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The PTEN (phosphatase and tensin homologue deleted on chromo-
some 10) tumour suppressor is a PI (phosphoinositide) 3-phos-
phatase that can inhibit cellular proliferation, survival and growth
by inactivating PI 3-kinase-dependent signalling. It also suppres-
ses cellular motility through mechanisms that may be partially
independent of phosphatase activity. PTEN is one of the most
commonly lost tumour suppressors in human cancer, and its de-
regulation is also implicated in several other diseases. Here we dis-
cuss recent developments in our understanding of how the cellular
activity of PTEN is regulated, and the closely related question of
how this activity is lost in tumours. Cellular PTEN function ap-
pears to be regulated by controlling both the expression of the
enzyme and also its activity through mechanisms including oxi-
dation and phosphorylation-based control of non-substrate mem-

brane binding. Therefore mutation of PTEN in tumours disrupts
not only the catalytic function of PTEN, but also its regulatory
aspects. However, although mutation of PTEN is uncommon in
many human tumour types, loss of PTEN expression seems to
be more frequent. It is currently unclear how these tumours lose
PTEN expression in the absence of mutation, and while some
data implicate other potential tumour suppressors and oncogenes
in this process, this area seems likely to be a key focus of future
research.
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INTRODUCTION

The PTEN (phosphatase and tensin homologue deleted on chro-
mosome 10) lipid phosphatase is a ubiquitous regulator of the cel-
lular PI (phosphoinositide) 3-kinase signalling pathway (Fig-
ure 1). This signalling pathway is characterized by the regulated
activation of class I PI 3-kinase enzymes, producing the second
messenger PtdIns(3,4,5)P3 (phosphatidylinositol 3,4,5-trisphos-
phate) from its relatively abundant precursor PtdIns(4,5)P2 [1,2].
In turn, PtdIns(3,4,5)P3 mediates downstream signalling through
a range of effector proteins, including the proto-oncogene product
PKB (protein kinase B)/Akt, that are able to recognize this lipid
and bind it selectively [3–5]. PTEN antagonizes PI 3-kinase sig-
nalling by dephosphorylating the 3-position of the inositol ring of
PtdIns(3,4,5)P3 and thus inactivating downstream signalling [6–
9] (Figure 1). Although other 3-phosphorylated inositol lipids and
phosphates have been proposed as substrates for PTEN, current
evidence indicates that PtdIns(3,4,5)P3 may well be its only
important physiological substrate of this type [10–12]. PTEN also
has a weak protein phosphatase activity, and several target proteins
have been proposed [13–15], including PTEN itself (see below)
and the platelet-derived growth factor receptor, which may form
a complex with PTEN [15]. Resolving whether these proteins are
physiological substrates for the phosphatase is an important area
for future work.

Signalling mediated by PtdIns(3,4,5)P3 has been studied inten-
sively, as it plays an important role in regulating many physio-
logically and pathologically significant processes, such as cellular

proliferation, survival, growth and motility, and because levels of
this lipid increase rapidly upon cellular exposure to a wide range
of stimuli, including many growth factors. Particular attention has
focused on PtdIns(3,4,5)P3-dependent signalling in the field of
cancer research, as deregulation of this signalling system appears
to be an almost universal characteristic of human tumours, and
plays at least some part in almost all of the cellular behaviours
that characterize the tumour phenotype [3,16]. A recent review
defined six characteristics that are usually necessary for tumour
formation: evasion of apoptosis, self sufficiency in growth signals,
insensitivity to anti-growth signals, sustained angiogenesis, tis-
sue invasion and metastasis, and limitless replicative potential
[17]. It is notable that PtdIns(3,4,5)P3 signalling appears to be in-
volved in the regulation of at least the first five of these six.

One reason for the importance of PTEN in cellular signalling
and its tumour suppressor status in a wide range of tumour types
is lack of functional redundancy. Although other PtdIns(3,4,5)P3

phosphatases have been identified, there are no widely expressed
PTEN homologues, and it appears that in many (or most) cell
types, PTEN activity has a strong influence on both basal and sti-
mulated PtdIns(3,4,5)P3 levels [18,19]. Although the human gen-
ome contains at least seven gene-like sequences with significant
identity to PTEN, including the PI 3-phosphatase TPIP (TPTE and
PTEN homologous inositol lipid phosphatase), and also TPTE
(transmembrane phosphatase with tensin homology), which ap-
pears to lack this activity, expressed sequence tags derived from
many of the other gene copies appear to contain frameshift muta-
tions or lack requisite parts of the phosphatase and C2 domains,

Abbreviations used: MAGI, membrane-associated guanylate kinase with inverted domain structure; NEP, neutral endopeptidase; PDZ, PSD-95/Dlg/ZO-1;
PI, phosphoinositide; PICT1, protein interacting with C-terminal tail 1; PKB, protein kinase B; PPAR, peroxisome proliferator-activated receptor; PTEN, phos-
phatase and tensin homologue deleted on chromosome 10; PTP, protein tyrosine phosphatase; SH2, Src homology 2; SHIP, SH2-containing inositol
phosphatase; TPIP, TPTE and PTEN homologous inositol lipid phosphatase; TPTE, transmembrane phosphatase with tensin homology.

1 email n.r.leslie@dundee.ac.uk
2 email c.p.downes@dundee.ac.uk

c© 2004 Biochemical Society



2 N. R. Leslie and C. P. Downes

Figure 1 Model for the inhibition of PI 3-kinase signalling by PTEN and SHIP at the plasma membrane

The lipid second messenger PtdIns(3,4,5)P3 is produced from the abundant cellular PI PtdIns(4,5)P2 by the action of class I PI 3-kinase (PI3K) enzymes, which phosphorylate the 3-position of the
inositol ring. PI 3-kinases are activated by diverse stimuli, including many that act through transmembrane growth factor receptors. PtdIns(3,4,5)P3 is metabolized by two classes of phosphatases,
exemplified by the PI 3-phosphatase, PTEN, which converts PtdIns(3,4,5)P3 back into PtdIns(4,5)P2, and the SHIP 5-phosphatases that convert PtdIns(3,4,5)P3 into PtdIns(3,4)P2. PtdIns(3,4,5)P3

mediates effects on downstream signalling and cellular behaviour through protein targets, such as PKB/Akt, that are able to recognize this lipid and bind it selectively.

indicating that these may be pseudogenes [20,21]. Because the tis-
sue distribution of TPIP and TPTE is limited, and since current
evidence indicates that neither protein fulfils the function of PTEN
in the regulation of PI 3-kinase-dependent signalling, it appears
that these proteins do not represent widespread functional homo-
logues of PTEN. Other unrelated enzymes that metabolize
PtdIns(3,4,5)P3 by dephosphorylation of the 5-position of the
inositol ring have also been identified, most notably the SHIP
[SH2 (Src homology 2)-containing inositol phosphatase] proteins
(1 and 2) and possibly SKIP (skeletal muscle- and kidney-
enriched inositol phosphatase), and these proteins do seem to
be able to regulate PtdIns(3,4,5)P3-dependent signalling [22–24].
However, the SHIP 5-phosphatases do not appear to regulate
basal PtdIns(3,4,5)P3 levels, since, in the absence of stimulation,
cells lacking SHIP do not have the elevated basal levels of
PtdIns(3,4,5)P3 or PKB/Akt activity characteristic of PTEN-null
cells [18,19,25–30]. Rather, loss of SHIP has been shown to en-
hance the duration and magnitude of stimulated rises in the
levels of PtdIns(3,4,5)P3 or PKB activity [25–28]. Thus it is pro-
bably the long-term elevation of lipid levels and activation of
signalling caused by PTEN loss that is important for tumour de-
velopment. This reflects findings indicating that the basal level of
PtdIns(3,4,5)P3 in unstimulated cells can play important permis-
sive roles in cell signalling [31–33], a feature that is undoubtedly
shared with many other signalling pathways.

This review will focus on the PTEN protein, and its physio-
logical regulation and pathological deregulation. Other recent re-
views have addressed broader aspects of the role of PI 3-kinase

and PTEN signalling, including the signalling pathways up-
stream of PtdIns(3,4,5)P3 and PI 3-kinase, and also downstream
PtdIns(3,4,5)P3-dependent signalling and physiology [3,34–36].

THE PTEN PROTEIN

PTEN (Figure 2) is a 403-amino-acid protein, and a member of the
large PTP (protein tyrosine phosphatase) family. Determination
of the PTEN crystal structure revealed that the N-terminal phos-
phatase domain is followed by a tightly associated C-terminal
C2 domain [37]. These two domains together form a minimal
catalytic unit, and comprise almost the entire protein, excluding
only a very short N-terminal tail and a longer 50-amino-acid C-ter-
minal tail. It is significant that the phosphatase/C2 domain core of
PTEN, lacking the C-terminal tail, is sufficient for the metabolism
of PtdIns(3,4,5)P3 in cells, indicating that this not only is a com-
petent enzyme, but is able to access its lipid substrate in the
plasma membrane [37,38]. The termini, however, seem to play im-
portant roles in the regulation and/or targeting of enzyme activ-
ity. The N-terminal sequence contains a polybasic motif, exten-
ding somewhat into the start of the phosphatase domain, with
some similarity to sequences found in proteins such as the ERM
(ezrin, radixin and moesin) proteins and kinesin that have been
proposed to bind PtdIns(4,5)P2 [7,39,40]. The role of this motif
in electrostatic membrane recruitment is discussed below. In con-
trast, the longer C-terminal tail contains a cluster of serine and
threonine residues that become phosphorylated in many cells, a
putative PEST sequence and, at the extreme C-terminus of the
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Figure 2 The PTEN protein

The 403-amino-acid PTEN protein is represented. The N-terminal phosphatase domain (amino acids 7–185) and the C2 domain (186–351) are both required for enzymic activity. The catalytic
cysteine residue (Cys-124) is represented by a large encircled letter C, and Cys-71 by a smaller letter c. These residues form a reversible disulphide bond when the enzyme becomes oxidized. The
N-terminal PtdIns(4,5)P2 binding motif is shown at the N-terminal end of the phosphatase domain, although it is uncertain whether in cells this motif responds to PtdIns(4,5)P2, or perhaps another
more abundant acidic lipid such as phosphatidylserine. The extreme C-terminal PDZ binding sequence is also shown, and although it is represented as a small region, the extent of further sequences
required for optimal specificity and affinity of binding is not known. The phosphorylation sites in the C-terminal tail are represented by a circled letter P.

protein, a binding site for a group of PDZ (PSD-95/Dlg/ZO-1)
domain-containing proteins.

