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The virulence factor IpgD, delivered into nonphagocytic
cells by the type III secretion system of the pathogen
Shigella flexneri, is a phosphoinositide 4-phosphatase gen-
erating phosphatidylinositol 5 monophosphate (PtdIns(5)P).
We show that PtdIns(5)P is rapidly produced and concen-
trated at the entry foci of the bacteria, where it colocalises
with phosphorylated Akt during the first steps of infection.
Moreover, S. flexneri-induced phosphorylation of host
cell Akt and its targets specifically requires IpgD. Ectopic
expression of IpgD in various cell types, but not of its
inactive mutant, or addition of short-chain penetrating
PtdIns(5)P is sufficient to induce Akt phosphorylation.
Conversely, sequestration of PtdIns(5)P or reduction
of its level strongly decreases Akt phosphorylation in
infected cells or in IpgD-expressing cells. Accordingly,
IpgD and PtdIns(5)P production specifically activates a
class IA PI 3-kinase via a mechanism involving tyrosine
phosphorylations. Thus, S. flexneri parasitism is shedding
light onto a new mechanism of PI 3-kinase/Akt activation
via PtdIns(5)P production that plays an important role in
host cell responses such as survival.
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Introduction

Shigella flexneri, a facultative intracellular pathogen, is the
causative agent of bacillary dysentery in humans. Like
Salmonella, Shigella uses a type III secretion system to inject
effector proteins into the host cell and induce their uptake via

*Corresponding author. INSERM U563, CPTP, CHU-Purpan, 31024,
Toulouse Cedex 3, France. Tel.: +33 5 62 74 45 25;
Fax: +33 5 61 74 45 57; E-mail: payrastr@toulouse.inserm.fr

Received: 24 June 2005; accepted: 23 January 2006

©2006 European Molecular Biology Organization

a process resembling macropinocytosis (Galan and Bliska,
1996; Cossart and Sansonetti, 2004). S. flexneri induces a
localised but massive rearrangement of the host cell surface
resulting from cytoskeleton reorganisation. The formation
of these entry structures comes from the concerted action
of injected bacterial proteins and components of the host cell
(Cossart, 1997; Sansonetti and Egile, 1998). There is now
significant evidence that several microbial pathogens exploit
the phosphoinositide metabolism of target cells to promote
their entry and develop their virulence (Pizarro-Cerda and
Cossart, 2004). Phosphoinositides are minor components of
membranes but play a key role in many biological processes,
including cell growth or apoptosis, motility, vesicular
trafficking and glucose metabolism (Payrastre et al, 2001;
Cantley, 2002). The myo-inositol head group of phosphoino-
sitides contains five free hydroxyl groups and three of them
(positions D-3, D-4 or D-5) are phosphorylated by specific
kinases, which, together with phosphatases and phospho-
lipases, accurately and locally control the level of these
versatile lipids. Several phosphoinositide-binding domains
(PH, FYVE, PX, ENTH, etc) have been identified, pointing
to the importance of these lipids as scaffolds recruiting
specific effectors and orchestrating the spatiotemporal
organisation of key signalling pathways. One of the best
characterised signalling pathways initiated via synthesis of
phosphatidylinositol 3,4,5-trisphosphate  (PtdIns(3,4,5)P3)
and phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P;)
by phosphoinositide 3-kinase (PI 3-kinase) is the activation
of the serine-threonine kinase Akt, a key regulator of cell
survival (Song et al, 2005). Evidence is now accumulating
that disruption of the phosphoinositide metabolism is linked
to the development of different human diseases (Pendaries
et al, 2003).

Recently, we found that the S. flexneri effector IpgD is
injected into the host cell, where it acts as a phosphoinositide
phosphatase specifically transforming PtdIns(4,5)P, into
PtdIns(5)P (Niebuhr et al, 2002). IpgD is involved in the
formation of fully structured entry sites (Niebuhr et al, 2000)
but, at first glance, it is not directly involved in invasion, as
the IpgD-deficient mutant shows the same invasive pheno-
type as the wild-type (WT) strain (Allaoui et al, 1993). The
role of this S. flexneri effector is therefore under question.
Expression of IpgD in mammalian cells leads to a reduction in
the membrane/cytoskeleton adhesion energy and eventually
causes membrane blebbing (Niebuhr et al, 2002). The role
of PtdIns(4,5)P, in actin cytoskeleton remodelling and in
plasma membrane-cytoskeleton interaction is well described
(Janmey and Lindberg, 2004) and a drop in its level can
explain some of the effects of IpgD. A similar decrease in
plasma membrane PtdIns(4,5)P, was described during
Salmonella infection and involves the IpgD homologue SigD
(Terebiznik et al, 2002). The product generated by SigD,
the substrate specificity of which is still a matter of debate
(Norris et al, 1998; Zhou et al, 2001; Terebiznik et al, 2002),
is not identified, but it is proposed that the drop in
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PtdIns(4,5)P, is implicated in membrane fission during the
entry process (Terebiznik et al, 2002).

In the case of S. flexneri, the generation of PtdIns(5)P,
a lipid present in low amount in resting cells (Rameh et al,
1997; Morris et al, 2000), could also contribute to the host
cell response during infection. Little is known about the role
of this least-characterised phosphoinositide, but it can be
produced upon cell stimulation or stress situations with
levels comparable to other phosphoinositide second messen-
gers, like PtdIns (3,4,5)P; (Morris et al, 2000; Sbrissa et al,
2002; Tronchere et al, 2004). Recent evidence suggest that
PtdIns(5)P can interact with some plant homeodomains
(PHD) and may be a signalling molecule on its own
(Gozani et al, 2003; Sbrissa et al, 2004; Di Lello et al, 2005).

Phosphatidylinositol monophosphates have long been
considered as intermediate metabolites of the synthesis
pathways of phosphatidylinositol bis- and tris-phosphates.
However, it is now becoming clear that they can act directly
as signalling molecules (Clarke, 2003; Pendaries et al, 2005).
PtdIns(3)P regulates vesicular trafficking through interaction
with a set of FYVE and PX domain-containing proteins
involved in vacuolar sorting in yeast and in the endosomal
pathway in mammals (Wurmser et al, 1999). Recently,
PtdIns(4)P was shown to interact and recruit proteins such
as FAPPs or the clathrin adaptor AP-1 to the trans-Golgi
network (De Matteis and Godi, 2004).

Here, we imaged the production of PtdIns(5)P during
S. flexneri infection or upon ectopic expression of IpgD
and, through a combination of biochemical and genetic
approaches, investigated its role as a signalling molecule.
This bacterial intracellular parasitism model revealed a novel
mechanism of PI 3-kinase/Akt activation through PtdIns(5)P
production via a process involving tyrosine phosphoryla-
tions. This pathway is likely to play a critical role in direct
and transcriptional control of host cell survival that would
benefit the bacterium.

