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The tumour suppressor PTEN is a PtdIns(3,4,5)P3

phosphatase that regulates many cellular processes
through direct antagonism of PI 3-kinase signalling.
Here we show that oxidative stress activates PI 3-
kinase-dependent signalling via the inactivation of
PTEN. We use two assay systems to show that cellular
PTEN phosphatase activity is inhibited by oxidative
stress induced by 1 mM hydrogen peroxide. PTEN
inactivation by oxidative stress also causes an increase
in cellular PtdIns(3,4,5)P3 levels and activation of the
downstream PtdIns(3,4,5)P3 target, PKB/Akt, that
does not occur in cells lacking PTEN. We then show
that endogenous oxidant production in RAW264.7
macrophages inactivates a fraction of the cellular
PTEN, and that this is associated with an oxidant-
dependent activation of downstream signalling. These
results show that oxidants, including those produced
by cells, can activate downstream signalling via the
inactivation of PTEN. This demonstrates a novel
mechanism of regulation of the activity of this
important tumour suppressor and the signalling path-
ways it regulates. These results may have signi®cant
implications for the many cellular processes in
which PtdIns(3,4,5)P3 and oxidants are produced
concurrently.
Keywords: oxidative stress/PTEN/phosphatase/
phosphoinositide 3-kinase/redox signalling

Introduction

The phosphoinositide 3-kinase (PI 3-kinase) cellular
signalling pathway plays a pivotal role in controlling
numerous biological processes, including cellular survival,
proliferation, growth and motility and is deregulated in
numerous human tumour types (Cantrell, 2001; Katso
et al., 2001; Vanhaesebroeck et al., 2001; Cantley, 2002).
The pathway is characterized by the stimulated production
of the second messenger, phosphatidylinositol (3,4,5)
trisphosphate [PtdIns(3,4,5)P3] by Class I PI 3-kinase
enzymes. PtdIns(3,4,5)P3 activates downstream signalling
through proteins able speci®cally to recognize and to bind
this lipid. The importance of deregulation of this pathway
in tumour development was highlighted by the demon-
stration that the tumour suppressor, PTEN, is a
PtdIns(3,4,5)P3 3-phosphatase, and in many cell types

may mediate the principle route of metabolism of this
signalling molecule (Maehama et al., 2001; Simpson and
Parsons, 2001; Leslie and Downes, 2002). Thus, PTEN
can inhibit entry into the cell cycle, metastasis and cell
motility, promote apoptosis, and reduce cell growth and
size (Furnari et al., 1998; Stambolic et al., 1998; Tamura
et al., 1998; Sun et al., 1999; Backman et al., 2002; Davies
et al., 2002). However, despite intensive research, a clear
picture is yet to emerge of how cells regulate the activity of
PTEN. The abundance of PTEN can be regulated
transcriptionally (Patel et al., 2001; Virolle et al., 2001)
and through phosphorylation-dependent modulation of
protein stability (Vazquez et al., 2000; Torres and Pulido,
2001). PTEN can also be recruited into protein complexes
through interaction with PDZ domain-containing proteins
(Wu,X. et al., 2000; Wu,Y. et al., 2000) and may be
selectively recruited onto cellular membrane surfaces that
display a more acidic character, such as the inner lea¯et of
the plasma membrane (Das et al., 2003; McConnachie
et al., 2003). However, the signi®cance of much of this
data with regard to the cellular regulation of the PI 3-
kinase pathway and downstream processes is currently
unclear (Leslie et al., 2001; Birle et al., 2002).

It has become clear that reactive oxygen species (ROS)
are not simply damaging by-products of cellular metabol-
ism, but also play important regulatory roles in many
cellular processes (Finkel, 2000; Droge, 2002). For
example, the stimulated production of oxidants appears
to play a crucial role in the mitogenic response to many
growth factors (Chen et al., 1995; Sundaresan et al., 1995;
Bae et al., 1997). Recent work has indicated that members
of the Protein Tyrosine Phosphatase family, which include
the lipid phosphatase, PTEN, can be physiologically
regulated through reversible oxidation and inactivation
(Denu and Tanner, 1998; Lee et al., 1998; Meng et al.,
2002). These enzymes contain a critical cysteine residue in
the active site that must be in a reduced state in order to
participate in catalysis (Denu and Tanner, 1998; Tonks
and Neel, 2001). Consistent with this, PTEN was found to
require reducing conditions for optimal activity in vitro
(Maehama and Dixon, 1998; Myers et al., 1998). More
recently, evidence has shown that inactivation by oxida-
tion might represent a physiological mechanism of
regulation of this class of enzymes, not only by oxidative
stress, but by ROS produced in other cellular circum-
stances, including stimulation of cells by growth factors
(Meng et al., 2002). A recent study extended these
proposals to include PTEN, showing that oxidation of
this enzyme in vitro by hydrogen peroxide (H2O2) caused
inactivation and the formation of a disul®de bond between
the active site cysteine (C124), and another nearby
cysteine (C71). This study also showed that H2O2, either
in vitro, or in cultured cells caused a reversible shift in the
electrophoretic mobility of PTEN consistent with its
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oxidation (Lee et al., 2002), but did not investigate effects
on downstream signalling. Here we show for the ®rst time
direct evidence for the oxidative inactivation of PTEN in
cells, by both exogenous and endogenously produced
oxidants. We also show that oxidants cause an increase in
the levels of PtdIns(3,4,5)P3 and activate downstream
signalling, and that these effects do not occur in cells
lacking PTEN.

