 276, 26141-26147 (2001)

100.  Sbrissa D, O. C. Ikonomov & A. Shisheva: PIKfyve,
a mammalian ortholog of yeast Fab1p lipid kinase,
synthesizes 5-phosphoinositides.  J Biol Chem 274, 21589-
21597 (1999)

101.  Sbrissa D, O. C. Ikonomov, R. Deeb & A. Shisheva:
Phosphatidylinositol 5-phosphate biosynthesis is linked to

PIKfyve and is involved in osmotic response pathway in
mammalian cells.  J Biol Chem 277, 47276-47284 (2002)

102.  Li J, C. Yen, D. Liaw, K. Podsypanina, S. Bose, S. I.
Wang, J. Puc, C. Miliaresis, L. Rodgers, R. McCombie, S.
H. Bigner, B.C. Ciovanella, M. Ittmann, B. Tycko, H.
Hibshoosh, M. H. Wigler & R. Parsons: PTEN, a putative
protein tyrosine phosphatases gene mutated in human brain,
breast, and prostate.  Science 275, 1943-1947 (1997)

103.  Steck P A, M. A. Pershouse, S. A. Jasser, W. K. A.
Yung, H. Lin, A. H. Ligon, L. A. Langford, M. L.
Baumgard, T. Hattier, T. Davis, C. Frye, R. Hu, B.
Swedlund, D. H. F. Teng & S. V. Tavitigian: Identification
of a candidate tumor suppressor gene, MMAC1, at
chromosome 10q23.3 that is mutated in multiple advanced
cancers.  Nat Genet 15, 356-362 (1997)

104.  Li D M & H. Sun: TEP1, encoded by a candidate
tumor suppressor locus, is a novel protein tyrosine
phosphatase regulated by transforming growth factor beta.
Cancer Res 57, 2124-2129 (1997)

105.  Cantley L E & B. G. Neel: New insights into tumor
suppression: PTEN suppresses tumor formation by
restraining the phosphoinositide 3-kinase/AKT pathway.
Proc Natl Acad Sci USA 96, 4240-4245 (1999)

106.  Simpson L & R. Parsons: PTEN: life as a tumor
suppressor.  Exp Cell Res 264, 29-41 (2001)

107.  Wishart M J, G. S. Taylor, J. T. Slama & J. E. Dixon:
PTEN and myotubularin phosphoinositide phosphatases:
bringing bioinformatics to the lab bench.  Curr Opin Cell
Biol 13, 172-181 (2001)

108.  Leslie N R & C. P. Downes: PTEN: The down side of
PI 3-kinase signaling.  Cell Signal 14, 285-295 (2002)

109.  Myers M P, J. P. Stolarov, C. Eng, J. Li, S. I. Wang,
M. H. Wigler, R. Parsons & N. K. Tonks: PTEN the tumor
suppressor from human chromosome 10q23 is a dual-
specificity phosphatase.  Proc Natl Acad Sci USA 94, 9052-
9057 (1997)

110.  Maehama T & J. E. Dixon: The tumor suppressor,
PTEN/MMAC1, dephosphorylates the lipid second
messenger, phosphatidylinositol 3,4,5-trisphosphate.  J Biol
Chem 273, 13375-13378 (1998)

111.  Wu Y, D. Dowbenko, M. Pisabarro, L. Dillard-Telm,
H. Koeppen & L. A. Lasky: PTEN 2, a Golgi-associated
testis-specific homologue of the PTEN tumor suppressor
lipid phosphatases.  J Biol Chem 276, 21745-21753 (2001)

112.  Taylor V, M. Wong, C. Brandts, L. Reilly, N. M.
Dean, L. M. Cowsert, S. Moodie & D. Stokoe:
Phospholipid phosphatase SHIP-2 causes protein kinase B
inactivation and cell cycle arrest in glioblastoma cells.  Mol
Cell Biol 20: 6860-6871 (2000)

113.  Ono H, H. Katagiri, M. Funaki, M. Anai, K. Inukai,
Y. Fukushima, H. Sakoda, T. Ogihara, Y. Onishi, m.



Phosphoinositides in GLUT4 vesicle dynamics

962

Fujishiro, M. Kikuchi, Y. Oka & T. Asano: Regulation of
phosphoinositide metabolism, Akt phosphorylation, and
glucose transport by PTEN (phosphatase and tensin
homolog deleted on chromosome 10) in 3T3-L1
adipocytes.  Mol Endocrinol 15, 1411-1422 (2001)

114.  Lee J-O, H. Yang, M-M. Georgescu, A. Di
Cristofano, T. Maehama, Y. Shi, J. E. Dixon, P. Pondolfi &
N. P. Pavletich: Crystal structure of the PTEN tumor
suppressor: implications for its phosphoinositide
phosphatase activity and membrane association.  Cell 99,
323-334 (1999)

115.  Damen J E, L. Liu, P. Rosten, R. K. Humphries, A. B.
Jefferson, P. W. Majerus & G. Krystal: The 145-kDa
protein induced to associate with Shc by multiple cytokines
is an inositol tetraphosphate and phosphatidylinositol 3,4,5-
trisphosphate 5-phosphatase.  Proc Natl Acad Sci USA 93,
1689-1693 (1996)

116.  Ono M, S. Bolland, P. Tempst & J. Ravetch: Role of
the inositol phosphatase SHIP in negative regulation of the
immune system by the receptor FcγRIIB.  Nature 383, 263-
266 (1996)

