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Although phosphatidylinositol 5-phosphate (PtdIns5P) is present
in many cell types and its biogenesis is increased by diverse
stimuli, its precise cellular function remains elusive. Here we
show that PtdIns5P levels increase when cells are stimulated to
move and we find PtdIns5P to promote cell migration in tissue
culture and in a Drosophila in vivo model. First, class III
phosphatidylinositol 3-kinase, which produces PtdIns3P,
was shown to be involved in migration of fibroblasts. In a cell
migration screen for proteins containing PtdIns3P-binding motifs,
we identified the phosphoinositide 5-kinase PIKfyve and
the phosphoinositide 3-phosphatase MTMR3, which together
constitute a phosphoinositide loop that produces PtdIns5P
via PtdIns(3,5)P2. The ability of PtdIns5P to stimulate
cell migration was demonstrated directly with exogenous
PtdIns5P and a PtdIns5P-producing bacterial enzyme. Thus, the
identified phosphoinositide loop defines a new role for PtdIns5P
in cell migration.
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INTRODUCTION
Phosphoinositides are an important group of membrane lipids that
reversibly anchor cytosolic proteins to cellular membranes,
thereby modulating their localization and activity. They are

crucial in cell migration by regulating signal transduction
pathways, cytoskeletal dynamics and membrane transport [1].
Phosphoinositide metabolism has also been shown to be impor-
tant for focal adhesion dynamics during cell migration [2,3].
The last identified member of the seven known phosphoinositides
is PtdIns5P [4]. PtdIns5P is relatively low abundant (1–2% of
PtdIns4P levels) [5] but, interestingly, levels increase on different
stimuli [6–12]. Little is known about its function, although it is
present in many cell types [5]. A nuclear role for PtdIns5P in
regulating apoptosis by binding to ING2 has been proposed [13].
Furthermore, in cells expressing an oncogenic tyrosine kinase,
high levels of PtdIns5P were observed, linking this phosphoino-
sitide potentially to cancer [14]. During infection with
Shigella flexneri [15,16] or Salmonella typhimurium [17], the
injection of bacterial phosphoinositide phosphatases (IpgD
and SopB), which produce PtdIns5P from PtdIns(4,5)P2,
facilitates infection [18].

Here, we show that a phosphoinositide loop produc-
ing PtdIns5P from PtdIns3P via PtdIns(3,5)P2 is crucial
in cell migration.

RESULTS AND DISCUSSION
To test whether class III PI3K (PI3KIII), which produces PtdIns3P, is
involved in cell migration in human BJ fibroblasts, we depleted
cells for the catalytic PI3KIII subunit VPS34 and performed time-
lapse live-cell imaging to monitor cell motility. Confluent BJ
cell monolayers were scratch-wounded, stimulated with FGF1 to
induce cell motility and observed using a live-cell microscope.
After tracking cell movement, we observed a significant decrease
in cell velocity on depletion of VPS34 compared with control
short interfering RNA-transfected cells (Fig 1A,B).

As depletion of VPS34 caused decreased cell motility, we
performed an siRNA screen to identify effectors of PtdIns3P.
We used an siRNA library targeting proteins with known
PtdIns3P-binding domains, the PX and FYVE domains [19],
combined with a cell migration assay, that enables to screen in
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a 96-well format. Each well contained a cell-seeding stopper to
create a migration zone in the centre of each well (Fig 1C). Control
siRNA-treated cells moved into the migration zone, whereas cells
where microtubule polymerization was inhibited by nocodazole,
as expected, did not (Fig 1D). Results of the screen were