Results

PTEN is sensitive to oxidative inactivation in vitro
PtdIns(3,4,5)P3 is believed to be metabolized largely by
two distinct cellular pathways; dephosphorylation of the 3
position by PTEN, to produce PtdIns(4,5)P2, or dephos-
phorylation of the 5 position by members of a family of
5-phosphatases, to produce PtdIns(3,4)P2. We therefore
chose to analyse the sensitivity to oxidation of human
PTEN by H2O2 in vitro in comparison with human
SHIP-2, a structurally unrelated PtdIns(3,4,5)P3 5-phos-
phatase that uses a different mechanism of catalysis
(Figure 1). These studies revealed that the sensitivity of
PTEN to oxidation is such that washing the enzyme in
ambient conditions in buffers lacking added reducing or
oxidizing agents causes substantial loss of activity, relative
to the full activity recovered after washing in reducing
conditions (5 mM DTT). Addition of H2O2, even at 10 mM,
caused an almost complete loss of activity. In contrast,
SHIP-2 still displayed strong activity in the presence of
10 mM H2O2. The apparent sensitivity of PTEN to
oxidation in vitro (Figure 1A) is somewhat con¯icting
with data presented by Lee et al. (2002), showing that a
50% reduction in PTEN phosphatase activity was caused
by ~200 mM H2O2. Although the exact redox potential is
not known in these experiments, we obtained similar
results to their data when directly diluting PTEN enzyme
that is stored in buffers containing reducing agents (data
not shown), suggesting that the sensitivity of PTEN to
oxidation may be underestimated in these latter experi-
ments through reaction of applied oxidants with reducing
agents in these storage buffers.

Oxidative stress inactivates cellular PTEN
In order to analyse the regulation of PTEN by oxidation in
cells, we adapted a novel assay described by Meng et al.
(2002). This assay uses lysis buffers containing iodoacetic
acid (IAA) irreversibly to alkylate cysteine residues in
cellular proteins and is represented diagrammatically in
Figure 2A. Alkylation of the active site cysteine residue of
PTP family members results in irreversible inactivation.
However, oxidized cysteine residues are protected from
alkylation and, since their oxidation is reversible, they can
be recovered in the absence of IAA and assayed. Thus, the
resultant activity data represents the proportion of the
phosphatase that is oxidized (and inactive) at the moment
of lysis (Meng et al., 2002). The following initial
experiments supported the use of this assay (data not
shown). Firstly, regardless of cellular oxidative stresses or
H2O2 addition after cell lysis, in the absence of alkylating
agents, if PTEN immunoprecipitates were washed and
assayed in reducing conditions, the same activity was
recovered as control samples, indicating that in these
experiments oxidation is reversible. Secondly, if IAA was

included in a reducing lysis buffer (5 mM DTT), no
detectable activity was recovered, indicating alkylation.
However, if IAA was included in an oxidizing lysis buffer
(1 mM H2O2), and immunoprecipitated enzyme was later
reduced in the absence of IAA, substantial activity was
recovered, indicating that reversible oxidation can protect
PTEN from alkylation.

We applied this assay initially to analyse the oxidation
of endogenous PTEN in cultured Swiss 3T3 ®broblasts
exposed to oxidative stress induced by H2O2. In these
experiments, very little PTEN activity was recovered from
control cells in normal medium, indicating that most of the
enzyme was in the reduced (active) state and was alkylated
by IAA upon cell lysis. However, 1 mM H2O2 added to the
medium was found to protect almost all cellular PTEN
from alkylation, and allow its later recovery as active
enzyme, indicating that PTEN was mostly oxidized in
these cellular conditions (Figure 2B). In further analyses of
the sensitivity of PTEN to exogenous H2O2, a steep

Fig. 1. PTEN, but not SHIP-2, is highly sensitive to oxidative inactiva-
tion in vitro. Recombinant PTEN (A) and SHIP-2 (B) were separately
puri®ed by af®nity chromatography and immunoprecipitation respect-
ively. Enzymes were then washed in ambient conditions lacking addi-
tional reducing or oxidizing agents, and then assayed in the presence of
either 5 mM DTT, no additional reducing or oxidizing agents, or of
different concentrations of H2O2. Data in (A) show d.p.m. released
labelled phosphate, and in (B) show production of labelled
PtdIns(3,4)P2 determined by densitometry. Presented data points repre-
sent the mean of assays performed in duplicate and the range of these
duplicates. The measured activity using boiled enzyme is presented as
a negative control.
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response curve was evident, with a 10 min incubation
in 1 mM H2O2 protecting most cellular PTEN from
alkylation, whilst the protection induced by 100 mM
H2O2 was barely detectable (Figure 2B). These experi-
ments consistently showed a small decrease in the
electrophoretic mobility of PTEN from lysates treated
with IAA. It seems likely that this represents alkylation of

the free cysteine residues of PTEN, as PTEN contains 10
cysteines including C71 and C124, and the gradient gels
used are able to detect mobility differences of several
hundred Daltons.

