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Abstract
The term polarity refers to the differential distribution of the macromolecular elements 

of a cell, resulting in its asymmetry in function, shape and/or content. Polarity is a 
fundamental property of all metazoan cells in at least some stages, and is pivotal to 
processes such as epithelial differentiation (apical/basal polarity), coordinated cell 
activity within the plane of a tissue (planar cell polarity), asymmetric cell division, and 
cell migration. In the last case, an apparently symmetric cell responds to directional cues 
provided by chemoattractants, creating a polarity axis that runs from the cell anterior, 
or leading edge, in which actin polymerization takes place, to the cell posterior (termed 
uropod in leukocytes), in which acto‑myosin contraction occurs. Here we will review 
some of the molecular mechanisms through which chemoattractants break cell symmetry 
to trigger directed migration, focusing on cells of the immune system. We briefly highlight 
some common or apparently contradictory pathways reported as important for polarity 
in other cells, as this suggests conserved or cell type‑specific mechanisms in eukaryotic 
cell chemotaxis.

Introduction

To perform a specific function at a given time, a cell must change its position within 
the organism. This process involves activation of a program that enables the cell to move. 
Migration is a key event in physiological processes such as embryo implantation and 
development, tissue repair, angiogenesis and the immune response. Deregulation of the 
migration program is also an important component in several pathologies, including 
chronic inflammation, autoimmunity and tumor metastasis. The molecular mechanisms 
that initiate and regulate cell migration in physiological and pathological situations are 
similar, although not identical.1,2 Understanding these systems would therefore enable not 
only comprehension of distinct physiological processes, but would also allow intervention 
in diseases in which cell migration has a role.

Two main processes regulate migration in most eukaryotic cells: chemotaxis and 
chemokinesis. Chemotaxis refers to directed migration of cells towards a gradient of a 
soluble chemoattractant or an extracellular matrix (ECM) component; chemokinesis is 
an increase in random, undirected cell motility. Whether these processes are governed by 
the same molecular mechanisms is not known, but all follow three basic principles. First, 
cells must develop morphological and functional asymmetry to migrate; in other words, 
migrating cells must become polarized. This polarization segregates two cell compartments 
with specific properties, composition and functions: the leading edge at the front and the 
uropod at the rear. Second, cell migration is a cyclic process, involving the extension of 
protrusions (pseudopodia, lamellipodia and filopodia) at the cell front and retraction at 
the cell back. Finally, the ability to move requires generation of traction forces, which are 
balanced by cell adhesion to the extracellular matrix. On overly sticky surfaces, cells flatten 
but cannot crawl, whereas on insufficiently sticky surfaces, cells cannot generate traction 
forces to move forward.

This review will focus on the spatial and functional polarization of immune cells engaged 
in chemotaxis. Our present knowledge of how cells achieve polarization in response to 
chemoattractants is the sum of data derived from studies of different cell types, modes of 
migration, and environments. Although some of these results appear contradictory, other 
pieces of the puzzle are observed in many of the systems analyzed, indicating that they are 
solid elements of the cell polarity program. We will center on these components, as they 
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highlight the basic molecular mechanisms involved in polarity among 
different cell types.

Chemotactic Signals

Chemoattractants are the spatial signals that initiate and 
maintain cell polarization during chemotaxis. There are two large 
chemoattractant groups for eukaryotic cells, those that bind to 
seven‑transmembrane receptors coupled to heterotrimeric G proteins 
(GPCR), and those that act through tyrosine kinase receptors. In 
immune cells, the chemokines are among the most prominent 
chemotactic molecules that act through GPCR; they are a superfamily 
of more than 50 members involved principally in mobilization 
of immune system cells.3 The second group of chemoattractants 
consists mainly of growth factors that act through receptors with 
intrinsic tyrosine kinase activity. Most of these growth factors 
induce chemotaxis in epithelial and mesenchymal cells, to which 
chemokines are poor chemoattractants; importantly, growth factors 
also induce chemotaxis of tumor cells, in some cases increasing their 
metastatic potential.4‑7