summarized as average ratio of migrated cells per total cells in the
imaged area (supplementary Fig S1A, B online). The fact that Hrs
was identified as a strong hit was taken as a validation of the
screen, as this protein was recently shown to promote cell
migration through mediating degradation of fibronectin–integrin
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complexes [20]. Among the best hits for decreased cell migration
were two guanine nucleotide exchange factors for the small
GTPase Cdc42, FGD1 and FGD2, whose overexpression
has been shown to promote invadopodia formation and cell
migration [21,22]. The atypical FYVE domain of FGD1 not only
binds PtdIns3P but also the structurally related PtdIns5P [23].
Intriguingly, two other major hits in the migration screen were
enzymes proposed to be involved in PtdIns5P biogenesis,
MTMR3, which is a phosphoinositide 3-phosphatase specific
for PtdIns3P and PtdIns(3,5)P2 and PIKfyve, which produces
PtdIns(3,5)P2 from PtdIns3P. PtdIns5P is thought to be formed by
dephosphorylation of PtdIns(3,5)P2 by MTMR3 [7,24,25] (Fig 4F),
and our migration screen thus identified a possible role for
PtdIns5P in cell migration.

As the siRNA screen was carried out with pools consisting of
four siRNAs, we verified results in the cell migration assay using
the deconvoluted siRNAs for MTMR3, PIKfyve and FGD1 and
compared them with control siRNA-treated cells (Fig 1D,E).
All four different MTMR3 and FGD1 siRNAs caused a decrease in
number of migrated cells, concordant with the knockdown on
mRNA and protein level (supplementary Fig S1C–E online).
For PIKfyve, individual siRNAs gave a relatively poor knockdown
as reported previously [26]. To deplete PIKfyve efficiently, we
therefore performed double knockdown using two siRNA
oligonucleotides from the siRNA pool and could in this way
observe a significant decrease in cell migration (Fig 1D,E).

To verify the screening results further, we studied the role
of PIKfyve and MTMR3 by live-cell imaging of FGF1-stimulated
BJ fibroblasts in a wound healing assay. Knockdown of PIKfyve
(Fig 1F) resulted in a significant decrease in cell migration velocity
and persistence (Fig 1F). In addition, inhibiting PIKfyve with its
specific inhibitor, YM201636, reduced cell velocity by 50%
(Fig 1G). On depletion of MTMR3 (Fig 1F), BJ cells were unable to
migrate into the wound and showed a significant decrease
in velocity of B60% and a decrease in persistence (Fig 1F;
supplementary Movie 1 online). Manipulating PIKfyve or MTMR3
in BJ cells did not cause any overt toxicity, which could
potentially interfere with cell migration (supplementary
Fig S2 online). Retransfection with siRNA-resistant EGFP-MTMR3
complementary DNA restored the control phenotype (Fig 1H;
supplementary Movie 2 online). Interestingly, a point mutant of

MTMR3 (C413S) without catalytic activity [24] was unable to
rescue the knockdown phenotype (Fig 1H), indicating that
MTMR3 acts enzymatically on phosphoinositides during cell
migration. Depletion of PIKfyve or MTMR3 also inhibited
the random migration of unstimulated cells (supplementary
Fig S3 online). Together, these data indicate that both PIKfyve
and MTMR3 are involved in cell migration.

To explore the role of MTMR3 in directed cell migration, we
monitored the ability of BJ cells to polarize and orientate towards
a wound. The position of the Golgi can be used as a marker of cell
polarization, as it reorients rapidly between the nucleus and the
leading edge during directed cell migration [27]. On FGF1
stimulation, 86% of control cells oriented themselves towards
the wound, whereas only 66% of MTMR3-depleted cells oriented
successfully (Fig 2A,B). Consistent with this observation, we also
observed that MTMR3-depleted cells were less perpendicular to
the wound (Fig 2A). Quantification showed that 80% of control
cells presented actin fibres perpendicular to the wound, whereas
only 52% of the cells showed this on MTMR3 depletion (Fig 2C).
This fits well with the observation that MTMR3-depleted cells
showed decreased persistence, as cells unable to orientate their
Golgi and cytoskeleton towards a signal are presumably incapable
of undergoing persistent cell migration.