117.  Kavanaugh W M, D. A. Pot, S. M. Chin, M. Deuter-
Reinhard, A. B. Jefferson, F. A. Norris, F. R. Masiarz, L. S.
Cousens, P. W. Majerus & L. T. Williams: Multiple forms
of an inositol polyphosphate 5-phosphatase form signaling
complexes with Shc and Grb2.  Curr Biol 6, 438-445
(1996)

118.  Lioubin M N, P. A. Algate, S. Tsai, K. Carlberg, R.
Aebersold & L. R. Rohrschneider: p150Ship, a signal
transduction molecule with inositol polyphosphate-5-
phosphatase activity.  Genes & Dev 10, 1084-1095 (1996)

119.  Osborne M A, G. Zenner, M. Lubinus, X. Zhang, Z.
Songyang, L. C. Cantley, P. Majerus, P. Burn & J. P.
Kochan: The inositol 5’-phosphatase SHIP binds to
immunoreceptor signaling motifs and responds to high
affinity IgE receptor aggregation.  J Biol Chem 271, 29271-
29278 (1996)

120.  Geier S J, P. A. Algate, K. Carlberg, D. Flowers, C.
Friedman, B. Trask & L. R. Rohrschneider: The human
SHIP gene is differentially expressed in cell lineages of the
bone marrow and blood.  Blood 89, 1876-1885 (1997)

121.  Rohrschneider L R, J. F. Fuller, I. Wolf, Y. Liu & D.
M. Lucas: Structure, function, and biology of SHIP
proteins.  Genes Develop 14, 505-520 (2000)

122.  Pesesse X, S. Deleu, F. De Smedt, L. Drayer & C.
Erneux: Identification of a second SHR2-domain-
containing protein closely related to the
phosphatidylinositol polyphosphate 5-phosphatase SHIP.
Biochem Biophys Res Comm 239, 697-700 (1997)

123.  Wisniewski D, A. Strife, S. Swendeman, H.
Erdjument-Bromage, S. Geromanos, W. M. Kavanaugh, P.
Tempst & B. Clarkson: A novel SH2-containing

phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase
(SHIP2) is constitutively tyrosine phosphorylated and
associated with src homologous and collagen gene (SHC)
in chronic myelogenous leukemia progenitor cells.  Blood
93, 2707-2720 (1999)

124.  Ishihara H, T. Sasaoka, H. Hori, T. Wada, H. Hirai, T.
Haruta, W. J. Langlois & M. Kobayashi: Molecular cloning
of rat SH2-containing inositol phosphatase 2 (SHIP2) and
its role in the regulation of insulin signaling.  Biochem
Biophys Res Commun 260, 265-272 (1999)

125.  Wada T, T. Sasaoka, M. Funaki, H. Hori, S.
Murakami, M. Ishiki, T. Haruta, T. Asano, W. Ogawa, H.
Ishihara & M. Kobayshi: Overexpression of SH2-
containing inositol phosphatase 2 results in negative
regulation of insulin-induced metabolic actions in 3T3-L1
adipocytes via its 5′-phosphatase catalytic activity.  Mol
Cell Biol 21, 1633-1646 (2001)

126.  Gillooly D J, I. C. Morrow, M. Lindsay, R. Gould, N.
J. Bryant, J-M. Gaullir, R. G. Parton & H. Stenmark:
Localization of phosphatidylinositol 3-phosphate in yeast
and mammalian cells.  EMBO J 19, 4577-4588 (2000)

127.  Botelho R J, M. Teruel, R. Dierckman, R. Anderson,
A. Wells, J. D. York, T. Meyer & S. Grinstein: Localized
biphasic changes in phosphatidylinositol-4,5-bisphosphate
at sites of phagocytosis.  J Cell Biol 151, 1353-1367 (2000)

128.  Tall E G, I. Spector, S. N. Pentyala, I. Bitter & M. J.
Rebecchi: Dynamics of phosphatidylinositol 4,5-
bisphosphate in actin-rich structures.  Curr Biol 10, 743-
746 (2000)

129.  Laux T, K. Fukami, M. Thelen, T. Golub, D. Frey &
P. Caroni: GAP43, MARCKS, and CAP23 modulates
PI(4,5)P2 at plasmalemmal rafts, and regulate cell cortex
actin dynamics through a common mechanism.  J Cell Biol
149, 1455-1471 (2000)

130.  Pike L J & J. M. Miller: Cholesterol depletion
delocalizes phosphatidylinositol bisphosphate and inhibits
hormone-stimulated phosphatidylinositol turnover.  J Biol
Chem 273, 22298-22304 (1998)

131.  Watt S A, G. Kular, I. N. Fleming, C. P. Downes & J.
M. Lucocq: Subcellular localization of phosphatidylinositol
4,5-bisphosphate using the pleckstrin homology domain of
phospholipase Cdelta1.  Biochem J 363, 657-666 (2002)

132.  Oatey P B, K. Venkateswarlu, A. G. Williams, L. M.
Fletcher, E. J. Foulstone, P. J. Cullen & J. M. Tavaré:
Confocal imaging of the subcellular distribution of
phosphatidylinositol 3,4,5-trisphosphate in insulin- and
PDGF-stimulated 3T3-L1 adipocytes.  Biochem J 344, 511-
518 (1999)

133.  Langille S E, V. Patki, J. K. Klarlund, J. M. Buxton,
J. J. Holik, A. Chawla, S. Corvera & M. P. Czech:  ADP-
ribosylation factor 6 as a target of guanine nucleotide
exchange factor GRP1.  J Biol Chem 274, 27099-27104
(1999)