Signaling Pathways  
in Chemoattractant‑Induced Polarity

During chemotaxis, a cell must determine the general direction 
of the signal source and orient itself accordingly. This is possible 
since chemotaxing cells are extremely sensitive to small differences in 
chemoattractant concentrations. Eukaryotic cells are able to detect 
differences in chemoattractant concentrations across the cell length 
(spatial sensing), and simultaneously sense time‑dependent changes 
in signal concentration during movement (temporal sensing). Both 
spatial and temporal sensing are regulated by the interplay of various 
signaling pathways and other cellular events, presumably connected 
to the actin polymerization machinery, which is the major force that 
drives polarity. In neutrophils and lymphocytes, this polarity is very 
persistent; a 180˚ change in gradient direction usually leads cells 
to make U‑turns.8 This contrasts with Dictyostelium cells, in which 
polarity is a fairly transient state, and a cell usually develops a new 
leading edge when the gradient source changes.

The establishment and maintenance of persistent cell polarization 
in shallow chemoattractant gradients appear to be mediated by a set 
of feedback loops involving phosphatidylinositol 3‑kinases (PI3K), 
the Rho family of small GTPases, integrins, and PDZ‑containing 
proteins, as well as microtubule and vesicular transport and plasma 
membrane composition. In the following sections, we will analyze 
the molecular machinery that underlies the polarity program induced 
by GPCR agonists.

Heterotrimeric G proteins. Chemoattractant binding to a GPCR 
triggers dissociation of the Gabg trimer, to generate free Ga 
and the dimer Gbg, as well as GDP/GTP interchange in the Ga 
subunit. Both Ga and Gbg control the activity of effector enzymes 
and ionic channels.9 Although GPCR can associate to different 
subclasses of trimeric G proteins, most (if not all) receptors able to 
induce chemotaxis use pertussis toxin (PTx)‑sensitive inhibitory G 
proteins (Gi).

3 Evidence suggests that the Gai subunit, although 
necessary, is not sufficient to induce polarity and chemotaxis.10 
It was proposed that chemokine receptors trigger activation of 
Janus kinases (Jak),11 which might be an important step in Gabg 

trimer‑mediated signaling. Jak activation, probably mediated by 
receptor dimerization, induces chemokine receptor phosphorylation 
in tyrosine residues. This exposes residues critical for Gi protein 
binding.3 Lack of JAK signaling is reported to promote serious 
defects in chemokine‑induced cell chemotaxis.12‑14 In another study, 
however, chemokine‑induced Ca2+ flux (a classical Gi‑dependent 
signaling event) and chemotaxis were unaffected in Jak3‑deficient 
lymphocytes or cells transfected with siRNA for Jak2.15 The reasons 
for these discrepancies require further investigation.

Rho small GTPases. Cell migration depends largely on the 
dynamic remodeling of actin cytoskeletal elements.16 Remodeling is 
controlled through a plethora of effectors activated by the Rho family 
of small GTPases. These proteins cycle between active (GTP‑bound) 
and inactive (GDP‑bound) states through the activity of three groups 
of proteins: GEF (guanine nucleotide exchange factors), which trigger 
the Rho‑GTP‑bound state, GAP (GTPase‑activating proteins), 
which increase the Rho‑GDP‑bound state, and GDI (guanosine 
dissociation inhibitors), whose binding prevents anchorage of the 
Rho GTPases to cell membranes.17,18

There are more than 20 members of this GTPase family in 
mammals, which can be divided into seven subfamilies: Rho, 
Rac, Cdc42, RhoD, RhoG, RhoE and TC10. The different Rho 
GTPases have specific roles in F‑actin remodeling. In particular, Rac 
and Cdc42 are associated with protrusion of the leading edge and 
directionality of migration. These GTPases control the activity of the 
Arp2/3 complex at the cell front.19 The Arp2/3 complex constitutes 
the machinery of actin nucleation and branching by interaction with 
WASP (Wiskott‑Aldrich Syndrome protein) and WAVE proteins 
(WASP‑family verprolin‑homologous proteins). Through local actin 
nucleation, Rac and Cdc42 promote lamellipodium and filopodium 
formation, respectively.20

