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Cell migration, cytokinesis, 
and phosphoinositide signaling
Many of the current questions facing cell biologists are re-

lated to the mechanisms that allow cells to move and divide. 

Cell migration and division are profoundly important in shap-

ing the embryo and wiring the developing nervous system. 

In the adult, these two processes are involved in tissue main-

tenance, regeneration, and the immune response, as well as 

in the pathology of numerous diseases. The morphological 

changes required for cell migration and during cytokinesis are 

similar in many  respects. Both processes involve elaborate 

control of the cyto skeleton to produce and dynamically modu-

late cell polarity. A moving cell typically maintains a single 

front and back, whereas a dividing cell is bipolar, with two 

poles fl anking the future site of cleavage. In many migratory 

cells, there is a seamless transition between these morpholo-

gies (Fig. 1). As a migrating cell prepares for cytokinesis, it 

rounds up and appears to “erase” its polarity. It then elongates 

and begins to constrict at the midline. Membranes from oppo-

site sides of the cell invaginate, defi ning the fi ssion furrow, 

and then fuse, pinching off the newly formed daughter cells, 

which typically move apart. The backs of the new cells corre-

spond to the point of cleavage, and the fronts derive from the 

former poles of the dividing cell. Some cells lack a signifi cant 

migratory phase, yet still cycle through the unipolar, bipolar, 

and nonpolar stages.

The morphological symmetry seen between migration 

and cytokinesis carries through on a molecular level. A series of 

proteins that localize to the fronts of migrating cells, including 

RacE, dynacortin, coronin, and scar, are also found at the poles 

of dividing cells, whereas others, such as myosin II, Rho 

 GTPases, and cortexillin, which associate with the back of mov-

ing cells, are concentrated at the furrow during cytokinesis (De 

Lozanne and Spudich, 1987; Kishi et al., 1993; Drechsel et al., 

1997; Kitayama et al., 1997; Bi et al., 1998; Lippincott and Li, 

1998; Weber et al., 1999). These localizations ensure that newly 

polymerized actin creates leading edge projections, or polar 

ruffl es, whereas actomyosin creates contraction at the rear and 

within the ring that pinches apart the daughter cells (Gerisch 

et al., 1999; Fukui, 2000).

The polarization of the cytoskeleton requires signaling 

from the plasma membrane, and this communication involves 

the phosphoinositides (PIPs), chiefl y phosphatidylinositol 

4,5-bisphosphate (PI[4,5]P2) and phosphatidylinositol 3,4,5-

 trisphosphate (PI[3,4,5]P3). PI(4,5)P2, which is relatively more 

abundant in the plasma membrane, interacts permissively with 

a variety of cytoskeletal proteins in different spatial locali zations. 

PI(4,5)P2 infl uences or activates several regulators of actin 

 polymerization, including WASP, profi lin, cofi lin, and capping 

protein (Yin and Janmey, 2003). In vitro PI(4,5)P2 also binds 

to septins and ezrin-radixin-moesin (ERM) family members 

like α-actinin (Hirao et al., 1996; Matsui et al., 1999;  Nakamura 

et al., 1999; Zhang et al., 1999; Barret et al., 2000). Studies on 

migrating cells show that PI(3,4,5)P3 accumulates in the mem-

brane at the cell’s leading edge and aligns the cell along the 

chemoattractant gradient (Haugh et al., 2000; Wang et al., 

2002). The locally elevated PI(3,4,5)P3 levels instruct new actin 

polymerization and pseudopodia extension at the front. The 

lower levels at the rear inhibit projections in this region and help 

specify the back (Chen et al., 2003). Positive feedback between 

the actin cytoskeleton and plasma membrane PI(3,4,5)P3 rein-

forces the asymmetric response and can spontaneously bring 

about polarity, even in the absence of a gradient (Niggli, 2000; 

Weiner et al., 2002; Devreotes and Janetopoulos, 2003).