Phosphoinositides in GLUT4 vesicle dynamics

963

134.  Gray A, J. Van der Kaay & C. P. Downes: The
pleckstrin homology domains of protein kinase B and
GRP1 (general receptor for phosphoinositides-1) are
sensitive and selective probes for the cellular detection of
phosphatidylinositol 3,4-bisphosphate and/or
phosphatidylinositol 3,4,5-trisphosphate in vivo.  Biochem J
344, 929-936 (1999)

135.  Yang C, R. T. Watson, J. S. Elmendorf, D. B. Sacks
& J. E. Pessin: Calmodulin antagonists inhibit insulin-
stimulated GLUT4 (glucose transporter 4) translocation by
preventing the formation of phosphatidylinositol 3,4,5-
trisphosphate in 3T3-L1 adipocytes.  Mol Endocrinol 14,
317-326 (2000)

136.  Chen R, C. H. Kang, J. Chen, J. C. Shope, J.
Torabinejad, D. B. DeWald & G. D. Prestiwch: A
monoclonal antibody to visualize PtdIns (3,4,5)P3 in cells.
J Histochem Cytochem 50, 697-708 (2002)

137.  Balla T, T. Bondeva & P. Varnai: How accurately can
we image inositol lipids in living cells?  Trends Pharmacol
21, 238-241 (2000)

138.  White M . & C. R. Kahn: The insulin signaling
system.  J Biol Chem 269, 1-4 (1994)

139.  White M F: The IRS-signaling system: a network of
docking proteins that mediate insulin action.  Mol Cell
Biochem 182, 3-11 (1998)

140.  Moodie S A, J. Alleman-Sposeto & T. A. Gustafson:
Identification of the APS protein as a novel insulin receptor
substrate.  J Biol Chem 274, 11186-11193 (1999)

141.  Ribon V & A. R. Saltiel: Insulin stimulates tyrosine
phosphorylation of the protooncogene product of c-Cbl in
3T3-L1 adipocytes.  Biochem J 324, 839-845 (1997)

142.  Ahmed Z, B. J. Smith, K. Kotani, P. Wilden & T. S.
Pillay:  APS, an adapter protein with a PH and SH2
domain, is a substrate for the insulin receptor kinase.
Biochem J 341, 665-668 (1999)

143.  Standaert M L, L. Galloway, P. Karnam, G.
Bandyopadhyay, J. Moscat & R. V. Farese: Protein kinase
C-zeta as a downstream effector of phosphatidylinositol 3-
kinase during insulin stimulation in rat adipocytes.
Potential role in glucose transport.  J Biol Chem 272,
30075-30082 (1997)

144.  Chou M M, W. Hou, J. Johnson, L. K. Graham, M. H.
Lee, C. S. Chen, A. C. Newton, B. S. Schaffhausen & A.
Toker: Regulation of protein kinase C zeta by PI 3-kinase
and PDK-1.  Curr Biol 8, 1069-1077 (1998)

145.  Alessi D R, S. R. James, C. P. Downes, A. B.
Holmes, P.R. Gaffney, C. B. Reese & P. Cohen:
Characterization of a 3-phosphoinositide-dependent protein
kinase which phosphorylates and activates protein kinase
Balpha.  Curr Biol 7, 261-269 (1997)

146.  Le Good J A, W. H. Ziegler, P. B. Parekh, D. R.
Alessi, P. Cohen & P. J. Parker: Protein kinase C isotypes
controlled by phosphoinositide 3-kinase through the protein
kinase PDK1.  Science 281, 2042-2045 (1998)

147. Wiese R J, C. C. Mastick, D. F. Lazar & A. R. Saltiel:
Activation of mitogen-activated protein kinase and
phosphatidylinositol 3-kinase is not sufficient for the
hormonal stimulation of glucose uptake, lipogenesis, or
glycogen synthesis in 3T3-L1 adipocytes.  J Biol Chem
270, 3442-3446 (1995)

148.  Guilherme A & M. P. Czech: Stimulation of IRS-1-
associated phosphatidylinositol 3-kinase and Akt/protein
kinase B but not glucose transport by beta1-integrin
signaling in rat adipocytes.  J Biol Chem 11, 33119-33122
(1998)

149.  Isakoff S, C. Taha, E. Rose, J. Marcusohn, A. Klip &
E. Skolnik: The inability of phosphatidylinositol 3-kinase
activation to stimulate GLUT4 translocation indicates
additional signaling pathways are required for insulin-
stimulated glucose uptake.  Proc Natl Acad Sci USA 92,
10247-10251 (1995)

150. Jiang T, G. Sweeney, M. T. Rudolf, A. Klip, A.
Traynor-Kaplan & R. Y. Tsien: Membrane-permeant esters
of phosphatidylinositol 3,4,5-trisphosphate.  J Biol Chem
273, 11017-11024 (1998)

151.  Goodyear L J & B. B. Kahn: Exercise, glucose
transport, and insulin sensitivity.  Annu Rev Med 49, 235-
261 (1998)

152.  Chen D, J. S. Elmendorf, A. L. Olson, X. Li, H. S.
Earp & J. E. Pessin: Osmotic shock stimulates GLUT4
translocation in 3T3-L1 adipocytes by a novel tyrosine
kinase pathway.  J Biol Chem 272, 27401-27410 (1997)

153.  Wu-Wong J R, C. E. Berg, J. Wang, W. J. Chiou & B.
Fissel: Endothelin stimulates glucose uptake and GLUT4
translocation via activation of endothelin ETA receptor in
3T3-L1 adipocytes.  J Biol Chem 274, 8103-8110 (1999)

154.  Imamura T, K-I. Ishibashi, S. Dalle, S. Ugi & J. M.
Olefsky: Endothelin-1-induced GLUT4 translocation is
mediated via Gαq/11 protein and phosphatidylinositol 3-
kinase in 3T3-L1 adipocytes.  J Biol Chem 274, 33691-
33695 (1999)