Using fluorescent probes, Itoh et al. reported that Cdc42 is most 
active at the tip of the leading edge of HT1080 cells, and that activity 
decreases sharply when cells change direction.21 There is evidence 
that activated Cdc42 is also found at the leading edge of moving 
leukocytes.22 In addition to Arp2/3 complex regulation, Cdc42 can 
mediate spatial restriction of lymphocyte lamellipodia by regulating 
linkage of microtubules (MT) to the cortical cytoskeleton through 
IQGAP (IQ motif containing GTPase‑activating protein 1) and 
cytoplasmic linker protein‑170.23 The MT system is important in 
establishing persistent polarization; depolymerization of the MT 
array before stimulation produces the extension of two opposing 
lateral lamellipodia in neutrophils.24 In addition, the MT system is 
implicated in mitochondrial polarity in several cell types, a major 
event in myosin II phosphorylation.25

Although Cdc42 is needed for leading edge formation, this 
GTPase alone is not sufficient to promote anterior‑posterior polarity. 
Overexpression of a dominant negative Cdc42 mutant hampers 
macrophage polarization in the direction of the gradient, although 
these cells can establish a leading edge and a uropod.26 In contrast, 
Rac inhibition impedes morphologic polarization as well as leading 
edge accumulation of actin polymers,27 indicating that forward 
protrusion is probably Rac‑mediated.

The GTPase RhoA activates the protein kinase ROCK, which 
regulates myosin light chain (MLC) phosphorylation, thus increasing 
F‑actin contraction. Conventional myosin II forms a hexamer, 
composed of two MHC (myosin heavy chains) as well as two pairs 
of essential, regulatory MLC, which assemble into bipolar filaments 
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with ATPase activity and actin binding capacity.28 Actin‑myosin 
filament assembly stabilizes the actin cytoskeleton and, through 
ATP‑driven translocation of actin filaments, provides the motor 
activity necessary for efficient cell migration.29 Myosin II activity 
is regulated by MLC phosphorylation, which can be catalyzed by 
MLC kinase or negatively regulated by MLC phosphatase. ROCK 
induces contraction by a mechanism involving MLC phosphatase 
inactivation and direct MLC phosphorylation.30 Both RhoA and 
myosin II localize at the sides and rear of chemotactic leukocytes, 
where they promote cell body contraction and posterior retraction, 
and simultaneously antagonize Rac to prevent lateral pseudopodium 
formation.31 In contrast, Rac/Cdc42‑induced PAK1 activation at the 
cell front leads to phosphorylation and inactivation of MLC kinase 
and MHC II‑A, producing a loss in contractility that favors leading 
edge extension.

The protrusive ability of monocytes is reported to be particularly 
active when RhoA is inhibited,32 suggesting a RhoA:Rac antagonism 
that might be critical in establishing front‑rear polarity. The 
antagonism between RhoA and Rac signaling might be pivotal for 
cell polarity in neurons33 and neutrophils.34 In neutrophils, chemoat-
tractant receptors trigger two divergent signaling pathways initiated 
by the trimeric Gi and G12/13 proteins, leading to Rac/Cdc42 and 
RhoA activation, respectively.34

The picture of Rac accumulating at the leading edge and RhoA 
at the uropod is not so simple, however. Activated Rac has also 
been detected in the retracting tail of moving neutrophils, using a 
FRET (fluorescence resonance energy transfer)‑based biosensor for 
Rac activity.35 This result concurs with the inefficiency of uropod 
retraction in Rac1‑deficient neutrophils.36 Both Rac and Cdc42 were 
recently shown to positively regulate RhoA‑myosin II function at the 
uropod of chemotaxing leukocytes,37,38 although it is not known 
how these GTPases work in concert between the cell front and rear. 
Moreover, RhoA biosensors show high RhoA activity levels at the 
front of randomly migrating fibroblasts,39 in contrast to leukocytes. 
In these studies, active RhoA levels were greatly attenuated at the 
cell protrusions when platelet‑derived growth factor (PDGF) was 
used as chemoattractant, suggesting that PDGF‑induced Rac acti-
vation suppresses RhoA activity at the fibroblast leading edge. In 
support of this RhoA/Rac antagonism in cells other than leukocytes, 
RhoA activity can trigger activation of FilGAP, a GAP for Rac, 
inhibiting Rac function in mesenchymal‑like cells; interestingly, 
ROCK‑induced FilGAP activation suppresses leading lamellae 
formation and promotes retraction.40 These results suggest a require-
ment for high Rac activity levels at the cell front for protrusion of 
chemoattractant‑stimulated mesenchymal‑like cells. This elevated 
Rac activity might be achieved in part by downmodulation of local 
RhoA function; however, it is not evident whether RhoA activity is 
concentrated at the tail of fibroblast‑like cells to the same extent as 
in the leukocyte uropod. Comprehension of RhoA/Rac antagonism 
in distinct cell types and for different modes of migration will clearly 
require additional study.