A recent study, of great potential importance, has shown that
expression of the C2 domain of PTEN alone, in the absence of
the phosphatase domain, is able to suppress cellular motility [41].
While these data do not show unequivocally that normal expres-
sion of the wild-type protein shares this effect, and the mechanism
is unknown, the inactivity of other C2 domains and evidence
for the regulation of this non-phosphatase function within PTEN
supports the idea that this function is likely to be physiologically
significant. Although the importance of PTEN lipid phosphatase
activity for tumour suppression in some tumours and in Cowden
disease is firmly established, it seems that PTEN may regulate
cellular motility through two distinct mechanisms, and that both
could play a role in the suppression of metastasis by PTEN. That
study also provided evidence that the weak protein phosphatase
activity of PTEN acts to dephosphorylate its C-terminal phos-
phorylation sites.

REGULATION OF PTEN FUNCTION IN NORMAL CELLS

In contrast with many other signalling enzymes, PTEN lacks
obvious regulatory domains, and appears to have relatively high
constitutive phosphatase activity, both in vitro and in cells
[6,7,10,18,30]. For example, the other well characterized
PtdIns(3,4,5)P3 phosphatases, the SHIP 5-phosphatases, contain
an SH2 domain, a poly-proline region and phosphotyrosine mo-
tifs, and appear to be tightly regulated, with low basal cellular
activity. Thus a range of PTEN-null cells have been found to have
greatly elevated basal PtdIns(3,4,5)P3 levels, in contrast with cells
lacking SHIP, which instead demonstrate a greater magnitude and
duration of stimulated rises in the levels of this lipid [18,19,27,42].

Studies of PTEN regulation have taken some time to progress,
reflecting the nature of these regulatory mechanisms. For example,
regulation through oxidation of PTEN is reversible and is not
conserved in normal lysis buffers containing reducing agents,
and although phosphorylation of the enzyme appears to play a
critical regulatory role in cells, it does not markedly affect the
activity of the enzyme in simple in vitro assays. However, more
recently, there has been relatively rapid progress in understanding

how and under what circumstances PTEN phosphatase activity is
regulated.

REGULATION OF THE PTEN PROTEIN: PHOSPHORYLATION,
MEMBRANE RECRUITMENT AND OXIDATION

Phosphorylation of PTEN

Recent studies have given us a picture of PTEN regulation in
which phosphorylation plays several important roles, mainly
through induction of a conformational switch. Most cellular
PTEN appears to be phosphorylated upon a cluster of serine and
threonine residues (Ser-370, Ser-380, Thr-382, Thr-383 and Ser-
385) in a highly acidic stretch of the C-terminal tail [43–48]. In this
form, PTEN is also probably monomeric and cytosolic [43,44,46].
It seems likely that the identification of these phosphorylation sites
was simplified by the fact that they appear to be phosphorylated
constitutively, and it seems quite possible that other sites remain
to be identified that only become phosphorylated in a small
proportion of the cellular PTEN protein. Evidence has also been
presented proposing the regulation of PTEN through tyrosine
phosphorylation [49,50]. However, since physiological conditions
that affect this phosphorylation have yet to be identified, the
significance of this is currently unclear.

Using PTEN mutants in which the putative phosphorylation
sites were changed to alanine residues, it has been inferred that de-
phosphorylation makes PTEN highly susceptible to proteolysis,
increases its affinity for anionic lipids and enhances its localization
to the plasma membrane. Also, despite the limited stability and ex-
pression levels of these proteins, non-phosphorylatable PTEN
mutants have greatly enhanced biological activity in cells, pre-
sumably due to co-localization with their membrane-incorporated
substrate [43,51]. It has been proposed that the dephosphorylation
of these C-terminal residues causes a conformational opening up of
the protein that mediates many of these effects of phosphoryl-
ation [46,51]. Although direct evidence for this is lacking, this
seems a plausible hypothesis, since dephosphorylated protein
is more sensitive to protease digestion in vitro [46], interacts
much more efficiently with some protein binding partners [46],
and also associates more effectively with cellular membranes [51].
It seems likely that the opening up of the PTEN structure reveals
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Figure 3 Model for regulation of PTEN activity by phosphorylation

A model for the regulation of PTEN activity has been developed, largely from the work of Vazquez et al. [43,46] and Das et al. [51]. Phosphorylated residues in the C-terminal tail of PTEN interact
with basic regions of the phosphatase (Phos) and C2 domains, causing the long unstructured C-terminal tail to mask the basic membrane-binding surface of PTEN. This causes PTEN to remain in
the cytosol, away from its membrane-located substrate, PtdIns(3,4,5)P3. Dephosphorylation of these residues releases the C-terminal tail, allowing the electrostatic interaction of the phosphatase
and C2 domains of PTEN with acidic membranes. This also enhances protein–protein interactions mediated by the C-terminal tail, particularly through the PDZ binding site. It is important to note
that dephosphorylation of PTEN also enhances its proteolytic degradation.

the basic regions in PTEN that can mediate its binding to acidic
membranes, and that in the phosphorylated protein these basic
regions are hidden, perhaps through direct interaction with the
highly acidic phosphorylated C-terminus. An illustration of this
model is shown in Figure 3.

It has been proposed that the PTEN C-terminus is phospho-
rylated by the protein kinase CK2, which is considered to be con-
stitutively active. In support of a role for CK2, this kinase phos-
phorylates PTEN very efficiently upon several C-terminal
residues in vitro, and inhibitors of CK2 greatly decrease PTEN
phosphorylation in cells [44,47]. However, since these inhibitors
are weak and rather non-specific, this point remains to be demon-
strated beyond reasonable doubt [52]. Most cellular PTEN appears
to be maintained in a phosphorylated, inactive state, and its
transient activation can be mediated through dephosphorylation.
Therefore, identifying the phosphatases and pathways responsible
for dephosphorylating PTEN in vivo is of significant interest.

Evidence that phosphorylation of PTEN is at least partially
decreased by PI 3-kinase inhibitors supports the involvement of
a PI 3-kinase-dependent kinase or a PI 3-kinase-inhibited phos-
phatase in a potential feedback control mechanism. One exciting
additional possibility is that PTEN may initiate this regulatory
switch itself, through autodephosphorylation specifically of Thr-
383, by its own weak protein phosphatase activity [41,48]. This
idea is supported by the finding that phosphatase-inactive PTEN
mutants are found to be more highly phosphorylated upon C-ter-
minal residues than the wild-type enzyme, and that the PI 3-kinase
inhibitor wortmannin only partially decreased this phosphoryl-
ation [48]. In this model, autodephosphorylation reveals a phos-
phatase-independent capability of the PTEN C2 domain to inhibit
cell motility. This property is present in the C2 domain expressed
independently and in a full-length PTEN mutant (G129E) that
retains protein phosphatase (but not lipid phosphatase) activity,
but not in a totally phosphatase-dead mutant. However, mutation
of a single C-terminal phosphorylation site, Thr-383, recovered
the activity of phosphatase-dead PTEN. This would seem to indi-

cate that the protein phosphatase activity of PTEN is required
to dephosphorylate Thr-383, in order to relieve the inhibition of
function caused by the phosphorylated C-terminus. Hopefully, it
will be possible in the future to build upon this work, to form a
picture of how the phosphorylation of PTEN upon the identified
residues, and possibly others, is regulated.

PTEN shows a preference for substrates in acidic membranes

Several recent reports have shown that PTEN has greater activity
towards substrates incorporated into lipid surfaces that have an
acidic character, such as the inner leaflet of the cellular plasma
membrane. PTEN shows enhanced activity in vitro against sub-
strates presented in vesicles that include non-substrate acidic
lipids, compared with uncharged vesicles [10]. Using surface plas-
mon resonance analysis, the transient interaction between PTEN
and lipid surfaces was analysed directly, showing that this inter-
action was stronger with a more anionic surface, and that optimal
binding required several basic regions of PTEN within the phos-
phatase and C2 domains [51]. Significantly, these findings were
mirrored in the membrane binding of these proteins in cells [51].
Further analysis has shown that a polybasic motif at the PTEN
N-terminus plays an important role in both the binding to anionic
vesicles and the enhancement of activity, such that a mutation in
this motif identified in a human glioblastoma (K13E) specifically
impairs this binding and activation, and removes the ability of the
enzyme to regulate cellular proliferation in culture [39].

The activation of PTEN by anionic lipids has also been observed
using short-chain soluble lipids [53], and the authors proposed a
conformational/allosteric activation mechanism. However, since
such short-chain lipids strongly inhibit activity against the truly
monomeric soluble substrate InsP4, we feel that the data are bet-
ter explained by a charge-based recruitment of PTEN to lipid
micelles/aggregates. Together, all these data support a model in
which PTEN is preferentially recruited to, and active against,
lipids within membranes that contain relatively high levels of
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anionic lipids, such as PtdIns(4,5)P2 and phosphatidylserine. It is
of some significance that data have recently been presented indi-
cating that PTEN is active only against substrates located within
the acidic plasma membrane, but not within internal membranes
such as the less charged endoplasmic reticulum [54].

