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Phosphoinositides are critical regulators in cell biology. Phosphatidylinositol 4,5-
bisphosphate, also known as PI(4,5)P2 or PIP2, was the first variety of phosphoinositide to
enter in the T cell signaling scene. Phosphatidylinositol bis-phosphates are the substrates
for different types of enzymes such as phospholipases C (β and γ isoforms) and phospho-
inositide 3-kinases (PI3K class IA and IB) that are largely involved in signal transduction.
However until recently, only a few studies highlighted phosphatidylinositol monophos-
phates as signaling molecules. This was mostly due to the difficulty of detection of some
of these phosphoinositides, such as phosphatidylinositol 5-phosphate, also known as PI5P.
Some compelling evidence argues for a role of PI5P in cell signaling and/or cell trafficking.
Recently, we reported the detection of a PI5P increase upon TCR triggering. Here, we
describe the current knowledge of the role of PI5P inT cell signaling.The future challenges
that will be important to achieve in order to fully characterize the role of PI5P in T cell
biology, will be discussed.
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INTRODUCTION
Phosphoinositides (PIs) are well known regulators of cell biol-
ogy processes. Their polar inositol head group can be reversely
phosphorylated on three different positions on the inositol ring
(D3, D4, and D5). This can give rise to seven different phos-
phoinositides from the unphosphorylated one (PI) to the famous
PI(3,4,5)P3 or PIP3. Phosphoinositides are anchored to cell mem-
branes via two fatty acid chains inserted to the lipid bilayer. The
membrane localization of phosphoinositides allows them to play a
very important role in controlling protein localization within the
cell, making them important players in cell signaling pathways.

From the 1950s to early 1980s, several research teams con-
tributed to identify PI(4,5)P2 cleavage by the phospholipase
C gamma (PLCγ) into Diacylglycerol (DAG) and Inositol tri-
phosphate (IP3) (Berridge and Irvine, 1984). Subsequently these
products lead to the activation of protein kinases C (PKC) and the
release of Ca2+. These studies provided the first evidence that PIs
could be of great importance for cell signaling. Later, the detection
of increased level of PI(3,4,5)P3 upon oncogenic transformation
and receptor tyrosine kinase (RTK) engagement led to the iden-
tification of the phosphoinositide 3 kinase (PI3K) enzymes. This
introduced poly-phosphoinositides into many cell signaling path-
ways and identified a new common signaling pathway, PI3K/AKT,
that is still under intense investigation (Whitman et al., 1988;
Courtney et al., 2010; So and Fruman, 2012).

Until recently only few studies highlighted mono-PIs as sig-
naling molecules in cell biology. This is mostly due to the difficult
nature of detecting them (Pendaries et al., 2005). But several recent
compelling studies argue for an important role of these mono-PIs
in cell signaling. Among these mono-PIs, the phosphatidylinositol

5-phosphate PI5P has been the most recently identified PIs. Its late
identification is mainly due to the difficulty in separating it from its
close isomer PI4P in High-Performance-Liquid-Chromatography
(HPLC) (Rameh et al., 1997; Sarkes and Rameh, 2010). Since then,
several studies highlighted PI5P as a new potential important
signaling molecule that could influence cell signaling pathways
in epithelial cells after their activation (Pendaries et al., 2005;
Wilcox and Hinchliffe, 2008; Grainger et al., 2012). Cell invasion
by bacterial pathogens such as Shigella and Salmonella induce
a high level of cellular PI5P. This increase is due to the Phos-
phoinositide 4-phosphatase activity of the virulence factors IpgD
(Shigella flexneri) (Niebuhr et al., 2002) or SigD/SopB (Salmonella
spp.) (Mason et al., 2007). PI5P has been localized in different
subcellular compartments such as the plasma membrane, endo-
plasmic reticulum, Golgi apparatus, and the nucleus (Jones et al.,
2006; Coronas et al., 2007; Sarkes and Rameh, 2010). PI5P was
detected in T cells following ectopic expression of a PI(3,5)P2 3-
phosphatase, myotubularin-1 (MTM1) (Tronchere et al., 2004).
MTM1 expression in Jurkat T cells induces a high level of cellular
PI5P as detected by PI5P mass assay. Using similar methods, we
were also able to detect a PI5P increase upon TCR triggering in the
Hut-78 T cell line (Guittard et al., 2009). Recently, direct detec-
tion of PI5P by HPLC has been described (Sarkes and Rameh,
2010). These assays require expertise in analysis of lipids; thus
these approaches are difficult to apply in cell signaling teams more
familiar with protein biochemical analysis.

Here, we will discuss of the potent effects of PI5P in T cell sig-
naling and the nature of the enzymes that could generate PI5P. We
discuss identification of some direct PI5P partners (Guittard et al.,
2009, 2010), and speculate about different protein domains that
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bind PI5P in order to dissect the potential functional role of PI5P
and to design some potential probes for PI5P as has been done
for PI(3,4,5)P3 detection with the Akt Pleckstrin Homology (PH)
domain. Finally, increase in PI5P levels could be involved; not only
in T cell signaling and gene transcription, but also in T cell chemo-
taxis (Konradt et al., 2011) and/or other cellular processes such as
vesicular trafficking and chromatin rearrangement.

PI5P SYNTHESIS DURING T CELL ACTIVATION
Measuring PIs levels requires a large amount of cellular mater-
ial. Thus, most of these experiments are performed in cell lines.
Indeed, many T cell lines harbor mutations in the PTEN gene,
which induces a high level of cellular PI(3,4,5)P3 that can induce a
bias when studying other PIs species (Astoul et al., 2001). To detect
PI5P levels in T cells, we used a wild-type PTEN human T cell line,
HUT-78. By stimulating this cell line with an anti-CD3 mAb, a
nearly fourfold PI5P increase was detected using a lipid mass assay
(Guittard et al., 2009). This fold increase is in accordance with
other reported results in response to insulin stimulation in other
cell types (Sbrissa et al., 2004; Sarkes and Rameh, 2010). As TCR-
induced PI5P elevations appear to be rapid (peaks at 2 min) and
transient (Guittard et al., 2009), we suggest that there is a rapid
recruitment of a specific lipid kinase/phosphatase to the plasma
membrane upon TCR engagement, as observed previously for the
class IA PI3K (Fabre et al., 2005). The enzyme or the enzymatic
complex involved in the PI5P increase in T cells is still unknown.