Rap1 (regulator for adhesion and polarization enriched in 
lymphoid tissues) is another small GTPase that has attracted much 
attention because of its involvement in several aspects of lymphocyte 
polarity and migration.41,42 Lymphocytes expressing a constitutively 
active Rap1 mutant polarize spontaneously and show increased 
cell migration;43 in contrast, Rap1‑deficient T cells have severe 
polarization defects.44 Rap1‑mediated control of cell motility and 

polarity probably involves regulation of adhesion. Rap1 controls cell 
adhesion by modulating integrins b1, b2 and b3, in part through the 
Rap1‑binding protein RapL.45,46

Adhesion regulation is necessary to enable cell movement, not 
only by providing the traction forces required for cell advance, but 
also through spatial control of the activation of signal transducers 
important for polarization itself. Indeed, Rac activation is both 
stimulus‑  and adhesion‑dependent in neutrophils.36 In fibroblasts, 
integrins recruit Rac to the membrane, as well as restricting Rac 
activation by displacing Rho‑GDI, which blocks effector binding.47 
Although chemoattractants may dictate global Rac activation in the 
cell, integrins would determine the local areas at which Rac binds to 
effectors; this could explain why chemotaxing cells require integrin 
interaction with the ECM to establish full polarity.48 Rap1 could 
position Rac activation by triggering integrin activation, but might 
also promote Rac signaling indirectly, since Rap1 interacts with the 
RacGEF Vav2 and Tiam‑1.49,50 The fact that the Rapl homologue 
in yeast, BUD1, participates in polarized bud formation51 suggests 
that Rapl/RAPL may be a conserved master element in the cell 
polarization pathway.

Phosphatidylinositol‑3 kinases. One of the first events in 
chemoattractant signaling is PI3K activation. PI3K are normally 
heterodimeric proteins consisting of catalytic and regulatory 
subunits.13,52 Based on these subunits, the PI3K have been grouped in 
three classes (Table 1), which vary in structure and regulation.53 These 
kinases catalyze phosphoinositide phosphorylation at the 3' position 
of the inositol ring; in vivo, PI3K mainly phosphorylates phosphati-
dylinositol 4,5 bisphosphate (PIP2) to generate phosphatidylinositol 
3,4,5 triphosphate (PIP3). PIP3 generation recruits effector proteins 
containing pleckstrin homology (PH) domains, which interact 
specifically with PIP3 or 3'‑phosphorylated inositides.

The concept that PI3K is a key player in gradient sensing and cell 
polarity during chemotaxis is based on experiments using GFP‑tagged 
PH domains as bioprobes to detect the spatial distribution of PI3K 
products. Studies in different cell types, including Dicytostelium, 
as well as mammalian fibroblasts and leukocytes, show that 
PH‑containing proteins are recruited selectively to the leading cell 
edge after exposure to chemoattractant stimuli.54,55 In Dictyostelium, 
PIP3 is restricted to the leading edge due to the location of PI3K 
at the cell front and of PTEN (phosphatase and tensin homolog 
in chromosome 10), the enzyme that dephosphorylates the 3' 
position of this lipid, at the rear and sides of the moving cell.56,57 
In mammalian cells this model is debated, however; whereas PI3K 
translocation from cytosol to the leading edge was observed in many 

Table 1	 The PI3K family

		R  egulatory Subunit	 Catalytic Subunit
CLASS I	 Ia	 p85a, p85b, p55g	 p110a, p110b, p110d 
	 Ib	 p101	 p110g
CLASS II		  ?	 PI3KC2a, PI3KC2b
CLASS III		  p150	 Vps34p homologue