Localization to the cytosol, plasma membrane and nucleus

The localization of PTEN is somewhat controversial, due in part
to the protein being localized in different places in different cell
types. However, several lines of evidence indicate that the protein
is largely cytosolic, that a small variable proportion is plasma
membrane-associated, and that the proportion of plasma mem-
brane-associated protein is tightly regulated and functionally sig-
nificant. Many studies using expressed tagged PTEN have shown
a uniform cytosolic localization (e.g. [55]), as have immunohisto-
chemical studies of a variety of tissues [56–60]. These studies
often also show significant nuclear staining of certain cell types,
and in some cases predominantly nuclear staining [56–58,60].
Nuclear PTEN has rarely been seen in cultured cells, with the
notable exceptions of differentiated PC12 cells [61] and primary
vascular smooth muscle cells [62], where this localization was
confirmed by both immunocytochemistry and subcellular frac-
tionation. Very little is known regarding the functional conse-
quences and mechanisms of localization of PTEN in the nucleus.
More recently, some [63,64], but not all [62], immunofluorescence
studies addressing the localization of the endogenous protein in
cultured cells have identified a strong plasma membrane signal
in addition to a diffuse cytosolic one. This is important because of
recent evidence that many exogenously expressed tagged PTEN
proteins are partially impaired in their membrane recruitment
[39,65,66]. Therefore it seems likely that a significant fraction of
endogenous PTEN is membrane associated, with some variations
from cell to cell. Clearly, more studies on endogenous PTEN are
required to confirm these conclusions. It is worthy of note that
the recruitment of some molecules of PTEN on to the plasma
membrane seems likely to be mediated through regulated elec-
trostatic interactions with the acidic inner leaflet of the plasma
membrane (see above), but probably not other endomembrane
compartments such as the endoplasmic reticulum [39,51,54].

An important aspect of the localization of PTEN is the idea
that it can be tightly regulated during chemotaxis in cells of the
slime mould Dictyostelium discoideum, and possibly human neu-
trophils. PTEN relocalizes during chemotaxis to the trailing edge
of these cells, and this may play a role in restricting the accumu-
lation of PtdIns(3,4,5)P3 at the leading edge of the cells during
polarized cell movement [63,67]. Whether PTEN localizes to
the rear of human cells during chemotaxis is still an important
and controversial point, however [63,68,69]. Since human and
Dictyostelium PTEN proteins are very different, this would
represent a novel, highly conserved mechanism of PTEN regu-
lation that would be expected to play an important role in the
non-uniform accumulation of PtdIns(3,4,5)P3 that appears to be
an important event in many polarized cells. This implicates an
interaction of PTEN with components specifically localized at
the trailing edge of the cell, but the identity of such a component
is currently unknown.

Membrane recruitment through protein–protein interaction

The factors regulating membrane recruitment through the electro-
static interaction of PTEN with membrane lipids are described
above. However, PTEN also interacts with several membrane-
located proteins. Most of these interactions involve the C-terminal
tail of PTEN, beyond the C2 domain, and it is well established

that, although this tail is not required for PTEN activity, either
in vitro or in cells [37,43,70,71], it plays important regulatory
roles. Thus the extreme C-terminus of PTEN is a binding site
in vitro for PDZ domains within several proteins, including the
MAGI (membrane-associated guanylate kinase with inverted do-
main structure) proteins 1, 2 and 3, DLG (discs large), MAST205
(microtubule-associated serine/threonine kinase of 205 kDa) and
MUPP1 (multiple PDZ domain-containing protein 1) [65,72,73],
and an interaction in cells has been shown for MAGI 2. Although
the PDZ-dependent targeting of PTEN appears to be important
in the cellular regulation of membrane ruffling, cell spreading and,
at least in some studies, PKB/Akt [65,66,74], a clear picture has
not yet emerged of which PDZ protein(s) are involved, or whether
targeting of PTEN affects a specific pool of PtdIns(3,4,5)P3 in a
particular cellular location. It is conceivable that PDZ domain
binding simply increases the effective concentration of PTEN at
the plasma membrane or, alternatively, that PTEN is co-localized
through such a mechanism with regulatory proteins such as protein
kinases, phosphatases or antioxidant proteins.

A recent study has identified an interaction between the intra-
cellular domain of plasma membrane-localized NEP (neutral
endopeptidase) and a short stretch of the C-terminal tail of
PTEN that includes the identified cluster of phosphorylation sites,
although the interaction did not appear to require phosphorylation
[64]. It appears that the interaction of PTEN with NEP is able
to recruit the phosphatase to the membrane, and that the level of
NEP may regulate downstream PKB/Akt through this mechanism,
independently of its proteolytic activity [64].

Regulation through oxidation

PTEN is a member of the PTP enzyme family, which relies on
a highly reactive active-site cysteine residue for catalysis. It has
been recognized that this reactivity also makes PTP active-site
cysteine residues sensitive to oxidation, and evidence is now
accumulating that such oxidative inactivation may be an important
physiological mechanism for the regulation of the activity of this
diverse and important enzyme family. It has been shown recently
that PTEN is highly sensitive to oxidation, with a disulphide bond
being formed between the active-site cysteine Cys-124 and ano-
ther cysteine, Cys-71, that lies very close to it in the PTEN crystal
structure [75]. Studies have now shown that PTEN can become
oxidized both during experimental oxidative stress and by endo-
genously produced reactive oxygen species, and that this oxida-
tion of PTEN plays a non-redundant role in the redox regulation
of PI 3-kinase-dependent signalling [76]. Although data are cur-
rently lacking, the regulation of PTEN by endogenous reactive
oxygen species, its interaction with thioredoxin and the evolu-
tionary conservation of Cys-71 in PTEN proteins from humans
to Drosophila and Dictyostelium, despite this residue not being
required for enzyme activity, all suggest that the regulation of this
enzyme by redox processes is likely to be significant [75–77].

REGULATION OF PTEN EXPRESSION: TRANSCRIPTION AND
PROTEIN STABILITY

Experimental evidence from mice and the study of a group of
human inherited conditions has shown that PTEN heterozygosity
is accompanied by phenotypic effects, some of which appear to
result from haplo-insufficiency rather than loss of the remaining
wild-type allele. Human Cowden disease patients, heterozygous
for PTEN, display several developmental abnormalities and nu-
merous benign polyps that appear to result from reduced expres-
sion of the PTEN protein. This and many other pieces of evidence
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indicate the importance of correct regulation of the expression of
PTEN.

Several circumstances have now been identified in which
PTEN expression is transcriptionally regulated. The first was the
identification of the PTEN gene as a target of the PPARγ (per-
oxisome proliferator-activated receptor γ ) agonist rosiglitazone,
currently in widespread use as an insulin-sensitizing agent in
the treatment of diabetes [78]. The study identified two PPARγ
binding sites in the PTEN promoter, and showed a dramatic up-
regulation in PTEN expression in several cell types in response
to rosiglitazone, and a corresponding inactivation of downstream
signalling that did not occur in cells with reduced PPARγ ex-
pression [78]. This seems a paradoxical property for an insulin-
sensitizing agent, and is the subject of further study examining
whether it is a possible cause or a consequence of the insulin-
sensitizing effects of the drug.

Subsequently, the transcription factors p53 and egr-1 have been
shown to bind the PTEN promoter and regulate its expression,
and it appears that both may play a role in the up-regulation
of PTEN expression caused by irradiation [79,80]. Additionally,
egr-1 appears to be required for the up-regulation of PTEN ex-
pression induced by insulin-like growth factor-II in the breast
[81], and nuclear factor-κB to be required for the suppression
of PTEN expression induced by tumour necrosis factor, although
this latter effect appeared to be independent of p65 DNA binding
[82]. Studies have also addressed the mechanism of constitutive
expression of PTEN [83], and its down-regulation by transforming
growth factor β [55] and up-regulation during granulocytic/mono-
cytic [84] and neuronal [61] differentiation. However, despite
these important studies, we have only a crude picture of the factors
acting upon the PTEN promoter, or of how the regulation of PTEN
expression fits in with other cellular signalling systems.

Significant evidence has also established that the abundance of
PTEN is regulated through effects on the stability of the protein.
This was originally identified in studies of the phosphorylation
of PTEN in its C-terminal tail region [43,44] showing that the
phosphorylated protein is relatively stable. Dephosphorylation of
these residues leads to a functional activation of the protein (see
above), but also to dramatic destabilization. Little is known about
the precise regulation or mechanism of PTEN proteolysis, but
several studies have implicated proteosomal degradation, since in
some circumstances PTEN stability appears to be increased by
proteasome inhibitors [44,45,85], and the detection of ubiquiti-
nated forms of PTEN has been reported [45]. During apoptosis,
it appears that PTEN protein becomes cleaved at several C-ter-
minal sites, probably by caspase 3, sensitizing the protein to
further degradation, and blocking interaction with PDZ domain-
containing scaffold proteins [86]. However, the significance of
these findings is currently unclear.

An exciting new study has identified a novel protein capable of
regulating PTEN stability, which may also play a role in tumour
development [87]. In a screen for proteins interacting with the
C-terminal tail of PTEN, Maehama and colleagues identified a
novel protein named PICT1 (protein interacting with C-terminal
tail 1), which apparently localized to the nucleolus. When levels
of PICT1 were lowered experimentally by RNA interference,
this also led to a marked decrease in PTEN levels. Since the
PICT1-interacting region of PTEN is very close to the C-terminal
phosphorylation sites, it is interesting to speculate upon a common
mechanism shared by the effects of PICT1 expression and PTEN
phosphorylation on PTEN protein stability, but evidence for this
is currently lacking. This research group then went on to show
that PICT1 expression was lowered in a subset of human tumour
samples, raising the exciting possibility that PICT1 might also act
as a tumour suppressor.