155.  Bose A, A. D. Cherniack, S. E. Langille, S. M. C.
Nicoloro, J. M. Buxton, J. G. Park, A. Chawla & M. P.
Czech:  Gα11 signaling through ARF6 regulates F-actin
mobilization and GLUT4 glucose transporter translocation
to the plasma membrane.  Mol Cell Biol 21, 5262-5275
(2001)

156.  Lawrence J T R & M. J. Birnbaum: ADP-ribosylation
factor 6 delineates separate pathways used by endothelin 1
and insulin for stimulating glucose uptake in 3T3-L1
adipocytes.  Mol Cell Biol 21, 5276-5285 (2001)



Phosphoinositides in GLUT4 vesicle dynamics

964

157.  Saltiel A R & J. E. Pessin: Insulin signaling pathways
in time and space.  Trends Cell Biol 12, 65-71 (2002)

158.  Chiang S-H, C. A. Baumann, M. Kanzaki, D. C.
Thurmond, R. T. Watson, C. L. Neudauer, I. G. Macara, J.
E. Pessin, & A. R. Saltiel: Insulin-stimulated GLUT4
translocation requires the CAP-dependent activation of
TC10.  Nature 410, 944-946 (2001)

159.  Neudauer C L, G. Joberty, N. Tatsis & I. G. Macara:
Distinct cellular effects and interactions of the Rho-family
GTPase TC10.  Curr Biol 8, 1151-1160 (1998)

160.  Imagawa M, T. Tsuchiya & T. Nishihara:
Identification of inducible genes at the early stage of
adipocyte differentiation of 3T3-L1 cells.  Biochem
Biophys Res Commun 254, 299-305 (1999)

161.  Cheatham B, C. J. Vlahos, L. Cheatham, J. Blinis &
C. R. Kahn: Phoshatidylinositol 3-kinase is required for
insulin stimulation of pp70 S6 kinase, DNA synthesis, and
glucose transporter translocation.  Mol Cell Biol 14, 4902-
4911 (1994)

162.  Okada T, Y. Kawano, T. Sakakibara, O. Hazeki & M.
Ui:  Essential role of phosphatidylinositol 3-kinase in
insulin-induced glucose transport and antilipolysis in rat
adipocytes.  J Biol Chem 269, 3568-3573 (1994)

163.  Haruta T, A. Morris, D. Rose, J. Nelson, M. Muekler
& J. Olefsky:  Insulin-stimulated GLUT4 translocation is
mediated by a divergent intracellular signaling pathway.  J
Biol Chem 270, 27991-27994 (1995)

164.  Quon M, H. Chen, B. Ing, M. L. Liu, M. Zarnowski,
K. Yonezawa, M. Kasuga, S. Cushman & S. Taylor: Roles
of 1-phosphatidylinositol 3-kinase and Ras in regulating
translocation of GLUT4 in transfected rat adipose cells.
Mol Cell Biol 15, 5403-5411 (1995)

165.  Katagiri H, T. Asano, H. Ishihara, K. Inukai, Y.
Shibasaki, M. Kikuchi, Y. Yazaki & Y. Oka:
Overexpression of catalytic subunit p110 of
phosphatidylinositol 3-kinase increases glucose transport
activity with translocation of glucose transporters in 3T3-
L1 adipocytes.  J Biol Chem 271, 16987-16990 (1996)

166.  Martin S, T. Haruta, A. Morris, A. Klippel, L.
Williams & J. Olefsky: Activated phosphatidylinositol 3-
kinase is sufficient to mediate actin rearrangement and
GLUT4 translocation in 3T3-L1 adipocytes.  J Biol Chem
271, 17605-17608 (1996)

167.  Tanti J-F, T. Gremeaux, S. Grillo, V. Calleja, A.
Klippel, L. T. Williams, E. Van Obberghen & Y. Le
Marchand-Brustel: Overexpression of a constitutively
active form of phosphatidylinositol 3-kinase is sufficient to
promote GLUT4 translocation in adipocytes.  J Biol Chem
271, 25227-25232 (1996)

168.  Heller-Harrison RA, M. Morin, A. Guilhermes & M.
P. Czech: Insulin mediated targeting of
phosphatidylinositol 3-kinase to GLUT4-containing
vesicles.  J Biol Chem 271, 10200-10204 (1996)

169.  Clark S F, S. Martin, A. J. Carozzi, M. M. Hill & D.
E. James: Intracellular localization of phosphatidylinositide
3-kinase and insulin receptor substrate-1 in adipocytes:
potential involvement of a membrane skeleton. J Biol
Chem 140, 1211-1225 (1998)

170.  Kristiansen S, T. Ramlal & A. Klip:
Phosphatidylinositol 4-kinase, but not phosphatidylinositol
3-kinase, is present in GLUT4-containing vesicles isolated
from rat skeletal muscle.  Biochem J 335, 351-356 (1998)

171.  Frevert E U & B. B. Kahn:  Differential effects of
constitutively active phosphatidylinositol 3-kinase on
glucose transport, glycogen synthase activity, and DNA
synthesis in 3T3-L1 adipocytes.  Mol Cell Biol 17, 190-198
(1997)

172.  Khayat Z A, P. Tong, K. Yaworsky, R. J. Bloch & A.
Klip: Insulin-induced actin filament remodeling colocalizes
actin with phosphatidylinositol 3-kinase and GLUT4 in L6
myotubes.  J Cell Sci 113, 279-290 (2000)