PI(4,5)P2 is found at high levels at the plasma membrane.
Thus, it represents a potent substrate for a PI(4,5)P2 4-phosphatase
resulting in PI5P synthesis. IpgD S. flexneri virulence factor, has
been clearly identified to be a PI(4,5)P2 4-phosphatase (Niebuhr
et al., 2002). Ectopic IpgD expression has been used in several stud-
ies to access the role of PI5P in eukaryotic cells (Pendaries et al.,
2006; Guittard et al., 2009, 2010; Sarkes and Rameh, 2010; Ramel
et al., 2011; Oppelt et al., 2012). So far no eukaryotic enzyme has
been identified that synthesizes only PI5P. Next we will discuss
enzymes that can lead to production of PI5P that are expressed
in T cells and may be involved in early TCR signaling. As sum-
marized in Figure 1, there are three different possible routes to
synthesize PI5P: the 5-kinases (PIKfyve), 3-phosphatases (MTMs
family members), and type I/II PI(4,5)P2 4-phosphatases.

PHOSPHOINOSITIDE 5-KINASE, PIKfyve/PIPKIII
The simplest way to produce PI5P would be a direct phosphory-
lation of PI by a phosphoinositide 5-kinase. So far, only PIKfyve

FIGURE 1 | Mammalian enzymes involved in PI5P metabolism.

has been suggested to play such a role (Sbrissa et al., 1999, 2002).
PIKfyve is a lipid 5-kinase that bears a FYVE domain that rec-
ognizes PI3P species. PIKfyve can act on two substrates, PI and
PI3P to generate PI5P and PI(3,5)P2, respectively. So far, this
is the only kinase proposed to directly produce PI5P from PI
in vitro. Moreover, PIKfyve shRNAs decrease the PI5P pool in
fibroblasts from a hypomorphic gene-trap mouse mutant (Zolov
et al., 2012). Interestingly, their observation of the early thymus
degeneration in these mice suggests a possible role for PIKfyve in
T cell development. A role in peripheral T cell functions could
be possible as PIKfyve is expressed in spleen (Zolov et al., 2012).
However, it is still difficult to understand if the thymic degen-
eration result from PI5P and/or PI(3,5)P2 loss. Recently a new
PIKfyve inhibitor,YM201636,has been identified. Unexpectedly,at
low doses (10–25 nM), it inhibited preferentially PI5P rather than
PI(3,5)P2 production in vitro, whereas at higher doses, the genera-
tion of the two lipid products were similarly inhibited. YM201636
or potential second generation molecules may represent a possible
avenue for discriminating biologic effects observed consequent to
PI5P loss versus PI(3,5)P2 loss (Sbrissa et al., 2012).

PI5P synthesis in different cell types occurs mainly at the
plasma membrane (Sarkes and Rameh, 2010). Our observations
of a rapid PI5P increase upon TCR engagement (Guittard et al.,
2009) prompted us to postulate that PI5P pools are produced at
the plasma membrane. However, PIKfyve is essentially located at
intracellular organelles where it plays a key role in vesicular trans-
port (Sbrissa et al., 2012). Therefore other enzymes should be
considered to regulate the PI5P level at the plasma membrane.

PHOSPHOINOSITIDE 3-PHOSPHATASES, MTM1, AND
MYOTUBULARIN-RELATED PROTEINS
Enzymes from the myotubularin family are 3-phosphatases that
can regulate PI3P and PI(3,5)P2 pools (Tronchere et al., 2004).
These enzymes are ubiquitously expressed (Laporte et al., 1996,
1998) and are able to generate PI5P from PI(3,5)P2 in vitro
(Schaletzky et al., 2003; Vaccari et al., 2011). They were the first
identified eukaryotic phosphatases able to produce PI5P in vivo
(Tronchere et al., 2004). However, here again, PI(3,5)P2 is thought
to be mainly localized at late endosomal membranes (De Mat-
teis and Godi, 2004). Thus, it would be difficult to consider that
MTMs enzymes are responsible for early PI5P synthesis at the
plasma membrane upon TCR stimulation.

TYPE I/II PI(4,5)P2 4-PHOSPHATASES
Two human PI(4,5)P2 4-phosphatases (type I and type II isoforms)
have been identified (Ungewickell et al., 2005; Zou et al., 2007).
They share a CX5R phosphatase motif with the IpgD prokaryotic
PI(4,5)P2 4-phosphatase (Ungewickell et al., 2005). In vitro, these
eukaryotic phosphatases are also able to convert PI(4,5)P2 to PI5P.
Both enzymes are ubiquitously expressed and localize to late endo-
somal/lysosomal membranes in epithelial cells (Ungewickell et al.,
2005). Again this makes them less likely to be involved in early
signaling from the T cell receptor. Moreover type I phosphatase
has been shown to be translocated to the nucleus where it can
increase PI5P levels following genotoxic stress (Zou et al., 2007).
Thus, this raises the possibility that these enzymes play a role in
transcriptional activity.
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In conclusion, based on the claimed cellular localizations of
these enzymes or their substrates (Table 1), it is hard to imagine
a scheme inducing a major PI5P synthesis at the plasma mem-
brane. However, some of these enzymes have a role in T cells. For
example, MTMR6 could down-regulate calcium receptor KCa3.1
expressed in T and B cells, in a PI3P-dependent manner (Srivastava
et al., 2005). One cannot exclude a transient and local recruit-
ment of enzymatic complexes able to produce PI5P at the plasma
membrane. Further investigations in T cell biology studying these
proteins could define some new functions for PI5P especially in
endosomal compartments and/or in the nucleus.

PI5P BINDING DOMAINS
As mentioned above, PIs are organized into specific subcellular
compartments in order to recruit protein to a specific organelle
(McCrea and De Camilli, 2009). As summarized in Table 2, some
studies have been conducted to identify potential partners of PI5P
and, therefore, to suggest potential functions for this phospholipid.

