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Phosphatidylinositol 3-kinase lipid products and the Rho
GTPases play a central role in transmitting information from
chemotactic receptors to the effectors of cell polarity, and
recent advances in the field have allowed us to understand
these roles more clearly. Emergent properties of positive and
negative regulation of these molecules may account for the
establishment of cell polarity during chemotaxis for a wide
range of cells from Dictyostelium to fibroblasts to neutrophils. 
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Abbreviations
GEF guanine nucleotide exchange factor
GPCR G-protein-coupled receptor
PDGF platelet-derived growth factor
PI3K phosphatidylinositol 3-kinase
PIP3 phosphatidylinositol 3,4,5-trisphosphate
SOS son of sevenless

Introduction
Many eukaryotic cells have the capacity to polarize and
migrate in response to external gradients of chemoattractant.
This crucial ability allows single-celled organisms to
hunt and mate, axonal projections to find their way in
the developing nervous system, and cells in the innate
immune system — such as neutrophils — to find and
kill invading pathogens. In contrast to our significant
knowledge of the temporal mechanism by which bacteria
interpret and respond to chemotactic gradients, we are
just beginning to understand the inner workings of the
‘eukaryotic compass’ (see below). Several questions need
to be answered; for example, which signaling molecules
carry information from the outside world to internal
cellular responses? And how is this information processed
to produce appropriately oriented cell polarity? In this
review, I will summarize recent advances in eukaryotic
chemotaxis, particularly the central roles of phos-
phatidylinositol 3-kinase (PI3K) lipid products and the
Rho GTPases in the establishment of cell polarity and
transmitting information from chemotactic receptors to
the cytoskeleton. 

When presented with a gradient of chemoattractant,
neutrophils, neurons, budding yeast and Dictyostelium

respond with highly oriented polarity and motility
towards the source of chemoattractant (Figure 1). This
behavior is exhibited for very subtle gradients of
chemoattractant and for doses of ligand spanning several
orders of magnitude. Several basic ingredients are
required for highly oriented polarity (Figure 2). First, the
cells need receptors to transmit a signal from the
extracellular ligand to the cell interior. For neutrophils,
budding yeast and Dictyostelium, these are generally
G-protein-coupled receptors (GPCRs). Second, the cell
needs to interpret the gradient. In other words, the cell
must identify the portion of its surface that receives the
greatest external signal. We can think of this interpretation

Regulation of cell polarity during eukaryotic chemotaxis: the
chemotactic compass
Orion D Weiner

Figure 1

Examples of directed cell polarity. (a–d) Polarization of neutrophil in
response to gradient of chemoattractant. Nomarski images of
unpolarized neutrophil responding to a micropipette containing the
chemoattractant FMLP (white circle) at (a) 5 s, (b) 30 s, (c) 81 s and
(d) 129 s. Bar = 5µm. Figure reprinted from [3], with permission.
(e) Similar processes are required for axons to find their way in the
developing nervous system (courtesy of Ken Balazovich and
Kathryn Tosney), (f) for Saccharomyces cerevisiae to bud and mate
(courtesy of Angela Dunn and Mick Tuite), and (g) for Dictyostelium to
form multicellular aggregates (courtesy of Rob Kay). 
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as pointing the cell’s compass. This interpretation
requires a mechanism of comparing signaling levels
throughout the cell surface and restricting activity to the
most highly stimulated region. Here, I discuss the points
in the signal transduction cascade where this interpretation
is likely to occur; I then discuss some important components
of this process, including the role of negative feedback,
adaptation and the possible role of positive feedback.
The final component of chemotaxis is the stimulation of
the effectors of actin polymerization and other cytoskeletal
rearrangements — the readout of the compass. I will review
data implicating the products of PI3K and the Rho
GTPases in this role. 