DEREGULATION OF PTEN FUNCTION IN DISEASE

As discussed above, the PI 3-kinase signalling pathway plays an
important role in the regulation of a wide range of significant bio-
logical processes. Thus it is unsurprising that deregulation of this
signalling pathway appears to play a causal role in several dif-
ferent disease states, and indeed the pathway has been identified
as a target for therapeutic intervention, with much recent activity
surrounding attempts to develop isoform-specific inhibitors of
PI 3-kinase enzymes for use in the treatment of several different
conditions [88–90]. With regard to PTEN specifically, alterations
in the expression and activity of the phosphatase have been pro-
posed to play a causal role in the development of several condi-
tions other than cancer, including rheumatoid arthritis, chronic
obstructive pulmonary disease and pulmonary fibrosis [91–93].
However, understanding of the role of PTEN in these conditions
is currently at an early stage, and here we will focus on the well
established role of PTEN deregulation in cancer. Clearly the same
mechanisms that are used by cells in the normal regulation of
PTEN are found to be deregulated pathologically, but a better
understanding specifically of this pathological deregulation
should assist in the development of therapeutics targeting PTEN
and the PI 3-kinase pathway.

The PTEN gene was originally identified due to its mutation in
several types of sporadic tumour and tumour cell lines [94,95].
Evidence for mutation of the PTEN coding sequence in many
diverse tumour types [96], the greatly elevated susceptibility of
PTEN heterozygous mice to a range of tumour types [97–99] and
several tissue-specific mouse knockout experiments [100–103]
strongly support the status of PTEN as an important tumour sup-
pressor for many types of cancer. In addition, soon after the identi-
fication of PTEN, it was discovered that inherited mutations in
PTEN can cause several human disorders, including Cowden dis-
ease, Bannayan–Riley–Ruvalcaba syndrome and Proteus syn-
drome [104,105]. Cowden disease in particular is accompanied
by an increased cancer risk, specifically of breast and thyroid
tumours. It is currently unclear, and of some interest, how several
rather different autosomal dominant human disorders can be
caused by apparently equivalent mutations in the same gene [106].
Of the 150 or so mutations in PTEN that have been identified in
patients suffering from these inherited disorders, none have been
described in the C-terminal tail, in common with endometrial tu-
mours, but in stark contrast with data from some other tumour
types, such as glioblastoma. Since the C-terminal tail is dispens-
able for catalytic activity, this suggests that complete loss of PTEN
activity is required for the development of these inherited syn-
dromes, and possibly of endometrial tumours, whereas the partial
loss of function caused by C-terminal mutation may be sufficient
to assist the progression of other tumours such as glioblastomas.
As described above, strong evidence indicates that loss of PTEN
drives tumour development through deregulation of PI 3-kinase
signalling and, in turn, processes including cell growth, prolife-
ration and survival. It is also likely that PI 3-kinase-independent
tumour suppressor pathways may exist [41].

The classical view of tumour suppressor genes has been that
they are recessive, such that both copies must be lost in order to
drive tumorigenesis. However, this view is being challenged by
the identification of tumour suppressors for which partial loss has
significant effects [107]. It now seems very likely that only partial
loss of PTEN gives a selective advantage to tumour cells, and this
finding has great implications for the mechanisms of PTEN loss in
tumour development. PTEN haplo-insufficiency in both humans
and mice confers significant phenotypes, despite retention of a
wild-type allele, and can clearly promote tumour development
[105,106,108,109]. In agreement with these findings, very many
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Table 1 Approximate frequencies of mutation, loss of heterozygosity and
loss of expression of PTEN in different tumour types, derived from the
averages of data from various studies

Much of the data for mutation and loss of heterozygosity (LOH) comes from reviews by Ali
et al. [96] and Eng [106], and most of the references refer to immunohistochemical studies of
PTEN expression. For data regarding loss of expression, where possible data refer to expression
levels undetectable in the relevant study, this does not include tumours with apparently reduced
expression, and hence is likely to represent an underestimation of the significance of PTEN loss.

Frequency (%)

Tumour type Mutation LOH Loss of expression References

Breast 4 36 32 [59,114]
Lung 3 47 19 [116,127]
Prostate 13 33 27 [115,128,129]
Colon 11 22 17 [57,130,131]
Endometrial 42 50 35 [132–136]
Glioblastoma 20 76 54 [56,137]

tumours are found to retain an intact copy of PTEN, and partial
loss of protein expression appears to be common (Table 1 and
[106,110]).

Mechanisms of PTEN inactivation in tumours

PTEN was initially identified as a putative tumour suppressor
through its mutation in a variety of tumour types [94,95]. Sub-
sequently, mutation of the PTEN gene has been analysed in many
studies of different tumour types [96,106]. These studies have
revealed that PTEN mutations occur in a very wide range of spo-
radic tumour types, but at high frequencies (>15%) only in the
rather uncommon endometrial carcinoma and glioblastoma muti-
forme, for which most estimates are approx. 30–50% and 15–
30% respectively [96,106]. In these conditions, the frequency of
loss of heterozygosity at the PTEN locus appears to be higher,
with estimates being approx. 40–55% for endometrial carcinoma
and 50–70% for glioblastoma (see Table 1).

Mutation of the PTEN coding sequence

Several mechanisms have come to light by which different classes
of mutation of the PTEN gene promote tumour development. Most
mutations occur within the coding sequence of the gene, and
most of these inactivate the phosphatase activity of the encoded
enzyme. It is known that truncation or frameshift mutations within
the phosphatase/C2 domain catalytic unit destroy phosphatase
activity. Also, an extensive analysis of the effects of tumour-
derived point mutations on the phosphatase activity of PTEN has
revealed that the great majority of such mutations abolish (81%)
or greatly decrease (10%) phosphatase activity [111]. The great
majority of PTEN mutations in sporadic tumours, and possibly all
mutations in PTEN-associated inherited conditions, fall into these
classes that interfere directly with enzymic activity. However, the
work of Han et al. [111], and other studies, have shown that a small
fraction of tumour-derived mutants retain strong phosphatase
activity in vitro, indicating that these mutations interfere with
other aspects of PTEN’s function that are required for the enzyme
to act efficiently as a tumour suppressor in cells.

Since the approx. 50-amino-acid C-terminal tail of PTEN is not
required for catalytic activity, mutations within this region do
not appear to affect enzymic activity directly, and although many
mutations have been identified in this region of the protein in
tumours, the predicted frequency of mutation is lower than for
other regions of PTEN that are required for catalytic activity. As
noted above, the C-terminal tail of PTEN contains phosphoryl-

ation sites, a binding site for a group of PDZ domain-containing
proteins, and possibly other sequences mediating protein–protein
interactions. Thus mutations in this region have been shown to
affect protein stability and targeting, and while some C-terminal
mutants have probably lost the ability to regulate global cellular
PtdIns(3,4,5)P3 levels and consequently PKB/Akt, other mutants
retain this capability. These findings indicate that, while most
PTEN mutations cause total loss of PTEN function, many (if
not all) mutations in the C-terminal tail cause only a partial loss
of function [66,70,71,111]. This may be of great importance in
identifying pathways deregulated in particular tumour types. It is
worthy of note, and highly statistically significant, that while many
mutations in the C-terminal tail of PTEN have been identified in
glioblastomas, they have never been identified in a similar number
of endometrial carcinomas, or in families with Cowden disease
[6,96,112].

Although smaller, the extreme N-terminus of PTEN appears
similar in this analysis [39]. As described above, the N-terminus
is required for the binding of PTEN to lipid surfaces and for bio-
logical activity, as indicated by the regulation of PKB/Akt and
cellular proliferation in culture [39,51]. To our knowledge, only
two mutations in the N-terminal motif have been identified in tu-
mours. Other non-catalytic functions have not yet been shown
to be mutated in tumours. Although artificial mutation of loops
within the C2 domain has been shown to decrease non-substrate
lipid binding and biological function, pathological mutations of
this nature have yet to be identified, and missense point mutations
are much less common within the C2 domain than within the phos-
phatase domain.

Loss of expression of the PTEN protein: genetics and epigenetics

Although the PTEN gene was originally identified through its
mutation in several types of sporadic tumour, substantial evidence
now indicates that loss of expression of the protein, through as
yet largely unidentified mechanisms, may be of far greater signi-
ficance in terms of patient numbers. Using conventional mutation
detection techniques that have been highly successful with other
tumour suppressors and with PTEN in tumours such as glio-
blastoma and endometrial carcinoma, mutation of the PTEN gene
has not been detected at high frequency in common tumour types
such as lung, breast, prostate or colon cancer (see Table 1 and
[96,106]). However, it is potentially important that more recent
immunohistochemical and other studies have presented data indi-
cating that expression of the PTEN protein may be lost from many
of these common tumours in addition to glial and endometrial
tumours [57,113–116]. Some of these studies present particularly
strong data, as they combine immunohistochemical and muta-
tional analyses, identifying small numbers of tumours with char-
acterized mutations, which give convincingly negative staining
alongside adjacent normal PTEN-expressing tissues. These data
also identify large numbers of tumours with no detectable muta-
tion of the PTEN gene, but also with no detectable expression
of the protein [57,59]. Significantly, similar data regarding loss of
PTEN expression in tumours have been obtained using Western
blotting and real-time reverse transcription–PCR [117,118].

In some of these tumour types (particularly breast and lung tu-
mours), although mutation of the PTEN gene is rare, loss of
heterozygosity at the PTEN locus is very common (occurring in
approx. 31% and 47% of tumours respectively [106]). Analysis
combining genetics with well controlled immunohistochemistry
suggests that, in many tumours, one PTEN allele is deleted, and
although these tumours retain one copy of PTEN with no detec-
table defect, expression of PTEN is undetectable by immunohisto-
chemistry, presumably being lost through unknown epigenetic
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mechanisms [57,59]. Although these and several other studies
also describe tumours with decreased PTEN expression relative
to surrounding tissues and other similar tumour cells, the lack
of a clear reference level, despite the apparent ubiquitous expres-
sion of PTEN, makes the significance of this finding difficult to
judge.