The table shows the regulatory and catalytic subunits of the three classes of PI3K. The heterodimeric 
class Ia PI3K signal downstream of tyrosine kinases and Ras. The p85a regulatory subunit may 
generate p55a and p50a by alternative splicing. Class Ib PI3K signal downstream of GPCR and Ras. 
There is little information on the mechanism of activation for class II PI3K, although PI3KC2b has been 
implicated in lysophosphatidic acid‑mediated migration of mesenchymal‑like cells. The class III PI3K uses 
unphosphorylated phosphatidylinositol as a substrate to produce PI3P.
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cells during chemotaxis, results on uropod localization of PTEN in 
these cells are contradictory.58‑60

PI3Kg, the only class Ib isoform, is activated by direct Gbg 
interaction with the p101 regulatory subunit. Studies involving 
PI3Kg overexpression or deficiency suggest a role for this isoform 
in neutrophil and macrophage migration.61‑64 Nonetheless, PI3Kg 
deficiency affects T and B lymphocyte polarization and chemotaxis 
only subtly.65 Accordingly, PTEN deficiency does not affect cell 
directionality, although its lack usually results in increased cell 
speed.58,66‑68

PIP2‑mediated signaling. Growing evidence shows the function 
of other lipids in integrating front‑rear signaling. One of the most 
important is PIP2, a direct regulator of many actin‑binding and 
‑remodeling proteins, including Rho GTPases.69,70 At the leading 
cell edge, PIP2 is a substrate shared by PI3K and phospolipase C 
(PLC). As mentioned above, PIP2 phosphorylation by PI3K gener-
ates PIP3, a hallmark of the leading edge in polarized cells. PLC 
hydrolysis of PIP2 generates inositol 1,4,5‑triphosphate (IP3) and 
diacylglycerol (DAG), necessary for Ca2+ mobilization and protein 
kinase C (PKC) activation, respectively.71 PLC activity is necessary 
for T cell chemotaxis via a Ca2+‑independent/DAG‑dependent 
mechanism.72 As we discuss below, DAG‑induced PKC activation 
might be critical for activating well‑conserved “polarity cassettes”. 
PIP2 may also regulate cofilin location at the pseudopodia of 
carcinoma cells, which is proposed as another guidance system linked 
to the PLC‑PKC pathway.73,74

At the uropod, PIP2 is a major regulator of ERM (ezrin, radixin, 
moesin) protein activation during leukocyte chemotaxis.75,76 Several 
adhesion receptors cluster at the uropod, including intercellular 
adhesion molecules (ICAM), CD43 and CD44.54 This concentration 
is essential for orchestrating adhesive interactions between leukocytes 
and the vascular or lymphatic endothelia during diapedesis from 
blood to tissue and from tissue to lymph nodes. ERM protein 
interactions with the cytosolic tails of these adhesion receptors 
might be a mechanism for their uropod polarization. ERM protein 
activation is a two‑step process that requires binding to PIP2 and 
phosphorylation of C‑terminal serine/threonine residues. Several 
kinases have been implicated in this phosphorylation step, including 
some PKC isoforms and the RhoA effector ROCK.77 Remarkably, 
ERM proteins can also act upstream of RhoA by interacting with 
Rho‑GDI, enabling positive feedback between RhoA and ERM 
proteins.77 This feedback loop may be more complex, since Rac 
might stimulate ERM dephosphorylation.78 There is thus probably 
both positive and negative regulation between ERM proteins and 
Rho GTPases, allowing precise spatio‑temporal control during 
leukocyte chemotaxis. In agreement with this idea, ERM proteins are 
pivotal in T cell polarity.79

Given the broad range of potential PIP2 targets, compartmental-	
ization of PIP2 inside the cell may be crucial during chemotaxis. 
Local control of synthesis could be a mechanism for PIP2 compart-
mentalization. Although PIP2 can be synthesized from PI5P,80 
the main biosynthetic pathway is regulated by the so‑called type I 
phosphatidylinositol‑4‑phosphate 5‑kinases (PIP5KI), of which there 
are three isoforms (a, b and g);81 little is known, however, about 
the l ocalization of these isoforms during migration. The PIP5KIa 
isoform could contribute to localized PIP2 synthesis at the leading 
edge of migrating fibroblasts by interacting with the LIM protein 
Ajuba.82 Since Ajuba interaction triggers PIP5KIa activity, and PIP2 

is required for Rac activation, Ajuba might be further augmented 
by Rac1 activity at the cell front.83 Notably, activated Rac1 initiates 
PIP5KIa translocation to membrane ruffles, suggesting a positive 
feedback loop involved in cell front protrusion.