As a veri®cation of the results from this indirect analysis
of PTEN oxidative inactivation, cellular PTEN activity
was immunoprecipitated and assayed under anaerobic
conditions in the absence of additional reducing or
oxidizing agents. This work showed that robust PTEN
activity could be recovered in these conditions and that
this activity was almost completely abolished by treatment
of cells with 1 mM H2O2 for 10 min (Figure 2C). This
result agrees closely with that found through oxidative
protection from alkylation of PTEN (Figure 2B), and
strongly validates the adapted method of Meng et al.
(2002).

The activation of the PI 3-kinase pathway by
oxidative stress requires PTEN
We have shown that PTEN can be inactivated by oxidative
stress. In order to investigate whether this inactivation
leads to an activation of downstream PI 3-kinase-depen-
dent signalling, we chose ®rst to analyse cellular phos-
phoinositide lipid levels. Therefore, we investigated the
effects of oxidative stress on the levels of PtdIns(3,4,5)P3

and PtdIns(3,4)P2 in the PTEN-null glioblastoma cell line
U87MG, with and without exogenous expression of wild-
type PTEN (Figure 3A and C), or with expression of
wild-type PTEN, or phosphatase-dead PTEN C124S
(Figure 3B), using a viral delivery system. Cells were
also treated with and without platelet-derived growth
factor (PDGF), which is known to cause a strong activation
of PI 3-kinase in these cells. These experiments showed, as
would be expected, that in the absence of H2O2, wild-type
PTEN expression reduced PtdIns(3,4,5)P3 levels. How-
ever, in all cases, the PtdIns(3,4,5)P3 levels of cells
exposed to 1 mM H2O2 was similar in cells expressing
wild-type PTEN compared with those lacking the enzyme

Fig. 2. Cellular PTEN is inactivated by oxidative stress. (A) The in-
direct alkylation method used to analyse the effects of oxidative stress
on PTEN activity is shown. It is described in detail in the text and
Materials and methods. Iodoacetic acid is abbreviated to IAA and
immunoprecipitation to IP. The method causes PTEN that is oxidized
and inactive at the moment of lysis to be recovered as activity.
Reduced active cellular enzyme is alkylated and this activity is lost.
This method is used in panel B. (B) For indirect redox analysis of
PTEN, Swiss 3T3 cells were treated for 10 min with the indicated con-
centrations of H2O2 before being lysed in buffer containing the alkylat-
ing agent IAA. PTEN was immunoprecipitated and IAA washed away
before PTEN was assayed in reducing conditions. Control cells were
also lysed in buffer lacking alkylating agent, but with 5 mM DTT
reducing agent and immunoprecipitated, washed and assayed in
reducing conditions. A fraction of the ®rst sample from each condition
was analysed by western blotting (WB) using a different antibody
raised against PTEN. (C) Direct analysis of PTEN activity. Swiss 3T3
cells were treated with or without 1 mM H2O2 for 10 min. Cells were
then lysed, and endogenous PTEN was then immunoprecipitated and
assayed, all in anaerobic conditions in the absence of additional
reducing or oxidizing agents. As a positive control 5 mg of alkaline
phosphatase (AP) was used. A fraction of each PTEN IP sample was
analysed by western blotting using a different antibody raised against
PTEN. Data is presented as mean activity (d.p.m. released phosphate)
from duplicate samples 6 the range of these duplicates, with the
exception of the PTEN IPs from (C) which are derived from triplicate
samples.
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activity, suggesting that H2O2 treatment oxidizes and
inactivates any expressed PTEN. Most signi®cantly how-
ever, these data also showed that in cells expressing PTEN,
exposure to H2O2 led to a 3±4 fold increase in the levels of
basal PtdIns(3,4,5)P3, whereas in cells lacking PTEN
activity, exposure to H2O2 did not signi®cantly change
PtdIns(3,4,5)P3 levels. This strongly suggests that the
principle mechanism of H2O2-induced PtdIns(3,4,5)P3

increase, is through oxidative inhibition of PTEN. In
contrast, levels of PtdIns(3,4)P2 were greatly increased by
oxidative stress regardless of cellular PTEN status. This

suggests that other targets of oxidative stress exist that can
regulate levels of this lipid, perhaps other oxidant sensitive
PtdIns(3,4)P2 phosphatases.

To further analyse the activation of downstream PI 3-
kinase-dependent signalling by oxidative stress, experi-
ments were conducted investigating the activity and
phosphorylation of the PtdIns(3,4,5)P3-dependent kinase,
protein kinase B (PKB, also known as Akt) in the presence
and absence of PTEN. These experiments showed that as
with the PtdIns(3,4,5)P3 measurements, in cells lacking
PTEN, PKB activity was not increased by oxidative stress,
but was increased by PDGF. When PTEN was expressed
in these cells, oxidative stress was then able to cause a
substantial increase in PKB activity (Figure 4). In these
experiments, a small decrease in PKB serine 473 phos-
phorylation was seen in response to H2O2 treatment,
although a similar effect was not clearly evident in PKB
kinase activity and its signi®cance is unclear. These data
indicate that oxidative stress is able to activate PKB only
in cells expressing PTEN and therefore that this activation
is mediated at least in part through oxidative inactivation
of this phosphatase.