THE PHD MOTIFS OF NUCLEAR PROTEINS, ING2 AND ATX-1
The plant homeo-domain (PHD) motif is a conserved Cys4-
HisCys3 orphan zinc finger domain present throughout eukaryotic
proteomes. A large number of chromatin regulatory factors con-
tain PHD fingers, including the ING family of putative tumor
suppressors (Feng et al., 2002; Fyodorov and Kadonaga, 2002;
Kalkhoven et al., 2002). In 2003, the PHD of ING2 protein became
the first identified PI5P-binding domain. It was identified by three

different in vitro experimental approaches by PIP-beads binding
assay, by fat-blotting, and by surface plasmon resonance (SPR)
analysis (Gozani et al., 2003). However, although binding to PI5P,
a significant binding to other mono-PIs such as PI3P could not be
excluded from this study. To strengthen this PHD motif binding
affinity, a 3X PHD motif has been generated and shows a stronger
PI5P binding. This 3X PHD ING2 construct has been used as a
tool for PI5P investigations (Pendaries et al., 2006; Guittard et al.,
2009, 2010; Ramel et al., 2011). A similar PHD motif was iden-
tified in plants. The Arabidopsis homolog of trithorax-1 (ATX-1)
binds PI5P using its PHD domain (Alvarez-Venegas et al., 2006).
Authors are suggesting a role for PI5P in inhibiting ATX-1 pro-
tein by delocalizing it from the nucleus where it can repress gene
expression. Nuclear PI5P localization has been reported and PI5P
can modify the function of some PHD motif containing proteins
(Gozani et al., 2003; Alvarez-Venegas et al., 2006; Jones et al., 2006).
A role for nuclear PI5P in regulating nuclear protein function has
not yet been assessed in T cell biology.

THE PH DOMAIN OF DOK FAMILY MEMBERS
Only 10% of known PH domains bind PIs with high specificity
(Lemmon, 2008). The first identified PH domain harboring some
PI5P binding properties was the PH domain of the p62 subunit of
the transcription factor IIH (TFIIH) (Di Lello et al., 2005). This
observation is really close to what has been reported for the PI5P
binding PHD domains, suggesting again a potential role for PI5P
in cell transcriptional activity.

Table 1 | Enzyme expression, localization, and functions in lymphoid cells.

Enzymes Substrates

in vitro

Lymphoid tissues

expression

Localization Immune function Reference

PIPK

PIPKI/PI4P

5-kinase (α, β, γ)

PI4P, PI Spl., LNs Nu (α), PM

(γ), PNu (β)

PIPKIγ in NK, Blast cells T cells,

PIPKIγ 90 is negative regulator of T

cell activation, adhesion, and

proliferation

Doughman et al. (2003), Micucci et al.

(2008), Bolomini-Vittori et al. (2009),

Vasudevan et al. (2009), Wernimont et al.

(2010)

PIPKIII/Pykfyve

(5-kinase)

PI, PI3P Spl., Thy LE KO: early degeneration of Thymus,

role in T cell development?

Zolov et al. (2012)

3-PHOSPHATASE

MTM1 PI3P,

PI(3,5)P2

LN, Spl., Thy Cyt., PM? Overexpression enhance PI5P pool

in Jurkat T cells

Laporte et al. (1996), Tronchere et al.

(2004)

MTMR2, 3, 6 PI3P,

PI(3,5)P2

Ubiquitous Cyt., PM? Not tested, but MTMR6

down-regulate KCa3.1 Ca2+ rec.

expressed on B, T cells

Laporte et al. (1998), Walker et al. (2001),

Berger et al. (2002), Schaletzky et al.

(2003), Srivastava et al. (2005), Lorenzo

et al. (2006), Vaccari et al. (2011)

4-PHOSPHATASE

Type I, II/PI(4,5)P2

phosphatase

(IpgD homolog)

PI(4,5)P2 Spl., BM, Thy., PBL LE, Ly, Nu Not tested Ungewickell et al. (2005), Zou et al. (2007)

5-PHOSPHATASE

PLIP/PTPM T1 PI5P? Spl., LNs, BM G Not tested Merlot et al. (2003), Pagliarini et al. (2004),

Zhang et al. (2011)

Nu, nucleus; PM, plasma membrane; C, cytosol; PNu, peri-nuclear; LE, late endosomes; Ly, lysosomes; G, Golgi; Spl, spleen; BM, bone marrow; Thy, thymus; PBL,

peripheral blood leukocytes.
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Table 2 | Some cellular proteins containing a lipid/protein interaction domain were identified as PI5P binding partners.

Binding domain PI binding Experiment used Protein role Reference

CYTOSOL, PLASMA MEMBRANE

PH Dok-1/Dok-2 PI4P, PI5P Fat blot, SPR Negative regulation T cell signaling Guittard et al. (2009)

PH-Dok-4 PI5P > Mono-PIs Fat blot, SPR Negative/positive regulation T cell signaling Guittard et al. (2010)

PH Dok-5 PI5P+++ Fat blot, SPR Cardiomyocyte differentiation PI3K depdt Guittard et al. (2010)

BIN1 PI5P, PI3P SPR Tubular invaginations of membranes,

biogenesis of muscle T tubules

Nicot et al. (2007),

Fugier et al. (2011)

NUCLEUS

ATX-1-PHD PI5P+++ Fat blot Plant (Arapidopsis thaliana) chromatin

modification stress induced

Alvarez-Venegas et al.

(2006)

ING2 PHD PI5P+, PI3P Fat blot, SPR, PIP-beads Nucleus cellular stress response Gozani et al. (2003)

Sap30L/Sap 30 PI5P > PI3P > PI4 Fat blot Chromatin remodeling, transcription Viiri et al. (2009)

PH-tfb1 TFII subunit PI5P, PI3P Fat blot Transcription factor Di Lello et al. (2005)

Different experimental approaches were used to characterize this PI5P binding. These proteins are expressed in different subcellular compartments and are involved

in different cell functions. PH, Pleckstrin homology domain; PHD, plant homeo-domain; SPR, surface plasmon resonance.