Results

Host-cell Akt, GSK3, FKHR and p70S6K
phosphorylations specifically require IpgD

Previous studies (Steele-Mortimer et al, 2000; Marcus et al,
2001; Knodler et al, 2005) have shown that Akt is activated
in the host cell during infection with Salmonella, leading to
increased survival of infected epithelial cells. Interestingly,
the phosphatase activity of the IpgD homologue, SigD, is
required for this effect and IpgD can replace SigD for
Salmonella-mediated Akt activation (Steele-Mortimer et al,
2000). Here we show that infection of HeLa cells with
S. flexneri can also induce the phosphorylation of Akt at
serine 473 and threonine 308 (Figure 1). This phosphory-
lation was maximal after 15min and decreased thereafter,
but was still visible 1 h after infection, while the total amount
of Akt remained constant. Inhibition of PI 3-kinase by
LY294002 prevented Akt phosphorylation (not shown).
Accordingly, Akt substrates such as GSK3 (o and B) and
FKHR were phosphorylated after 15min of infection.
Phosphorylation of the forkhead family member FKHR
increased for about 1h, whereas GSK3 phosphorylation was
transient. P70S6 kinase (p70S6K), involved in cap-dependent
protein translation and ribosome biogenesis, is a target
of Target Of Rapamycin (TOR) downstream of Akt signalling
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Figure 1 IpgD is required for the specific activation of the Akt
pathway during infection of HeLa cells by S. flexneri. HeLa cells
were noninfected (C) or submitted to a time course of infection (0,
15, 30, 60 min of infection) with the WT M90T or the IpgD-deficient
(ipgD) strains. The phosphorylation of Akt (S473 and T308), GSK3
(S21 and S9 for o and B, respectively), FKHR (S256), p70S6K (T389),
MAPK and cortactin was analysed with specific antibodies. The
amount of each protein is also shown. Data are representative of
three independent experiments.

(Bjornsti and Houghton, 2004). P70S6K was phosphorylated
up to 30 min after infection. Phosphorylations of Akt, GSK3,
FKHR and p70S6K were abolished with the IpgD-deficient
mutant strain, demonstrating the requirement of the phos-
phatase for this process. Conversely, both WT S. flexneri and
the IpgD-deficient mutant induced Erkl/2 and cortactin
(Nhieu et al, 2005) phosphorylations with similar ranges
and time courses. Thus, IpgD is required for the initiation
of specific signalling networks during bacterial infection.

PtdIns(5)P is produced at the entry foci of S. flexneri,
where it colocalises with phosphorylated Akt

To image PtdIns(5)P during S. flexneri infection of HeLa cells,
we first used a GFP protein fused to three repeats of the PHD
domain of the ING2 protein (GFP-PHDx3) known to interact
with PtdIns(5)P (Gozani et al, 2003). Despite a strong nuclear
signal, the GFP-PHDx3 probe clearly decorated the entry foci
of WT bacteria (Figure 2A, upper panel), which are char-
acterised by a typical actin rearrangement (Adam et al, 1995).
The IpgD-deficient mutant entry sites were never labelled
(Figure 2A, lower panel). The GFP-PHDx3 mutated on the
zinc co-ordinating residues that interacts only very weakly
with PtdIns(5)P did not label the entry foci of S. flexneri (data
not shown). To avoid the nuclear signal generated by the
GFP-PHDx3 probe that could mask a discrete membrane
labelling, we developed a biotinylated GST protein fused to
a tandem of PHD (GST-PHDx2) to probe PtdIns(5)P on fixed
cells as described previously for the localisation of PtdIns(3)P
using FYVE domains (Gillooly et al, 2000; Tronchére et al,
2004). This GST-PHDx2 probe did not decorate the nucleus,
confirmed the low level of PtdIns(5)P in control HeLa cells
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Figure 2 Colocalisation of PtdIns(5)P and phosphorylated Akt at the entry sites during early time points of HeLa cells infection by S. flexneri.
(A) HeLa cells were transfected with the GFP-PHDx3 encoding vector and expression allowed for 24 h. Cells were fixed 10 min after infection
with either the WT M90T (a-c) or the IpgD-deficient (ipgD) (d-f) strains. PtdIns(5)P was visualised with the GFP-PHDx3 probe (a, d) and actin
cytoskeleton was stained with phalloidin-Alexa Fluor594 (b, e). Panel g shows, by fluorescence microscopy, the colocalisation (yellow colour)
of the bacteria (visualised with an anti-LPS antibody and a secondary antibody labelled with Alexa Fluor 350 in blue) with the GFP-PHDx3
probe and the actin structure (phalloidin-Alexa Fluor594) at the entry site. (B) HeLa cells were fixed before (control, a-d) or 5, 10, 30 or 60 min
after infection with the WT M90T (e-t) or the IpgD-deficient (ipgD) (u-x) strains. PtdIns(5)P was localised with the biotinylated GST-PHDx2
recombinant probe and stained with steptavidin-Alexa Fluor594 (red) (a, e, i, m, q, u). Akt phosphorylation was detected with the anti-
phospho-T308 antibody and a secondary anti-IgG-Cy5 antibody (blue) (b, {, j, n, 1, v). Actin cytoskeleton was stained with phalloidin-Alexa
Fluor488 (green) (c, g, k, 0, s, w). In both panels the preparations were analysed by confocal laser scanning using a Zeiss LSM510 equiped with
a 63 x objective. White arrows show entry foci, calibration bar=15pum. Data are representative of three independent experiments. The
amount of PtdIns(5)P (pmol/mg of proteins) in control cells or in cells infected for 5, 10 and 30 min with the WT M90T strain or, for 10 min,
with the IpgD-deficient (ipgD) mutant is shown (right panel). Results are mean+s.e.m. of three independent experiments.
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(Niebuhr et al, 2002), and still strongly labelled S. flexneri
entry sites visible at 5 and 15min of infection (Figure 2B).
After 30 min, the labelling of PtdIns(5)P was more diffuse,
and after 1h a punctuate pattern resembling that of internal
vesicles or membranes was observed. It is also noteworthy
that 1h after the beginning of infection, a significant fraction
of this lipid was detected in the nucleus. The time course of
PtdIns(5)P production imaged with the GST-PHDx2 biotiny-
lated probe correlated with the increase in PtdIns(5)P level
quantified by mass assay (Figure 2, right panel). The entry
sites of the IpgD-deficient mutant were not decorated
(Figure 2B, lower panel).

Interestingly, phosphorylated Akt colocalised with
PtdIns(5)P at the entry foci during the first 10 min of infection
(Figure 2). Phosphorylated Akt was also detected in the
nucleus as soon as 5min after the beginning of infection
and this nuclear signal increased thereafter. Consistent with
the data shown in Figure 1, the IpgD-deficient mutant did not
induce Akt phosphorylation (Figure 2B, lower panel).

The colocalisation of PtdIns(5)P and phosphorylated Akt at
the entry sites of bacteria was unambiguously demonstrated
by imaging bacteria using an antilipopolysaccharide antibody
(Supplementary Figure 1A and B).

Ectopic expression of IpgD in HeLa cells and cell-
permeant PtdIns(5)P cause Akt phosphorylation

To discriminate between the contribution of IpgD and
the contribution of other bacterial factors, we transiently
expressed myc-tagged IpgD in HeLa cells. As a control,
another heterologous phosphatase, Inp54, known to trans-
form PtdIns(4,5)P, into PtdIns(4)P (Raucher et al, 2000) was
also used. Similar amounts of PtdIns(4,5)P, (nearly 25%)
were hydrolysed by Inp54 and IpgD after 12 h of transfection
(Figure 3A). As expected, IpgD produced PtdIns(5)P, whereas
Inp54 produced PtdIns(4)P (Figure 3A).