173.  Tengholm A & T. Meyer: A PI 3-kinase signaling
code for insulin-triggered insertion of glucose transporters
into the plasma membrane.  Curr Biol 12, 1871-1876
(2002)

174.  Bi L, I. Okabe, D. Bernard, A. Wynshaw-Boris & R.
Nussbaum: Proliferation defect and embryonic lethality in
mice homozygous for a deletion in the p110α subunit of
phosphoinositide 3-kinase.  J Biol Chem 274, 10963-10968
(1999)

175.  Bi L, I. Okabe, D. Bernard & R. Nussbaum: Early
embryonic lethality in mice deficient in the p110β catalytic
subunit of PI 3-kinase.  Mamm Genome 13, 169-172 (2002)

176.  Fruman D A, F. Mauvais-Jarvis, D. A. Pollard, C. M.
Yballe, D. Brazil, R. T. Bronson, C. R. Kahn & L. C.
Cantley: Hypoglycaemia, liver necrosis and perinatal death
in mice lacking all isoforms of phosphoinositide 3-kinase
p85alpha.  Nat Genet 26, 379-382 (2000)

177.  Ueki K, C. M. Yballe, S. M. Brachmann, D. Vincent,
J. M. Watt, C. R. Kahn & L. C. Cantley: Increased insulin
sensitivity in mice lacking p85beta subunit of
phosphoinositide 3-kinase.  PNAS 99, 419-424 (2002)

178.  Mora S, P. L. Durham, J. R. Smith, A. F. Russo, A.
Jeromin & J. E. Pessin: NCS-1 inhibits insulin-stimulated
GLUT4 translocation in 3T3L1 adipocytes through a
phosphatidylinositol 4-kinase-dependent pathway.  J Biol
Chem 277, 27494-27500 (2002)

179.  Zhao X, P. Varnai, G. Tuymetova, A. Balla, Z. E.
Toth, C. Oker-Blom, J. Roder, A. Jeromin & T. Balla:
Interaction of neuronal calcium sensor-1 (NCS-1) with
phosphatidylinositol 4-kinase beta stimulates lipid kinase
activity and affects membrane trafficking in COS-7 cells.  J
Biol Chem 276, 40183-40189 (2001)

180.  Del Vecchio R L & P. F. Pilch: Phosphatidylinositol
4-kinase is a component of glucose transporter (GLUT4)-
containing vesicles.  J Biol Chem 266, 13278-13283 (1991)



Phosphoinositides in GLUT4 vesicle dynamics

965

181.  Ikonomov O C, D. Sbrissa, K. Mlak & A. Shisheva:
Requirement for PIKfyve enzymatic activity in acute and
long-term insulin cellular effects.  Endocrinology 143,
4742-4754 (2002)

182.  Sbrissa D, O. Ikonomov & A. Shisheva: Selective
insulin-induced activation of class IA phosphoinositide 3-
kinase in PIKfyve immune complexes from 3T3-L1
adipocytes.  Mol Cell Endocrinol 181, 35-46 (2001)

183.  Tong P, Z. A. Khayat, C. Huang, N. Patel, A. Ueyama
& A. Klip: Insulin-induced cortical actin remodeling
promotes GLUT4 insertion at muscle cell membrane
ruffles.  J Clin Invest 108, 371-381 (2001)

184.  Tsakiridis T, M. Vranic & A. Klip: Disassembly of
the actin network inhibits insulin-dependent stimulation of
glucose transport and prevents recruitment of glucose
transporters to the plasma membrane.  J Biol Chem 269,
29934-29942 (1994)

185.  Wang Q H, P. J. Bilan, T. Tsakiridis, A. Hinek & A.
Klip: GLUT4 translocation by insulin in intact muscle
cells: detection by a fast and quantitative assay.  FEBS Lett
427, 193-197 (1998)

186.  Guilherme A, M. Emoto, J. M. Buxton, S. Bose, R.
Sabini, W. E. Theurkauf, J. Leszyk & M. P. Czech:
Perinuclear localization and insulin responsiveness of
GLUT4 requires cytoskeletal integrity in 3T3-L1
adipocytes. J Biol Chem 275, 38151-38159 (2000)

187.  Emoto M, S. E. Langille & M. P. Czech: A role for
kinesin in insulin-stimulated GLUT4 glucose transporter
translocation in 3T3-L1 adipocytes.  J Biol Chem 276,
10677-10682 (2001)

188.  Omata W, H. Shibata, L. Li, K. Takata & I. Kojima:
Actin filaments play a critical role in insulin-induced
exocytotic recruitment but not in endocytosis of GLUT4 in
isolated rat adipocytes.  Biochem J 346, 321-328 (2000)

189.  Patki V, J. Buxton, A. Chawla, L. Lifshitz, K.
Fogarty, W. Carrington, R. Tuft & S. Corvera: Insulin
action on GLUT4 traffic visualized in single 3T3-L1
adipocytes by using ultra-fast microscopy.  Mol Biol Cell
12, 129-141 (2001)

190.  Kanzaki M, R. T. Watson, A. H. Khan & J. E. Pessin:
Insulin stimulates actin comet tails on intracellular GLUT4-
containing compartments in differentiated 3T3L1
adipocytes.  J Biol Chem 276, 49331-49336 (2001)

191.  Kanzaki M & J. E. Pessin: Insulin-stimulated GLUT4
translocation in adipocytes is dependent upon cortical actin
remodeling.  J Biol Chem 276, 42436-42444 (2001)