Dok (for downstream of kinase) proteins are adaptor proteins
that are expressed in lymphocytes (Favre et al., 2003). Upon T cell
stimulation, these PH domain-containing proteins are recruited
to (or are in the vicinity of) the plasma membrane (Boulay et al.,
2005; Gerard et al., 2009). Dok-1 and Dok-2 PH domains were
shown to bind PI5P and PI4P in SPR analysis (Guittard et al.,
2009). But using different enzymatic approaches, PI5P appeared
to be essential for Dok proteins tyrosine phosphorylation. More-
over, PI5P binding domain expression (Dok-1 PH domain or 3X
PHD ING2) block PI5P-induced Dok phosphorylation.

Among Dok family PH domains (Favre et al., 2003), the PH
domain of Dok-5 revealed the highest PI5P binding affinity in
SPR experiments (Guittard et al., 2009, 2010). Dok-5 PH domain
expression reduced IpgD-induced IL-2 promoter activity in T cells
by sequestering PI5P within the cell (Guittard et al., 2010). These
observations highlighted PI5P as a newly identified actor in T cell
signaling that acts by regulating cytosolic Dok proteins.

A ROLE FOR PI5P IN T CELL SIGNALING
Stimulation of membrane receptors such as the TCR on T cells
induces the activation of protein tyrosine kinases (PTKs) and sub-
sequently the phosphorylation of substrates, which contributes
to the formation of a cytoplasmic multiprotein network (Smith-
Garvin et al., 2009). TCR leads to the activation of several physi-
cally separated protein modules (Figure 2). First, Src-family pro-
tein tyrosine kinases (SFK) Lck/Fyn are activated by a yet not fully
known mechanism. SFK activation is followed by tyrosine phos-
phorylation of TCR and CD3 chains leading to the recruitment of
ZAP-70 PTK. Finally, cytoplasmic protein networks are established
based on interactions with numerous adaptor proteins including
LAT (Acuto et al., 2008).

Dok-5 PH expression selectively reduces some TCR-induced
signaling events such as SFK activation (Lck/Fyn) and Akt
phosphorylation (AKT is a PI3K effector) (Guittard et al., 2010).
Independently of TCR engagement, ectopic expression of IpgD

induces the phosphorylation of SFK family members and Akt
(Guittard et al., 2010). Thus, PI5P could be a part of membrane
signaling TCR-containing modules, such as the SFK regulation
module (Acuto et al., 2008; Nika et al., 2010).

These SFKs are controlled by membrane lipid content (lipid
rafts). The presence of Csk and CD45 protein tyrosine phos-
phatase (PTP) is involved in maintaining a balance between active
and inactive SFK forms (Acuto et al., 2008). The selective inhibi-
tion of Csk activates this early SFK signaling module leading to
Dok-1 tyrosine phosphorylation. This suggests that PI5P could
be involved in SFK-containing lipid rafts, perhaps by modulating
the dynamics of these plasma membrane structures (Schoenborn
et al., 2011). Involvement of a PH containing molecule, such as
SKAP-55, could also bring CD45 in close proximity to the SFK
signaling module leading to its activation (Wu et al., 2002).

It has long been known that PI3K signaling is activated upon
TCR triggering (Ward et al., 1992). However, it is always diffi-
cult to draw a general connection map of proximal TCR signal-
ing pathways that integrates the PI3K/Akt pathway (Acuto et al.,
2008; Smith-Garvin et al., 2009). A possible explanation would
be that the PI3K/Akt signaling module is also physically inde-
pendent of other proximal TCR signaling modules (Acuto et al.,
2008). The full activation of Akt is dependent upon its presence
in some membrane structures corresponding to lipid raft nan-
odomains (Lasserre et al., 2008). Several reports described PI5P
acting upstream of the PI3K/Akt pathway (Carricaburu et al.,
2003; Pendaries et al., 2006; Grainger et al., 2012). For instance,
IpgD-produced PI5P persistently activates PI3K/Akt signaling in
epithelial cells (Pendaries et al., 2006). In this condition, PI5P at
the plasma membrane at the early stages of S. flexneri infection is
rapidly enriched in endosomes and alters growth factor receptor
signaling by impairing lysosomal degradation, a property used by
the pathogen to favor survival of host cells. Thus far, there is no
direct link between PI5P generation and PI3K activation in T cells.
As it is the case for the SFK regulation module, we can hypothesize
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FIGURE 2 | PI5P as a new key player inTCR signaling. TCR stimulation
induces PI5P increase (Guittard et al., 2009). By expressing a bacterial
PI(4,5)P2 4-phosphatase, IpgD in T cells, the PI5P elevation reveals a
selective activation of signaling events such as the activation of Src-family
protein tyrosine kinases (SFK) and the Ser/Thr kinase, Akt (a PI3K effector)
(Guittard et al., 2010). As previously illustrated (Acuto et al., 2008), some
physically independent signaling modules in the T cell membranes could

be involved in establishing full TCR signals, when there are
interconnected. In this scheme, we added a separated module for
PI3K/Akt signaling where the Class IA PI3K could recognize a SFK or some
membrane protein containing a Tyr-x-x-Met motif. Plasma membrane PI5P
could participate to the lipid compounds of some of these modules such
as SFK regulation module and PI3K-dependent signal
diversification/regulation module (see text).

that PI5P could participate in lipid raft nanodomains dynam-
ics where PI3K/Akt activation would take place. This potential
PI3K/Akt module could also explain why PI5P elevation provokes
a Dok protein tyrosine phosphorylation (Guittard et al., 2009), as
the PTK Tec, a PI3K effector in T cells, phosphorylates the Dok-1
and Dok-2 proteins (Yang et al., 2001; Gerard et al., 2004).

It has been reported that PI5P and other PIs interact with high
affinity to a TCR ζ basic-rich stretch (DeFord-Watts et al., 2011).
The elimination of PIs-binding regions significantly impaired the
ability of TCR ζ chains to be stably expressed at the plasma mem-
brane (DeFord-Watts et al., 2011). Taken together,a role for PI5P in
T cell signaling should be further investigated in these potentially
physically independent modules, for instance via experiments
evaluating membrane fluidity and dynamics (Lasserre et al., 2008).