Where in the transduction cascade does
gradient interpretation occur?
Where in the transduction cascade do cells convert
relatively shallow gradients of chemoattractant to strongly
polarized internal responses? The use of green fluorescent
protein (GFP)-tagged signal transduction molecules has
greatly increased our understanding of protein and lipid
dynamics during chemotaxis in living cells. At the top of
the signal transduction cascade, chemoattractant receptors
are distributed uniformly, an important requirement for
cells to interpret accurately changing external gradients
[1,2]. At the bottom of the cascade, actin accumulation and
effectors of actin polymerization are strongly polarized in
response to the external gradient [3,4]. In the middle of the
cascade, lipid products of PI3K exhibit strong asymmetries
aligned with the chemotactic gradient. This asymmetric
lipid distribution is observed during chemotaxis of
neutrophils [5••], Dictyostelium [6••,7••], and fibroblasts [8••],
suggesting significant conservation of the spatial dynamics
of these lipids during chemotaxis (Figure 3). 

Is this accumulation of PI3K lipid products important for
chemotaxis? Several pieces of evidence suggest that it
is. Inhibition of PI3K activation using specific toxins,
dominant-negative mutations and genetic mutations interfere
with chemotaxis and polarity in neutrophils, Dictyostelium and
many other cell types [4,9, 10, 11•–13•]. Perhaps it is not
surprising that these diverse systems use lipid metabolism
as a regulatory mechanism for cell polarity. Large amounts
of lipids can be generated and degraded rapidly, and large
numbers of lipid effectors exist in cells, enabling lipid cues
to direct a complex cellular programme [14].

The Rho GTPases Cdc42 and Rac are also necessary for
chemotaxis in many systems. Dominant-negative mutants
and genetic deletion of these proteins interfere with actin
rearrangements and polarity in several organisms, from
yeast [15] to macrophages [16].

Pointing the compass
Restricting activity using inhibitors
Negative regulation of phosphatidylinositol 3,4,5-trisphosphate
accumulation
When presented with a gradient of chemoattractant, both
PI3K lipid products (such as phosphatidylinositol
3,4,5-trisphosphate [PIP3]) and ruffling are restricted to
the surface of the cell nearest the chemoattractant
(Figure 3). In contrast, uniform stimulation elicits a short
burst of PI3K activity, which then becomes undetectable
in Dictyostelium [6••] or randomly polarized in neutrophils
[5••]. Clearly, some mechanism of inhibition is necessary
to restrict the spatial pattern of PI3K activity and ruffling
during chemotaxis. What are good candidates for this
inhibition? Because PI3K and Rho GTPases are strong
candidates for the relevant products of receptor activation

Figure 2

Requirements for eukaryotic chemotaxis. In
order to respond appropriately to chemotactic
gradients, eukaryotic cells must contain
receptors (blue) that transmit a signal to the
cell interior (red spheres) upon binding
chemoattractant (green spheres). Each cell
must manipulate this information to determine
which region of its surface is exposed to
maximal chemoattractant (vertical arrow).
Finally, the cell must transmit this information
to the final effectors responsible for spatial
regulation of actin rearrangements and cell
motility. Adapted from [26] and reproduced
with permission.

Signal reception
and transmission
to cell interior

Gradient
interpretation/
amplification

Polarity effectors/
actin rearrangements



198 Cell regulation

that carry spatial information to the cytoskeleton,
negative regulators of PIP3 accumulation and negative
regulators of Rho GTPase activation are potential targets
of inhibition.

Negative regulators of PIP3 accumulation include the
3′ lipid phosphatase PTEN and the 5′ lipid phosphatase
SHIP (Figure 4a). In mouse fibroblasts, a loss of PTEN
activity results in spontaneous cell motility and activation
of Cdc42 and Rac [17••], suggesting that PTEN is important
in setting an appropriate level of PIP3 degradation to
ensure that cells do not spontaneously activate in the
absence of stimulation. However, levels of stimulated
AKT activation (AKT is an effector of PIP3) are normal in
PTEN-null cells, suggesting that stimulation of PTEN activity
is not necessary for setting levels of PIP3 production following
receptor activation [18]. SHIP or other 5′ phosphatases
account for the bulk (>90%) of the phosphatase activity
toward PIP3 in neutrophil lysates [19], suggesting that this
may represent the major pathway for degrading PIP3 in
neutrophils. SHIP-null cells exhibit a normal baseline-level
PIP3 but potentiated PIP3 accumulation (both in extent
and duration), suggesting that SHIP is an important
stimulated degrader of PIP3 [20•]. However, SHIP-null
cells exhibit no defect in chemotaxis [21], indicating either
that there is redundancy in the system (there are multiple

SHIP isoforms) or that more sensitive assays are necessary
to uncover the chemotactic defect.

