Cell Science at a Glance
gradients. It is exhibited by a wide variety
of cell types and involves distinct strategies
that depend on the environmental
conditions. For example, the migration of
fibroblasts or keratinocytes within tissues
is relatively slow as it relies on strong
adhesion forces to the extracellular matrix.
Conversely, fast moving and highly
deformable leukocytes navigate to sites of
inflammation using dynamic actin
remodeling and minimal adhesion forces.
In this Cell Science at a Glance article, we
describe the signals that control directed
migration for two cellular systems that are
commonly accepted as paradigms for fast
movement: the genetically tractable
eukaryotic
unicellular
organism
Dictyostelium discoideum and mammalian
neutrophils (see supplementary material
Movies 1 and 2). These two systems are
exceptionally tuned to dynamically sense
and respond to very shallow external
chemoattractant
gradients.
Although
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Introduction
Chemotaxis is a fundamental process in
which cells migrate directionally when
they are exposed to external chemical
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evolutionarily separated by millions of
years, their chemotactic machinery is
controlled by highly conserved signal
transduction pathways, which – in many
instances – were first identified in
Dictyostelium. The spatial activation of
these pathways ultimately leads to the
redistribution of polymerized actin at
the front of the cell for propulsion and the
assembly of myosin II at the back for
retraction.
Chemoattractants and their
receptors
The first event that occurs during
chemotaxis is the binding of a
chemoattractant molecule to its specific
receptor. In Dictyostelium, two main
chemoattractant
molecules
promote
chemotaxis: folic acid and cAMP
(Mahadeo and Parent, 2006). Folic acid, a
bacterial by-product, acts as a directional
cue to attract Dictyostelium to their food
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source during growth, as these organisms
live as single cells that feed on bacteria.
Under
conditions
of
starvation,
Dictyostelium enter a developmental
program and lose their ability to sense folic
acid. Within 4-5 hours, they then acquire
the chemotactic machinery that is
responsible for the detection, synthesis and
degradation of cAMP, the most potent
chemoattractant
for
Dictyostelium
(Manahan et al., 2004; Saran et al., 2002).
Concurrently, starved cells become highly
chemotactic and migrate directionally to
form aggregates that later differentiate into
a multicellular structure that can resist
harsh environmental conditions (Chisholm
and Firtel, 2004).
Receptors for folic acid and cAMP belong
to the G-protein-coupled receptor (GPCR)
family, each member of which comprises
an extracellular N-terminal domain
followed by seven transmembrane helices
and a C-terminal tail (Milligan and
Kostenis, 2006). These receptors mediate
most of their effects through heterotrimeric
G proteins, although a subset of responses
occur independently of G proteins
(Brzostowski and Kimmel, 2001). Four
distinct cAMP receptors (cAR1 to cAR4),
which are expressed at different times
during Dictyostelium development, have
been cloned. cAR1 is expressed during
early development, when the cells are
highly chemotactic, and is linked to the G
protein Gα2βγ (Parent and Devreotes,
1996). Both cAR1 and G proteins are
uniformly distributed around the cell
periphery and remain this way during
chemotaxis (Parent and Devreotes, 1999).
The folic-acid receptor, which is linked to
Gα4βγ, has yet to be cloned.
Leukocyte chemotaxis is induced by
several chemoattractants and chemokines
that signal through pertussis-toxinsensitive Gi-coupled as well as G12- and
G13-coupled GPCRs (Baggiolini, 2001;
Niggli, 2003; Stephens et al., 2008).
Classical
chemoattractants
include
formylated peptides that are secreted by
bacteria [such as N-formylmethionylleucyl-phenylalanine (fMLP)], products of
the complement cascade (such as C5a) and
phospholipid metabolites [such as
leukotriene B4 (LTB4)], whereas the family
of chemokines includes chemotactic
mediators that are derived from a variety
of cells. As first observed for cAR1 in
Dictyostelium, C5a receptors remain
uniformly distributed around the plasma

membrane in chemotaxing neutrophils
(Niggli, 2003; Parent, 2004). Although an
even distribution of receptors around the
cell periphery provides optimal sensitivity
to highly dynamic chemoattractant
gradients, there are cases in which
chemokine receptors redistribute to the
front of migrating cells; such behavior
characterizes CXC-chemokine receptor 4
(CXCR4) in hematopoietic progenitor cells
and CC-chemokine receptor 5 (CCR5) in
Jurkat cells (Manes et al., 2005).