OTHER PERSPECTIVES FOR A ROLE OF PI5P IN T CELL
BIOLOGY
Cell fractionation has revealed that a major fraction of PI5P is in
the plasma membrane (Sarkes and Rameh, 2010). As discussed
above, membrane PI5P is involved in T cell signaling (Guittard
et al., 2009, 2010). This lipid could also be involved in the control of
T cell migration. Indeed, S. flexneri is able to infect activated T cells
and IpgD [converting PI(4,5)P2 into PI5P] inhibits chemokine-
induced T cell migration (Konradt et al., 2011). In this study, the
authors concluded that the T cell chemotaxis block was due to a
PI(4,5)P2 breakdown. But they could not exclude a role for PI5P
increase in this process. However, in other cell types, PI5P increases
appear to induce cell migration (Oppelt et al., 2012). These appar-
ent discrepancies likely result from differences between lymphoid
cells and other cell types in their cell migration. For instance, many
cell types use a PI3K-dependent pathway in inducing cell migra-
tion, but T cell chemotaxis seems to be independent of a PI3K
signaling pathway (Asperti-Boursin et al., 2007). The Rac small

GTPase, probably regulated by DOCK2 RacGEF, could drive this
T cell migration (Fukui et al., 2001). One exiting hypothesis would
be that PI5P is involved in a Rac-dependent pathway and/or par-
ticipates in the connection between plasma membrane and the
cytoskeleton dynamics.

In skeletal muscle, the bridging integrator-1 (BIN1) proteins
bind to membrane PI5P and is involved in tubular invaginations of
membranes and is required for the biogenesis of muscle T tubules
(Nicot et al., 2007; Fugier et al., 2011). PI5P can be detected in
endosomes (Sarkes and Rameh, 2010) and can favor RTK signaling
prolongation in early endosomes (Ramel et al., 2011). Further-
more IpgD expression induces a striking amount of IL-2 promoter
activity in T cells (Guittard et al., 2010). These results could be due
to sustained T cell signaling at the plasma membrane or in intracel-
lular compartments. Thus, the role of PI5P in vesicular trafficking
in T cells should be considered.

In summary, PI5P is now taking its place in T cell biology.
As in other mammalian cell types, the localization of basal and
inducible PI5P should be characterized by cell fractionation fol-
lowed by lipid composition analysis. PI5P-specific probes should
be improved to visualize phospholipid dynamics upon T cell acti-
vation. Further investigations should be performed to assess the
exact role of PI5P at the plasma membrane (for T cell signal-
ing and migration), but also in vesicular trafficking and nuclear
function.

ACKNOWLEDGMENTS
We thank Connie Sommers (Center for Cancer Research,
Bethesda) for thoughtful reading of the manuscript and Claire
Hivroz (Institut Curie, Paris), for helpful discussions. We are
grateful to Bernard Payrastre (Institut des Maladies Métaboliques
et Cardiovasculaires, Toulouse) for sharing his expertise in the
research field of the phospholipids.

www.frontiersin.org April 2013 | Volume 4 | Article 80 | 5

http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive


Nunès and Guittard PI5P in T cell biology

REFERENCES
Acuto, O., Bartolo, V. D., and Michel, F.

(2008). Tailoring T-cell receptor sig-
nals by proximal negative feedback
mechanisms. Nat. Rev. Immunol. 8,
699–712.

Alvarez-Venegas, R., Sadder, M.,
Hlavacka, A., Baluska, F., Xia, Y., Lu,
G., et al. (2006). The Arabidopsis
homolog of trithorax, ATX1, binds
phosphatidylinositol 5-phosphate,
and the two regulate a common set
of target genes. Proc. Natl. Acad. Sci.
U.S.A. 103, 6049–6054.

Asperti-Boursin, F., Real, E., Bismuth,
G., Trautmann, A., and Donnadieu,
E. (2007). CCR7 ligands control
basal T cell motility within lymph
node slices in a phosphoinositide 3-
kinase-independent manner. J. Exp.
Med. 204, 1167–1179.

Astoul, E., Edmunds, C., Cantrell, D.
A., and Ward, S. G. (2001). PI 3-
K and T-cell activation: limitations
of T-leukemic cell lines as signal-
ing models. Trends Immunol. 22,
490–496.

Berger, P., Bonneick, S., Willi, S.,
Wymann, M., and Suter, U. (2002).
Loss of phosphatase activity in
myotubularin-related protein 2 is
associated with Charcot-Marie-
Tooth disease type 4B1. Hum. Mol.
Genet. 11, 1569–1579.

Berridge, M. J., and Irvine, R. F. (1984).
Inositol trisphosphate, a novel sec-
ond messenger in cellular signal
transduction. Nature 312, 315–321.

Bolomini-Vittori, M., Montresor, A.,
Giagulli, C., Staunton, D., Rossi, B.,
Martinello, M., et al. (2009). Reg-
ulation of conformer-specific acti-
vation of the integrin LFA-1 by
a chemokine-triggered Rho signal-
ing module. Nat. Immunol. 10,
185–194.

Boulay, I., Nemorin, J. G., and Duplay,
P. (2005). Phosphotyrosine binding-
mediated oligomerization of down-
stream of tyrosine kinase (Dok)-
1 and Dok-2 is involved in CD2-
induced Dok phosphorylation. J.
Immunol. 175, 4483–4489.

Carricaburu, V., Lamia, K. A., Lo,
E., Favereaux, L., Payrastre, B.,
Cantley, L. C., et al. (2003).
The phosphatidylinositol (PI)-5-
phosphate 4-kinase type II enzyme
controls insulin signaling by regulat-
ing PI-3,4,5-trisphosphate degrada-
tion. Proc. Natl. Acad. Sci. U.S.A. 100,
9867–9872.

Coronas, S., Ramel, D., Pendaries, C.,
Gaits-Iacovoni, F., Tronchere, H.,
and Payrastre, B. (2007). PtdIns5P:
a little phosphoinositide with big
functions? Biochem. Soc. Symp. 74,
117–128.

Courtney, K. D., Corcoran, R. B., and
Engelman, J. A. (2010). The PI3K
pathway as drug target in human
cancer. J. Clin. Oncol. 28, 1075–1083.