These potentially highly important studies raise the question of
how expression of the apparently ubiquitous PTEN protein might
be lost from these tumours. Several possible mechanisms for the
deregulation of PTEN expression in tumours have been identified,
although we have a rather poor understanding of these processes.
It seems likely that other cellular changes that occur during tumour
development, such as mutation of known tumour suppressors and
oncogenes, for example loss of p53 [79,119] or of the recently
described PICT1 [87], also result in loss of PTEN expression. One
potential mechanism of loss of PTEN expression could be through
mutation of the PTEN promoter. In a study looking for mutations
of the PTEN gene in patients with Cowden disease or Bannayan–
Riley–Ruvalcaba syndrome in which mutations had not been
identified by standard methods, Zhou et al. [120] identified nine
Cowden disease patients with mutations in the PTEN promoter.
Since no mutations were identified in 186 normal patients, these
mutations are probably pathogenic.

There is convincing evidence that the expression of tumour
suppressor genes can be greatly decreased in some tumours by
promoter methylation [121], and some reports have proposed that
this may be the case for PTEN [116,122]. However, recent studies
that included analysis of the PTEN pseudogene on chromosome 9
have called this conclusion into question. These studies indicated
that the promoter of the PTEN pseudogene, and not of PTEN, is
methylated in a variety of tumours and tumour-derived cell lines
[123,124]. Since several studies have used techniques that would
not distinguish between these possibilities, these data would argue
against common methylation and silencing of the PTEN promoter.
However, the issue remains controversial, and it may be that pro-
moter methylation is important in some tumour types [125,126].

It should be clear from these points that we currently have no
clear picture of the mechanisms by which PTEN expression may
be lost in the absence of coding sequence mutation. However, the
potential importance of these mechanisms in tumour formation is
significant, and the pace of development has been rapid in the last
few years.

FUTURE PERSPECTIVES

Since the discovery of PTEN as a lipid phosphatase and regulator
of PI 3-kinase signalling, much has been achieved in defining its
role in cellular physiology and identifying how the activity of the
phosphatase is regulated. It is now clear that the deregulation of
PTEN through mechanisms targeting both catalytic/structural and
regulatory aspects of the protein is important in the development
of many cancers and possibly other diseases. The recent identi-
fication of a function of PTEN mediated independently of phos-
phatase activity by the C2 domain is of great potential importance.
It not only indicates that the weak protein phosphatase activity of
PTEN may have a real role in self-regulating the activity of the
protein, but also raises the possibility that some effects, previously
believed to involve antagonism of PI 3-kinase signalling, may be
mediated through this novel, but ill defined, mechanism. With the
realization that loss of PTEN expression in the absence of muta-
tion may be far more common than mutation of the PTEN gene in
most cancers, future research must focus on processes regulating
the transcription of the PTEN gene and/or turnover of the PTEN
protein.

We thank Steve Safrany for critical reading of the manuscript. The authors’ research
is supported by the Medical Research Council, Astra Zeneca, Boehringer Ingelheim,
GlaxoSmithKline, Merck and Co., Merck KGaA, Pfizer and the Association for International
Cancer Research.

REFERENCES

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

2 Foster, F. M., Traer, C. J., Abraham, S. M. and Fry, M. J. (2003) The phosphoinositide
(PI) 3-kinase family. J. Cell Sci. 116, 3037–3040

3 Katso, R., Okkenhaug, K., Ahmadi, K., White, S., Timms, J. and Waterfield, M. D. (2001)
Cellular function of phosphoinositide 3-kinases: implications for development,
homeostasis, and cancer. Annu. Rev. Cell Dev. Biol. 17, 615–675

4 Cantley, L. C. (2002) The phosphoinositide 3-kinase pathway. Science 296, 1655–1657
5 Cantrell, D. A. (2001) Phosphoinositide 3-kinase signalling pathways. J. Cell Sci. 114,

1439–1445
6 Leslie, N. R. and Downes, C. P. (2002) PTEN: The down side of PI 3-kinase signalling.

Cell. Signalling 14, 285–295
7 Maehama, T., Taylor, G. S. and Dixon, J. E. (2001) PTEN and myotubularin: novel

phosphoinositide phosphatases. Annu. Rev. Biochem. 70, 247–279
8 Seminario, M. C. and Wange, R. L. (2003) Lipid phosphatases in the regulation of T cell

activation: living up to their PTEN-tial. Immunol. Rev. 192, 80–97
9 Sulis, M. L. and Parsons, R. (2003) PTEN: from pathology to biology. Trends Cell. Biol.

13, 478–483
10 McConnachie, G., Pass, I., Walker, S. M. and Downes, C. P. (2003) Interfacial kinetic

analysis of the tumour suppressor phosphatase, PTEN: evidence for activation by
anionic phospholipids. Biochem. J. 371, 947–955

11 Orchiston, E. A., Bennett, D., Leslie, N. R., Clarke, R. G., Winward, L., Downes, C. P. and
Safrany, S. T. (2004) PTEN M-CBR3, a versatile and selective regulator of inositol
1,3,4,5,6-pentakisphosphate (Ins(1,3,4,5,6)P5). Evidence for Ins(1,3,4,5,6)P5 as a
proliferative signal. J. Biol. Chem. 279, 1116–1122

12 Caffrey, J. J., Darden, T., Wenk, M. R. and Shears, S. B. (2001) Expanding coincident
signaling by PTEN through its inositol 1,3,4,5,6-pentakisphosphate 3-phosphatase
activity. FEBS Lett. 499, 6–10

13 Tamura, M., Gu, J., Matsumoto, K., Aota, S., Parsons, R. and Yamada, K. M. (1998)
Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN.
Science 280, 1614–1617

14 Gu, J., Tamura, M., Pankov, R., Danen, E. H., Takino, T., Matsumoto, K. and Yamada,
K. M. (1999) Shc and FAK differentially regulate cell motility and directionality
modulated by PTEN. J. Cell Biol. 146, 389–404

15 Mahimainathan, L. and Choudhury, G. G. (2004) Inactivation of platelet-derived growth
factor receptor by the tumor suppressor PTEN provides a novel mechanism of action of
the phosphatase. J. Biol. Chem. 279, 15258–15268

16 Vivanco, I. and Sawyers, C. L. (2002) The phosphatidylinositol 3-kinase AKT pathway in
human cancer. Nat. Rev. Cancer 2, 489–501

17 Hanahan, D. and Weinberg, R. A. (2000) The hallmarks of cancer. Cell 100, 57–70
18 Stambolic, V., Suzuki, A., de la Pompa, J. L., Brothers, G. M., Mirtsos, C., Sasaki, T.,

Ruland, J., Penninger, J. M., Siderovski, D. P. and Mak, T. W. (1998) Negative regulation
of PKB/Akt-dependent cell survival by the tumor suppressor PTEN. Cell 95, 29–39

19 Sun, H., Lesche, R., Li, D. M., Liliental, J., Zhang, H., Gao, J., Gavrilova, N., Mueller, B.,
Liu, X. and Wu, H. (1999) PTEN modulates cell cycle progression and cell survival by
regulating phosphatidylinositol 3,4,5,-trisphosphate and Akt/protein kinase B signaling
pathway. Proc. Natl. Acad. Sci. U.S.A. 96, 6199–6204

20 Walker, S. M., Downes, C. P. and Leslie, N. R. (2001) TPIP: a novel phosphoinositide
3-phosphatase. Biochem. J. 360, 277–283

21 Tapparel, C., Reymond, A., Girardet, C., Guillou, L., Lyle, R., Lamon, C., Hutter, P. and
Antonarakis, S. E. (2003) The TPTE gene family: cellular expression, subcellular
localization and alternative splicing. Gene 323, 189–199

22 Rohrschneider, L. R., Fuller, J. F., Wolf, I., Liu, Y. and Lucas, D. M. (2000) Structure,
function, and biology of SHIP proteins. Genes Dev. 14, 505–520

23 Ijuin, T. and Takenawa, T. (2003) SKIP negatively regulates insulin-induced GLUT4
translocation and membrane ruffle formation. Mol. Cell. Biol. 23, 1209–1220

24 Backers, K., Blero, D., Paternotte, N., Zhang, J. and Erneux, C. (2003) The termination of
PI3K signalling by SHIP1 and SHIP2 inositol 5-phosphatases. Adv. Enzyme Regul. 43,
15–28

25 Helgason, C. D., Kalberer, C. P., Damen, J. E., Chappel, S. M., Pineault, N., Krystal, G.
and Humphries, R. K. (2000) A dual role for Src homology 2 domain-containing
inositol-5-phosphatase (SHIP) in immunity: aberrant development and enhanced
function of B lymphocytes in ship −/− mice. J. Exp. Med. 191, 781–794

c© 2004 Biochemical Society



Regulation of PTEN function 9

26 Aman, M. J., Lamkin, T. D., Okada, H., Kurosaki, T. and Ravichandran, K. S. (1998) The
inositol phosphatase SHIP inhibits Akt/PKB activation in B cells. J. Biol. Chem. 273,
33922–33928

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

28 Malbec, O., Schmitt, C., Bruhns, P., Krystal, G., Fridman, W. H. and Daeron, M. (2001)
Src homology 2 domain-containing inositol 5-phosphatase 1 mediates cell cycle arrest
by FcgammaRIIB. J. Biol. Chem. 276, 30381–30391

29 Haas-Kogan, D., Shalev, N., Wong, M., Mills, G., Yount, G. and Stokoe, D. (1998)
Protein kinase B (PKB/Akt) activity is elevated in glioblastoma cells due to mutation of
the tumor suppressor PTEN/MMAC. Curr. Biol. 8, 1195–1198

30 Myers, M. P., Pass, I., Batty, I. H., Van der Kaay, J., Stolarov, J. P., Hemmings, B. A.,
Wigler, M. H., Downes, C. P. and Tonks, N. K. (1998) The lipid phosphatase activity of
PTEN is critical for its tumor supressor function. Proc.Natl. Acad. Sci. U.S.A. 95,
13513–13518

31 Tang, X., Wang, L., Proud, C. G. and Downes, C. P. (2003) Muscarinic receptor-
mediated activation of p70 S6 kinase 1 (S6K1) in 1321N1 astrocytoma cells: permissive
role of phosphoinositide 3-kinase. Biochem. J. 374, 137–143