PDZ‑dontaining protein networks. Polarity is not restricted 
to migrating cells, but is also a fundamental property of other 
cell types such as epithelial cells or neurons. In epithelial cells, 
polarity is governed by a protein network composed of several 
functional complexes, including the Scribble, Par, Crumbs and 
core PCP complexes.84,85 Components of these polarity networks, 
which are extremely well conserved evolutionarily, were recently 
implicated in chemokine‑induced T cell polarization. The Scribble 
and Par complexes in particular are needed for directed T lymphocyte 
migration.86

The Scribble complex comprises three proteins, Scribble, Discs 
large (Dlg) and Lethal giant larvae (Lgl), all thought to behave as 
scaffold proteins and regulate protein‑protein interactions.87 Scribble 
effects on polarity might also be mediated by physical interaction 
with several other proteins, including the Rho GTPase regulatory 
bPIX‑GIT1 complex.88 The Par complex consists of Par3 (known 
as Bazooka in Drosophila) and Par6, both PDZ‑domain‑containing 
scaffold proteins, and aPKCz, a serine/threonine protein kinase.85 
PAR‑6 acts in part as a targeting subunit for aPKCz, to which it 
binds constitutively. The PAR‑6‑aPKCz complex can also bind to 
and phosphorylate the ubiquitin E3 ligase Smurf1, triggering local 
RhoA degradation.89 The PAR‑6‑aPKCz complex might therefore 
prevent inappropriate RhoA effects on actin cytoskeleton remod-
eling, and enable Cdc42 and Rac1 activation to drive rapid filopodial 
and lamellipodial membrane extension. PAR‑6‑aPKCz also binds to 
and phosphorylates PAR‑3,90,91 which interacts with and spatially 
restricts Tiam‑1 activity.92,93 PAR‑3 association with LIM kinase 
(LIMK) could further modulate actin in the area through LIMK 
regulation of cofilin,92 which may control directionality in carcinoma 
cells (see above).

Whether Scribble and Par complexes cooperate or antagonize 
to achieve cell polarity and directed cell migration is a major 
conundrum. Studies in astrocytes suggest that these two complexes 
cooperate during migration.94 The Scribble complex might trigger 
Cdc42 activation through bPIX‑GIT1; activated Cdc42 would 
in turn trigger the Par complex, eliciting Par6‑aPKC‑dependent 
signaling in astrocyte migration.94 This contrasts with the classical 
view, in which Par and Scribble complexes repel each other during 
epithelial cell polarization.95 This results in asymmetric Par/Scribble 
distribution across the cell, with the Scribble complex concentrated 
in the basolateral compartment and the Par complex in the apical 
section. Spatial segregation and functional antagonism of Par and 
Scribble complex members are also apparent in polarized T cells 
during chemotaxis;86 the Scribble complex concentrates at the 
uropod, whereas the Par complex localizes at the leading edge. The 
polarity impairment observed in T cells with reduced Scribble levels 
suggests the functional relevance of spatial segregation of these two 
pathways, although the mechanisms by which Scribble and Par 
antagonism controls polarity is not known.

Plasma Membrane Domains as Organizers of Polarity

Channeling of the information provided by polarity signals, as well 
as the ability of the cytoskeleton to deform the cell structure depend 



www.landesbioscience.com	 Cell Adhesion & Migration	 73

Cell Polarity During Leukocyte Chemotaxis

largely on the physico-chemical properties of the plasma membrane. 
Given the different functions of the anterior and posterior parts 
of moving cells, it could be predicted that the leading edge and 
uropod plasma membranes differ in composition. Indeed, this is 
seen in epithelial cells, in which the lipid composition of basolateral 
membranes is distinct from that of the apical membrane. In epithelial 
cells and neurons, it is proposed that the membrane microdomains 
termed lipid rafts act as platforms for selective delivery of proteins 
to specific cell regions, thus reinforcing functional polarity.96,97 
Similarly, membrane domains with specialized lipid composition are 
distributed asymmetrically in several types of moving cells; this may 
have important consequences in the persistence of cell polarity.98 
Since a common feature of these domains is their cholesterol enrich-
ment, we will designate them here as lipid rafts, although this is 
an oversimplification of the true complexity of plasma membrane 
domain segregation in migrating cells.99