These data show by two distinct approaches, that
cellular PTEN is inactivated by oxidative stress.
Additionally, analysis of PtdIns(3,4,5)P3 levels and down-
stream signalling are consistent with the oxidative
inactivation of PTEN and indicate that oxidative stress
increases PtdIns(3,4,5)P3 levels and activates downstream
signalling only in cells that express PTEN. This indicates
that oxidative stress is able to regulate PI 3-kinase-
dependent signalling through inactivation of PTEN.

Physiological redox regulation of PTEN in
macrophages
It has become clear that H2O2 and other ROS are produced
endogenously in many cell types in diverse processes
(Finkel, 2000; Droge, 2002). It has also been proposed that
ROS are active cellular signalling molecules (Finkel,
1998, 2000). In order to investigate the possibility that
PTEN is inactivated by the endogenous production of
ROS, we performed an analysis in the murine macrophage
cell line, RAW264.7, in which the stimulated production
of H2O2 and other ROS by the phagocytic NADPH
oxidase complex has been well studied (Ahmed et al.,
1997; Brune et al., 1997; Han et al., 2001; Pfeiffer et al.,
2001). Signi®cantly, it is known that the phagocytic

Fig. 3. Oxidative stress increases cellular PtdIns(3,4,5)P3 levels only in
cells expressing wild-type PTEN. Cellular levels of PtdIns(3,4,5)P3 (A
and B) and PtdIns(3,4)P2 (C) were analysed in U87MG cells 6 PTEN
activity, stimulated with PDGF and/or H2O2. PTEN-null U87MG cells
were labelled with [3H]inositol for 48 h in inositol-free culture medium.
For the last 24 h of this incubation, cells were either left uninfected or
infected with virus expressing wild-type GFP±PTEN (A and C), or
infected with viruses expressing phosphatase-dead GFP±PTEN C124S
or wild-type GFP±PTEN (B). Some cells were then stimulated as
shown with 1 mM H2O2 or 50 ng/ml PDGF for 10 min before lysis.
Cellular phosphoinositides were then puri®ed, deacylated and analysed
by HPLC. Data are presented as the mean of duplicate samples plus the
range of these duplicates, with data for (A) and (C) being derived from
the one experiment. These experiments were performed three times
with similar results. The percentage of label incorporated into each
lipid in unstimulated uninfected or C124S-infected cells corresponds to
1641, 1317 and 1462 d.p.m. above background in (A), (B) and (C),
respectively.
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NADPH oxidase complex can be activated by
PtdIns(3,4,5)P3-dependent signals (Babior, 1999; Welch
et al., 2002). This potential co-localization of the substrate
of PTEN with an oxidant producing complex suggests a
possible model for the localized inhibition of PTEN
protecting a functionally signi®cant pool of
PtdIns(3,4,5)P3.

In RAW macrophages, the acute stimulation of oxidant
production by lipopolysaccharide (LPS) and phorbol 12-
myristate 13-acetate (PMA) has been described (Ahmed
et al., 1997; Brune et al., 1997; Pfeiffer et al., 2001). It has
also been shown that LPS treatment leads to the activation
of the PtdIns(3,4,5)P3-regulated kinase PKB/Akt (Salh
et al., 1998; Monick et al., 2001). Using the oxidant-
sensitive ¯uorophore dichloro¯uorescin diacetate, we
were able to verify that LPS or PMA, but not insulin,
rapidly induced the production of cellular oxidants in
RAW264.7 macrophages (data not shown). Therefore, we
investigated the oxidation of PTEN in RAW macrophages

using the method described above and in Figure 2A. These
experiments established that combined stimulation with
LPS and PMA for 10 or 30 min induced a signi®cant
increase in the fraction of endogenous cellular PTEN
protected from experimental alkylation. This was the case
in cells both with and without 24 h priming with interferon
g (Figure 5A and B). The reliance of this effect upon
cellular oxidant production was investigated using the cell
permeant antioxidant N-acetyl cysteine (NAC, 10 mM)
and a frequently used inhibitor of NADPH oxidase,
diphenyleneiodonium chloride (DPI, 10 mM). Both NAC
and DPI interfered with the protection of PTEN from
alkylation, again indicating that this re¯ects oxidation
(Figure 5D). Since stimulation did not affect the recovered
activity of PTEN in reducing conditions (Figure 5C), these
data indicate that these stimuli caused the oxidation and
inactivation of a fraction of cellular PTEN that correlated
with increased downstream signalling, indicated by phos-
phorylation of PKB (Figure 5E). The data correspond to an
increase in the oxidized inactive fraction of cellular PTEN
from ~5% in unstimulated cells to ~16% in cells stimu-
lated for 10 min. We also found that stimulation with LPS
or PMA alone appeared to result in a rise in the oxidized
fraction of cellular PTEN, although this increase was not
always statistically signi®cant (LPS, 0 out of 2 experi-
ments signi®cant, PMA 1 out of 2) (data not shown). H2O2

(1 mM) was also found to lead to the oxidation of most
cellular PTEN, and substantially to activate PKB in RAW
macrophages (data not shown and Figure 6). We also
assessed the oxidation of PTEN directly using a method
previously used to analyse the p53 protein (Wu and
Momand, 1998; Seo et al., 2002) that relies upon an initial
cysteine-directed alkylation of proteins in a cell lysate,
subsequent reduction, and second treatment with a
biotinlyated alkylating agent. This allows the analysis of
cysteine residues that were protected in an oxidized form
in the initial lysate. This method also showed that in the
RAW264.7 macrophages, H2O2 treatment and to a lesser
extent stimulation with LPS and PMA lead to a substantial
detection of oxidized PTEN (Figure 5F).