32 Rubio, I. and Wetzker, R. (2000) A permissive function of phosphoinositide 3-kinase in
Ras activation mediated by inhibition of GTPase-activating proteins. Curr. Biol. 10,
1225–1228

33 Parekh, D. B., Katso, R. M., Leslie, N. R., Downes, C. P., Procyk, K. J., Waterfield, M. D.
and Parker, P. J. (2000) Beta1-integrin and PTEN control the phosphorylation of protein
kinase C. Biochem. J. 352, 425–433

34 Leslie, N. R., Biondi, R. M. and Alessi, D. R. (2001) Phosphoinositide-regulated kinases
and phosphoinositide phosphatases. Chem. Rev. 101, 2365–2380

35 Lawlor, M. A. and Alessi, D. R. (2001) PKB/Akt: a key mediator of cell proliferation,
survival and insulin responses? J. Cell Sci. 114, 2903–2910

36 Welch, H. C., Coadwell, W. J., Stephens, L. R. and Hawkins, P. T. (2003)
Phosphoinositide 3-kinase-dependent activation of Rac. FEBS Lett. 546, 93–97

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

38 Vazquez, F. and Sellers, W. R. (2000) The PTEN tumor suppressor protein: an antagonist
of phosphoinositide 3-kinase signaling. Biochim. Biophys. Acta 1470, M21–M35

39 Walker, S. M., Leslie, N. R., Perera, N. M., Batty, I. H. and Downes, C. P. (2004) The
tumour-suppressor function of PTEN requires an N-terminal lipid-binding motif.
Biochem. J. 379, 301–307

40 Lemmon, M. A. and Ferguson, K. M. (2000) Signal-dependent membrane targeting by
pleckstrin homology (PH) domains. Biochem. J. 350, 1–18

41 Raftopoulou, M., Etienne-Manneville, S., Self, A., Nicholls, S. and Hall, A. (2004)
Regulation of cell migration by the C2 domain of the tumor suppressor PTEN. Science
303, 1179–1181

42 Huber, M., Helgason, C. D., Scheid, M. P., Duronio, V., Humphries, R. K. and Krystal, G.
(1998) Targeted disruption of SHIP leads to Steel factor-induced degranulation of mast
cells. EMBO J. 17, 7311–7319

43 Vazquez, F., Ramaswamy, S., Nakamura, N. and Sellers, W. R. (2000) Phosphorylation of
the PTEN tail regulates protein stability and function. Mol. Cell. Biol. 20, 5010–5018

44 Torres, J. and Pulido, R. (2001) The tumor suppressor pten is phosphorylated by the
protein kinase CK2 at Its C terminus. Implications for PTEN stability to proteasome-
mediated degradation. J. Biol. Chem. 276, 993–998

45 Tolkacheva, T., Boddapati, M., Sanfiz, A., Tsuchida, K., Kimmelman, A. C. and Chan,
A. M. (2001) Regulation of PTEN binding to MAGI-2 by two putative phosphorylation
sites at threonine 382 and 383. Cancer Res. 61, 4985–4989

46 Vazquez, F., Grossman, S. R., Takahashi, Y., Rokas, M. V., Nakamura, N. and Sellers,
W. R. (2001) Phosphorylation of the PTEN tail acts as an inhibitory switch by preventing
its recruitment into a protein complex. J. Biol. Chem. 276, 48627–48630

47 Miller, S. J., Lou, D. Y., Seldin, D. C., Lane, W. S. and Neel, B. G. (2002) Direct
identification of PTEN phosphorylation sites. FEBS Lett. 528, 145–153

48 Birle, D., Bottini, N., Williams, S., Huynh, H., deBelle, I., Adamson, E. and Mustelin, T.
(2002) Negative feedback regulation of the tumor suppressor PTEN by
phosphoinositide-induced serine phosphorylation. J. Immunol. 169, 286–291

49 Koul, D., Jasser, S. A., Lu, Y., Davies, M. A., Shen, R., Shi, Y., Mills, G. B. and Yung, W. K.
(2002) Motif analysis of the tumor suppressor gene MMAC/PTEN identifies tyrosines
critical for tumor suppression and lipid phosphatase activity. Oncogene 21, 2357–2364

50 Lu, Y., Yu, Q., Liu, J. H., Zhang, J., Wang, H., Koul, D., McMurray, J. S., Fang, X., Yung,
W. K., Siminovitch, K. A. and Mills, G. B. (2003) Src family protein-tyrosine kinases alter
the function of PTEN to regulate phosphatidylinositol 3-kinase/AKT cascades.
J. Biol. Chem. 278, 40057–40066

51 Das, S., Dixon, J. E. and Cho, W. (2003) Membrane-binding and activation mechanism
of PTEN. Proc. Natl. Acad. Sci. U.S.A. 100, 7491–7496

52 Sarno, S., de Moliner, E., Ruzzene, M., Pagano, M. A., Battistutta, R., Bain, J.,
Fabbro, D., Schoepfer, J., Elliott, M., Furet, P. et al. (2003) Biochemical and three-
dimensional-structural study of the specific inhibition of protein kinase CK2 by
[5-oxo-5,6-dihydroindolo-(1,2-a)quinazolin-7-yl]acetic acid (IQA). Biochem. J. 374,
639–646

53 Campbell, R. B., Liu, F. and Ross, A. H. (2003) Allosteric activation of PTEN phosphatase
by phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem. 278, 33617–33620

54 Watt, S. A., Kimber, W. A., Fleming, I. N., Leslie, N. R., Downes, C. P. and Lucocq, J. M.
(2004) Detection of novel intracellular agonist responsive pools of phosphatidylinositol
3,4-bisphosphate using the TAPP1 pleckstrin homology domain in immunoelectron
microscopy. Biochem. J. 377, 653–663

55 Li, D. M. and Sun, H. (1997) 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

56 Sano, T., Lin, H., Chen, X., Langford, L. A., Koul, D., Bondy, M. L., Hess, K. R., Myers,
J. N., Hong, Y. K., Yung, W. K. and Steck, P. A. (1999) Differential expression of MMAC/
PTEN in glioblastoma multiforme: relationship to localization and prognosis.
Cancer Res. 59, 1820–1824

57 Zhou, X. P., Loukola, A., Salovaara, R., Nystrom-Lahti, M., Peltomaki, P.,
de la Chapelle, A., Aaltonen, L. A. and Eng, C. (2002) PTEN mutational spectra,
expression levels, and subcellular localization in microsatellite stable and unstable
colorectal cancers. Am. J. Pathol. 161, 439–447

58 Tachibana, M., Shibakita, M., Ohno, S., Kinugasa, S., Yoshimura, H., Ueda, S., Fujii, T.,
Rahman, M. A., Dhar, D. K. and Nagasue, N. (2002) Expression and prognostic
significance of PTEN product protein in patients with esophageal squamous cell
carcinoma. Cancer 94, 1955–1960

59 Perren, A., Weng, L. P., Boag, A. H., Ziebold, U., Thakore, K., Dahia, P. L.,
Komminoth, P., Lees, J. A., Mulligan, L. M., Mutter, G. L. and Eng, C. (1999)
Immunohistochemical evidence of loss of PTEN expression in primary ductal
adenocarcinomas of the breast. Am. J. Pathol. 155, 1253–1260

60 Perren, A., Komminoth, P., Saremaslani, P., Matter, C., Feurer, S., Lees, J. A., Heitz, P. U.
and Eng, C. (2000) Mutation and expression analyses reveal differential subcellular
compartmentalization of PTEN in endocrine pancreatic tumors compared to normal islet
cells. Am. J. Pathol. 157, 1097–1103

61 Lachyankar, M. B., Sultana, N., Schonhoff, C. M., Mitra, P., Poluha, W., Lambert, S.,
Quesenberry, P. J., Litofsky, N. S., Recht, L. D., Nabi, R. et al. (2000) A role for nuclear
PTEN in neuronal differentiation. J. Neurosci. 20, 1404–1413

62 Deleris, P., Bacqueville, D., Gayral, S., Carrez, L., Salles, J. P., Perret, B. and
Breton-Douillon, M. (2003) SHIP-2 and PTEN are expressed and active in vascular
smooth muscle cell nuclei, but only SHIP-2 is associated with nuclear speckles.
J. Biol. Chem. 278, 38884–38891

63 Li, Z., Hannigan, M., Mo, Z., Liu, B., Lu, W., Wu, Y., Smrcka, A. V., Wu, G., Li, L., Liu, M.
et al. (2003) Directional sensing requires G beta gamma-mediated PAK1 and PIX
alpha-dependent activation of Cdc42. Cell 114, 215–227

64 Sumitomo, M., Iwase, A., Zheng, R., Navarro, D., Kaminetzky, D., Shen, R., Georgescu,
M. M. and Nanus, D. M. (2004) Synergy in tumor suppression by direct interaction of
Neutral Endopeptidase with PTEN. Cancer Cell 5, 67–78

65 Wu, X., Hepner, K., Castelino-Prabhu, S., Do, D., Kaye, M. B., Yuan, X. J., Wood, J.,
Ross, C., Sawyers, C. L. and Whang, Y. E. (2000) Evidence for regulation of the PTEN
tumor suppressor by a membrane-localized multi-PDZ domain containing scaffold
protein MAGI-2. Proc. Natl. Acad. Sci. U.S.A. 97, 4233–4238

66 Leslie, N. R., Bennett, D., Gray, A., Pass, I., Hoang-Xuan, K. and Downes, C. P. (2001)
Targeting mutants of PTEN reveal distinct subsets of tumour suppressor functions.
Biochem. J. 357, 427–435

67 Iijima, M. and Devreotes, P. (2002) Tumor suppressor PTEN mediates sensing of
chemoattractant gradients. Cell 109, 599–610

68 Wu, Y., Hannigan, M. O., Kotlyarov, A., Gaestel, M., Wu, D. and Huang, C. K. (2004)
A requirement of MAPKAPK2 in the uropod localization of PTEN during FMLP-induced
neutrophil chemotaxis. Biochem. Biophys. Res. Commun. 316, 666–672