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

DeFord-Watts, L. M., Dougall, D. S.,
Belkaya, S., Johnson, B. A., Eit-
son, J. L., Roybal, K. T., et al.
(2011). The CD3 zeta subunit con-
tains a phosphoinositide-binding
motif that is required for the sta-
ble accumulation of TCR-CD3 com-
plex at the immunological synapse.
J. Immunol. 186, 6839–6847.

Di Lello, P., Nguyen, B. D., Jones, T. N.,
Potempa, K., Kobor, M. S., Legault,
P., et al. (2005). NMR structure of
the amino-terminal domain from
the Tfb1 subunit of TFIIH and char-
acterization of its phosphoinositide
and VP16 binding sites. Biochemistry
44, 7678–7686.

Doughman, R. L., Firestone, A. J.,
and Anderson, R. A. (2003). Phos-
phatidylinositol phosphate kinases
put PI4,5P(2) in its place. J. Membr.
Biol. 194, 77–89.

Fabre, S., Lang, V., Harriague, J., Jobart,
A., Unterman, T. G., Trautmann, A.,
et al. (2005). Stable activation of
phosphatidylinositol 3-kinase in the
T cell immunological synapse stimu-
lates Akt signaling to FoxO1 nuclear
exclusion and cell growth control. J.
Immunol. 174, 4161–4171.

Favre, C., Gerard, A., Clauzier, E., Pon-
tarotti, P., Olive, D., and Nunes,
J. A. (2003). DOK4 and DOK5:
new Dok-related genes expressed in
human T cells. Genes Immun. 4,
40–45.

Feng, X., Hara, Y., and Riabowol, K.
(2002). Different HATS of the ING1
gene family. Trends Cell Biol. 12,
532–538.

Fugier, C., Klein, A. F., Hammer, C.,Vas-
silopoulos, S., Ivarsson,Y., Toussaint,
A., et al. (2011). Misregulated alter-
native splicing of BIN1 is associated
with T tubule alterations and mus-
cle weakness in myotonic dystrophy.
Nat. Med. 17, 720–725.

Fukui, Y., Hashimoto, O., Sanui, T.,
Oono, T., Koga, H., Abe, M., et al.
(2001). Haematopoietic cell-specific
CDM family protein DOCK2 is
essential for lymphocyte migration.
Nature 412, 826–831.

Fyodorov, D. V., and Kadonaga, J.
T. (2002). Dynamics of ATP-
dependent chromatin assembly by
ACF. Nature 418, 897–900.

Gerard, A., Favre, C., Garcon, F.,
Nemorin, J. G., Duplay, P., Pastor,
S., et al. (2004). Functional inter-
action of RasGAP-binding proteins

Dok-1 and Dok-2 with the Tec pro-
tein tyrosine kinase. Oncogene 23,
1594–1598.

Gerard, A., Ghiotto, M., Fos, C., Guit-
tard, G., Compagno, D., Galy, A., et
al. (2009). Dok-4 is a novel nega-
tive regulator of T cell activation. J.
Immunol. 182, 7681–7689.

Gozani, O., Karuman, P., Jones, D. R.,
Ivanov, D., Cha, J., Lugovskoy, A. A.,
et al. (2003). The PHD finger of the
chromatin-associated protein ING2
functions as a nuclear phosphoinosi-
tide receptor. Cell 114, 99–111.

Grainger, D. L., Tavelis, C., Ryan, A.
J., and Hinchliffe, K. A. (2012).
The emerging role of PtdIns5P:
another signalling phosphoinositide
takes its place. Biochem. Soc. Trans.
40, 257–261.

Guittard, G., Gerard, A., Dupuis-
Coronas, S., Tronchere, H., Mortier,
E., Favre, C., et al. (2009). Cut-
ting edge: Dok-1 and Dok-2 adap-
tor molecules are regulated by phos-
phatidylinositol 5-phosphate pro-
duction in T cells. J. Immunol. 182,
3974–3978.

Guittard, G., Mortier, E., Tronchere, H.,
Firaguay, G., Gerard, A., Zimmer-
mann, P., et al. (2010). Evidence for
a positive role of PtdIns5P in T-cell
signal transduction pathways. FEBS
Lett. 584, 2455–2460.

Jones, D. R., Bultsma, Y., Keune,
W. J., Halstead, J. R., Elouarrat,
D., Mohammed, S., et al. (2006).
Nuclear PtdIns5P as a transducer of
stress signaling: an in vivo role for
PIP4Kbeta. Mol. Cell 23, 685–695.

Kalkhoven, E., Teunissen, H., Houwel-
ing, A., Verrijzer, C. P., and Zantema,
A. (2002). The PHD type zinc finger
is an integral part of the CBP acetyl-
transferase domain. Mol. Cell. Biol.
22, 1961–1970.

Konradt, C., Frigimelica, E., Nothelfer,
K., Puhar, A., Salgado-Pabon, W., Di
Bartolo, V., et al. (2011). The Shigella
flexneri type three secretion system
effector IpgD inhibits T cell migra-
tion by manipulating host phos-
phoinositide metabolism. Cell Host
Microbe 9, 263–272.

Laporte, J., Blondeau, F., Buj-Bello,
A., Tentler, D., Kretz, C., Dahl, N.,
et al. (1998). Characterization of
the myotubularin dual specificity
phosphatase gene family from yeast
to human. Hum. Mol. Genet. 7,
1703–1712.

Laporte, J., Hu, L. J., Kretz, C., Man-
del, J. L., Kioschis, P., Coy, J. F., et al.
(1996). A gene mutated in X-linked
myotubular myopathy defines a new
putative tyrosine phosphatase fam-
ily conserved in yeast. Nat. Genet. 13,
175–182.

Lasserre, R., Guo, X. J., Conchonaud,
F., Hamon, Y., Hawchar, O., Bernard,
A. M., et al. (2008). Raft nan-
odomains contribute to Akt/PKB
plasma membrane recruitment and
activation. Nat. Chem. Biol. 4,
538–547.

Lemmon, M. A. (2008). Membrane
recognition by phospholipid-
binding domains. Nat. Rev. Mol.
Cell Biol. 9, 99–111.