192.  Jiang Z Y, A. Chawla, A. Bose, M. Way & M. P.
Czech: A phosphatidylinositol 3-kinase-independent insulin
signaling pathway to N-WASP/Arp2/3/F-actin required for
GLUT4 glucose transporter recycling. J Biol Chem 277,
509-515 (2002)

193.  Clodi M, P. Vollenweider, J. Klarlund, N.
Nakashima, S. Martin, M. P. Czech & J. M. Olefsky:

Effects of general receptor for phosphoinositides 1 on
insulin and insulin-like growth factor I-induced cytoskeletal
rearrangement, glucose transporter-4 translocation, and
deoxyribonucleic acid synthesis.  Endocrinology 139,
4984-4990 (1998)

194.  Kanzaki M, R. T. Watson, J. Chunqui Hou, M.
Stamnes, A. R. Saltiel & J. E. Pessin: Small GTP-binding
protein TC10 differentially regulates two distinct
populations of filamentous actin in 3T3L1 adipocytes.  Mol
Biol Cell 13, 2334-2346 (2002)

195.  Taunton J: Actin filament nucleation by endosomes,
lysosomes and secretory vesicles.  Curr Opin Cell Biol 13:
85-91 (2001)

196.  Fawcett J & T. Pawson: N-WASP regulation – the
sting in the tail.  Science 290, 725-726 (2000)

197.  Rohatgi R, P. Nollau, H-Y. H. Ho, M. W. Kirschner
& B. J. Mayer: Nck and phosphatidylinositol 4,5-
bisphosphate synergistically activate actin polymerization
through the N-WASP-Arp2/3 pathway.  J Biol Chem 276,
26448-26452 (2001)

198.  Benesch S, S Lommel, A. Steffen, T. E. B. Stradal, N.
Scaplehorn, M. Way, J. Wehland & K. Rottner:
Phosphatidylinositol 4,5-bisphosphate (PIP2)-induced
vesicle movement depends on N-WASP and involves Nck,
WIP, and Grb2. J Biol Chem 277, 37771-37776 (2002)

199.  Kellerer M, F. Machicao, E. Seffer, J. Mushack, A.
Ullrich & H. U. Haring: Stimulation of phospholipase C
activity by insulin is mediated by both isotypes of the
human insulin receptor.  Biochem Biophys Res Commun
181, 566-572 (1991)

200.  Eichhorn J, A. G. Kayali, D. A. Austin & N. J. G.
Webster: Insulin activates phospholipase C-γ1 via a PI-3
kinase dependent mechanism in 3T3-L1 adipocytes.
Biochem Biophys Res Commun 282, 615-620 (2001)

201.  Nakashima N, P. M. Sharma, T. Imamura, R.
Bookstein & J. M. Olefsky: The tumor suppressor PTEN
negatively regulates insulin signaling in 3T3-L1
adipocytes.  J Biol Chem 275, 12889-12895 (2000)

202.  Sasaki T, A. Suzuki, S. Sasaki & J. M. Penninger:
Phosphoinositide 3-kinases in immunity: lessons from
knockout mice.  J Biochem 131, 495-501 (2002)

203.  Vollenweider P, M. Clodi, S. S. Martin, T. Imamura,
W. M. Kavanaugh & J. M. Olefsky: An SH2 domain-
containing 5′ inositolphosphatase inhibits insulin-induced
GLUT4 translocation and growth factor-induced actin
filament rearrangement.  Mol Cell Biol 19, 1081-1091
(1999)

204.  Helgason C D, J. E. Damen, P. Rosten, R. Grewal, P.
Sorensen, S. M. Chappel, A. Borowski, F. Jirik, G. Krystal
& R. K. Humphries: Targeted disruption of SHIP leads to
hemopoietic perturbations, lung pathology, and a shortened
life span.  Genes Dev 12, 1610-1620 (1998)



Phosphoinositides in GLUT4 vesicle dynamics

966

205.  Liu Q, T. Sasaki, I. Kozieradzki,k A. Wakeham, A.
Itie, D. J. Dumont & J. M. Penninger: SHIP is a negative
regulator of growth factor receptor-mediated PKB/Akt
activation and myeloid cell survival.  Genes Dev 13, 786-
791 (1999)

206.  Clement S, U. Krause, F. Desmedt, J-F. Tanti, J.
Behrends, X. Pesesse, T. Sasaki, J. Penninger, M. Doherty,
W. Malaisse, J. E. Dumont, Y. Le Marchand-Brustel, C.
Erneux, L. Hue & S. Schurmans: The lipid phosphatase
SHIP2 controls insulin sensitivity.  Nature 409, 92-97
(2001)

207.  Kishi K, H. Hayashi, L. Wang, S. Kamohara, M.
Tamaoka, T. Shimizu, F. Ushikubi, S. Narumiya & Y.
Ebina: Gq-coupled receptors transmit the signal for GLUT4
translocation via an insulin-independent pathway.  J Biol
Chem 271, 26561-26568 (1996)

208.  Kishi K, N. Muromoto, Y. Nakaya, I. Miyata, A.
Hagi, H. Hayashi & Y. Ebina: Bradykinin directly triggers
GLUT4 translocation via an insulin-independent pathway.
Diabetes 47, 550-557 (1998)

209.  Imamura T, P. Vollenweider, K. Egawa, M. Clodi, T.
Ishibashi, N. Nakashima, S. Ugi, J. W. Adams, J. Heller
Brown & J. M. Olefsky:  G alpha-q/11 proteins plays a key
role in insulin-induced glucose transport in 3T3-L1
adipocytes.  Mol Cell Biol 19, 6765-6774 (1999)