Expression of IpgD in various cell lines, including HEK293,
Vero, Cos-7 (not shown) and HeLa cells (Figure 3B), induced
the phosphorylation of Akt both at serine 473 and threonine
308, as also observed in CHO-IR cells (Carricaburu et al,
2003). The C438S inactive IpgD mutant and Inp54 had no
effect. Moreover, the pool of PtdIns(5)P produced upon
ectopic expression of IpgD in HeLa cells colocalised with
phosphorylated Akt (Figure 3C), whereas cells expressing
Inp54 gave no signal (Figure 3C, lower panel).

Expression of the type II PtdIns(5)P 4-kinase §
(PISP4KIIB), known to phosphorylate PtdIns(5)P into

Figure 3 Effects of IpgD and Inp54 phosphatase overexpressions
on phosphoinositide metabolism and Akt phosphorylation.
(A) HeLa cells transfected with pRK5-Myc-IpgD, pRK5-Myc-IpgD-
C438S or pcDNA3-GFP-lyn-Inp54 were labelled for 12h with
[32P]orthophosphate. Lipids were then extracted and analysed by
HPLC. The radioactivity incorporated in PtdIns(5)P, PtdIns(4)P
and PtdIns(4,5)P, was quantified and expressed as c.p.m. Results
are the mean+s.e.m. of three independent experiments. *P<0.05.
(B) HeLa cells were cotransfected with pcDNA3-HA-Akt and empty
vector (C), pRKS5-Myc-IpgD, pRKS-Myc-IpgD-C438S or pcDNA3-
GFP-lyn-Inp54, lysed and probed with anti-Akt and anti-phospho-
Akt antibodies. (C) The localisation of PtdIns(5)P in IpgD- or
Inp54-expressing HeLa cells was assessed using the biotinylated
GST-PHD x 2 recombinant probe (a, d) and phospho-Akt was
followed using the anti-phospho-T308 antibody (b-e). Inp54 was
detected by GFP fluorescence (c). Calibration bar =15 pm.
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PtdIns(4,5)P, (Rameh et al, 1997), as verified in our
model by a decrease in neo-synthesised PtdIns(5)P of about
65%, strongly reduced IpgD-induced Akt phosphorylation
(Figure 4A). Sequestration of PtdIns(5)P by overexpression
of the GFP-PHDx3 protein markedly decreased the phosphor-
ylation of Akt, whereas the GFP-PHDx3 mutant, which binds
weakly to PtdIns(5)P, had no effect (Figure 4A), despite
comparable levels of overexpressed proteins. Inhibition of
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Figure 4 IpgD-mediated production of PtdIns(5)P induces Akt
phosphorylation in a PI 3-kinase-dependent manner. (A) HeLa
cells were cotransfected with pcDNA3-HA-Akt and pRK5-Myc-
IpgD plus empty vector (C), pcDNA3-PISP4KIIB, pEGFP-PHDx3
(GFP-PHDx3) or pEGFP-PHDx3 mutated on the zinc co-ordinating
residues (GFP-PHDmutx3) and expression allowed for 12 h. The PI
3-kinase inhibitor LY294002 (50 uM) was added 4 h before lysis and
Akt phosphorylation status was analysed by Western blotting.
(B) Hela cells were transfected with pcDNA3-PISP4KIIB or its
inactive form, pcDNA3-PISP4KIIBD278A, and infected with the
WT MOO0T strain. C: non infected cells, WT5’: HeLa cells infected
Smin with the WT M90T strain. Data are from one experiment
representative of six (A) and three (B).

PI 3-kinase by LY294002 almost totally inhibited IpgD-
induced Akt phosphorylation (Figure 4A).

Importantly, expression of PISP4KIIB in HeLa cells also
prevented Akt phosphorylation induced by infection with
S. flexneri (Figure 4B), whereas the inactive kinase had no
effect, again pointing to a role for PtdIns(5)P in this process.
Incubation of HeLa cells with cell-permeant, short chains,
C4-PtdIns(5)P, led to a transient phosphorylation of Akt
(Figure 5A), whereas C4-PtdIns(3)P and C4-PtdIns(4)P
had only marginal effects (Figure 5B). As shown by the
GST-PHDx2 biotinylated probe, after 10 min of incubation,
a significant fraction of the exogenous di-C4-PtdIns(5)P
incorporated in cell membranes and a colocalisation with
phosphorylated Akt was observed (Figure 5C, upper panel).
As a control, cells incubated with di-C4-PtdIns(3)P were
negative for both signals (Figure 5C, lower panel), despite
the fact that a fluorescent di-C8-NBD6-PtdIns(3)P efficiently
incorporated in cell membranes under similar conditions (not
shown). Together, these results indicate that PtdIns(5)P acts
as a signalling molecule to induce Akt phosphorylation.

The phosphoinositide phosphatase activity of IpgD is
sufficient to induce class IA Pl 3-kinase activation

A time course of phosphoinositide synthesis during infection
of HeLa cells with S. flexneri shows that PtdIns(5)P appears
before PI 3-kinase products (Supplementary Figure 2). In
agreement, expression of IpgD in HeLa cells increased
PtdIns(3,4)P, and PtdIns(3,4,5)P; levels, whereas the in-
active mutant of IpgD or Inp54 had no effect (Figure 6). To
investigate the type of PI 3-kinase involved in this process,
we used MEFG cells lacking the p85f regulatory subunit of PI
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Figure 5 Intracellular delivery of short-chain PtdIns(5)P activates
Akt phosphorylation. (A) HeLa cells were transfected with pcDNA3-
HA-Akt and expression allowed for 12 h. Cells were lysed before (C)
or after the indicated times of incubation with short acyl chains C4-
PtdIns(5)P and Akt phosphorylation (S473 and T308) was assessed.
(B) HeLa cells treated for 10 min with C4-PtdIns(5)P, C4-PtdIns(3)P
or C4-PtdIns(4)P and probed with the anti-phospho-Akt antibodies
(S473 or T308) and for total Akt. (C) The intracellular distribution
of PtdIns(5)P upon 10min treatment with C4-PtdIns(5)P (a, b)
or C4-PtdIns(3)P (c, d) was followed using the biotinylated GST-
PHDx2 recombinant probe (a, c). Akt phosphorylation was
detected with the anti-phospho-T308 antibody (b, d). Data are
representative of three independent experiments. Calibration
bar=15pum.