69 Xu, J., Wang, F., Van Keymeulen, A., Herzmark, P., Straight, A., Kelly, K., Takuwa, Y.,
Sugimoto, N., Mitchison, T. and Bourne, H. R. (2003) Divergent signals and cytoskeletal
assemblies regulate self-organizing polarity in neutrophils. Cell 114, 201–214

70 Tolkacheva, T. and Chan, A. M. (2000) Inhibition of H-Ras transformation by the
PTEN/MMAC1/TEP1 tumor suppressor gene. Oncogene 19, 680–689

71 Georgescu, M. M., Kirsch, K. H., Akagi, T., Shishido, T. and Hanafusa, H. (1999)
The tumor-suppressor activity of PTEN is regulated by its carboxyl-terminal region.
Proc. Natl. Acad. Sci. U.S.A. 96, 10182–10187

72 Adey, N. B., Huang, L., Ormonde, P. A., Baumgard, M. L., Pero, R., Byreddy, D. V.,
Tavtigian, S. V. and Bartel, P. L. (2000) Threonine phosphorylation of the MMAC1/PTEN
PDZ binding domain both inhibits and stimulates PDZ binding. Cancer Res. 60, 35–37

c© 2004 Biochemical Society



10 N. R. Leslie and C. P. Downes

73 Wu, Y., Dowbenko, D., Spencer, S., Laura, R., Lee, J., Gu, Q. and Lasky, L. A. (2000)
Interaction of the tumor suppressor PTEN/MMAC with a PDZ domain of MAGI3, a novel
membrane-associated guanylate kinase. J. Biol. Chem. 275, 21477–21485

74 Leslie, N. R., Gray, A., Pass, I., Orchiston, E. A. and Downes, C. P. (2000) Analysis of the
cellular functions of PTEN using catalytic domain and C-terminal mutations: differential
effects of C-terminal deletion on signalling pathways downstream of phosphoinositide
3-kinase. Biochem. J. 346, 827–833

75 Lee, S. R., Yang, K. S., Kwon, J., Lee, C., Jeong, W. and Rhee, S. G. (2002) Reversible
inactivation of the tumor suppressor PTEN by H2O2. J. Biol. Chem. 277, 20336–20342

76 Leslie, N. R., Bennett, D., Lindsay, Y. E., Stewart, H., Gray, A. and Downes, C. P. (2003)
Redox regulation of PI 3-kinase signalling via inactivation of PTEN. EMBO J. 22,
5501–5510

77 Cho, S. H., Lee, C. H., Ahn, Y., Kim, H., Ahn, C. Y., Yang, K. S. and Lee, S. R. (2004)
Redox regulation of PTEN and protein tyrosine phosphatases in H(2)O(2) mediated cell
signaling. FEBS Lett. 560, 7–13

78 Patel, L., Pass, I., Coxon, P., Downes, C. P., Smith, S. A. and Macphee, C. H. (2001)
Tumor suppressor and anti-inflammatory actions of PPARgamma agonists are mediated
via upregulation of PTEN. Curr. Biol. 11, 764–768

79 Stambolic, V., MacPherson, D., Sas, D., Lin, Y., Snow, B., Jang, Y., Benchimol, S. and
Mak, T. W. (2001) Regulation of PTEN transcription by p53. Mol. Cell 8, 317–325

80 Virolle, T., Adamson, E. D., Baron, V., Birle, D., Mercola, D., Mustelin, T. and de Belle, I.
(2001) The Egr-1 transcription factor directly activates PTEN during irradiation-induced
signalling. Nat. Cell Biol. 3, 1124–1128

81 Moorehead, R. A., Hojilla, C. V., De Belle, I., Wood, G. A., Fata, J. E., Adamson, E. D.,
Watson, K. L., Edwards, D. R. and Khokha, R. (2003) Insulin-like growth factor-II
regulates PTEN expression in the mammary gland. J. Biol. Chem. 278, 50422–50427

82 Vasudevan, K. M., Gurumurthy, S. and Rangnekar, V. M. (2004) Suppression of PTEN
expression by NF-kappa B prevents apoptosis. Mol. Cell. Biol. 24, 1007–1021

83 Han, B., Dong, Z., Liu, Y., Chen, Q., Hashimoto, K. and Zhang, J. T. (2003) Regulation of
constitutive expression of mouse PTEN by the 5′-untranslated region. Oncogene 22,
5325–5337

84 Hisatake, J., O’Kelly, J., Uskokovic, M. R., Tomoyasu, S. and Koeffler, H. P. (2001) Novel
vitamin D(3) analog, 21-(3-methyl-3-hydroxy-butyl)-19-nor D(3), that modulates cell
growth, differentiation, apoptosis, cell cycle, and induction of PTEN in leukemic cells.
Blood 97, 2427–2433

85 Wu, W., Wang, X., Zhang, W., Reed, W., Samet, J. M., Whang, Y. E. and Ghio, A. J.
(2003) Zinc-induced PTEN protein degradation through the proteasome pathway in
human airway epithelial cells. J. Biol. Chem. 278, 28258–28263

86 Torres, J., Rodriguez, J., Myers, M. P., Valiente, M., Graves, J. D., Tonks, N. K. and
Pulido, R. (2003) Phosphorylation-regulated cleavage of the tumor suppressor PTEN by
caspase-3: implications for the control of protein stability and PTEN-protein
interactions. J. Biol. Chem. 278, 30652–30660

87 Maehama, T., Okahara, F. and Kanaho, Y. (2004) The tumour suppressor PTEN:
involvement of a tumour suppressor candidate protein in PTEN turnover.
Biochem. Soc. Trans. 32, 343–347

88 Drees, B. E., Mills, G. B., Rommel, C. and Prestwich, G. D. (2004) Theraputic potential
of phosphoinositide 3-kinase inhibitors. Exp. Opin. Ther. Patents 14, 703–732

89 Anderson, K. E. and Jackson, S. P. (2003) Class I phosphoinositide 3-kinases.
Int. J. Biochem. Cell Biol. 35, 1028–1033

90 Ward, S. G. and Finan, P. (2003) Isoform-specific phosphoinositide 3-kinase inhibitors
as therapeutic agents. Curr. Opin. Pharmacol. 3, 426–434

91 Anderson, G. P. and Bozinovski, S. (2003) Acquired somatic mutations in the molecular
pathogenesis of COPD. Trends Pharmacol. Sci. 24, 71–76

92 Pap, T., Franz, J. K., Hummel, K. M., Jeisy, E., Gay, R. and Gay, S. (2000) Activation of
synovial fibroblasts in rheumatoid arthritis: lack of expression of the tumour suppressor
PTEN at sites of invasive growth and destruction. Arthritis Res. 2, 59–64

93 White, E. S., Thannickal, V. J., Carskadon, S. L., Dickie, E. G., Livant, D. L., Markwart, S.,
Toews, G. B. and Arenberg, D. A. (2003) Integrin alpha4beta1 regulates migration across
basement membranes by lung fibroblasts: a role for phosphatase and tensin homologue
deleted on chromosome 10. Am. J. Respir. Crit. Care Med. 168, 436–442

94 Steck, P. A., Pershouse, M. A., Jasser, S. A., Yung, W. K., Lin, H., Ligon, A. H., Langford,
L. A., Baumgard, M. L., Hattier, T., Davis, T. et al. (1997) Identification of a candidate
tumour suppressor gene, MMAC1, at chromosome 10q23.3 that is mutated in multiple
advanced cancers. Nat. Genet. 15, 356–362

95 Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S. I., Puc, J., Miliaresis, C.,
Rodgers, L., McCombie, R. et al. (1997) PTEN, a putative protein tyrosine phosphatase
gene mutated in human brain, breast, and prostate cancer. Science 275, 1943–1947

96 Ali, I. U., Schriml, L. M. and Dean, M. (1999) Mutational spectra of PTEN/MMAC1 gene:
a tumor suppressor with lipid phosphatase activity. J. Natl. Cancer Inst. 91, 1922–1932

97 Di Cristofano, A., Pesce, B., Cordon-Cardo, C. and Pandolfi, P. P. (1998) Pten is
essential for embryonic development and tumour suppression. Nat. Genet. 19, 348–355

98 Suzuki, A., de la Pompa, J. L., Stambolic, V., Elia, A. J., Sasaki, T.,
del Barco Barrantes, I., Ho, A., Wakeham, A., Itie, A., Khoo, W. et al. (1998) High cancer
susceptibility and embryonic lethality associated with mutation of the PTEN tumor
suppressor gene in mice. Curr. Biol. 8, 1169–1178

99 Podsypanina, K., Ellenson, L. H., Nemes, A., Gu, J., Tamura, M., Yamada, K. M.,
Cordon-Cardo, C., Catoretti, G., Fisher, P. E. and Parsons, R. (1999) Mutation of
Pten/Mmac1 in mice causes neoplasia in multiple organ systems. Proc. Natl. Acad.
Sci. U.S.A. 96, 1563–1568

100 Wang, S., Gao, J., Lei, Q., Rozengurt, N., Pritchard, C., Jiao, J., Thomas, G. V., Li, G.,
Roy-Burman, P., Nelson, P. S. et al. (2003) Prostate-specific deletion of the murine Pten
tumor suppressor gene leads to metastatic prostate cancer. Cancer Cell 4, 209–221

101 Suzuki, A., Itami, S., Ohishi, M., Hamada, K., Inoue, T., Komazawa, N., Senoo, H.,
Sasaki, T., Takeda, J., Manabe, M. et al. (2003) Keratinocyte-specific Pten deficiency
results in epidermal hyperplasia, accelerated hair follicle morphogenesis and tumor
formation. Cancer Res. 63, 674–681

102 Li, G., Robinson, G. W., Lesche, R., Martinez-Diaz, H., Jiang, Z., Rozengurt, N., Wagner,
K. U., Wu, D. C., Lane, T. F., Liu, X. et al. (2002) Conditional loss of PTEN leads to
precocious development and neoplasia in the mammary gland. Development 129,
4159–4170

103 Kimura, T., Suzuki, A., Fujita, Y., Yomogida, K., Lomeli, H., Asada, N., Ikeuchi, M.,
Nagy, A., Mak, T. W. and Nakano, T. (2003) Conditional loss of PTEN leads to testicular
teratoma and enhances embryonic germ cell production. Development 130, 1691–1700

104 Waite, K. A. and Eng, C. (2002) Protean PTEN: form and function. Am. J. Hum. Genet.
70, 829–844

105 Dahia, P. L. (2000) PTEN, a unique tumor suppressor gene. Endocr. Relat. Cancer 7,
115–129

106 Eng, C. (2003) PTEN: one gene, many syndromes. Hum. Mutat. 22, 183–198
107 Cook, W. D. and McCaw, B. J. (2000) Accommodating haploinsufficient tumor

suppressor genes in Knudson’s model. Oncogene 19, 3434–3438
108 Di Cristofano, A., Kotsi, P., Peng, Y. F., Cordon-Cardo, C., Elkon, K. B. and Pandolfi, P. P.