Raft segregation takes place shortly after chemoattractant 
stimulation, and depends on chemoattractant receptor signaling 
and actin cytoskeleton integrity.100 Chemosensory receptors of the 
chemokine family, such as CXCR4, CCR5, CCR2 and CXCR1, 
N‑formyl peptide receptors, the epidermal growth factor receptor, 
CD44 and ICAM, among other membrane receptors, are reported 
to partition in rafts and to be redistributed in migrating cells.101 
Moreover, several reports indicate that raft partitioning influences 
activation and signaling of some of these receptors.102‑105 Remarkably, 
raft‑associated receptors redistribute to both the leading edge and 
the uropod of polarized leukocytes. After chemoattractant‑induced 
polarization, leukocytes segregate two distinct raft subtypes, one to 
the leading edge and one to the uropod (Fig. 1).106 Leading edge 
rafts are enriched in ganglioside GM3 and chemosensory receptors, 
whereas uropod rafts are enriched in ganglioside GM1 and intercel-
lular adhesion receptors. In other cell types, such as endothelial cells, 
lipid rafts polarize to the cell front during transmigration, but to the 
rear when these cells migrate in a two‑dimensional system.107

The use of fluorescent proteins has allowed visualization of 
lipid raft dynamics in leukocytes engaged in chemotaxis. Real‑time 
confocal videomicroscopy studies showed that a lipid raft probe 
(glycosylphosphatidyl‑tagged GFP; GFP‑GPI) redistributes to and 
persists at the leading edge and the uropod in directionally‑stimulated 
lymphocytes, as well as promyelocytic and neutrophil‑like cells.108 
Similar r edistribution was observed using a probe for the inner 	

leaflet of lipid rafts,109 suggesting that inner and outer 
raft leaflets are coupled during the polarization process. 
In contrast, a transmembrane non-raft GFP probe 
(GFP‑GT46) showed non-polarized distribution during 
chemotaxis in these cells.108

Current evidence suggests that rafts are platforms 
in which efficient interactions take place between 
activated receptors and signal transduction partners. 
Double‑acylated Gai subunits concentrate in lipid 
rafts.110,111 Active chemoattractant receptors and G 
proteins thus concentrate in a common lipid environ-
ment, enabling signaling. Since chemoattractant receptors 
show preferential affinity for lipid rafts distributed at the 
leading edge, microdomain redistribution could allow 
spatial restriction of G protein activation at the cell front. 
In migrating cells, lipid rafts might increase signaling 
efficiency, and also restrict and/or organize signaling to 

specific cell areas. Concurring with this idea, alteration of lipid raft 
composition impedes functional and morphological polarization 
of different cell types.100,106 Indeed, lipid rafts can organize activa-
tion and/or recruitment of the small GTPases implicated in F‑actin 
remodeling,112,113 and crosslinking of lipid raft components triggers 
Rho GTPase‑dependent actin cytoskeleton rearrangements.114,115

Finally, regulation of membrane elasticity is an emerging new 
function of specific raft domains in the achievement of cell 
polarity. Actin cytoskeleton‑induced membrane deformation is 
lower in artificial membranes with low cholesterol content than in 
membranes with physiological cholesterol levels.116 In endothelial 
cells, cholesterol depletion results in a significant decrease in 
membrane deformability and a corresponding increase in the elastic 
coefficient of the membrane, indicating that cholesterol‑depleted 
cells are stiffer than control cells.117 This is a paradox, as it is well‑es-
tablished that cholesterol addition to artificial phospholipid bilayers 
increases their rigidity.118 Increased membrane stiffness in cholester-
ol‑depleted cells is reversed by latrunculin A treatment, suggesting 
that cholesterol can regulate rigidity by altering the properties of 
submembrane F‑actin and/or its membrane association.117 Lipid 
raft accumulation at the leading edge may thus control local 
stability of the F‑actin network, enabling efficient F‑actin‑induced 
membrane protrusions at the cell front. The relationships between 
cholesterol‑enriched membranes and the actin cytoskeleton may 
nonetheless be bidirectional. Using giant unilamellar vesicles, Liu and 
Fletcher showed that actin polymerization induces membrane phase 
separation of initially homogenous vesicles.119 Their results suggest 
that dynamic, membrane‑bound actin networks alone can contribute 
to membrane organization in polarized cells by controlling when and 
where lipid rafts form.