3-kinase and partly p85a and MEF9 cells lacking p85f, p85a
and p55a and p50a (Brachmann et al, 2005a,b). Akt phos-
phorylation was markedly reduced in MEF6 and no longer
observed in MEF9 cells either upon expression of IpgD
(Figure 7A, upper panel) or during infection with S. flexneri
(Figure 7A, middle panel), indicating the requirement of
these regulatory subunits of class IA PI 3-kinase. Moreover,
the knockdown of pl10B catalytic subunit of class IA PI
3-kinase using small interfering RNA (siRNA) prevented
Akt activation in infected cells (Figure 7A, lower panel).
Conversely, the knockdown of class II PI 3-kinase C2a and
C2 by specific siRNA (Figure 7B, right panel) only abolished
the weak LY294002-resistant Akt phosphorylation, indicating
a modest participation of class II PI 3-kinases in IpgD-
mediated Akt activation (Figure 7B, left panel).
Furthermore, S. flexneri infection (Figure 8A, left panel)
and ectopic IpgD expression (Figure 8A, right panel)
increased PI 3-kinase activity measured in anti-p85 immuno-
precipitates, indicating an activation of a class IA PI 3-kinase.
To gain insights into this mechanism of activation, we first
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Figure 7 Class IA PI 3-kinase is essential for PtdIns(5)P-induced Akt phosphorylation. (A) Effects of PtdIns(5)P on Akt phosphorylation in
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and 30min with the WT M90T strain (middle panel). HeLa cells were incubated for 48 h with siRNA against Aktl or PI 3-kinase pl10B
subunit or a control siRNA (lower panel). The drecrease in p110f and Aktl expression reached 9342 and 90.5+8% (n=3), respectively.
Results shown are representative of three independent experiments. (B) Western blotting of phosphorylated Akt in HeLa cells cotransfected
with pcDNA3-HA-Akt and pRK5-Myc-IpgD or the empty vector and treated with siRNA against Class II PI 3-kinase C2a, C2f3, a mix of the
two siRNA or a control siRNA (left panel). The decrease in PI 3-kinase C2a and C2f expression (right panel) reached 91+4 and 82+9%
(n=3), respectively.
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Figure 8 IpgD induces PI 3-kinase activation. HeLa cells were
infected for 10 min with the WT M90T or the IpgD-deficient (ipgD)
strains (left panel) or transfected with IpgD or its inactive mutant
(right panel). The p85 subunit of PI 3-kinase (A) or tyrosine-
phosphorylated proteins (B) were immunoprecipitated and PI
3-kinase was assayed. The amount of immunoprecipitated p85
was probed by Western blotting. For the experiment with trans-
fected IpgD, the effect has been normalised to the percentage of
transfected cells, which was routinely around 40%. *P<0.05, n=4.
(C) HeLa cells transfected with IpgD were treated by 10 uM herbi-
mycin A (Herb.A) for 5h and Akt phosphorylation was assessed
using the anti-phospho-S473 antibody. Representative Western blots
are shown.

evaluated a potential allosteric activation mechanism.
However, we did not find any significant effect of
PtdIns(5)P, compared to PtdIns(3)P or PtdIns(4)P, on the
capacity of PI 3-kinase to produce PtdIns(3,4,5)P; in vitro
and no interaction of PtdIns(5)P with p85a could be observed
by ‘fat-blot’ assays (not shown). Interestingly, the p85 sub-
unit of PI 3-kinase was recovered in the antiphosphotyrosine
immunoprecipitates performed from cells infected with
S. flexneri, but not from cells infected with the IpgD-deficient
mutant (Figure 8B). This was accompanied by a seven-fold
increase in PI 3-kinase activity, indicating a recruitment of
this enzyme to tyrosine-phosphorylated proteins. An increase
in PI 3-kinase activity was also observed in antiphospho-
tyrosine immunoprecipitates from cells expressing IpgD, but
not from cells expressing the inactive mutant (Figure 8B,
right panel). Consistent with these results, we found that
a 5h treatment with the tyrosine kinase inhibitor herbimycin
A (10 uM) strongly inhibited Akt phosphorylation (85+9%
of inhibition, n = 3) in IpgD-expressing cells (Figure 8C).
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Figure 9 IpgD protects HEK293 cells from staurosporine-induced
apoptosis. HEK293 cells were cotransfected with pcDNA3-HA-Akt
and empty vector (C) or pRK5-Myc-IpgD and treated or not with
1 uM staurosporine for 5, 10 or 15h. Apoptosis was investigated by
Western blotting experiments showing poly(ADP-ribose) polymer-
ase (PARP) and caspase-3 degradation. The lower panel shows the
quantification of Western blotting and results are expressed as
percentage of cleaved PARP and caspase-3, 100% being the maximal
degradation observed for each. *P<0.05, n=3.
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IpgD plays a role in host cell resistance

IpgD-dependent phosphorylation of host cell FKHR and GSK3
suggests a function in cell survival. We therefore analysed the
sensitivity of HEK293 cells overexpressing or not overexpres-
sing IpgD to staurosporine, a classical inducer of apoptosis.
Expression of IpgD protected HEK293 cells from staurospor-
ine-induced apoptotic death, as demonstrated by the signifi-
cant reduction of PARP and caspase-3 cleavages after 15h of
treatment (Figure 9). Consistent with these results, the IpgD-
deficient mutant strain showed a decrease in intracellular
growth (Supplementary Figure 3A) and induced an increased
apoptotic phenotype of the host cells, as shown by phospha-
tidylserine exposure (Supplementary Figure 3B).

In the same way, S. flexneri-induced cytotoxicity of macro-
phages was decreased by IpgD, as shown by monitoring LDH
release (Zychlinsky et al, 1992; Hilbi et al, 1998). Indeed,
S. flexneri induced rapid phosphorylation of Akt in macro-
phages (not shown) and led to 2+3 and 12+4% cyto-
toxicities at 15 and 60min, respectively, whereas the
IpgD-deficient mutant, unable to induce Akt phosphorylation
(not shown), led to 13+2 and 25+4% cytotoxicities at
similar times.

Discussion

Besides effectors directly interacting with the cytoskeleton to
modulate structure and size of the entry site (Tran Van Nhieu
et al, 1999; Cossart and Sansonetti, 2004), S. flexneri also
injects IpgD, which specifically transforms PtdIns(4,5)P, into
PtdIns(5)P (Niebuhr et al, 2002). Consistent with a local
effect of injected IpgD, we show here that PtdIns(5)P is
produced at the entry site of the bacteria. This striking
localisation suggests that the phosphoinositide is kept con-
centrated in these sites during the initial time of infection by
interacting with proteins that prevent its lateral diffusion.
Interestingly, we demonstrated that PtdIns(5)P is critical
for the phosphorylation of host cell Akt at serine 473 and
threonine 308 and colocalises with the active form of this
kinase during the initial steps of infection. Once activated at
the membrane, Akt is known to propagate its signal through
the cytosol and ends up inside the nucleus, where it phos-
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phorylates substrates including the forkhead transcription
factors (Kunkel et al, 2005). Accordingly, S. flexneri-induced
phosphorylation of Akt substrates such as GSK3 and FKHR
require IpgD, while activation of other signalling pathways
such as the MAP Kkinases is independent of PtdIns(5)P
production. The demonstration that PtdIns(5)P is a key
molecule in S. flexneri-induced Akt phosphorylation is
based on three major observations: (i) ectopic expression of
IpgD reproduces the activation of Akt, while Inp54, which
transforms similar amounts of PtdIns(4,5)P, into PtdIns(4)P,
has no effect; (ii) short-chain penetrating PdIns(5)P induces
Akt phosphorylation, while the other phosphatidylinositol
monophosphates are very poor activators; (iii) expression
of PISP4KIIB, which transforms most of PtdIns(5)P into
PtdIns(4,5)P, (Rameh et al, 1997), or sequestration of
PtdIns(5)P by overexpression of GFP-PHDx3, strongly
decreases IpgD-induced Akt phosphorylation.

