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Perspective

Regulation of PTEN Function as a PIP3 Gatekeeper Through Membrane

Interaction
ABSTRACT

PTEN, one of the most frequently mutated genes in human cancer, acts as a tumor
suppressor by dephosphorylating the plasma membrane lipid second messenger
phosphoinositide-3,4,5-trisphosphate (PIP3) generated by the action of PI3Kinases. PTEN
activity to prevent elevated levels of PIP3 and tumorigenesis depends on its interaction
with the lipid bilayer. PTEN binds dynamically to the plasma membrane through a complex
mix of protein-lipid and protein-protein interactions and the translocation is regulated by
several mechanisms including C-terminal tail phosphorylations. Here we have summarized
our current view of the interaction of PTEN with the plasma membrane and what the
implications are for cancer biology.

INTRODUCTION
PTEN (phosphatase and tensin homolog deleted in chromosome 10) is one of the most

commonly mutated genes in human cancer. Somatic alterations of PTEN locus are found
in a wide range of tumors but are particularly common in high-grade gliomas, melanomas,
prostate and endometrial cancers.1 Germline mutations in the PTEN gene are associated
with the hamartoma diseases; Cowden and Bannayan-Riley-Ruvalcaba syndromes.
Cowden syndrome is also associated with an increased predisposition to breast and thyroid
malignancies.2 Increased tumorigenesis in the prostate, endometrium, breast, thyroid, liver
and gastrointestinal track has also been observed in heterozygous pten+/- mouse models.3-5

The tumor suppressor function of PTEN is strongly linked to its activity as a lipid
phosphatase for the second messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3).6,7

PIP3 is generated by the action of the Phosphatidylinositol-3-kinase (PI3K) family of
enzymes.8 The finding that inactivating mutations in the PTEN gene as well as activating
mutations in PI3KCA—the gene encoding the p110α catalytic subunit of PI3K—are very
common events in tumors, indicates that elevated levels of PIP3 confer a strong advantage
to cancer cells.9,10 The downstream effects of increased PIP3 levels are diverse and cell type
specific. Increased proliferation, survival and motility are some of the main cellular effects
associated with the increased PIP3 levels that could contribute to its tumorigenic effects.1

Cells that lack PTEN have constitutively higher levels of PIP3 and activated down-
stream targets. Thus, PTEN acts as PIP3 gatekeeper by maintaining basal levels of PIP3
below a threshold for signaling activation. It is evident that PTEN must access the plasma
membrane in order to keep PIP3 low, yet it appears largely cytosolic. Recent evidence
shows that a small but critical fraction of PTEN interacts dynamically with the plasma
membrane.11 In this review, we summarize the current research and our view of how and
when PTEN binds to the lipid bilayer to dephosphorylate PIP3 and what are the impli-
cations for cancer biology.

NATURE OF PTEN MEMBRANE BINDING SITES
There is evidence indicating that PTEN binds directly to plasma membrane lipids. The

crystal structure revealed two globular domains. The first half comprises the phosphatase
domain and the second contains a C2 domain, a Ca2+-independent membrane-targeting
module found in many proteins involved in signal transduction or membrane trafficking.
A short N-terminal leader and a C-terminal phosphorylation sites containing tail were left
out of the structure (Fig. 1A).12 In vitro binding assays with phospholipid vesicles
indicated that two of the three C2-domain loops contain basic residues that are important
for binding to anionic lipids.12 Mutations of these residues in the C2 domain largely
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reduce interaction with lipid vesicles in vitro and growth suppressing
activity of PTEN in cells.13 Although phosphatase activity per se is
not required for membrane binding,11 basic residues within the
phosphatase domain were also shown to contribute to membrane
binding.14 Thus, clusters of positively charged residues on the surface
of the C2 and phosphatase domains are critical for PTEN binding
to anionic lipids.