In an attempt to further investigate the role of MTMR3 and
PIKfyve in cell migration, we tested whether their depletion
influences the trafficking of integrins. We were unable to detect
any differences in a5b1 integrin recycling (supplementary Fig S4A
online). Total and cell-surface levels of a5, b1 and b5 integrins
were also unchanged (supplementary Fig S4B online). In addition,
a5 integrin localization remained unchanged (supplementary
Fig S4C online). The integrity of focal adhesions as measured
by immunostaining with antibodies against vinculin, talin
and FAK, was also unchanged on depletion of MTMR3
(supplementary Fig S4D–F online).

Furthermore, to investigate the dynamics of focal adhesions, we
tested the ability of depleted cells to spread on a fibronectin-
coated surface, a process mediated by focal complexes. As
shown in supplementary Fig S5G online, the knockdown cells
spread similar to control cells. Interestingly, however, we
observed a clear difference in the organization of the actin
skeleton (Fig 2D). In MTMR3-depleted cells, there was a high

Fig 1 | siRNA screening for proteins containing PtdIns3P-binding motifs: MTMR3 and PIKfyve control cell migration. (A) Western blot analysis

demonstrating efficient decrease in protein levels of VPS34 after siRNA treatment. (B) Quantification of BJ cell velocity in control siRNA and VPS34

siRNA-transfected cells in a wound healing assay. Cells analysed in total: 130 (control siRNA); 110 (VPS34 siRNA). (C) Schematic drawing of the

observed area of a well with the migration zone (red dotted lines) before and after migration in the siRNA screen assay. White dots illustrate Hoechst

33342-stained cells. (D) Representative images of the observed area with the migration zone (red) after 24 h of migration on FGF1 stimulation for

control siRNA, nocodazole and siRNA treatments of selected hits from the siRNA screen. (E) Values representing fraction of cells that have migrated

into the migration zone for selected hits from (D). (F) Left: wound healing assay of siRNA-treated and FGF1-stimulated BJ cells at time point 0 and

after 10 h. Right, upper panel: western blot analysis demonstrating efficient decrease in protein levels of MTMR3 and PIKfyve after siRNA treatment.

Right, lower panel: quantification of velocity and persistence. Cells analysed in total: 190 (control siRNA); 200 (MTMR3 siRNA); 180 (PIKfyve siRNA).

(G) Perfusion assay with the inhibitor of PIKfyve, YM201636, which is added at time point 0. Each point represents the velocity in 2 h. Cells analysed

in total: 195 (time point � 2); 175 (time point 0); 200 (time point 2); 210 (time point 4); 210 (time point 6). The difference in velocity before and after

drug addition is statistically significant. (H) Quantification of rescue of MTMR3 knockdown with siRNA-resistant cDNA of MTMR3 wild type and an

inactive mutant, MTMR3 C413S; both fused to EGFP to identify transfected cells. Cells analysed in total: 130 (control siRNA); 135 (MTMR3 siRNA);

25 (rescue MTMR3 WT) and 40 (rescue MTMR3 C413S). For all panels, error bars represent the mean±s.e.m. of three independent experiments.

*Po0.05; **Po0.01; ***Po0.001; Student’s t-test.
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*Po0.05; **Po0.01; ***Po0.001; Student’s t-test.
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proportion of actin ‘knots’ compared with control cells (Fig 2E).
Structured illumination super-resolution microscopy revealed that
these ‘knots’ could be nucleation centres from where actin fibres
sprout out (Fig 2F). Although the exact nature of these structures
remains to be elucidated, this observation clearly supports that
PtdIns5P is implicated in the remodelling of the actin cytoskele-
ton. This is corroborated by the data in Fig 2A, showing that the
actin fibres in knockdown cells are unable to remodel to orientate
towards the wound.