Experiments measuring PtdIns(3,4,5)P3 levels in RAW
macrophages proved unsuccessful, as levels of this lipid
appeared to be unusually low (<0.001% of that of
phosphatidylinositol in pilot experiments, N.Leslie and
S.Safrany unpublished data). Therefore, PKB activation
was analysed in these cells, and the reliance of this
activation upon oxidant production investigated using
NAC and DPI, as described above. Pilot experiments
showed that in comparison with other cell types RAW
cells express PKBg and low levels of PKBa that can be
activated by cellular stimulation with a number of stimuli
including LPS, PMA, interferon g, H2O2 and insulin, the
latter possibly acting through an IGF1 receptor. While
stimulation with LPS, PMA or insulin all increased
cellular PKB activity several fold, the activation by LPS
and PMA was signi®cantly inhibited by either NAC or
DPI, indicating a requirement for cellular oxidant produc-
tion in the activation of PKB by these stimuli (Figure 6). In
contrast, the activation of PKB by insulin was not
signi®cantly affected. These data suggest that LPS and
PMA both activate PKB by an oxidant-dependent mechan-
ism, but insulin does so by an oxidant-independent
pathway. The extent of the oxidant-independent activation

Fig. 4. Oxidative stress activates cellular PKB only in cells expressing
PTEN. PTEN-null U87MG cells growing at low cell density were
either left uninfected or infected with viruses encoding wild-type
GFP±PTEN for 24 h. Cells were then stimulated with 1 mM H2O2 or
50 ng/ml PDGF for 10 min before cell lysis and determination of the
activity (A) and phosphorylation (B) of PKB/Akt. (A) After lysis, cellu-
lar PKB was immunoprecipitated and assayed in vitro. Data is pre-
sented as the mean + SD d.p.m. of labelled phosphate incorporated into
peptide substrate from triplicate samples. (B) After lysis, the phos-
phorylation of PKB was analysed by western blotting using antibodies
speci®c for total PKB and for phosphoserine-473 PKB. These
experiments were performed three times with similar results.
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Fig. 5. Inactivation of cellular PTEN by stimulation of RAW264.7 macrophages. RAW264.7 macrophages were either grown in normal medium (A),
or primed with 100 ng/ml interferon g for 24 h (B), before some cells were stimulated with 100 ng/ml LPS and 1 mM PMA for the indicated times.
Cellular PTEN was then immunoprecipitated in the presence of the alkylating agent IAA (as Figure 2A and B), and the fraction of cellular PTEN pro-
tected from alkylation by oxidation was determined. Data in (A) are presented as the mean of ®ve samples 6 the SEM. This experiment was per-
formed three times with similar results. Data in (B) are presented as the mean of six samples 6 SEM. This experiment was performed on three
occasions with similar results. In (A) and (B), the mean fully reduced control PTEN activity were 3362 and 5515 d.p.m. respectively. (C) RAW264.7
macrophages were also stimulated for 10 min with 100 ng/ml LPS alone or 100 ng/ml LPS and 1 mM PMA, and subsequently cells were lysed and
PTEN immunoprecipitated and assayed all in reducing conditions in the absence of alkylating agents. (D) The oxidant dependence of the protection of
PTEN from alkylation in stimulated macrophages (as panel A) was investigated. The stimulated production of ROS in RAW macrophages was
antagonized by a 5 min pre-treatment with either 10 mM DPI or 10 mM NAC before stimulation with 100 ng/ml LPS and 1 mM PMA for 10 min.
Cells were then lysed and the protection of PTEN from alkylation was investigated as above (Figures 2 and 5A and B). Data are presented as the
mean of three samples 6 SEM. (E) PKB phosphorylation in lysates used for the investigation of the oxidation of cellular PTEN (see panels A and B)
was analysed in duplicate samples by Western blotting using antibodies speci®c for phosphoserine-473 PKB and total PKB. The presence of the
alkylating agent IAA in the lysis buffer did not appear to interfere with this analysis. (F) The oxidation of PTEN was analysed using a biotinlyated
alkylating agent as described in Materials and methods. RAW264.7 macrophages were treated with or without either 1 mM H2O2 or with 100 ng/ml
LPS and 1 mM PMA. Cells were lysed in the presence of alkylating agent and proteins sequentially reduced and alkyated with a second biotinylated
alkylating agent. PTEN was then immunoprecipitated and analysed either by western blotting with different antibodies against the protein, or with
streptavidin±HRP.
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of PKB might be expected to indicate the relative
importance of stimulated production of PtdIns(3,
4,5)P3 by PI 3-kinase, agreeing with previous data that
insulin and LPS both activate PI 3-kinase. These data
indicate that the full activation of PKB in macrophages by
LPS or PMA is dependent upon cellular oxidants, and
supports the observed oxidative inhibition of PTEN as a
mechanism that plays a role in the activation of PKB.