Lorenzo, O., Urbe, S., and Clague,
M. J. (2006). Systematic analysis of
myotubularins: heteromeric interac-
tions, subcellular localisation and
endosome related functions. J. Cell
Sci. 119, 2953–2959.

Mason, D., Mallo, G. V., Terebiznik,
M. R., Payrastre, B., Finlay, B.
B., Brumell, J. H., et al. (2007).
Alteration of epithelial structure
and function associated with
PtdIns(4,5)P2 degradation by a bac-
terial phosphatase. J. Gen. Physiol.
129, 267–283.

McCrea, H. J., and De Camilli,
P. (2009). Mutations in phos-
phoinositide metabolizing enzymes
and human disease. Physiology
(Bethesda) 24, 8–16.

Merlot, S., Meili, R., Pagliarini, D. J.,
Maehama, T., Dixon, J. E., and Fir-
tel, R. A. (2003). A PTEN-related
5-phosphatidylinositol phosphatase
localized in the Golgi. J. Biol. Chem.
278, 39866–39873.

Micucci, F., Capuano, C., Marchetti, E.,
Piccoli, M., Frati, L., Santoni, A.,
et al. (2008). PI5KI-dependent sig-
nals are critical regulators of the
cytolytic secretory pathway. Blood
111, 4165–4172.

Nicot, A. S., Toussaint, A., Tosch, V.,
Kretz, C., Wallgren-Pettersson, C.,
Iwarsson, E., et al. (2007). Muta-
tions in amphiphysin 2 (BIN1) dis-
rupt interaction with dynamin 2
and cause autosomal recessive cen-
tronuclear myopathy. Nat. Genet. 39,
1134–1139.

Niebuhr, K., Giuriato, S., Pedron, T.,
Philpott, D. J., Gaits, F., Sable,
J., et al. (2002). Conversion of
PtdIns(4,5)P(2) into PtdIns(5)P by
the S. flexneri effector IpgD reorga-
nizes host cell morphology. EMBO J.
21, 5069–5078.

Nika, K., Soldani, C., Salek, M., Paster,
W., Gray, A., Etzensperger, R., et
al. (2010). Constitutively active Lck
kinase in T cells drives antigen recep-
tor signal transduction. Immunity
32, 766–777.

Oppelt, A., Lobert, V. H., Haglund,
K., Mackey, A. M., Rameh, L. E.,
Liestol, K., et al. (2012). Production
of phosphatidylinositol 5-phosphate
via PIKfyve and MTMR3 regulates

Frontiers in Immunology | T Cell Biology April 2013 | Volume 4 | Article 80 | 6

http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive


Nunès and Guittard PI5P in T cell biology

cell migration. EMBO Rep. 14,
57–64.

Pagliarini, D. J., Worby, C. A., and
Dixon, J. E. (2004). A PTEN-
like phosphatase with a novel sub-
strate specificity. J. Biol. Chem. 279,
38590–38596.

Pendaries, C., Tronchere, H., Arbibe,
L., Mounier, J., Gozani, O., Cantley,
L., et al. (2006). PtdIns5P activates
the host cell PI3-kinase/Akt pathway
during Shigella flexneri infection.
EMBO J. 25, 1024–1034.

Pendaries, C., Tronchere, H., Racaud-
Sultan, C., Gaits-Iacovoni, F., Coro-
nas, S., Manenti, S., et al. (2005).
Emerging roles of phosphatidylinos-
itol monophosphates in cellular sig-
naling and trafficking. Adv. Enzyme
Regul. 45, 201–214.

Rameh, L. E., Tolias, K. F., Duck-
worth, B. C., and Cantley, L.
C. (1997). A new pathway for
synthesis of phosphatidylinositol-
4,5-bisphosphate. Nature 390,
192–196.

Ramel, D., Lagarrigue, F., Pons, V.,
Mounier, J., Dupuis-Coronas, S.,
Chicanne, G., et al. (2011). Shigella
flexneri infection generates the lipid
PI5P to alter endocytosis and pre-
vent termination of EGFR signaling.
Sci. Signal. 4, ra61.

Sarkes, D., and Rameh, L. E. (2010). A
novel HPLC-based approach makes
possible the spatial characteriza-
tion of cellular PtdIns5P and other
phosphoinositides. Biochem. J. 428,
375–384.

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

Sbrissa, D., Ikonomov, O. C., Fil-
ios, C., Delvecchio, K., and Shi-
sheva, A. (2012). Functional dissoci-
ation between PIKfyve-synthesized
PtdIns5P and PtdIns(3,5)P2 by
means of the PIKfyve inhibitor
YM201636. Am. J. Physiol. Cell Phys-
iol. 303, C436–446.

Sbrissa, D., Ikonomov, O. C., and
Shisheva, A. (1999). PIKfyve, a
mammalian ortholog of yeast

Fab1p lipid kinase, synthesizes 5-
phosphoinositides. Effect of insulin.
J. Biol. Chem. 274, 21589–21597.

Sbrissa, D., Ikonomov, O. C., Strakova,
J., and 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, S. K., Short, B.,
Lorenzo, O., Clague, M. J., and Barr,
F. A. (2003). Phosphatidylinositol-
5-phosphate activation and con-
served substrate specificity of the
myotubularin phosphatidylinositol
3-phosphatases. Curr. Biol. 13,
504–509.

Schoenborn, J. R., Tan, Y. X., Zhang,
C., Shokat, K. M., and Weiss, A.
(2011). Feedback circuits moni-
tor and adjust basal Lck-dependent
events in T cell receptor signaling.
Sci. Signal. 4, ra59.

Smith-Garvin, J. E., Koretzky, G. A.,
and Jordan, M. S. (2009). T cell
activation. Annu. Rev. Immunol. 27,
591–619.

So, L., and Fruman, D. A. (2012). PI3K
signalling in B- and T-lymphocytes:
new developments and therapeutic
advances. Biochem. J. 442, 465–481.

Srivastava, S., Li, Z., Lin, L., Liu, G., Ko,
K., Coetzee, W. A., et al. (2005). The
phosphatidylinositol 3-phosphate
phosphatase myotubularin-related
protein 6 (MTMR6) is a negative
regulator of the Ca2+-activated K+

channel KCa3.1. Mol. Cell. Biol. 25,
3630–3638.