We next addressed whether MTMR3 might have a role in cell
migration in vivo by studying the effect of RNAi-mediated gene
silencing of the putative Drosophila melanogaster homologue of
human MTMR3, Myotubularin-like (CG3632; supplementary
Table S1 online), on border cell migration during Drosophila
oogenesis. We expressed RNAi in border cells using the GAL4-
UAS system and the driver line slbo-GAL4, UAS-GFP. RNAi
against the Drosophila platelet-derived growth factor (PDGF)/
vascular endothelial growth factor (VEGF)-receptor related (PVR)
served as a positive control, as lack of PVR signalling is known to
delay border cell migration [28]. PVR-RNAi expression in
border cells using two different RNAi lines (PVR-RNAi 1-2)
indeed caused a delay of their migration in more than half of the

egg chambers as compared with border cells in negative control
egg chambers (control), of which more than 90% had reached the
oocyte at stage 10 (Fig 3A,B). Knockdown of Myotubularin-like
using each of three different RNAi lines (CG3632-RNAi 1-3) also
resulted in delayed border cell migration in about half of the egg
chambers (Fig 3A,B). These data indicate that Myotubularin-like
has a role in border cell migration in D. melanogaster and
implicate an evolutionarily conserved role of this family of
proteins in cell migration.

We next asked if the level of PtdIns5P was changed after
depletion of either MTMR3 or PIKfyve in BJ cells. For this purpose,
we extracted total cellular phosphoinositides from 3H-inositol-
labelled cells, and performed HPLC analyses to measure PtdIns5P
levels [5]. Interestingly, FGF1 treatment markedly increased
PtdIns5P levels (Fig 4B), correlating with the higher motility of
FGF1-treated BJ cells (Fig 4A). Moreover, on depletion of MTMR3
or PIKfyve, we observed a significant decrease in PtdIns5P levels
consistent with the possibility that these enzymes regulate
PtdIns5P production in BJ cells. A decrease in PtdIns5P levels
was also observed in unstimulated cells on knockdown of MTMR3
or PIKfyve, although this was not significant (supplementary
Fig S5C online). Levels of PtdIns3P and PtdIns4P were not
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significantly changed, neither by FGF1 treatment nor after
knockdown (supplementary Fig S5A, B online). Unfortunately,
PtdIns(3,5)P2 was undetectable [5].

To directly assess the role of PtdIns5P in cell migration, we
performed rescue experiments with PtdIns5P by two alternative

approaches. To increase cellular PtdIns5P levels in MTMR3
or PIKfyve-depleted cells, we added exogenous PtdIns5P di-C16

(and PtdIns(3,5)P2 di-C16 in the case of PIKfyve depletion) in
combination with a carrier to cells. We observed a significant
increase in cell migration velocity compared with depleted
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cells (Fig 4C,D). The knockdown phenotype was not fully restored
to control levels, which could be due to a suboptimal spatial
distribution of externally added PtdIns5P. Addition of other
phosphoinositides did not cause any differences in velocity
compared with knockdown cells, demonstrating the specific
ability of PtdIns5P to rescue cell velocity after depletion of
MTMR3 or PIKfyve. Addition of PtdIns5P to control cells did not
affect cell migration (Fig 4C). To confirm a possible role for
endogenous PtdIns5P in cell migration, we transfected MTMR3-
depleted cells with IpgD, a bacterial PtdIns(4,5)P2 4-phosphatase that
increases the level of PtdIns5P in the cell [15]. Compared
with the MTMR3-depleted cells, IpgD-transfected cells showed an
increase in migration velocity, whereas the inactive mutant IpgD
C438S did not (Fig 4E). Expression of IpgD in control cells did not
significantly change cell velocity. Taken together, these experiments
provide direct evidence that PtdIns5P promotes cell migration.

In conclusion, we have shown here that all members of a
phosphoinositide pathway for cellular PtdIns5P production
(Fig 4F), starting with PI3KIII, followed by PIKfyve and MTMR3
catalytic activities, are involved in cell migration. These data,
combined with the effects of exogenous PtdIns5P and IpgD,
therefore, suggest a new role for the recently discovered
phosphoinositide PtdIns5P in cell migration. Interestingly, MTMR3
binds to PtdIns5P through its PH-GRAM domain [29] and
thus creates a positive feedback loop [30], possibly producing
local PtdIns5P domains on membranes that, in turn, could recruit
other PtdIns5P effectors regulating cell migration. The precise
localization of PtdIns5P is at present not clear due to the lack
of specific probes. Using a cell fractionation approach, it
was previously shown to be most abundant in the plasma
membrane [5], and it is therefore possible that MTMR3 and
PIKfyve modulate PtdIns5P levels there to regulate cell migration.