Discussion

Here we show for the ®rst time that oxidative stress can
inactivate the PTEN tumour suppressor phosphatase in
cells, and present evidence that this inactivation leads to an
increased level of cellular PtdIns(3,4,5)P3 and the activ-
ation of signalling pathways downstream of this lipid
second messenger. We also show that the endogenous
production of cellular oxidants can inactivate a fraction of
cellular PTEN, and that this correlates with an oxidant-
dependent activation of downstream signalling. This is
signi®cant, as this is the ®rst identi®cation of a mechanism
of acute physiological regulation of the activity of this
important tumour suppressor and also provides a
novel route of activation of PtdIns(3,4,5)P3-dependent
signalling, not by activation of PI 3-kinase, but by
inhibition of PTEN.

In previous work and that presented here we and others
have found that oxidative stress increases cellular
PtdIns(3,4,5)P3 levels and PKB activity. Signi®cantly,
we show here that these effects are only seen in cells
expressing PTEN (either endogenous or recombinantly
expressed). Our data from U87MG cells shows that these
PTEN-null cells do not activate PKB/Akt in response to
oxidative stress. However, when PTEN is expressed,
10 min exposure to 1 mM H2O2 stimulates an increase in
PKB activity of ~4-fold. This agrees well with the ~5-fold
activation of PKB seen in Swiss 3T3 ®broblasts and RAW
macrophages that express endogenous PTEN (van der
Kaay et al., 1999). These data indicate that the pre-
dominant activation of downstream PtdIns(3,4,5)P3-
dependent signalling by oxidative stress occurs via
inactivation of PTEN. Signalling downstream of
PtdIns(3,4,5)P3 and PKB is known to promote many
cellular processes, particularly proliferation, cell growth
and survival, and therefore it might be expected that the
oxidative stress-induced inactivation of PTEN would act
to promote these functions, although other stress-induced
pathways may act in opposition.

It is known that both PtdIns(3,4,5)P3 and the NADPH
oxidase complex (Babior, 1999) are found in the plasma
membrane and, indeed, evidence supports the precise co-
localization with and activation of the complex by

Fig. 6. Stimulation of RAW264.7 macrophages induces an oxidant-dependent activation of PKB. RAW264.7 macrophages were left untreated (±) or
pre-treated for 5 min with 10 mM NAC (N) or DPI (D). Cells were then left untreated (control) or stimulated with 100 ng/ml LPS, 1 mM PMA, 10 mM
insulin or 1 mM H2O2, each for 10 min. Cells were lysed and the activity state of cellular PKB was analysed using an in vitro kinase assay of
immunoprecipitated PKB (A), or PKB phosphorylation analysed using western blotting with antibodies speci®c for phosphoserine-473 PKB, total PKB
and PTEN (B). Data in (A) are presented as the mean activity 6 SEM from a minimum of three samples. These experiments were performed three
times with similar results.
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PtdIns(3,4,5)P3 (Welch et al., 2002). This proximity of its
substrate with a complex producing an inhibitor of PTEN
indicates that only a small, functionally signi®cant pool of
this largely cytoplasmic enzyme might need to be
inhibited to affect downstream signalling. Our data
showing the inactivation of ~10% of cellular PTEN in
stimulated macrophages and an oxidant-dependent activ-
ation of downstream signalling support this conclusion.
ROS have been shown to be produced by many different
cell types in numerous circumstances (Finkel, 2000;
Droge, 2002) including cellular stimulation with many
growth factors. This raises the possibility that some growth
factors increase PtdIns(3,4,5)P3 levels not only by increas-
ing its rate of production by PI 3-kinase, but also by
reducing the metabolism of PtdIns(3,4,5)P3 by inhibition
of PTEN. As with the production of oxidants in stimulated
macrophages, it seems likely that only a small fraction
of cellular PTEN in close proximity to sites of
PtdIns(3,4,5)P3 production and PKB activation would
need to be inhibited substantially to affect the sensitivity of
the signalling pathway.

In macrophages stimulated to produce ROS, PTEN was
shown to be oxidatively inactivated, and there was a
concomitant oxidant-dependant activation of PKB. These
data not only strongly support the hypothesis that the
oxidative inactivation of PTEN is a physiological mechan-
ism of regulating the PI 3-kinase pathway, but also have
signi®cant implications for the regulation of apoptosis in
macrophages and other oxidant producing leukocytes. The
activation of the PI 3-kinase pathway and PKB/Akt have
been shown to be potent survival signals in many cell types
including macrophages (Liu et al., 2001). It is clear that
phagocytes must possess mechanisms to protect them from
the ROS that they produce (Splettstoesser and Schuff-
Werner, 2002) and our data strongly suggest that the
activation of this potent cellular survival signal by
oxidants may represent such a mechanism. Additionally,
the deregulation of the PI 3-kinase signalling pathway is
implicated in the development of many human tumour
types. Since mutation of the PTEN gene has only been
found with high frequency in the rather uncommon
glioblastoma and endometrial tumour types and the
signi®cance of evidence for the loss of PTEN protein in
the absence of mutation is unclear, it seems likely that
most human tumours retain wild-type PTEN expression
(Ali et al., 1999). It is possible that the oxidative inhibition
of PTEN by ROS, that are present at abnormally elevated
levels in many tumours (Benhar et al., 2002), could
functionally impair the tumour suppressor activity of the
enzyme, enhancing tumour development.