In addition to the phosphatase and C2 domains, deletion or
mutations of highly conserved stretch of basic and hydrophobic
residues at the N-terminus, dubbed the PIP2 binding domain (PBD),
completely eliminated PTEN binding to the plasma membrane in
vivo and to lipid vesicles in vitro.11,15 Interestingly, phosphatidyli-
nositol (4,5)-bisphosphate (PIP2) enhances PTEN recruitment to
lipid vesicles and PIP3 phosphatase activity and mutations in the
PBD domain abolish these effects.16,17 Moreover, in Dictyostelium
discoideum, deletion of the PBD enhances activity against a water-
soluble substrate, inositol (2,3,4,5)-tetrakisphosphate (IP4).18 Taken
together, these results suggest that the PBD may occlude the active
site when PTEN is in the cytosol but that the molecule attains an
“open” conformation when bound to PIP2 at the plasma membrane

(Fig. 1). Consistent with this idea, the PBD was not included in the
crystal structure, because of its unstructured or loosely folded
structure.12 Importantly, mutations or deletions of the PBD abrogate
PTEN activity in vivo11,19 and tumor-derived mutations found in
this motif, such as K13E found in gliobastoma and endometrioid
carcinoma or S10N found in lymphoma,20-22 are predicted to impair
PTEN tumor suppressor function by interfering with membrane
binding.

There are several lines of evidence suggesting that PTEN is also
recruited to the plasma membrane by interaction with proteins. The
last three amino acids (threonine 401, lysine 402 and valine 403)
constitute a PDZ binding motif (Fig. 1), a protein-protein inter-
action module found in a few hundred human proteins. Indeed, it
has been shown that PTEN can interact with some of these PDZ
domain containing proteins including MAGI1b, 2 and 3, hDlg,
NHERF1, NHREF2, MAST205, MAST3 and SAST.23-27 PDZ
domain-containing proteins are often part of multiprotein complexes
that assemble signaling proteins at specific sites at the plasma
membrane.28 Five mutations identified in gliobastoma and one
identified in leiomyosarcoma are predicted to disrupt the PDZ

PTEN Membrane Interaction

Figure 1. Model of potential modes of PTEN membrane binding. a) Phosphorylation of the c-terminal tail masks the membrane binding domains resulting
in a low membrane association rate. b) Dephosphorylation of the tail increases the membrane association step resulting in a higher fraction of PTEN at the
plasma membrane. Both phosphorylated and unphosphorylated PTEN dissociate from the membrane at a similar rate. c) Binding of PTEN to membrane
proteins with positively charged cytoplasmic tails, like NEP, results in a displacement of the tail intramolecular interactions and exposure of the membrane
binding domains. d) Dephosphorylation of the tail exposes the PDZ binding domain.
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binding domain,29,30,31-33 suggesting that binding to PDZ containing
complexes may play a role in PTEN tumor suppressor function.
Recent reports suggest that under certain physiological conditions
PTEN is recruited from the cytosol to PDZ containing complexes.
For example, one study found that in polarized epithelial cells PTEN
was recruited to adherens junctions through binding to the PDZ
domain-containing scaffold protein MAGI-1b, where it played a
role in stabilizing functional complexes.34 A fraction of PTEN is in
a large complex when purified from liver or brain extracts rather
than tissue cultured cells27,35 suggesting that in intact tissues where
cells are in an appropriate microenvironment, and are for example
fully polarized, PTEN may be recruited to the plasma membrane
through PDZ interactions. Furthermore, D. Melanogaster PTEN is
recruited to the apical cortex of epithelial cells and neuroblasts and
to cell-cell junctions of photoreceptors through a direct interaction
with Bazooka, the D. Melanogaster homologue of Par-3.36,37

Another protein that has been shown to recruit PTEN to the
plasma membrane using a different mode of interaction is the
transmembrane Neutral Endopeptidase 24.11 (NEP). A polybasic
stretch within the cytoplasmic domain of NEP binds to the cluster of

phosphorylation sites in the tail of PTEN
through electrostatic interactions. When
overexpressed, NEP can recruit PTEN to
the plasma membrane at a very high sto-
chiometry. Although there is an inverse cor-
relation between expression levels of
PTEN, NEP and activated AKT, PTEN is
able to dephosphorylate PIP3 in cells that
lack NEP expression.38 Therefore, although
NEP is not essential for PTEN activity, it
might play a contributing role.