The participation of PIPs, which typically serve as sec-

ondary messengers, seems natural for migration, but might 

seem unusual for cytokinesis, where there is no known 
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receptor-mediated signaling. Polarity during cytokinesis de-

pends instead on internal cues. It is thought that astral micro-

tubules interact with and alter the cell cortex to set polarity, and 

that feedback from the polarizing cortex controls the progress 

and orientation of the spindle (Rappaport, 1986; Cao and Wang, 

1996; Wheatley and Wang, 1996; Rieder et al., 1997; Robinson 

and Spudich, 2004; Rosenblatt et al., 2004). New evidence now 

indicates that lipid-signaling pathways appear to coordinate 

membrane and cortical events during cytokinesis. Several in-

vestigators have recently found that regulation of PI(4,5)P2 is 

necessary for proper furrow ingression during cytokinesis. 

 Similarly, we have found that a “polarity circuit,” involving the 

temporal and spatial regulation of PI(3,4,5)P3 metabolism, plays 

a key role in establishing polarity for cell division.

PI(4,5)P2 and regulation 
of the contractile ring
In one of the fi rst experiments to directly suggest a role for 

PI(4,5)P2 in cytokinesis, injection of anti-PI(4,5)P2 antibodies 

into Xenopus laevis embryos was shown to lengthen the cell 

 cycle and inhibit cleavage furrow progression (Han et al., 1992). 

Earlier experiments on sea urchin zygotes had shown that Li+ 

blocks cytokinesis (Forer and Sillers, 1987). Li+ inhibits inosi-

tol monophosphatase and inositol polyphosphate-1-phosphatase, 

which can lead to depletion of PIPs (Parthasarathy and 

 Eisenberg, 1986; Rana and Hokin, 1990). This inhibitory effect 

was reversed by the precursor myoinositol (Forer and Sillers, 

1987; Becchetti and Whitaker, 1997).

Genetic manipulations and drugs have assessed the role of 

PI(4,5)P2 metabolism in cytokinesis. Mutations in the Drosophila 

melanogaster gene four wheel drive (fwd), which encodes 

PI4Kβ, resulted in a cytokinesis defect during male meiosis, 

suggesting a vital role for PI(4)P synthesis during this process 

(Brill et al., 2000). In Schizosaccharomyces pombe, both PI(4)P 

5-kinase (its3) and its product PI(4,5)P2 were concentrated in 

the medial ring during cytokinesis. Also in S. pombe, the homo-

logue of both fwd and its3 were found to be required for proper 

cell division (Zhang et al., 2000; Desautels et al., 2001). 

PI(4,5)P2 was also found to be important in mammalian cells, as 

its depletion or sequestration with neomycin blocked cytokinesis 

in cultured cells (Zhang et al., 1999). Furthermore, in crane fl y 

spermatocytes, Li+, the PI-kinase inhibitors wortmannin and 

LY294002, and the PLC inhibitor U73122 all stopped or slowed 

furrowing after initiation (Saul et al., 2004). These initial stud-

ies have raised further questions. In general, are PI(4,5)P2 and 

the enzymes that regulate it localized to the furrow? What are 

the targets of PI(4,5)P2 and/or its products?

Brill et al. (2000) reported a series of experiments indicat-

ing that hydrolysis of PI(4,5)P2 to IP3 and DAG could be a key 

step for completion of cytokinesis. They depleted PI(4,5)P2 by 

various methods, such as dephosphorylation by the Salmonella 
enterica phosphoinositide phosphatase SigD (Marcus et al., 

2001; Terebiznik et al., 2002) and sequestration by PLCδ-PH-

GFP and by the cell-permeable PI(4,5)P2-binding peptide 

PBP10 (Cunningham et al., 2001). All three treatments caused 

cytokinesis defects (Wong et al., 2005). With SigD treatment, 

the spermatids contained multiple nuclei; the majority of sper-

matids contained three or four nuclei, suggesting failures at 

both meiosis I and II. Expression of PLCδ-PH-GFP caused 

a statistically signifi cant, but minor, defect in <2% of trans-

formed cells. PBP10, which was administered to cells after 

 furrow ingression had initiated, caused regression followed by 

cytokinesis failure in the majority of cells treated. When cells 

were treated with the PLC inhibitor U73122, furrow regression 

occurred in a rapid and dose-dependent manner (Fig. 2 A). 