A recent genetic clue to a negative regulator of PIP3
accumulation is the Dictyostelium SHK1 mutant [22•]. In the
absence of SHK1 activity, Dictyostelium exhibit greatly
potentiated activation of AKT. Both the duration and the
intensity of PIP3 accumulation appear to be affected in this
mutant; but even more informative are the spatial dynamics
of PIP3. When presented with a gradient of chemoattractant,
wild-type Dictyostelium respond with a sharp internal gradient
of PIP3. In contrast, SHK1 mutants exhibit uniform activation
of PIP3. Consistent with PIP3 as an instructive signal to the
cytoskeleton, SHK1 mutants also exhibit a defect in polar-
ized ruffling and migration in response to chemoattractant.
SHK1 is an important candidate as a negative regulator of
PIP3 accumulation during chemotaxis. Because this protein
is not itself a lipid phosphatase, it will be important to
determine specifically how this protein negatively regulates
PIP3 accumulation through regulation of PIP3 metabolism
or effects on GPCR activity. 

Negative regulation of Rho GTPase activation
For an elegant example of a negative-feedback loop involving
the Rho GTPase Cdc42, we look to budding yeast.
Saccharomyces cerevisiae exhibit polarized growth during

Figure 3

PI3K lipid products exhibit a polarized
distribution during chemotaxis. The pleckstrin-
homology domain of the protein kinase
AKT/PKB fused to GFP was used as a probe
for PI3K lipid products phosphatidylinositol
3,4-bisphosphate (PI[3,4]P2) and PIP3.
(a) The probe is uniformly distributed
throughout the cytosol of unstimulated
neutrophil cells, but accumulates on the
up-gradient face of cells exposed to
chemoattractant. (b) Neutrophil-like HL60
cells exposed to a micropipette containing
FMLP (asterisk). (c) 3T3 cell exposed to
gradient of PDGF (asterisk). (d) Dictyostelium
exposed to gradient of cAMP (asterisk).
(a) and (b) are taken from [5••], (c) from [8••],
and (d) was obtained courtesy of Satoru
Funamoto and Rick Firtel. 
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mating and at certain stages of the cell cycle. Both the
spatial and temporal dynamics of polarized growth are thought
to be directed through recruitment of the guanine nucleotide
exchange factor (GEF) Cdc24, which locally activates Cdc42.
Activated Cdc42 activates the serine/threonine kinase Cla4,
which phosphorylates Cdc24. Phosphorylated Cdc24
dissociates from its adaptor protein and the plasma
membrane, ending Cdc42 activation and polarized growth.
Interruption of this negative-feedback loop during bud
emergence leads to increased duration of Cdc24 association

with bud tips, and hyperpolarized bud growth. In contrast,
for cells arrested in G1 interrupting this negative-feedback
loop inhibits Cdc42-mediated cytoskeletal polarization [23••].
These data suggest that this negative-feedback loop is
important in setting both the temporal and spatial dynamics
of Cdc42 activation during polarized growth. 

A similar negative-feedback loop has also been observed
in mammalian cells. Activation of the small GTPase Ras
is catalysed by the GEF son of sevenless (SOS), which