210.  Kanzaki M, R. T. Watson, N. O. Artemyev & J. E.
Pessin: The trimeric GTP-binding protein (G(q)/G(11))
alpha subunit is required for insulin-stimulated GLUT4
translocation in 3T3-L1 adipocytes.  J Biol Chem 275,
7167-7175 (2000)

211.  Chen J F, J. H. Guo, C. M. Moxham, H.Y. Wang &
C. C. Malbon: Conditional, tissue-specific expression of
Q205L Gαi2 in vivo mimics insulin action.  J Mol Med 75,
283-289 (1997)

212.  Song X, X. Zheng, C. C. Malbon & H.Y. Wang: Gαi2
enhances in vivo activation of and insulin signaling to
GLUT4.  J Biol Chem 276, 34651-34658 (2001)

213.  Schiffrin E L & R. M. Touyz: Vascular biology of
endothelin.  J Cardiovasc Pharmacol 32, S2-S13 (1998)

214.  Park J G, A. Bose, J. Leszyk & M. P. Czech: PYK2
as a mediator of endothelin-1/Gα11 signaling to GLUT4
glucose transporters.  J Biol Chem 276, 47751-47754
(2001)

215.  Imamura T, J. Huang, S. Dalle, S. Ugi, I. Usui, L. M.
Luttell, W. E. Miller, R. J. Lefkowitz & J. M. Olefsky:
Beta-arrestin-mediated recruitment of the Src family kinase
Yes mediates endothelin-1-stimulated glucose transport.  J
Biol Chem 276, 43663-43667 (2001)

216.  Berridge M J: Insotiol trisphosphate and calcium
signaling.  Nature 361, 315-325 (1993)

217.  Brown F D, A. L. Rozelle, H. L. Yin, T. Balla & J. G.
Donaldson: Phosphatidylinositol 4,5-bisphosphate and
Arf6-regulated membrane traffic.  J Cell Biol 154, 1007-
1017 (2001)

218.  Yang C Z & M. Mueckler: ADP-ribosylation factor 6
(ARF6) defines two insulin-regulated secretory pathways in
adipocytes.  J Biol Chem 274, 25297-25300 (1999)

219.  Clausen T: The relationship between the transport of
glucose and cations across cell membranes in isolated
tissues.  Biochim Biophys Acta 150, 66-72 (1968)

220.  Clausen T, J. Elbrink & A. B. Dahl-Hansen: The
relationship between the transport of glucose and cations
across cell membranes in isolated tissues.  IX. The role of
cellular calcium in the activation of the glucose transport
system in rat soleus muscle.  Biochim Biophys Acta 375,
292-308 (1975)

221.  Olefsky J M: Insulin’s effect on glucose oxidation
independent of glucose transport.  Biochem Biophys Res
Commun 71, 106-113 (1976)

222.  Sakaue H, W. Ogawa, M. Takata, S. Kuroda, K.
Kotani, M. Matsumoto, M. Sakaue, S. Nishio, H. Ueno &
M. Kasuga: Phosphoinositide 3-kinase is required for
insulin-induced but not for growth hormone- or
hyperosmolarity-induced glucose uptake in 3T3-L1
adipocytes.  Mol Endocrinol 11, 1552-1562 (1997)

223.  Holgado-Madruga M, D. R. Emlet, D. K. Moscatello,
A. K. Godwin & A. J. Wong: A Grb2-associated docking
protein in EGF- and insulin-receptor signaling.  Nature
379, 560-564 (1996)

224.  Janez A, D. S. Worrall, T. Imamura, P. M. Sharma &
J. M. Olefsky: The osmotic shock-induced glucose
transport pathway in 3T3-L1 adipocytes is mediated by
Gab-1 and requires Gab-1-associated phosphatidylinositol
3-kinase activity for full activation.  J Biol Chem 275,
26870-26876 (2000)

225.  Hresko R C & M. Mueckler: A novel 68-kDa
adipocyte protein phosphorylated on tyrosine in response to
insulin and osmotic shock.  J Biol Chem 275, 18114-18120
(2000)

226.  Meier R, M. Thelen & B. A. Hemmings: Inactivation
and dephosphorylation of protein kinase B alpha
(PKBalpha) promoted by hyperosmotic stress.  EMBO J 17,
7294-7303 (1998)

227.  Chen D, R. V. Fucini, A. L. Olson, B. A. Hemmings
& J. E. Pessin: Osmotic shock inhibits insulin signaling by
maintaining Akt/protein kinase B in an inactive
dephosphorylated state.  Mol Cell Biol 19, 4684-4694
(1999)

228.  Gual P, S. Shigematsu, M. Kanzaki, T. Grémeaux, T.
Gonzalez, J. E. Pessin, Y. Le Marchand-Brustel & J-F.



Phosphoinositides in GLUT4 vesicle dynamics

967

Tanti: A Crk-II/TC10 signaling pathway is required for
osmotic shock-stimulated glucose transport.  J Biol Chem
277, 43980-43986 (2002)

229.  Razzini G, A. Ingrosso, A. Brancaccio, S.
Sciacchitano, D. L. Esposito & M. Falasca: Different
subcellular localization and phosphoinositides binding of
insulin receptor substrate protein pleckstrin homology
domains.  Mol Endocrinol 14, 823-836 (2000)

230.  Vainshtein I, K. S. Kovacina & R. A. Roth: The
insulin receptor substrate (IRS)-1 pleckstrin homology
domain functions in downstream signaling.  J Biol Chem
276, 8073-8078 (2001)

231.  Summers S A, V. P. Yin, E. L. Whiteman, L. A.
Garza, H. Cho, R. L. Tuttle & M. J. Birnbaum: Signaling
pathways mediating insulin-stimulated glucose transport.
Ann NY Acad Sci 18, 169-186 (1999)