While lipid interactions play an essential
role in interaction of PTEN with the plasma
membrane, protein-protein interactions are
likely to play a regulatory role, for example
in determining steady-state levels of PTEN
at the plasma membrane or recruiting
PTEN to specific membrane sites to decrease
the local concentration of PIP3. Which, if
any, of these PTEN-interacting proteins
contribute to PTEN tumor suppression
function remains to be determined through
genetic analyses in animal models where
more complex functional contributions can
be determined.

REGULATION OF PTEN MEMBRANE
INTERACTIONS

Despite the aforementioned lipid and
protein interaction domains, PTEN is
mainly cytoplasmic and nuclear. Our studies
as well as that of others suggest that PTEN
levels at the plasma membrane are kept low
by “masking” the membrane binding sites
through intramolecular interactions and/or
by direct electrostatic repulsion11,14,35 (Fig. 1).

The best-characterized mode of masking
membrane-binding domains of PTEN is
the C-terminal tail phosphorylation. The

PTEN tail, consisting of residues 350 to 403, is constitutively phos-
phorylated.39,40 Although other sites can also be phosphorylated,
serines 380 and 385, and threonine 382 and 383 are the functional-
ly relevant phosphorylation sites.35,39,40 Alanine substitution of the
phosphorylation sites exposes new sites to protease digestion and also
increases the ability of PTEN to interact with PDZ-domain con-
taining proteins suggesting a conformational change.35,41

Furthermore, these perturbations greatly enhance interaction of
PTEN with the plasma membrane.14 Based on these results, we pro-
pose that the phosphorylated tail folds-back and creates intramolec-
ular interactions with another portion of the protein and occludes
the membrane binding sites (Fig. 1). Negative charges of the phos-
phorylation sites could also contribute by directly repelling interac-
tion with positively charged lipids, as has been proposed.14

We have also found that a specific mutation of the phosphatase
pocket C124S enhances membrane localization. However, other
mutations that inactivate phosphatase activity, like G129R or D92A
do not have this effect, suggesting that inactivation of the phosphatase
activity per se is not the cause. Consistent with these results, PIP3
levels do not affect PTEN binding to the membrane. Interestingly,

Figure 2. PTEN membrane association is controlled by c-terminal tail phosphorylations. HEK293 cells
transfected with PTEN-YFP and mutant forms (A) Confocal microscopy and (B) TIRFM images are
shown. With TIRFM only a small region close to the slide surface is excited and can be used to detect
proteins at the plasma membrane on the basal surface of the cell. The arrow indicates single-molecules
of PTEN-YFP at or close to the plasma membrane. (C) Quantification of the number of relative bound
molecules to cytosolic levels. Both PTEN-YFP and PTEN;C124S;A4-YFP molecules bind to the membrane
for less than 200 msec. Thus, the differences in the steady-state levels of molecules bound would result
from an increase in the association time.



the C124S mutation synergizes with the aforementioned alanine
substitutions of the tail phosphorylation sites (collectively named
A4) to cause nearly all of PTEN to associate with the membrane11,14

(Fig. 2).
If most of PTEN is found in the cytosol, how and when does

PTEN access the plasma membrane to dephosphorylate PIP3? The
fact that in all cells tested, deletion of PTEN causes an increase in
basal PIP3 levels suggests that the enzyme is constitutively active.
Using total reflection internal microscopy (TIRFM) we detected
single molecules of a functional PTEN-YFP at the plasma mem-
brane at levels that were undetectable by confocal or wide-field
microscopy11 (Fig. 2). The number of molecules at the plasma
membrane was proportional to the cytosolic amount and did not
saturate at the levels of PTEN-YFP used, which ranged from bellow
to above the levels of endogenous PTEN. Interestingly, the dwell
time of PTEN at the plasma membrane in HEK293 cells is less than
400 msec demonstrating that the binding is very dynamic. The
steady-state number of molecules binding is dramatically decreased
by deletion of the PBD (Fig. 2). Since deletion of the PBD is
required for its activity, we concluded that low and dynamic inter-
action of PTEN molecules with the plasma membrane is necessary
and sufficient for PTEN to function, at least in cells in culture.11

However, the low levels of PTEN at the plasma membrane indicate
that the steady-state fraction of functionally active molecules at a
particular time is very small. This strategy may allow PTEN to keep
basal levels of PIP3 low but not blunt increases in PIP3 levels when
PI3K is stimulated.