Signal transduction pathways and
their effectors
Binding of the chemoattractant to its
receptor triggers the dissociation of the
heterotrimeric G protein into α- and βγsubunits. In both Dictyostelium and
mammalian neutrophils, the βγ dimer acts
as the main transducer of chemotactic
signals and activates several downstream
effectors, including adenylyl cyclase,
guanylyl cyclase and phospholipase C
(PLC) (Bagorda et al., 2006; Stephens et
al., 2008). The Gβγ stimulation is locally
transduced via the activation of
phosphoinositide 3-kinase (PI3K) at the
front of cells in a Ras-dependent manner,
although Gβγ can directly regulate PI3K
in neutrophils (Kolsch et al., 2008;
Stephens et al., 2008). PI3K converts
phosphatidylinositol (4,5)-bisphosphate
(PtdIns(4,5)P2) into phosphatidylinositol
(3,4,5)-trisphosphate
(PtdIns(3,4,5)P3),
thereby
promoting
a
localized
production.
In
PtdIns(3,4,5)P3
Dictyostelium, the spatial restriction of the
PtdIns(3,4,5)P3 signal to the front is
ensured by the presence of PTEN (the 3⬘phosphatase) at the sides and back of cells
(Parent, 2004). The PtdIns(3,4,5)P3 that is
locally generated and retained at the front of
cells provides a binding site for a subset
of PH-domain-containing proteins, which
eventually translocate to the leading edge
and act as nucleation factors to activate key
effectors of migration (Iijima et al., 2002).
The Dictyostelium cytosolic regulator of
adenylyl cyclase (CRAC) protein was the
first PH-domain-containing protein that
was shown to translocate specifically to the
front of chemotaxing cells. CRAC,
originally identified as regulator for
adenylyl-cyclase activity, also regulates
chemotaxis.
Another
PH-domaincontaining protein, Akt/PKB (protein
kinase B), also translocates to the cell front
and controls chemotaxis and cell polarity
(Bagorda et al., 2006). Interestingly, PI3K,

although necessary for the chemotaxis of
Dictyostelium in shallow chemical
gradients, appears to become dispensable
in steeper gradient conditions. Indeed,
Dictyostelium cells that lack the five class I
PI3Ks as well as PTEN move surprisingly
well in steep gradients, suggesting that
other pathways are required to control
chemotaxis. Recently, phospholipase A2
(PLA2) and guanylyl cyclase were
proposed to represent candidate pathways
to regulate chemotaxis in parallel with
PI3K signaling (Insall and Andrew, 2007;
Kolsch et al., 2008). In addition,
components of the target of rapamycin
complex 2 (TORC2) have been shown to
control Dictyostelium chemotaxis (Sasaki
and Firtel, 2006), although the cellular
distribution of this complex remains to be
determined.
The use of Akt/PKB-GFP fusions revealed
that PtdIns(3,4,5)P3 is also enriched at the
leading edge of chemotaxing neutrophils
(Iijima et al., 2002; Rickert et al., 2000). In
addition, neutrophils that are harvested
from mice that lack PI3Kγ, the principal
PI3K isoform that is activated following
chemoattractant stimulation, show reduced
chemotaxis, although this trait appears
to be environment- and chemokinedependent (Ferguson et al., 2007; FrancaKoh et al., 2007; Liu et al., 2007; Stephens
et al., 2008). Interestingly, in contrast to
Dictyostelium, neutrophils that have been
isolated from mice that lack PTEN do not
show significant chemotaxis defects.
Instead, in these cells, the 5⬘phosphatase
SHIP1
PtdIns(3,4,5)P3
regulates chemotaxis – ship1–/– neutrophils
behave much like PTEN-deficient
Dictyostelium cells (Nishio et al., 2007).