232.  Cho H, J. Mu, J. K. Kim, J. L. Thorvaldsen, Q. Chu,
E. B. Crenshaw III, K. H. Kaestner, M. S. Bartolomei, G. I.
Shulman & M. J. Birnbaum: Insulin resistance and a
diabetes mellitus-like syndrome in mice lacking the protein
kinase Akt2 (PKB beta). Science 292, 1728-1731 (2001)

233. Gaidarov I, Q. Chen, J. R. Falck, K. K. Reddy & J. H.
Keen: A functional phosphatidylinositol 3,4,5-
trisphosphate/phosphoinositide binding domain in the
clathrin adapter AP-2 α subunit.  J Biol Chem 271, 20922-
20929 (1996)

234. Gaidarov I, & J. H. Keen: Phosphoinositide-AP-2
Interactions required for targeting to plasma membrane
clathrin-coated pits. J Cell Biol 146, 755-764 (1999)

235.  Gillingham A K, F. Koumanov, P. R. Pryor, B. J.
Reaves & G. D. Holman: Association of AP1 adaptor
complexes with GLUT4 vesicles.  J Cell Sci 112, 4793-
4800 (1999)

236.  Barylko B, D. Binns, K. M. Lin, M. A. Atkinson, D.
M. Jameson, H. L. Yin & J. P. Albanesi: Synergistic
activation of dynamin GTPase by Grb2 and
phosphoinositides.  J Biol Chem 273, 3791-3797 (1998)

237.  Al-Hasani H, C. Sander Hinck & S. W. Cushman:
Endocytosis of the glucose transporter GLUT4 is mediated
by the GTPase dynamin.  J Biol Chem 273, 17504-17510
(1998)

238.  Kao A W, B. P. Ceresa, S. R. Santeler & J. E. Pessin:
Expression of a dominant interfering dynamin mutant in
3T3L1 adipocytes inhibits GLUT4 endocytosis without
affecting insulin signaling.  J Biol Chem 273, 25450-25457
(1998)

239.  Volchuk A, S. Narine, L. J. Foster, D. Grabs, P. De
Camilli & A. Klip: Perturbation of dynamin II with an
amphiphysin SH3 domain increases GLUT4 glucose
transporters at the plasma membrane in 3T3-L1 adipocytes.
J Biol Chem 273, 8169-8176 (1998)

240.  Hodgkin M N, M. R. Masson, D. Powner, K. M.
Saqib, C. P. Ponting & M. J. Wakelam: Phospholipase D
regulation and localization is dependent upon a
phosphatidylinositol 4,5-bisphosphate-specific PH domain.
Curr Biol 13, 43-46 (2000)

241.  Sciorra V A, S. A. Rudge, G. D. Prestwich, M. A.
Frohman, J. Engebrecht & A. J. Morris: Identification of a
phosphoinositide binding motif that mediates activation of
mammalian and yeast phospholipase D isoenzymes.
EMBO J 20, 5911-5921 (1999)

242.  Hoer A, C. Cetinday & E. Oberdisse: Influence of
phosphatidylinositol 4,5-bisphosphate on human
phospholipase D1 wild-type and deletion mutants: is there
evidence for an interaction of phosphatidylinositol 4,5-
bisphosphate with the putative Pleckstrin homology
domain?  Biochim Biophys Acta 1481, 189-201 (2000)

243.  Emoto M, J. K. Klarlund, S. B. Waters, V. Hu, J. M.
Buxton, A. Chawla & M. P. Czech: A role for
phospholipase D in GLUT4 glucose transporter
translocation.  J Biol Chem 275, 7144-7151 (2000)

244.  Kristiansen S, J. N. Nielson, S. Bourgoin, A. Klip, M.
Franco & E. A. Richter: GLUT-4 translocation in skeletal
muscle studied with a cell-free assay: involvement of
phospholipase D.  Am J Physiol Endocrinol Metab 281,
E608-E618 (2001)

245.  Donaldson J G & C. L. Jackson: Regulators and
effectors of the ARF GTPases.  Curr Opin Cell Biol 12,
475-482 (2000)

246.  Volkman B F, K. E. Prehoda, J. A. Scott, F. C.
Peterson & W. A. Lim: Structure of the N-WASP EVH1
domain-WIP complex: insight into the molecular basis of
Wiskott-Aldrich Syndrome. Cell 111, 565-576 (2002)

247.  Brown, R. A., J. Domin, A. Acaro,  M. D. Waterfield,
P. R. Shepherd: Insulin activates the alpha isoform of class
II phosphoinositide 3-kinases. J Biol Chem 274, 14529-
14532 (1999)

Key Words: PtdIns, PtdIns 3-P, PtdIns 5-P, PtdIns 4-P,
PtdIns 4,5-P2, PtdIns 3,5-P2, PtdIns 3,4-P2, PtdIns 3,4,5-P3,
PI 3-kinases, PI 4-kinases, PI 5-kinases, PIKfyve, PtdIns 4-
kinases, PTEN, SHIP2, GLUT4 translocation, Insulin,
Endothelin-1, Hyperosmotic shock, Arf6, TC10, Rho/Rac,
N-WASP, F-actin, Insulin receptor, Heterotrimeric G-
protein-coupled receptor, Review

Send correspondence to: Dr. Assia Shisheva, Department
of Physiology, Wayne State University School of
Medicine, 5374 Scott Hall, 540 E. Canfield Ave., Detroit,
MI 48201-1928, Tel: 313-577-5674, Fax: 313-577-5494, E-
mail: ashishev@med.wayne.edu