(1999) Impaired Fas response and autoimmunity in Pten+/− mice. Science 285,
2122–2125

109 Kwabi-Addo, B., Giri, D., Schmidt, K., Podsypanina, K., Parsons, R., Greenberg, N. and
Ittmann, M. (2001) Haploinsufficiency of the Pten tumor suppressor gene promotes
prostate cancer progression. Proc. Natl. Acad. Sci. U.S.A. 98, 11563–11568

110 Mao, J. H., Wu, D., Perez-Losada, J., Nagase, H., DelRosario, R. and Balmain, A. (2003)
Genetic interactions between Pten and p53 in radiation-induced lymphoma
development. Oncogene 22, 8379–8385

111 Han, S. Y., Kato, H., Kato, S., Suzuki, T., Shibata, H., Ishii, S., Shiiba, K., Matsuno, S.,
Kanamaru, R. and Ishioka, C. (2000) Functional evaluation of PTEN missense mutations
using in vitro phosphoinositide phosphatase assay. Cancer Res. 60, 3147–3151

112 Bonneau, D. and Longy, M. (2000) Mutations of the human PTEN gene. Hum. Mutat. 16,
109–122

113 Whang, Y. E., Wu, X., Suzuki, H., Reiter, R. E., Tran, C., Vessella, R. L., Said, J. W.,
Isaacs, W. B. and Sawyers, C. L. (1998) Inactivation of the tumor suppressor PTEN/
MMAC1 in advanced human prostate cancer through loss of expression. Proc. Natl.
Acad. Sci. U.S.A. 95, 5246–5250

114 Depowski, P. L., Rosenthal, S. I. and Ross, J. S. (2001) Loss of expression of the PTEN
gene protein product is associated with poor outcome in breast cancer. Mod. Pathol. 14,
672–676

115 Dreher, T., Zentgraf, H., Abel, U., Kappeler, A., Michel, M. S., Bleyl, U. and Grobholz, R.
(2004) Reduction of PTEN and p27(kip1) expression correlates with tumor grade in
prostate cancer. Analysis in radical prostatectomy specimens and needle biopsies.
Virchows Arch., E-pub 29th April

116 Soria, J. C., Lee, H. Y., Lee, J. I., Wang, L., Issa, J. P., Kemp, B. L., Liu, D. D., Kurie,
J. M., Mao, L. and Khuri, F. R. (2002) Lack of PTEN expression in non-small cell lung
cancer could be related to promoter methylation. Clin Cancer Res. 8, 1178–1184

117 Zhou, Y. H., Tan, F., Hess, K. R. and Yung, W. K. (2003) The expression of PAX6, PTEN,
vascular endothelial growth factor, and epidermal growth factor receptor in gliomas:
relationship to tumor grade and survival. Clin. Cancer Res. 9, 3369–3375

118 Ermoian, R. P., Furniss, C. S., Lamborn, K. R., Basila, D., Berger, M. S., Gottschalk,
A. R., Nicholas, M. K., Stokoe, D. and Haas-Kogan, D. A. (2002) Dysregulation of PTEN
and protein kinase B is associated with glioma histology and patient survival.
Clin. Cancer Res. 8, 1100–1106

119 Mayo, L. D. and Donner, D. B. (2002) The PTEN, Mdm2, p53 tumor suppressor-
oncoprotein network. Trends Biochem. Sci. 27, 462–467

120 Zhou, X. P., Waite, K. A., Pilarski, R., Hampel, H., Fernandez, M. J., Bos, C.,
Dasouki, M., Feldman, G. L., Greenberg, L. A., Ivanovich, J. et al. (2003) Germline
PTEN promoter mutations and deletions in Cowden/Bannayan-Riley-Ruvalcaba
syndrome result in aberrant PTEN protein and dysregulation of the phosphoinositol-
3-kinase/Akt pathway. Am. J. Hum. Genet. 73, 404–411

c© 2004 Biochemical Society



Regulation of PTEN function 11

121 Baylin, S. B. and Herman, J. G. (2000) DNA hypermethylation in tumorigenesis:
epigenetics joins genetics. Trends Genet. 16, 168–174

122 Salvesen, H. B., MacDonald, N., Ryan, A., Jacobs, I. J., Lynch, E. D., Akslen, L. A. and
Das, S. (2001) PTEN methylation is associated with advanced stage and microsatellite
instability in endometrial carcinoma. Int. J. Cancer 91, 22–26

123 Byun, D. S., Cho, K., Ryu, B. K., Lee, M. G., Park, J. I., Chae, K. S., Kim, H. J. and Chi,
S. G. (2003) Frequent monoallelic deletion of PTEN and its reciprocal associatioin with
PIK3CA amplification in gastric carcinoma. Int. J. Cancer 104, 318–327

124 Zysman, M. A., Chapman, W. B. and Bapat, B. (2002) Considerations when analyzing the
methylation status of PTEN tumor suppressor gene. Am. J. Pathol. 160, 795–800

125 Baeza, N., Weller, M., Yonekawa, Y., Kleihues, P. and Ohgaki, H. (2003) PTEN
methylation and expression in glioblastomas. Acta Neuropathol. (Berlin) 106, 479–485

126 Goel, A., Arnold, C. N., Niedzwiecki, D., Carethers, J. M., Dowell, J. M., Wasserman, L.,
Compton, C., Mayer, R. J., Bertagnolli, M. M. and Boland, C. R. (2004) Frequent
inactivation of PTEN by promoter hypermethylation in microsatellite instability-high
sporadic colorectal cancers. Cancer Res. 64, 3014–3021

127 Olaussen, K. A., Soria, J. C., Morat, L., Martin, A., Sabatier, L., Morere, J. F., Khayat, D.
and Spano, J. P. (2003) Loss of PTEN expression is not uncommon, but lacks
prognostic value in stage I NSCLC. Anticancer Res. 23, 4885–4890

128 Halvorsen, O. J., Haukaas, S. A. and Akslen, L. A. (2003) Combined loss of PTEN and
p27 expression is associated with tumor cell proliferation by Ki-67 and increased risk of
recurrent disease in localized prostate cancer. Clin. Cancer Res. 9, 1474–1479

129 McMenamin, M. E., Soung, P., Perera, S., Kaplan, I., Loda, M. and Sellers, W. R. (1999)
Loss of PTEN expression in paraffin-embedded primary prostate cancer correlates with
high Gleason score and advanced stage. Cancer Res. 59, 4291–4296

130 Nassif, N. T., Lobo, G. P., Wu, X., Henderson, C. J., Morrison, C. D., Eng, C.,
Jalaludin, B. and Segelov, E. (2004) PTEN mutations are common in sporadic
microsatellite stable colorectal cancer. Oncogene 23, 617–628

131 Taniyama, K., Goodison, S., Ito, R., Bookstein, R., Miyoshi, N., Tahara, E., Tarin, D. and
Urquidi, V. (2001) PTEN expression is maintained in sporadic colorectal tumours.
J. Pathol. 194, 341–348

132 Mutter, G. L., Lin, M. C., Fitzgerald, J. T., Kum, J. B., Baak, J. P., Lees, J. A., Weng, L. P.
and Eng, C. (2000) Altered PTEN expression as a diagnostic marker for the earliest
endometrial precancers. J. Natl. Cancer Inst. 92, 924–930

133 Peiro, G., Lohse, P., Mayr, D. and Diebold, J. (2003) Insulin-like growth factor-I receptor
and PTEN protein expression in endometrial carcinoma. Correlation with bax and bcl-2
expression, microsatellite instability status, and outcome. Am. J. Clin. Pathol. 120,
78–85

134 Terakawa, N., Kanamori, Y. and Yoshida, S. (2003) Loss of PTEN expression followed by
Akt phosphorylation is a poor prognostic factor for patients with endometrial cancer.
Endocr. Relat. Cancer 10, 203–208

135 Salvesen, H. B., Stefansson, I., Kalvenes, M. B., Das, S. and Akslen, L. A. (2002) Loss of
PTEN expression is associated with metastatic disease in patients with endometrial
carcinoma. Cancer 94, 2185–2191

136 An, H. J., Lee, Y. H., Cho, N. H., Shim, J. Y., Kim, J. Y., Lee, C. and Kim, S. J. (2002)
Alteration of PTEN expression in endometrial carcinoma is associated with down-
regulation of cyclin-dependent kinase inhibitor, p27. Histopathology 41, 437–445

137 Choe, G., Horvath, S., Cloughesy, T. F., Crosby, K., Seligson, D., Palotie, A., Inge, L.,
Smith, B. L., Sawyers, C. L. and Mischel, P. S. (2003) Analysis of the
phosphatidylinositol 3′-kinase signaling pathway in glioblastoma patients in vivo.
Cancer Res. 63, 2742–2746

Received 18 May 2004/10 June 2004; accepted 11 June 2004
Published as BJ Immediate Publication 11 June 2004, DOI 10.1042/BJ20040825

c© 2004 Biochemical Society