When cells were treated with the IP3R antagonist 2-APB, cleav-

age furrows regressed, suggesting that Ca2+ is required for com-

pletion of cytokinesis (Wong et al., 2005). Further evidence for 

Ca2+ was obtained when cells maintained in Ca2+-free buffer 

were treated with the membrane permeable Ca2+chelator, 

BAPTA-AM. Cytokinesis failure rates as high as 40% (10 μM) 

and 90% (300 μM) were recorded. Based on these observations, 

the authors suggest that the hydrolysis of PI(4,5)P2 and the re-

lease of Ca2+ may be involved in contractility by activating 

 myosin or by stimulating vesicle fusion events by activating 

SNAREs (Chen et al., 1999; Littleton et al., 2001). Interest-

ingly, PLCδ-PH-GFP, which specifi cally binds PI(4,5)P2, was 

found localized to the plasma membranes, but was not highly 

enriched in the furrow.

Although PI(4,5)P2 was uniformly distributed in D. melano-
gaster spermatocytes, two other groups found that PI(4,5)P2 

was localized in the furrow in mammalian tissue cells during 

ingression (Emoto et al., 2005; Field et al., 2005). They also re-

ported that interference with PI(4,5)P2 impaired cytokinesis. 

Field et al. (2005) expressed a series of PH domains specifi c for 

PI(4,5)P2 in HeLa, CHO, RAW, and 3T3 cells. PLCδ-PH-GFP 

and GFP-TubC were associated with the plasma membrane and 

Figure 1. Diagram depicting the life cycle of a migratory cell. Migratory 
cells generally have a distinct front and back and display a polarized 
 morphology. As cells prepare to enter cytokinesis, they normally round up 
and suppress actin-fi lled projections. Control of the cytoskeleton is then 
handed over to the forming spindle. As the spindle apparatus elongates, 
the cell follows suit, taking on a bipolar morphology, with a furrow forming 
at its equator. Constriction at the midline will ultimately lead to abscission 
at the cell bridge and the formation of two unipolar cells. Migratory behav-
ior will then resume and the cycle can start again. If migratory cues are not 
initiated, cells will bypass this stage and continue through the cell cycle 
(dotted arrow).
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enriched in the cleavage furrow of dividing cells, suggesting that 

PI(4,5)P2 was elevated in these regions (Fig. 2 B). Low expres-

sion levels of these constructs did not interfere with cytokinesis. 

However, a 10-fold overexpression resulted in a separation of 

cytoskeletal actin from the plasma membrane. Similarly, there 

was detachment of actin from the plasma membrane at the fur-

row in cells expressing the PI(4,5)P2 phosphatase synaptojanin. 

They also found that high levels of PLCδ-PH-GFP and GFP-

TubC both independently doubled the duration of cytokinesis 

and increased the frequency of multinucleate cells. This is con-

sistent with the PLCδ-PH-GFP data from Wong et al. (2005). 

Furthermore, expression of synaptojanin, as well as a dominant-

negative, kinase-inactive PI(4)P-5 kinase, both reduced the 

plasma membrane PI(4,5)P2 and increased the amount of multi-

nucleate cells. Based on these observations, the authors suggest 

that plasma membrane PI(4,5)P2 levels in the constricting fur-

row must be suffi cient to sustain adhesion between the plasma 

membrane and the underlying actin cytoskeleton for proper 

maintenance of the furrow.

Emoto et al. similarly found that PI(4,5)P2 localized to the 

furrow and were able to cause cytokinesis defects when they 

 interfered with PI(4,5)P2 accumulation (Emoto et al., 2005). In 

both normal cells and in cells specifi cally arrested during late 

cytokinesis, PI(4)P-5 kinase, RhoA, and PI(4,5)P2 were highly 

localized in the furrow of CHO cells (Fig. 2 C). Both the over-

expression of catalytically inactive PI(4)P-5 kinase and the 

 microinjection of specifi c anti-PI(4,5)P2 antibodies impaired 

cytokinesis. The antibody treatment increased the amount of 

multinucleate cells from �6 to �32%. These authors suggest 

that localized production of PI(4,5)P2 is needed for proper cyto-

kinesis and that there is likely a unique lipid domain in the 

cleavage furrow. This is also consistent with a recent paper 

showing a requirement for PLCγ in sea urchin cytokinesis 

(Ng et al., 2005).