Tronchere, H., Laporte, J., Pendaries,
C., Chaussade, C., Liaubet, L.,
Pirola, L., et al. (2004). Pro-
duction of phosphatidylinositol 5-
phosphate by the phosphoinosi-
tide 3-phosphatase myotubularin in
mammalian cells. J. Biol. Chem. 279,
7304–7312.

Ungewickell, A., Hugge, C., Kisse-
leva, M., Chang, S. C., Zou, J.,
Feng, Y., et al. (2005). The iden-
tification and characterization
of two phosphatidylinositol-4,5-
bisphosphate 4-phosphatases.
Proc. Natl. Acad. Sci. U.S.A. 102,
18854–18859.

Vaccari, I., Dina, G., Tronchere, H.,
Kaufman, E., Chicanne, G., Cerri,
F., et al. (2011). Genetic interac-
tion between MTMR2 and FIG4
phospholipid phosphatases involved
in Charcot-Marie-Tooth neu-
ropathies. PLoS Genet. 7:e1002319.
doi:10.1371/journal.pgen.1002319

Vasudevan, L., Jeromin, A., Volpicelli-
Daley, L., De Camilli, P., Holowka,
D., and Baird, B. (2009). The beta-
and gamma-isoforms of type I
PIP5K regulate distinct stages of
Ca2+ signaling in mast cells. J. Cell
Sci. 122, 2567–2574.

Viiri, K. M., Janis, J., Siggers, T.,
Heinonen, T. Y., Valjakka, J., Bulyk,
M. L., et al. (2009). DNA-binding
and -bending activities of SAP30L
and SAP30 are mediated by a zinc-
dependent module and monophos-
phoinositides. Mol. Cell. Biol. 29,
342–356.

Walker, D. M., Urbe, S., Dove, S.
K., Tenza, D., Raposo, G., and
Clague, M. J. (2001). Characteriza-
tion of MTMR3. an inositol lipid
3-phosphatase with novel substrate
specificity. Curr. Biol. 11, 1600–1605.

Ward, S. G., Ley, S. C., Macphee, C.,
and Cantrell, D. A. (1992). Regula-
tion of D-3 phosphoinositides dur-
ing T cell activation via the T cell
antigen receptor/CD3 complex and
CD2 antigens. Eur. J. Immunol. 22,
45–49.

Wernimont, S. A., Legate, K. R., Simon-
son, W. T., Fassler, R., and Hutten-
locher, A. (2010). PIPKI gamma 90
negatively regulates LFA-1-mediated
adhesion and activation in antigen-
induced CD4+ T cells. J. Immunol.
185, 4714–4723.

Whitman, M., Downes, C. P., Keeler,
M., Keller, T., and Cantley, L.
(1988). Type I phosphatidylinosi-
tol kinase makes a novel inositol
phospholipid, phosphatidylinositol-
3-phosphate. Nature 332, 644–646.

Wilcox, A., and Hinchliffe, K. A. (2008).
Regulation of extranuclear PtdIns5P
production by phosphatidylinositol
phosphate 4-kinase 2alpha. FEBS
Lett. 582, 1391–1394.

Wu, L., Yu, Z., and Shen, S. H.
(2002). SKAP55 recruits to lipid
rafts and positively mediates the

MAPK pathway upon T cell recep-
tor activation. J. Biol. Chem. 277,
40420–40427.

Yang, W. C., Ching, K. A., Tsoukas, C. D.,
and Berg, L. J. (2001). Tec kinase sig-
naling in T cells is regulated by phos-
phatidylinositol 3-kinase and the
Tec Pleckstrin homology domain. J.
Immunol. 166, 387–395.

Zhang, J., Guan, Z., Murphy, A. N.,
Wiley, S. E., Perkins, G. A., Worby,
C. A., et al. (2011). Mitochondrial
phosphatase PTPMT1 is essential for
cardiolipin biosynthesis. Cell Metab.
13, 690–700.

Zolov, S. N., Bridges, D., Zhang, Y., Lee,
W. W., Riehle, E., Verma, R., et al.
(2012). In vivo, Pikfyve generates
PI(3,5)P2, which serves as both a sig-
naling lipid and the major precursor
for PI5P. Proc. Natl. Acad. Sci. U.S.A.
109, 17472–17477.

Zou, J., Marjanovic, J., Kisseleva, M.
V., Wilson, M., and Majerus, P. W.
(2007). Type I phosphatidylinositol-
4,5-bisphosphate 4-phosphatase
regulates stress-induced apoptosis.
Proc. Natl. Acad. Sci. U.S.A. 104,
16834–16839.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 18 February 2013; paper pend-
ing published: 13 March 2013; accepted:
15 March 2013; published online: 02 April
2013.
Citation: Nunès JA and Guittard G
(2013) An emerging role for PI5P in T
cell biology. Front. Immunol. 4:80. doi:
10.3389/fimmu.2013.00080
This article was submitted to Frontiers in
T Cell Biology, a specialty of Frontiers in
Immunology.
Copyright © 2013 Nunès and Guittard.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License, which per-
mits use, distribution and reproduction
in other forums, provided the original
authors and source are credited and sub-
ject to any copyright notices concerning
any third-party graphics etc.

www.frontiersin.org April 2013 | Volume 4 | Article 80 | 7

http://dx.doi.org/10.1371/journal.pgen.1002319
http://dx.doi.org/10.3389/fimmu.2013.00080
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

	An emerging role for PI5P in T cell biology
	Introduction
	PI5P synthesis during T cell activation
	Phosphoinositide 5-kinase, PIKfyve/PIPKIII
	Phosphoinositide 3-phosphatases, MTM1, and myotubularin-related proteins
	Type I/II PI(4,5)P2 4-phosphatases

	PI5P Binding domains
	The PHD motifs of nuclear proteins, ING2 and ATX-1
	The PH domain of Dok family members

	A role for PI5P in T cell signaling
	Other perspectives for a role of PI5P in T cell biology
	Acknowledgments
	References