As previously referred to, there is signi®cant evidence
that the stimulated increase in PtdIns(3,4,5)P3 levels plays
a role in the activation of the NADPH oxidase complex in
phagocytic and non-phagocytic cells. It appears that
in fMLP-stimulated neutrophils the initial burst of
PtdIns(3,4,5)P3 production by PI 3-kinase g may be
transient and very rapid, occuring within the ®rst two
min of stimulation (Cadwallader et al., 2002). Although in
pilot experiments, we did not detect a similar early peak of
PKB activity in LPS-stimulated RAW macrophages (data
not shown), it is known that LPS can induce the activation
of PI 3-kinase in RAW264.7 cells. If, as our data suggest,
the production of oxidants leads to an inactivation of

PTEN and decreased metabolism of PtdIns(3,4,5)P3, this
suggests a role for PI 3-kinase signalling in initiating a
process that itself magni®es and/or sustains the further
activation of downstream signalling. Since many of the
stimuli that activate cellular ROS production also strongly
activate PI 3-kinase, it is clear that the oxidative
inactivation of PTEN would be only one factor regulating
PtdIns(3,4,5)P3 levels and downstream signalling.

These data may have signi®cant implications for the
signalling processes controlling ageing. In organisms from
mice to nematodes, it appears that signalling from insulin-
like growth factor 1 (and possibly insulin itself), through
their receptor kinases and the PI 3-kinase/PKB pathway, to
transcription factors of the forkhead family, can accelerate
many factors of the ageing process (Gems and Partridge,
2001; Burgering and Kops, 2002; Holzenberger et al.,
2003). In mice, it has also been shown that deletion of the
adaptor protein, p66Shc, reduces cellular oxidant levels,
the sensitivity of cells to oxidative stress-induced
apoptosis, signalling to forkhead transcription factors,
and extends life span by ~30% (Migliaccio et al., 1999;
Nemoto and Finkel, 2002; Trinei et al., 2002). The
oxidative inactivation of PTEN could provide a mechan-
ism for the observed effects of p66Shc function and
cellular oxidants on the PKB/forkhead pathway, and
provide the likely connection between these two pathways,
both of which are involved in regulating life span (Nemoto
and Finkel, 2002).

Materials and methods

Tissue culture
U87MG cells and RAW264.7 macrophages were from the European
Collection of Animal Cell Cultures. Most tissue culture media and
additives were purchased from Gibco Life Technologies. Fetal bovine
serum (FBS) was purchased from HyClone/Perbio. Swiss 3T3 murine
®broblasts and RAW264.7 murine macrophages were grown in DMEM +
10% FBS. PTEN was expressed in cultured U87MG cells by a modi®ed
baculovirus as previously used (Leslie et al., 2001). By microscopic
visualization of GFP±PTEN in cells, it is evident that expression is
achieved in well over 90% of these cells. LPS, PMA, NAC, DPI and
bovine liver catalase were purchased from Sigma. The abundance of
cellular phosphorylated inositol-derived lipids was determined as
previously described (Leslie et al., 2001).

In vitro phosphatase assays of PTEN and SHIP-2
Wild-type human PTEN was expressed in Escherichia coli as a fusion
protein with glutathione S-transferase (GST) and puri®ed as previously
described (Walker et al., 2001). Substrate preparation and in vitro assays
against 3-[33P]PtdIns(3,4,5)P3 were also as described (Walker et al.,
2001). SHIP-2 was immunoprecipitated from U87MG cells over-
expressing human SHIP-2. SHIP-2 assays were performed in 50 mM
Tris pH 7.4, 10 mM MgCl2 using 100 mM phosphatidylserine, 1 mM
PtdIns(3,4,5)P3 substrate vesicles prepared by sonication, containing
~100 000 d.p.m. 3-[33P]PtdIns(3,4,5)P3. After 30 min incubation at 37°C,
a Bligh and Dyer phase split was performed, dried down lipids were
separated by acidic TLC and the labelled PtdIns(3,4)P2 product was
quantitated using a phosphorimager. For the in vitro comparison of the
sensitivity to oxidation of PTEN and SHIP-2, immobilized puri®ed
enzyme was washed three times at 4°C in 25 mM HEPES pH 7.4, 100 mM
NaCl before assaying in their respective assay buffers, with addition of
either 5 mM DTT, water, or different concentrations of H2O2.