PI(3,4,5)P3 polarity circuits in cytokinesis
Recent studies of Dictyostelium discoideum have revealed 

a regulatory circuit involving PI(3,4,5)P3 that controls polar-

ity in cytokinesis, as well as in migration (Janetopoulos 

et al., 2005). The two enzymes controlling PI(3,4,5)P3, 

PI3K, and PTEN, were reciprocally regulated during cell di-

vision in a strikingly similar manner, as has been described 

pre viously for migrating cells (Funamoto et al., 2002; Huang 

et al., 2003). As cells rounded up at the onset of cytokinesis, 

PTEN-GFP moved uniformly to the membrane, closely re-

sembling the localization of myosin II. At the same time, 

membrane PI3K-GFP localization was inhibited. Then, as 

the cell elongated, PI3K-GFP and PTEN-GFP associated 

with the cell membrane at the poles and furrow, respectively 

(Fig. 3 A). This spatial modulation of PI3K and PTEN con-

trols the local distribution of PI(3,4,5)P3, and perturbation 

of the polarity circuit including these enzymes  adversely 

 affects migration.

This new study demonstrated that inhibiting these en-

zymes had deleterious effects on the process of cell division as 

well. PTEN was disrupted in a cell line already lacking PI3K1 

and PI3K2. These two PI3Ks account for �90% of the PI3K 

activity in wild-type cells; there are an additional six PI3K en-

zymes in D. discoideum cells (Zhou et al., 1995; Meili et al., 

1999; Janetopoulos et al., 2005). These mutant cells, which 

contained basal PI(3,4,5)P3 levels higher than normal, but 

lacked temporal or spatial regulation by external or internal 

cues, failed to undergo cytokinesis in shaking suspension, re-

sulting in large multinucleate cells. Mutant cell lines missing 

PI3K1 and PI3K2 or PTEN alone also had modest cytokinesis 

defects. Furthermore, we found that cells grown on surfaces and 

treated with the PI3K inhibitors wortmannin or LY294002 were 

dramatically delayed or failed to undergo cytokinesis nearly 

25% of the time.

Figure 2. A series of experiments show evidence for a role of PI(4,5)P2 during cytokinesis. (A) Spermatocyte meiosis I cytokinesis requires both PI(4,5)P2 
and PI(4,5)P2 hydrolysis. Control cells progressed through cytokinesis normally, whereas cells treated with 1 μM PBP10 or 10 μM U73122 failed to 
 undergo normal cleavage (Wong et al., 2005). Arrows, a reformed nucleus and parafusorial membranes that continued to constrict in the PBP10 and 
U73122 treated cells, respectively; Arrowheads, blebs of plasma membrane at equator. (B) PI(4,5)P2 appears to be enriched in the furrow in HeLa cells. 
Two markers for PI(4,5)P2, PLCδ-PH-GFP, and GFP-TubbyC both localized to the furrow, whereas the expression of farnesylated EGFP was uniformly 
 distributed around the periphery of the cell (Field et al., 2005). Note the localization of these three markers in the boxed areas. (C) PIP5Kβ colocalizes 
with RhoA in the cleavage furrow. CHO cells were fi xed and stained with anti-PIP5Kβ antibody and anti-RhoA antibody (Emoto et al., 2005). Arrow, 
 cleavage furrow.
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Based on studies of migrating cells, we have speculated 

on the role of PI(3,4,5)P3 during cytokinesis. Because local 

 increases in PI(3,4,5)P3 promote actin polymerization and 

 pseudopod extension, cells must carefully regulate PI(3,4,5)P3 

accumulation during cell division. At the onset of cytokinesis 

PI(3,4,5)P3 signaling is globally suppressed, which leads to a 

loss of actin polymerization and membrane ruffl ing. This allows 

the cell to round up and reset its polarity. Then, as the cell elon-

gates, the poles gradually become active zones of PI(3,4,5)P3-

labeled, actin-fi lled projections, whereas the midzone and 

forming furrow are devoid of PI(3,4,5)P3 and remain quiescent. 

This polarization of the membrane and cytoskeleton is critical 

in positioning the initial furrow and in driving the progression 

of cytokinesis. When we imaged the cells lacking PI(3,4,5)P3-

modulation, actin-based projections were apparent all around 

the cell perimeter. This unregulated activity of the cytoskeleton 

likely contributes to failure at multiple stages of cytokinesis. 