Although the direct role of PtdIns(S)P in the Akt pathway
has never been addressed before, a recent study provides
evidence that activation of the pathway of conversion
of PtdIns(5)P into PtdIns(4,5)P, by overexpression of
PISP4KIIB  decreases insulin-mediated PtdIns(3,4,5)P;
production, possibly through downregulation of a
PtdIns(3,4,5)P5; 5-phosphatase, with a consequence on the
activation of Akt (Carricaburu et al, 2003). Consistent with
these data, mice lacking PISP4KIIB show increased level of
Akt activation in response to insulin in skeletal muscles
(Lamia et al, 2004). The extent of conversion of PtdIns(5)P
into PtdIns(4,5)P, by PISP4KIIf was not evaluated in these
studies, and a recent report suggests that this kinase is
not very efficient in converting basal PtdIns(5)P into
PtdIns(4,5)P, (Roberts et al, 2005). It is therefore difficult to
discriminate between the effect of a decrease in PtdIns(5)P
and the effect of neosynthesised PtdIns(4,5)P,, probably
quantitatively minor compared to the constitutive amount
of this phosphoinositide. Nevertheless, these studies suggest
a regulatory function for the PtdIns(5)P pathway on
PtdIns(4,5)P, synthesis in the regulation of insulin-mediated
Akt activation.

Our data identify PtdIns(5)P as the active molecule respon-
sible for Akt activation induced by S. flexneri, and this
mechanism depends on the activation of a class IA PI 3-
kinase via tyrosine phosphorylations. How PtdIns(5)P may
modulate tyrosine phosphorylations remains an open ques-
tion, but one can suggest that there is a specific recruitment
and activation of a tyrosine kinase by this lipid or the
inhibition of a tyrosine phosphatase. Src kinase is known
to phosphorylate cortactin and to regulate cytoskeletal
dynamics during S. flexneri entry (Nhieu et al, 2005).
However, cortactin phosphorylation still occurs upon infec-
tion by IpgD-deficient strain (Figure 1) and IpgD-induced Akt
phosphorylation is not affected by a Src inhibitor (SU6656) or
by expression of a kinase-dead form of Src in a stable cell line
(not shown). Although Src is involved in invasion, our results
strongly suggest that it is not implicated in the PI 3-kinase/
Akt activation. Other kinases sensitive to herbimycin A,
involved in this process, are currently being investigated.

Besides PI 3-kinase activation, a concomitant inhibition of
phosphoinositide phosphatases allowing further accumula-
tion of PI 3-kinase products cannot be excluded. Recent data
suggest a role for PtdIns(5)P as an in vitro activator of
myotubularin (Schaletzky et al, 2003), and to a lesser extent
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PTEN (Campbell et al, 2003). We found that PtdIns(5)P partly
but significantly decreased the PtdIns(3,4,5)P; 5-phosphatase
activity of SHIP2 in vitro (354 5% inhibition in the presence
of 20uM PtdIns(5)P compared to the effect of 20uM
PtdIns(3)P, n=3, P<0.05). This effect was reproducibly
observed using different assay conditions and methods. In
infected cells, a decrease in SHIP2 activity would lead to an
accumulation of PtdIns(3,4,5)P; and a reduced production of
PtdIns(3,4)P,. However, we always found elevated intracel-
lular levels of PtdIns(3,4)P, either upon ectopic expression of
IpgD or during infection. This indicates that, if SHIP2 inhibi-
tion occurs in vivo, it has only partial effect in the accumula-
tion of PtdIns(3,4,5)P;.

Two homologues of IpgD, SopB in Salmonella dublin and
SigD in Salmonella typhimurium, are also inositol poly-
phosphate-phosphatases (Marcus et al, 2001). Whether these
phosphatases are capable of transforming PtdIns(4,5)P, into
PtdIns(5)P is unknown, but our recent data suggest that
Salmonella induces PtdIns(5)P production during invasion
in a SigD-dependent manner (Masson et al, 2006). SigD is
also required for Akt activation in Hela cells infected with
Salmonella (Steele-Mortimer et al, 2000; Knodler et al, 2005),
but the molecular mechanism of this process is not charac-
terised. It is tempting to propose that, as in the case of
S. flexneri infection, Salmonella induces synthesis of
PtdIns(3,4,5)P3 and PtdIns(3,4)P, via PtdIns(5)P production.

Once activated, PI 3-kinase/Akt may influence many events,
including cap-dependent protein translation, highlighting the
ability of pathogens to manipulate many aspects of the cellular
machinery. Here, we show that IpgD-mediated pathways pro-
tect cells from apoptosis through direct and transcriptional
control of antiapoptotic processes. Moreover, PtdIns(5)P may
participate in actin cytoskeleton remodelling (Sbrissa et al,
2004). Recent data also suggest that PtdIns(5)P can bind to
different actors regulating transcription, such as ING2 and ACF
(Gozani et al, 2003), or the p62 (Tfbl) subunit of the general
transcription factor ITH (TFIIH) (Di Lello et al, 2005).

Altogether, our data demonstrate for the first time that
PtdIns(5)P is an important signalling molecule generated

Shigella flexneri

tdins(4,5)P, Ptdins(5)P|.

N
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Host cell
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Cell survival
transcriptional/
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Figure 10 Roles of IpgD/PtdIns(5)P in S. flexneri infected cells. The
local breakdown of PtdIns(4,5)P, into PtdIns(5)P at S. flexneri entry
site results in dramatic plasma membrane and cytoskeleton rear-
rangements, while PtdIns(5)P production activates the PI 3-kinase/
Akt pathway, leading to prolonged survival of the host cell and
efficient replication of the bacteria.
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during S. flexneri infection that plays a key role in class IA PI
3-kinase/Akt activation in the host cell (Figure 10). This
mechanism is particularly important to regulate the survival
of infected cells in order to maintain efficient bacterial
colonisation.

Materials and methods

Materials

Several vectors were described previously, including the pRK5-Myc-
IpgD WT and pRK5-Myc-IpgD-C438S mutant (Niebuhr et al, 2002);
the pCDNA3-HA-Akt (Carricaburu et al, 2003); the pGEX-PHD2x,
the pEGFP-PHD3x, the pEGFP-PHD3Kmt3x (Gozani et al, 2003) and
the pCDNA3-GFP-Lyn-Inp54 vector (a kind gift from T Meyer)
(Raucher et al, 2000). The antibodies used were P-Aktl1/2/3 (S473
and T308), P-FKHR (S256), FKHR, P-GSK3 (GSK-3a, S21 and GSK-
3P, S9), GSK-3B, caspase-3 and P-p70S6K (T389) rabbit polyclonals
(Cell Signaling Technology), P-MAP kinases1/2 monoclonal (Sig-
ma-Aldrich), p85, cortactin (clone 4F11), phosphotyrosine (clone
4G10) (Upstate), P-cortactin (Y421) (Biosource International), PARP
polyclonal (BD Biosciences Pharmingen), P-Aktl1/2/3 (T308) used
for immunofluorescence, Aktl/2 polyclonal, p110 (S-19), Erk2,
GFP, AnnexinV (FL319) (Santa Cruz Biotechnology), His6 (Clon-
tech) and HA (clone 16B12, Covance). The anti-PtdIns(5)P 4-kinase
IIf polyclonal antibody was a gift from Lamia et al (2004). The
Shigella flexneri serotype 5a LPS-monoclonal IgG C20 was
generated by Phalipon et al (1997).