Assay of PTEN redox state
The indirect method relying upon the oxidative protection from alkylation
was adapted from that of Meng et al. (2002) and is displayed
diagrammatically in Figure 2A. Cells for redox analysis were rapidly
washed once in PBS at 4°C and lysed in buffer A (25 mM HEPES pH 7.4,
150 mM sodium chloride, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA,

N.R.Leslie et al.

5508



10 mM b-glycerophosphate, 50 mM sodium ¯uoride, 10 mg/ml leupeptin,
100 mM PMSF and 1 mM benzamidine) with 10 mM IAA and 100 mg/ml
catalase. Control cells were washed and lysed in buffer A with 5 mM
DTT. PTEN was then immunoprecipitated with 5 mg of sheep polyclonal
anti-PTEN antibody pre-bound to Protein G Sepharose for 1 h at 4°C. For
redox analysis, immune complexes were then washed twice in buffer A
containing 1 mM H2O2, whereas reduced controls were washed twice in
more buffer A containing 5 mM DTT. PTEN immune complexes were
®nally washed three times in buffer B (10 mM HEPES pH 7.4, 150 mM
NaCl, 2 mM EGTA, 5 mM DTT). PTEN phosphatase activity against
3-[33P]PtdIns(3,4,5)P3 was determined as previously described (Walker
et al., 2001).

The effects of oxidative stress upon PTEN activity were also analysed
directly by lysing cells, immunopurifying and assaying PTEN in
anaerobic conditions. In this method, Swiss 3T3 ®broblasts were
incubated in modi®ed Krebs±Henseleit buffer (118 mM NaCl, 4.69 mM
KCl, 1.18 mM MgSO4, 1.29 mM CaCl, 1.18 mM KH2PO4, 11.67 mM
glucose, 25 mM HEPES pH 7.4) for 30 min before addition to some
samples of 1 mM H2O2 for 10 min. Cells were then transferred into an
anaerobic/nitrogen cabinet, washed three times in ice cold degassed
modi®ed Krebs±Henseleit buffer before lysis on ice in cold degassed
buffer A containing 100 mg/ml catalase with no added oxidizing or
reducing agents. Lysates were then pre-cleared for 15 min at 14 000 g at
4°C before addition of 4 mg PTEN antibody and Protein G Sepharose
beads that had been anaerobically equilibrated for 90 min.
Immunoprecipitation was allowed to proceed with tumbling at 4°C for
1 h under nitrogen. Immune complexes were then washed once in
degassed lysis buffer and three times in degassed buffer B without DTT
at 4°C before PTEN was assayed under nitrogen against 3-
[33P]PtdIns(3,4,5)P3 using a method adapted from that of Walker et al.
(2001). Brie¯y lipid substrate vesicles were prepared by bath sonication
under nitrogen in degassed lipid resuspension buffer (25 mM HEPES pH
7.4, 2 mM EGTA), and mixed with PTEN immune complexes in
degassed reaction buffer (buffer B lacking DTT or other reducing agents).
Assays were then incubated for 30 min with shaking at 37°C under
nitrogen before released [33P]phosphate was determined as previously
described.

The oxidation state of PTEN was also investigated without assaying the
enzyme, using biotinylated alkylating agents, following the methods of
Seo et al. (2002) and Wu and Momand (1998). RAW264.7 macrophages
were left untreated or stimulated for 10 min with 1 mM H2O2 or with
100 ng/ml LPS and 1 mM PMA before lysis in SEE buffer (100 mM
Na2HPO4, 5 mM EDTA, 5 mM EGTA pH 7.5) with 0.1% Triton X-100,
20 mM NEM and protease inhibitors. Lysates were then dialysed at 4°C
in three changes of SEE buffer with protease inhibitors before treatment
for 1 h with 20 mM DTT, further dialysis, and treatment for 1 h with
20 mg/ml (N-maleimidopropionyl)biocytin. PTEN was then immunopre-
cipitated from 3 mg of each treated lysate, and analysed by western
blotting with the mouse monoclonal PTEN antibody and with horseradish
peroxidase (HRP)-conjugated streptavidin.

Antibodies and western blot analysis
An antibody recognizing phosphoserine-473 PKB was purchased from
Cell Signalling and those recognizing total PKB and PTEN (mouse
monoclonal, A2B1) were purchased from Santa Cruz. For blotting
analysis, cells were lysed in buffer A containing 0.1% 2-mercaptoethanol
and proteins separated by polyacrylamide gel electrophoresis and blotted
onto PVDF membranes (Polyscreen NEN/Perkin Elmer). Most reagents
and protocols for electrophoresis and blotting were from Novex, and
standard protocols were followed.

Assay of PKB/Akt activity
For PKB assays, RAW macrophages were seeded at low cell density an
hour prior to stimulation. U87MG cells were seeded at very low cell
density (~10% con¯uence) for 24 h, and some infected with wild-type
PTEN expression virus during a further 24 h before stimulation. Cells
were treated and lysed in ice cold buffer A with 0.1% (v/v) 2-
mercaptoethanol. Immnuoprecipitation and kinase assay using the
peptide substrate Crosstide have been previously described (Alessi
et al., 1996; Leslie et al., 2001). For experiments with RAW
macrophages, immunoprecipitations were performed using previously
described antibodies against both PKBa and PKBg (Walker et al.,
1998).
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