First, it would be more diffi cult for these cells to reset polarity 

at the onset of cytokinesis. Without appropriate PI(3,4,5)P3 reg-

ulation, the elongating spindle may be unable to gain control of 

the membrane and cytoskeleton. Second, the hyperactivity 

would destabilize localized activity of the cytoskeleton during 

furrow formation. The regulation of PI(3,4,5)P3 is likely involved 

in many types of cell shape changes in numerous systems. 

A similar association of PTEN with the septa of S. pombe dur-

ing cell division is likely related to the mechanism described 

here (Fig. 3 B; Mitra et al., 2004). A recent report found PTEN 

localized to cell–cell junctions in D. melanogaster photorecep-

tors, where the enzyme regulates PI(3,4,5)P3 levels and is essen-

tial for epithelial cell morphogenesis and apical basal polarity 

(Pinal et al., 2006).

PI(3,4,5)P3 and PI(4,5)P2 defi ne 
the “front” and “back” of polarized cells
Evidence that has emerged in the last few years and been 

brought together here suggests that PIPs play a key role in regu-

lating polarity in cytokinesis, as well as in migration, although 

the precise mechanisms remain to be defi ned. The involvement 

of these intracellular signaling molecules in cytokinesis is con-

sistent with the close parallel of the front and back of migrating 

cells with the poles and furrow of dividing cells. Similar cyto-

skeletal components localize at each corresponding zone. There 

appears to be a seamless transition in cell morphology as cells 

shift from cell migration to cell division. As D. discoideum cells 

round up before cytokinesis, proteins normally located at the 

back, such as myosin, cortexillin, and PTEN, are recruited along 

the entire cell periphery. Then as the spindle elongates, they 

 localize to the furrow. Likewise, stitching together data from 

various cell types, there seems to be a general consensus that 

PI(3,4,5)P3 is found at the front or at poles, whereas PI(4,5)P2 

is localized to the back or the furrow. PI(4,5)P2 may play a 

 permissive role in regulating cytoskeletal proteins, several of 

which contain PI(4,5)P2-binding motifs, whereas in other 

 instances it is clearly the products of PI(4,5)P2 hydrolysis that 

are important.

Interestingly, PTEN contains a PI(4,5)P2-binding motif 

(Galvin et al., 1984; Iijima et al., 2004). Is it possible that 

PI(4,5)P2 helps direct PTEN to the furrow? Considering that the 

phosphatase activity of PTEN regulates the conversion of 

PI(3,4,5)P3 to PI(4,5)P2, it is easy to imagine that local levels of 

PI(4,5)P2 might rise, and PTEN associations would form a power-

ful feedback loop for polarity in cytokinesis, as well as migration. 

Although D. discoideum is the only organism in which the 

Figure 3. The enzymes regulating PI(3,4,5)P3 levels are reciprocally regulated during cytokinesis. (A) PI3K and PTEN are localized to the poles and fur-
row, respectively, of a D. discoideum cell undergoing cytokinesis (Janetopoulos et al., 2005). (B) PTEN localizes to the septa of S. pombe during cell division 
(Mitra et al., 2004). (C) Diagram depicting the reciprocal regulation of PI3K and PTEN in both migrating and dividing cells. The localization of the en-
zymes is controlled through the activation of heterotrimeric G proteins in migrating cells, whereas an unknown factor, possibly the spindle or micro tubule 
apparatus, regulates the distribution of the enzymes during cytokinesis. PI(3,4,5)P3 synthesis results in actin polymerization and membrane protrusion. 
Its inhibition, on the other hand, allows for the contraction of either the back of the cell or the constriction of the furrow and is associated with the 
 actomyosin complex.
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 localization of PTEN has been observed at the midline of a 

 dividing cell, observations of PI(4,5)P2 at the furrow have 

been made in other organisms. Also, although PI(3,4,5)P3 has 

been imaged at the front of many migrating cells, it has only been 

imaged during cytokinesis in D. discoideum. Nevertheless, the 

studies discussed in this paper clearly illustrate a key role for 

phosphoinositide signaling in cytokinesis and provide a missing 

link between the plasma membrane and cytoskeleton. Future 

studies will address the generality of these fi ndings and the 

 precise role of the signaling in this fascinating process.
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