Cl6 and C4-Ptdins(5)P, Cl16 and C4-Ptdins(3)P and C4-
PtdIins(4)P were from Echelon Biosciences Inc. They were
resuspended after sonication in Dulbecco’s modified Eagle’s
medium (DMEM) without foetal bovine serum (FCS) and used at
15 puM for cell treatment. All chemicals used were of analytical grade
and purchased from Sigma.

Cell culture, transient transfections of cDNA or siRNA
treatments

HeLa, HEK293 and MEF cells (MEF WT; MEF6 p85a. + /—, p55a+ /—,
pS0a + /—, p85B—/—, p55y+/+ and MEF9 p850.—/—, p55a—/—,
p5S00—/—, p85p—/—, p55y+/+) (kind gifts of Dr S Brachman)
were grown in DMEM supplemented with 10% FBS.

DNA transfections were performed using Effectene®™ (Qiagen) for
HeLa cells or LipofectAmine Plus™ (Invitrogen Life Technologies)
for MEF cells. Cells were analyzed 12-24h after transfection
according to the experiment, as indicated.

SMARTpool™ siRNA against Aktl (# M-003000-01), PI 3-kinase
(p110B) (# M-003019-02) or siControl non-targeting siRNA #1
(# D-001210-01) was designed by Dharmacon siGENOME™. PI
3-kinase C2o and C2f siRNAs were previously described (Maffucci
et al, 2005). siRNA transfections, performed according to the
manufacturer protocol (Oligofectamine, Invitrogen Life Technolo-
gies), were repeated twice at 24h of interval. In all experiments
cells were lysed 48 h after the first siRNA treatment.

S. flexneri strains and cell infection

The WT invasive strain of S. flexneri serotype 5 (M90T) or the
invasive IpgD-deficient strain (ipgD) (Niebuhr et al, 2002) was
added to semiconfluent cells grown in 35-mm-diameter plastic
tissue culture dishes (with coverslips for immunofluorescence
experiments) with a multiplicity of infection of 100 bacteria per
cell. After 15 min incubation at room temperature to allow bacterial
adhesion, cells were washed and incubated at 37°C for the indicated
times to allow bacterial entry. At given times, cells were washed
twice in PBS and either fixed with paraformaldehyde for fluores-
cence labelling or scraped in Laemmli sample buffer for Western
blot analysis.

The bacterial invasion assay of HeLa cells was performed as
described previously (Sansonetti et al, 1986). Briefly, after 30 min of
infection, HeLa cells were washed and 50pg/ml gentamicin was
added to the medium in order to eliminate extracellular bacteria.
After 30 or 300min, cells were either submitted to immuno-
fluorescence experiment or to a lysis with 0.5% sodium deoxycho-
late in PBS to liberate intracellular bacteria. The bacteria were
then spread onto petri box overnight and the colony-forming units
were counted.
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Western blot analysis

Cells were scraped in Laemmli sample buffer and proteins were
resolved by SDS-PAGE and then transferred onto nitrocellulose
(membrane Hybond-C super, Amersham Pharmacia Biotech) using
a liquid transfer apparatus. The membrane was blocked in Tris-
buffer saline containing 0.1% Tween 20 and 5% bovine serum
albumin and incubated using appropriate primary antibodies. The
secondary antibodies were linked to HRP and revealed with the
SuperSignal West Pico Chemiluminescence system (Perbio).

Fluorescence labelling

HeLa cells were grown on coverslips and transfected or not for 12-
24 h depending on the vector. When indicated, cells were infected
with S. flexneri or treated with lipids, washed in PBS, fixed with
3.7% (w/v) paraformaldehyde for 20min and washed again in
PBS. Cells were permeabilised by 0.05% (v/v) Triton X-100 in
PBS for 10min and then incubated in 3% (w/v) BSA/PBS for
30min. Primary antibodies (1/100 in 3% (w/v) BSA/PBS) or the
GST-PHDx2 biotinylated probe (40pg/ml in PBS/BSA 1%) were
added for 1h. After several washes in PBS, secondary antibodies
(anti-rabbit fluorolink Cy5 PA45004 from Amersham, anti-rabbit-
Alexa Fluor 594 and 350), streptavidin-Alexa Fluor 594 (Molecular
Probes), phalloidin-Alexa Fluor 594 and 488 (Molecular Probes), all
used at 1/250in 3% (w/v) BSA/PBS, were added to the appropriate
coverslips. After washes in PBS, the coverslips were mounted with
Mowiol and the preparations observed by confocal (Zeiss LSM 510)
or epifluorescence (Nikon Eclipse TE2000-U) microscopy.

Recombinant protein purification and biotinylation protocol

for GST-PHD2x probe

After dialysis, the recombinant GST protein fused to a tandem of
PHD (GST-PHD2x) (Gozani et al, 2003) produced in BL21 RIL*
bacteria (Stratagene) was concentrated with Vivaspin 500 Concen-
trator (Vivascience) and biotinylated using the BiotinTag Micro
Biotinylation Kit (Sigma-Aldrich).

Phospholipid extraction and analysis

HeLa cells, grown in 100mm dishes, were transfected with
appropriate vectors and incubated in phosphate-free minimal
essential medium containing [32P]orthophosphate (Amersham)
(200puCi/ml) for 12h. For infection experiments, HeLa cells
were labelled with [*?P]orthophosphate as above and infected with
S. flexneri for the indicated times. Lipids were then extracted and
analysed by HPLC as described previously (Niebuhr et al, 2002).
PtdIns(5)P was quantified by mass assay as described (Niebuhr
et al, 2002).

In vitro PI 3-kinase assays

Cells were washed twice with PBS and lysed at 4°C in 20 mM Tris—
HCI (pH 8), 150 mM NaCl, 4 mM EDTA, 2.7 mM KCI, 1 mM CaCl,,
1mM NazVO,, 0.5pg/ml leupeptin and aprotinin, 1% NP40, 2%
glycerol, 1mM MgCl, and 20 mM NaF. Lysates were centrifuged
at 13000g and the supernatants incubated for 1h with anti-p85
or antiphosphotyrosine antibodies and for another hour with
protein A-Sepharose beads or protein A-G mixed-Sepharose beads,
respectively. The beads were washed once with the lysis buffer,
twice with 0.1 M Tris-HClI (pH 7.4) containing 0.5 M LiCl and twice
with 20mM Hepes (pH 7.4) containing 5mM MgCl,. Half of the
immunoprecipitate was analysed by Western blot with the anti-p85.
The other half was resuspended in 50 pl PI 3-kinase buffer (50 mM
Tris-HCI pH 7.4, 1.5mM DTT, 100 mM NaCl, 0.5 mM EDTA, 5 mM
MgCl,, 100 uM ATP), 10 pl of PtdIns/phosphatidylserine (1:2, w/w)
vesicles and 15uCi y-[**P]ATP were added, and after 10min at
30°C, under gentle shaking, reactions were terminated and lipids
quantified by HPLC.