METHODS
Time-lapse live-cell imaging and cell tracking. BJ cells plated on
Glass Bottom Dishes (MatTek Corporation) were observed
with a BioStation IM Live Cell Recorder (Nikon Instruments
Inc.). In all experiments, cells were stimulated with FGF1
(200 ng ml� 1; prepared as previously described [31]) and
heparin (20 U ml� 1; Sigma-Aldrich). Image acquisition was done
every 10 min. For comparison of maximum velocities, we analysed
for the period after stimulation with FGF1 for 7 h, that is, the last 3 h.
Images were analysed with ImageJ software with Manual Tracking
and Chemotaxis and Migration Tool (ibidi GmbH) plugins.
Persistence is calculated by dividing the euclidean distance by
the accumulated distance of the cell trajectories.

Border cell migration assay during D. melanogaster oogenesis.
For RNAi-mediated gene silencing in border cells, the GAL4-UAS
system was used to express RNAi transgenes. The GAL4 strain
used was slbo-GAL4, UAS-GFP.

Metabolic labelling and analysis of phosphoinositides. BJ cells
were metabolically labelled with 10mCi ml� 1 [3H]inositol
(American Radiolabeled Chemicals Inc.) for 48 h in inositol-free
DMEM (MP Biomedicals, LLC) supplemented with dialysed
fetal bovine serum (GIBCO) and 200 mM L-glutamine (Invitrogen).
Before extracting cellular phosphoinositides, cells were incubated
with heparin alone (20 U ml� 1) or FGF1 (200 ng ml�1)
and heparin (20 U ml� 1) for 2 h. Extraction, deacylation and
separation by anion-exchange HPLC were done as previously
described [5].

Addition of exogenous PtdIns5P to cells. The PtdIns5P/PtdIns3P/
PtdIns4P or PtdIns(3,5)P2 Shuttle PIP Kit (Echelon Biosciences)
were used. The final concentration of the lipid was 50 mM.
A description of extra reagents and detailed protocols are
available in the supplementary information online.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Fig 4 | PtdIns5P promotes cell migration. (A) Stimulation of cell migration by FGF1. Quantification of BJ cell velocity in a wound healing assay without

or after stimulation with FGF1 (200 ng ml� 1). Cells analysed in total: 90 (without FGF1); 90 (with FGF1). (B) PtdIns5P levels (percentage of total

phosphoinositides) in BJ cells stimulated with FGF1 and different siRNA treatments as indicated. Values are means±s.e.m. of five independent

experiments. (C) Quantification of cell velocity on MTMR3 knockdown after treatment with exogenous phosphoinositides as indicated. Cells analysed

in total: 225 (control siRNA); 225 (MTMR3 siRNA); 230 (rescue PtdIns5P); 150 (rescue PtdIns3P); 200 (rescue PtdIns(3,5)P2); 165 (rescue PtdIns4P);

145 (rescue PtdIns5P on control siRNA). (D) Quantification of cell velocity on PIKfyve knockdown after treatment with exogenous phosphoinositides

as indicated. Cells analysed in total: 150 (control siRNA); 200 (PIKfyve siRNA); 170 (rescue PtdIns5P); 175 (rescue PtdIns3P); 205 (rescue

PtdIns(3,5)P2). (E) Quantification of cell velocity after rescue with cDNA of the bacterial enzyme IpgD. Cells analysed in total: 65 (control siRNA);

40 (MTMR3 siRNA); 10 (rescue IpgD); 16 (rescue IpgD C438S); 23 (rescue IpgD on control siRNA). (F) Schematic representation of pathways for

PtdIns5P synthesis. The production of PtdIns5P by the bacterial enzyme IpgD is also indicated. For all panels, error bars represent the mean±s.e.m.

of three independent experiments. *Po0.05; **Po0.01; ***Po0.001; Student’s t-test.
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