Figure 4

Signal processing that may orchestrate cell
polarity during chemotaxis. (a) Summary of
signal transduction cascade during chemotaxis.
Red arrows denote positive regulators of the
signal to chemotactic effectors, whereas the
blue arrow denotes negative regulators of the
signal. Binding of chemoattractant (CA) to
G-protein-coupled chemoattractant receptors
(red) results in the dissociation of G protein
heterotrimer Gαi and Gβγ. Dissociated
G protein activates PI3K (for neutrophils,
directly through activation of PI3Kγ). PI3Kγ
phosphorylates phosphatidylinositol
4,5-bisphosphate [PI{4,5}P2] to generate
PIP3), which activates GEFs for the Rho
GTPases Rac and Cdc42. The latter two
proteins induce localized actin polymerization
through Arp2/3 complex activation and other
mechanisms. Two negative regulators of PIP3
accumulation are the phosphatases PTEN and
SHIP, which generate PI(4,5)P2 and PI(3,4)P2,
respectively. A negative-feedback loop for
Cdc42 activation (from S. cerevisiae) involves
a Pak-like serine/threonine kinase, which
phosphorylates and inhibits the Cdc42 GEF,
thereby decreasing the amount of active
GTP-bound Cdc42. Finally, GTPase-activating
proteins (GAPs) catalyse the conversion of
active (GTP-bound) Rac/Cdc42 to inactive
(GDP-bound) Rac/Cdc42. (b) Model for cell
polarity during chemotaxis. A product of
receptor activation (red spheres) increases its
abundance in a short-range positive-feedback
manner (red arrows) and also acts in a
long-range inhibitory fashion to inhibit
activation elsewhere (blue). Note that for
simplicity the positive- and negative-feedback
effects are only shown for one of the sites of
activity. In reality, this process is occurring at
sites of activity throughout the cell. The net
effect of this pattern-formation system is to
develop an amplified internal gradient of
activity at the surface of the cell nearest the
chemoattractant, or, in extreme cases, in
response to stochastic differences in a uniform
chemoattractant. Good candidates for the
short-range positive-feedback loop are PIP3 ,
Rac and Cdc42. Good candidates for the
long-range negative-feedback loop are
phosphatases for PIP3 and negative regulation
of the GEFs for Rac and Cdc42 (see [a]). For
several recent mathematical models for
chemotaxis, see [42–44]. 
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is recruited to the plasma membrane via the adaptor
protein Grb2. Ras activation leads to mitogen-activated
protein kinase (MAPK)/MAPK kinase (MEK)-dependent
phosphorylation of SOS and dissociation of the Grb2–SOS
complex, interrupting the ability of SOS to activate Ras
[24]. Disruption of this negative-feedback loop through
inhibition of MEK prolongs Ras activation. Whether a
similar negative feedback loop is used to regulate the Rho
GTPases during chemotaxis of mammalian cells is an
open question. 

Adaptation
Neutrophils and Dictyostelium are sensitive to chemoattractant
over several orders of magnitude of ligand concentration.
Exposure to chemoattractant elicits a number of transient
responses, including actin polymerization, PIP3 production,
Rho GTPase and adenyl cyclase activation, and myosin
phosphorylation [25,26]. The cells become refractory to
stimulation with a given concentration of chemoattractant
but respond to stimuli of a greater intensity. This process
is known as adaptation. Recent work has provided a
great deal of understanding of which mechanisms are not
necessary for adaptation during chemotaxis. A common
mechanism for adaptation of G-protein-mediated signals is
phosphorylation of the GPCR, leading to receptor 
internalization and/or inhibition of its coupling to G protein.
Although phosphorylation of GPCRs is observed during
chemotaxis, GPCR phosphorylation does not appear to be
necessary for adaptation or chemotaxis. Non-phosphorylat-
able receptors in B cells [27] and Dictyostelium [28] fail to
internalize, yet chemotaxis and adaptation of downstream
pathways remain unaltered, suggesting that receptor
phosphorylation is dispensable for these processes. More
recently, an in vivo assay of G protein activation in
Dictyostelium [29••] revealed that G proteins remain
dissociated during continuous stimulation, suggesting that
adaptation does not involve turn-off of the G protein,
although the spatial dynamics of activation may be regulated
under such conditions [30••]. The mechanism of adaptation
during chemotaxis also remains very much an open question.

Positive feedback
Most of the analyses of protein and lipid dynamics I have
outlined thus far depended on analysis of cell signaling in
response to stimulation of the cells at the level of the
GPCR. More insight into information processing during
chemotaxis can be obtained by analysing the effects of
direct delivery of second messengers to cells. Using this
approach, recent experiments implicate PIP3 metabolism
in the patterning system for cell polarity. Direct delivery
of membrane-permeable PIP3 to neutrophils ([31••];
O Weiner, unpublished data) or fibroblasts [32] induces
cell polarity and motility. This powerful approach of directly
introducing a signal transduction intermediate into living
cells indicates that cell polarity can be established at the
level of PIP3, or downstream. Therefore, PIP3 occupies the
privileged position of being both the most upstream
molecule known to exhibit asymmetry during chemotaxis