Ptdins(3,4,5)P; 5-phosphatase SHIP2 assays

The [*?P]PtdIns(3,4,5)P; 5-phosphatase activity of SHIP2 was
measured as described (Pesesse et al, 2001) after immunoprecipita-
tion of His-tagged SHIP2, from HEK293-transfected cells, with the
anti-Hisg antibody. Vesicles of [**P]PtdIns(3,4,5)P; (20000 counts
per minute (c.p.m.)/samples) together with 50 pg of phosphatidyl-
serine and either 20 uM of C16-PtdIns(5)P or of C16-PtdIns(3)P
were used as a substrate. Similar results were observed using
different assay conditions and methods (malachite green assay to
measure the phosphate release, use of fluorescent PtdIns(3,4,5)P3
substrate).
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Supplementary data
Supplementary data are available at The EMBO Journal Online.

Acknowledgements

We thank L Rameh and N Divecha for the cDNA for type II
PIPkinases and G Tran van Nhieu, C Parsot, K Lamia, S
Brachmann, V Sallé, S Manenti, C Racaud-Sultan and M Plantavid

References

Adam T, Arpin M, Prevost MC, Gounon P, Sansonetti PJ (1995)
Cytoskeletal rearrangements and the functional role of T-plastin
during entry of Shigella flexneri into HeLa cells. J Cell Biol 129:
367-381

Allaoui A, Ménard R, Sansonetti PJ, Parsot C (1993)
Characterization of the Shigella flexneri ipgD and ipgF genes,
which are located in the proximal part of the mxi locus. Infect
Immun 61: 1707-1714

Bjornsti MA, Houghton PJ (2004) The TOR pathway: a target for
cancer therapy. Nat Rev Cancer 4: 335-348

Brachmann SM, Ueki K, Engelman JA, Kahn RC, Cantley LC (2005a)
Phosphoinositide 3-kinase catalytic subunit deletion and regula-
tory subunit deletion have opposite effects on insulin sensitivity
in mice. Mol Cell Biol 25: 1596-1607

Brachmann SM, Yballe CM, Innocenti M, Deane JA, Fruman
DA, Thomas SM, Cantley LC (2005b) Role of phosphoinositide
3-kinase regulatory isoforms in development and actin rearrange-
ment. Mol Cell Biol 25: 2593-2606

Campbell RB, Liu F, Ross AH (2003) Allosteric activation of
PTEN phosphatase by phosphatidylinositol 4,5-bisphosphate.
J Biol Chem 278: 33617-33620

Cantley LC (2002) The phosphoinositide 3-kinase pathway. Science
296: 1655-1657

Carricaburu V, Lamia KA, Lo E, Favereaux L, Payrastre B, Cantley
LC, Rameh LE (2003) The phosphatidylinositol (PI)-5-phosphate
4-kinase type II enzyme controls insulin signaling by regulating
PI-3,4,5-trisphosphate degradation. Proc Natl Acad Sci USA 100:
9867-9872

Clarke JH (2003) Lipid signalling: picking out the PIPs. Curr Biol 13:
R815-R817

Cossart P (1997) Host/pathogen interactions. Subversion of the
mammalian cell cytoskeleton by invasive bacteria. J Clin Invest
99: 2307-2311

Cossart P, Sansonetti PJ (2004) Bacterial invasion: the paradigms of
enteroinvasive pathogens. Science 304: 242-248

De Matteis MA, Godi A (2004) PI-loting membrane traffic. Nat Cell
Biol 6: 487-492

Di Lello P, Nguyen BD, Jones TN, Potempa K, Kobor MS, Legault P,
Omichinski JG (2005) NMR structure of the amino-terminal
domain from the Tfbl subunit of TFIIH and characterization of
its phosphoinositide and VP16 binding sites. Biochemistry 44:
7678-7686

Galan JE, Bliska JB (1996) Cross-talk between bacterial pathogens
and their host cells. Annu Rev Cell Dev Biol 12: 221-255

Gillooly DJ, Morrow IC, Lindsay M, Gould R, Bryant NJ, Gaullier
JM, Parton RG, Stenmark H (2000) Localization of phosphatidy-
linositol 3-phosphate in yeast and mammalian cells. EMBO J 19:
4577-4588

Gozani O, Karuman P, Jones DR, Ivanov D, Cha J, Lugovskoy AA,
Baird CL, Zhu H, Field SJ, Lessnick SL, Villasenor J, Mehrotra B,
Chen J, Rao VR, Brugge JS, Ferguson CG, Payrastre B, Myszka
DG, Cantley LC, Wagner G, Divecha N, Prestwich GD, Yuan J
(2003) The PHD finger of the chromatin-associated protein ING2
functions as a nuclear phosphoinositide receptor. Cell 114: 99-111

Hilbi H, Moss JE, Hersh D, Chen Y, Arondel J, Banerjee S, Flavell
RA, Yuan J, Sansonetti PJ, Zychlinsky A (1998) Shigella-induced
apoptosis is dependent on caspase-1 which binds to IpaB. J Biol
Chem 273: 32895-32900

Janmey PA, Lindberg U (2004) Cytoskeletal regulation: rich in
lipids. Nat Rev Mol Cell Biol 5: 658-666

Knodler LA, Finlay BB, Steele-Mortimer O (2005) The Salmonella
effector protein SopB protects epithelial cells from apoptosis by
sustained activation of Akt. J Biol Chem 280: 9058-9064

10 The EMBO Journal

for helpful discussions. CP was supported by grants from
the Ministére de la Recherche, Association pour la Recherche
sur le Cancer and La ligue Contre le Cancer. This work was
supported by INSERM and by grants from Association Francaise
Contre les Myopathies, Association pour la Recherche sur le
Cancer (Contracts No. 4794 and No. 3122), INCa and NIH
grant GM36624. PJS is a Howard Hughes Medical Institute
Scholar.

Kunkel MT, Ni Q, Tsien RY, Zhang J, Newton AC (2005) Spatio-
temporal dynamics of protein kinase B/Akt signaling revealed
by a genetically encoded fluorescent reporter. J Biol Chem 280:
5581-5587

Lamia KA, Peroni OD, Kim YB, Rameh LE, Kahn BB, Cantley LC
(2004) Increased insulin sensitivity and reduced adiposity in
phosphatidylinositol 5-phosphate 4-kinase beta—/— mice. Mol
Cell Biol 24: 5080-5087

Maffucci T, Cooke FT, Foster FM, Traer CJ, Fry MJ, Falasca M (2005)
Class II phosphoinositide 3-kinase defines a novel signaling
pathway in cell migration. J Cell Biol 169: 789-799

Marcus SL, Wenk MR, Steele-Mortimer O, Finlay BB (2001) A
synaptojanin-homologous region of Salmonella typhimurium
SigD is essential for inositol phosphatase activity and Akt activa-
tion. FEBS Lett 494: 201-207

Masson D, Mallo GV, Terebiznik MR, Payrastre B, Brett Finlay BB,
Brumell JH, Grinstein S (2006) Alteration of epithelial structure
and function associated with PtdIns(4,5)P, degradation by a
bacterial phosphatase (submitted for publication)