Conclusions and Future Directions

A requisite for cell migration is the acquisition of functional and 
morphological asymmetry. Cell polarity links two basic components 
of the migration program: motility and directionality. Here we 
have outlined several molecular mechanisms that, in response to a 
directional cue, dictate the anterior‑posterior asymmetry axis in a 
cell. The signaling pathways that control front/back polarization 
involve amplification of PIP3 production at the leading edge, 
differential activation of Rho family proteins in the cell front and 

Figure 1. Segregation of lipid rafts in leukocytes and mesenchymal‑like cells. The scheme 
depicts leading edge and posterior markers whose association to lipid rafts has been 
described. Some uropod markers in leukocytes, such as ERM proteins and the adhesion 
receptors b1 integrin and CD44, localize at the cell front in mesenchymal cells. This 
probably reflects the different migratory strategies used by each cell type.
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back, PKC activation, protein networks assembled by “polarity 
proteins” (Scribble and Par complexes), and differential localization 
of membrane microdomains (lipid rafts).

How the cell senses gradients, and how it processes this 
information to produce directed motion remain to be worked out. 
In one attractive model, antagonism between signaling pathways 
constitutes the major force that creates cell domains involved in 
protrusion and contraction (Fig. 2). Seminal studies of chemotactic 
cell migration in Dictyostelium amoebae highlighted the importance 
of PI3K/PTEN antagonism in these processes. Nonetheless, studies 
in mammalian cells have not reached a consensus on the importance 
of local PI3K activity during chemotaxis and have not localized 
unequivocally PTEN at the posterior edge. There are, moreover, 
many examples in which PI3K signaling seems to contribute little, if 
at all, to the polarization program in response to chemoattractants. 
Neutrophil chemotaxis studies suggest that antagonism between 
Rac and RhoA GTPases is necessary for cell polarization; the precise 
mechanisms that control the differential activation of these pathways 
is nonetheless unclear. The details of how Rac/Cdc42 at the leading 
edge and RhoA at the uropod work in concert also remain a mystery. 
There is evidence in T lymphocytes that antagonism between Par and 
Scribble complexes dictates the establishment of a front/rear polarity 
axis; nonetheless, Par and Scribble complexes appear to cooperate 
during migration of other cell types, such as astrocytes. How Par 
and Scribble complexes activate and coordinate the local and global 
signaling pathways that regulate cell polarity during chemotaxis is 
also largely unknown at present. The localization of different types 
of membrane microdomains at the front and the rear of migrating 
leukocytes may also be a mechanism that permits or restricts specific 
signaling involved in leading edge protrusion or uropod contraction. 
It nonetheless remains to be determined whether the location of 
these microdomains is the cause or a consequence of establishment 
of a front/rear polarity axis during migration. Another important 
question is whether these antagonistic functions are cell type‑specific 
or common to all moving cells.

There are many unresolved questions regarding how segregated 
components are integrated temporally and spatially in a cell. The 
answers will require technologies that recognize, quantify, and 
perturb local signals, as well as methods to visualize and characterize 
the dynamics of events that are below the resolution of the light 
microscope. We must obviously learn about new signaling pathways 
that connect the distinct circuits involved in polarization. We must 
also learn how, when, and where important supramolecular complexes 
involved in migration are formed, and quantify data on molecular 
dynamics and the concentrations required to achieve polarity.

Ultimately, we must develop models to study polarity and 
migration in physiological conditions. It is also evident that cell‑cell 
and cell‑substrate interactions are very important in the regulation 
of cell polarization and movement in multicellular tissues. This adds 
another level of complexity, one that will need further investigation, 
to the signaling pathways involved. New imaging, structural, and 
molecular technologies will be our allies in meeting these challenges.
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