The amount of PTEN competent to bind to the membrane may
be regulated. This could be achieved in different cell types by differ-
ences not only in expressed protein levels but also in the ratio of
phosphorylated to unphosphorylated molecules. For example, in
intestinal epithelial cells phosphorylated PTEN was found to be
enriched in the stem cell compartment where it colocalized with
activated Akt.42 Additional mechanisms of increasing the active
fraction of PTEN could exist. In this regard, an interesting possibility
is that by directly binding to the tail phosphorylation sites NEP
could displace the intramolecular interactions and expose PTEN
membrane binding sites (Fig. 1). The idea that PTEN can dephos-
phorylate itself has been suggested by the observation that a catalyt-
ically inactive PTEN is more phosphorylated at threonine 383 than
active PTEN.43 Although this is an interesting model, it is unclear
how and when this function of PTEN would be regulated. Whatever
the mechanism, the levels of PTEN acting on the membrane would
dictate cell sensitivity to PI3K stimulation which could be important
for cancer predisposition (see bellow).

Along with this temporal regulation, there is evidence suggesting
that PTEN membrane association is spatially regulated. This type of
regulation would be very important in polarizing the distribution of
PIP3 in the cell. The polarized distribution of PIP3 is important in
several physiological processes critical for tumor development, for
example cell migration, cytokinesis, or epithelial polarity. Polarized
membrane localization of PTEN has been observed in D. discoideum
cells where PTEN is enriched at the cleavage furrow during cytokinesis
and on the rear of migrating cells.44 This localization mechanism is
conserved when human PTEN is expressed in the same cells and
functionally substitutes for endogenous PTEN.11 In certain
D. Melanogaster cell lineages PTEN has also been shown to localize
in membrane specific regions.36,37 However, these two types of polarity
appear to be generated by different mechanisms. In D. Melanogaster
cells, the binding to PDZ domain containing proteins recruits

PTEN to the specific membrane regions, as discussed in the previous
section. In D. Discoideum cells, however, PDZ domains are not
present and the mechanism of membrane binding has yet to be
determined. Whether PTEN is also recruited to a specific region of
the membrane in human tissues and whether loss of this polarity
contributes to tumor progression awaits further investigation.

IMPLICATIONS FOR CANCER BIOLOGY
As more information about the “cancer genome” becomes available,

it will be important not only to determine which genetic alterations
are casual but also which pathways they alter.45 Understanding the
network that regulates PTEN activity is necessary to be able to connect
particular genetic lesions with PTEN function. There is a wide range
of tumors were hemizygous inactivation of PTEN is more common
than mutation of both alleles.1,46 These observations combined with
results in mouse models, where small changes in PTEN expression
levels have important consequences on the rate of prostate carcino-
genesis, suggest that PTEN may be a haploinsuficient tumor
suppressor in certain tumor types.47 It is conceivable that changes of
PTEN activity not only expression could also contribute to tumor
development. In particular, alterations in genes that encode proteins
that are important for the regulation of PTEN membrane interaction
could lead to an increase in PI3K pathway activity that may contribute
to the neoplastic process. Some candidates have already been proposed.
For example, NEP whose expression is decreased in androgen-inde-
pendent metastatic prostate cancer, could regulate the PI3K pathway
through PTEN.38

Many drug candidates that target the PI3K pathway at multiple
steps are currently under development.48 The fact that PTEN levels
at the plasma membrane can be modulated to regulate its activity
offers a new potential therapeutic opportunity. This mode of therapy
could be particularly important in tumors with insufficient or
decreased PTEN expression and in tumors with increase PIP3 levels
caused by mean other than PTEN gene inactivation, for example
PI3KCA activating mutations. Increase in PTEN activity could
result in a reset of the basal PIP3 levels in these tumors. Because the
PI3K pathway controls many important physiological processes, for
example insulin signaling, drugs that target this enzyme have the
concern of many potential side effects.49 Induction of PTEN activity
could have the particular advantage that PI3K stimulation would
not be inhibited and thus physiological induction of PIP3 levels
would not be completely blunted. Thus, pharmacological interventions
that increase PTEN activity could be used to prevent tumor progres-
sion or treat tumors that retain at least one copy of the PTEN gene.
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