Morris JB, Hinchliffe KA, Ciruela A, Letcher AJ, Irvine RF (2000)
Thrombin stimulation of platelets causes an increase in phospha-
tidylinositol 5-phosphate revealed by mass assay. FEBS Lett 475:
57-60

Nhieu GT, Enninga J, Sansonetti P, Grompone G (2005) Tyrosine
kinase signaling and type III effectors orchestrating Shigella
invasion. Curr Opin Microbiol 8: 16-20

Niebuhr K, Giuriato S, Pedron T, Philpott DJ, Gaits F, Sable J,
Sheetz MP, Parsot C, Sansonetti PJ, Payrastre B (2002) Conversion
of PtdIns(4,5)P(2) into PtdIns(5)P by the S. flexneri effector
IpgD reorganizes host cell morphology. EMBO J 21:
5069-5078

Niebuhr K, Jouihri N, Allaoui A, Gounon P, Sansonetti PJ, Parsot C
(2000) IpgD, a protein secreted by the type III secretion machin-
ery of Shigella flexneri, is chaperoned by IpgE and implicated in
entry focus formation. Mol Microbiol 38: 8-19

Norris FA, Wilson MP, Wallis TS, Galyov EE, Majerus PW (1998)
SopB, a protein required for virulence of Salmonella dublin, is an
inositol phosphate phosphatase. Proc Natl Acad Sci USA 95:
14057-14059

Payrastre B, Missy K, Giuriato S, Bodin S, Plantavid M, Gratacap M
(2001) Phosphoinositides: key players in cell signalling, in time
and space. Cell Signal 13: 377-387

Pendaries C, Tronchére H, Plantavid M, Payrastre B (2003)
Phosphoinositide signaling disorders in human diseases. FEBS
Lett 546: 25-31

Pendaries C, Tronchére H, Racaud-Sultan C, Gaits-lacovoni F,
Coronas S, Manenti S, Gratacap M-P, Plantavid M, Payrastre B
(2005) Emerging role of phosphatidylinositol monophosphates
in cellular signaling and trafficking. Adv Enzyme Regul 45:
201-214

Pesesse X, Dewaste V, De Smedt F, Laffargue M, Giuriato S, Moreau
C, Payrastre B, Erneux C (2001) The Src homology 2 domain
containing inositol S5-phosphatase SHIP2 is recruited to the
epidermal growth factor (EGF) receptor and dephosphorylates
phosphatidylinositol  3,4,5-trisphosphate in EGF-stimulated
COS-7 cells. J Biol Chem 276: 28348-28355

Phalipon A, Folgori A, Arondel J, Sgaramella G, Fortugno P, Cortese
R, Sansonetti PJ, Felici F (1997) Induction of anti-carbohy-
drate antibodies by phage library-selected peptide mimics. Eur J
Immunol 27: 2620-2625

Pizarro-Cerda J, Cossart P (2004) Subversion of phosphoinositide
metabolism by intracellular bacterial pathogens. Nat Cell Biol 6:
1026-1033

©2006 European Molecular Biology Organization



Rameh LE, Tolias KF, Duckworth BC, Cantley LC (1997) A new
pathway for synthesis of phosphatidylinositol-4,5-bisphosphate.
Nature 390: 192-196

Raucher D, Stauffer T, Chen W, Shen K, Guo S, York JD, Sheetz MP,
Meyer T (2000) Phosphatidylinositol 4,5-bisphosphate functions
as a second messenger that regulates cytoskeleton-plasma mem-
brane adhesion. Cell 100: 221-228

Roberts HF, Clarke JH, Letcher AJ, Irvine RF, Hinchliffe KA (2005)
Effects of lipid kinase expression and cellular stimuli on phos-
phatidylinositol 5-phosphate levels in mammalian cell lines. FEBS
Lett 579: 2868-2872

Sansonetti PJ, Egile C (1998) Molecular bases of epithelial cell
invasion by Shigella flexneri. Antonie Van Leeuwenhoek 74:
191-197

Sansonetti PJ, Ryter A, Clerc P, Maurelli AT, Mounier J (1986)
Multiplication of Shigella flexneri within HeLa cells: lysis of the
phagocytic vacuole and plasmid-mediated contact hemolysis.
Infect Immun 51: 461-469

Sbrissa D, Ikonomov OC, Deeb R, Shisheva A (2002)
Phosphatidylinositol 5-phosphate biosynthesis is linked to
PIKfyve and is involved in osmotic response pathway in mam-
malian cells. J Biol Chem 277: 47276-47284

Sbrissa D, Ikonomov OC, Strakova J, Shisheva A (2004) Role for a
novel signaling intermediate, phosphatidylinositol 5-phosphate,
in insulin-regulated F-actin stress fiber breakdown and GLUT4
translocation. Endocrinology 145: 4853-4865

Schaletzky J, Dove SK, Short B, Lorenzo O, Clague MJ, Barr FA
(2003) Phosphatidylinositol-5-phosphate activation and con-
served substrate specificity of the myotubularin phosphatidylino-
sitol 3-phosphatases. Curr Biol 13: 504-509

©2006 European Molecular Biology Organization

PtdIns(5)P activates the PI3-kinase/Akt patway
C Pendaries et al

Song G, Ouyang G, Bao S (2005) The activation of Akt/PKB
signaling pathway and cell survival. J Cell Mol Med 9: 59-71

Steele-Mortimer O, Knodler LA, Marcus SL, Scheid MP, Goh B,
Pfeifer CG, Duronio V, Finlay BB (2000) Activation of Akt/protein
kinase B in epithelial cells by the Salmonella typhimurium
effector sigD. J Biol Chem 275: 37718-37724

Terebiznik MR, Vieira OV, Marcus SL, Slade A, Yip CM, Trimble WS,
Meyer T, Finlay BB, Grinstein S (2002) Elimination of host cell
PtdIns(4,5)P(2) by bacterial SigD promotes membrane fission
during invasion by Salmonella. Nat Cell Biol 4: 766-773

Tran Van Nhieu G, Caron E, Hall A, Sansonetti PJ (1999) IpaC
induces actin polymerization and filopodia formation during
Shigella entry into epithelial cells. EMBO J 18: 3249-3262

Tronchére H, Laporte J, Pendaries C, Chaussade C, Liaubet L,
Pirola L, Mandel JL, Payrastre B (2004) Production of phospha-
tidylinositol 5-phosphate by the phosphoinositide 3-phos-
phatase myotubularin in mammalian cells. J Biol Chem 279:
7304-7312

Wurmser AE, Gary JD, Emr SD (1999) Phosphoinositide 3-kinases
and their FYVE domain-containing effectors as regulators of
vacuolar/lysosomal membrane trafficking pathways. J Biol
Chem 274: 9129-9132

Zhou D, Chen LM, Hernandez L, Shears SB, Galan JE (2001) A
Salmonella inositol polyphosphatase acts in conjunction with
other bacterial effectors to promote host cell actin cytoskeleton
rearrangements and bacterial internalization. Mol Microbiol 39:
248-259

Zychlinsky A, Prevost MC, Sansonetti PJ (1992) Shigella
flexneri induces apoptosis in infected macrophages. Nature 358:
167-169

The EMBO Journal

1