and one of the most downstream molecules sufficient to
induce cell polarity and motility. Surprisingly, PIP3-induced
cell motility and MEK activation requires endogenous
PI3K activity, suggesting that PIP3 may act in a positive-
feedback loop [31••]. Paradoxical epistasis experiments
with PI3K and Rho GTPases also suggest that these
components may act in a positive-feedback loop. Inhibition
of PI3K activity inhibits Rac and Cdc42 activation in
neutrophils [33] and fibroblasts [9], suggesting that PI3K
lies upstream of these proteins. However, inhibition of
Rho GTPases blocks PIP3 accumulation in neutrophils [5••],
inhibition of Rac blocks activation of AKT in T cells [34•]
and mouse mast cells [35], and active Rac and Cdc42 can
bind to — and in some cases potentiate — PI3K activity,
suggesting that Rac and Cdc42 also lie upstream of PI3K
activation [36–38]. A simple explanation for these conflicting
results is that PI3K and Rho GTPases are both upstream
and downstream of one another and act in a positive-
feedback loop that regulates cell polarity (Figure 4).

Receptor transactivation and the role of
platelet-derived growth factor and sphingosine
phosphate in chemotaxis
Although most chemoattractants for neutrophils, Dictyostelium
and S. cerevisiae use GPCRs for signal relay, several non-
GPCR receptors are involved in chemotaxis of neutrophils,
fibroblasts and neurons. Are similar mechanisms of
gradient interpretation and cell polarization used for these
distinct receptor inputs? Recent data regarding chemotaxis
in response to platelet-derived growth factor (PDGF)
suggest a central role for GPCRs during chemotaxis.
PDGF stimulates signaling pathways through the PDGF
receptor, a tyrosine kinase receptor. EDG-1 is a GPCR for
sphingosine phosphate, a lipid produced intracellularly that
is also capable of extracellular signaling. On the basis of the
similarities between the phenotypes of mice disrupted for
PDGF and for EDG-1, Hobson et al. [39••] examined the
role of EDG-1 in PDGF signaling. 

Amazingly, PDGF-induced chemotaxis is dependent on
EDG-1 expression. Stimulation with PDGF results in
activation of sphingosine kinase, production of sphingosine
phosphate, and activation of the EDG-1 receptor.
Interference with this receptor crosstalk, through inhibition
of sphingosine kinase, inhibition of G-protein signaling or
absence of EDG-1, inhibit motility and Rac activation in
response to PDGF. These data suggest that chemotaxis in
response to tyrosine kinase agonists also requires GPCR
activity. Thus, dissection of GPCR-induced cell polarity
may be important for understanding cell polarity in
response to a wide variety of external signals beyond direct
GPCR agonists.

Conclusions
How do the negative- and positive-feedback loops discussed
in this review relate to the establishment of cell polarity
during chemotaxis? One clue is a self-organizing pattern-
formation system thought to be used in many
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developmental systems to amplify small gradients or even
random differences in uniform signals into organizers [40].
The first ingredient for this system of pattern formation
is a signal that amplifies itself in a short-range positive-
feedback fashion. The second ingredient is that this signal
also generates a more long-range inhibitor of signaling.
Pattern-formation systems consistent with this model include
retinotectal mapping, hydra regeneration, Dictyostelium
morphogenesis and, more recently, eukaryotic chemotaxis
[41]. (See Figure 4b for how this patterning system may
relate to eukaryotic chemotaxis.)

In summary, PI3K lipid products and Rho GTPases play
central roles in the control of eukaryotic chemotaxis.
Emergent properties of positive and negative regulation
of these molecules may account for the establishment of
cell polarity during chemotaxis. On the basis of PDGF
receptor crosstalk and possibly other inputs to GPCRs,
this polarization programme may extend beyond direct
GPCR agonists. Increased development of technologies
for spatially and temporally assaying and interfering with
signaling during chemotaxis will be essential to discern
how these molecules interact to process spatial signals, and
coordinate the many activities involved in cell polarity.
This increased understanding is likely to yield valuable
information for inflammation, cancer metastases, re-growth
of axons in the central nervous system, and many other
processes lying at the interface between cell polarity and
the environment.
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