However, the cellular distribution of
SHIP1 during neutrophil chemotaxis has
yet to be determined. These findings
provide evidence that PtdIns(3,4,5)P3
pathways are important regulators during
mouse neutrophil chemotaxis.
Studies that were performed using HL-60
cells, a pluripotent human hematopoietic
cell line that can be differentiated into
neutrophil-like cells, showed that the
PI3Kγ-dependent
PtdIns(3,4,5)P3
enrichment at the cell front is balanced by
the local phosphatidylinositol phosphate
kinase Iβ (PIPKIβ)- and PIPKIγ661dependent PtdIns(4,5)P2 production at the
back of chemotaxing neutrophils (Lacalle
et al., 2007; Lokuta et al., 2007). Such a
balance appears to be crucial for human
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neutrophil chemotaxis, as abrogation of
either
kinase
impairs
neutrophil
polarization and directional migration.
Furthermore, the signal transduction
pathway that is activated during human
neutrophil chemotaxis is dependent on the
type of chemoattractants. Primary
chemoattractants trigger a response that
depends on p38 MAPK, whereas
secondary chemoattractants act via PI3K
(Heit et al., 2002). In addition, and similar
to Dictyostelium, other phospholipid
signaling pathways that are mediated by
PLD and PLC have been shown to impact
neutrophil chemotaxis, although the exact
mechanism by which this occurs remains
to be determined (Kolsch et al., 2008).
The cytoskeleton and its regulators
To migrate directionally in a chemoattractant gradient, major cytoskeleton
rearrangements that promote F-actin
polymerization at the front and actomyosin
assembly at the back of cells must occur in
a coordinated fashion. Such redistributions,
which are mediated by members of the Rhofamily small G proteins, ultimately promote
leading-edge formation at the cell front and
retraction at the cell back. Actin
polymerization occurs through the
generation of newly formed barbed ends by
the Arp2/3 complex, the activity of which is
controlled by adaptor proteins of the WASP
(Wikott-Aldrich synodrome protein) and
SCAR/WAVE (suppressor of cAMP
receptor; also known as WAVE) families
(Vartiainen and Machesky, 2004). In both
Dictyostelium
and
neutrophils,
SCAR/WAVE complexes are localized at
the front of cells and have been shown to
locally bind Rac proteins, which go on
to stimulate F-actin assembly during
pseudopod extension (Ibarra et al., 2005;
Weiner et al., 2006). In neutrophils, Rac
proteins are activated by the PH-domaincontaining
Rac
guanine-nucleotideexchange factors (GEFs) (P-Rex1 and
Vav1) as well as DOCK2 (a DOCK180
homologue that is predominantly expressed
in hematopoetic cells), the activities of
which are regulated by PI3K signaling
(Andrews et al., 2007; Stephens et al.,
2008). In Dictyostelium, a single RacGEF,
RacGEF1, has been identified (Park et al.,
2004), although DOCK180 homologues are
present in the genome. Although actin
reorganization at the front of both
Dictyostelium and neutrophils has been
suggested to enhance PI3K activity,
generating positive-feedback loops to
reinforce polarity and directional sensing,

the mechanisms by which this takes place,
remain elusive (Kolsch et al., 2008; van
Haastert and Devreotes, 2004).
The retraction that occurs on the trailing
edge of chemotaxing neutrophils is
mediated by RhoA, which is activated by
Gα12/13 – another G protein that has been
shown to mediate chemotactic processes,
and by PDZRhoGEF (PDZ-domaincontaining RhoGEF), a RhoAGEF. RhoA,
through its effector ROCK (RhoA- and
Rho-associated kinase), regulates myosinII-mediated contractility (Meili and Firtel,
2003; Wong et al., 2007). The RhoAdependent actomyosin contraction is in
turn regulated by Rac (Pestonjamasp et al.,
2006) and Cdc42, which is activated at the
front of cells by the Cdc42 GEF PIXα, and
PAK1 (Li et al., 2003). In this manner Rac
and Cdc42 control polarity by acting
locally at the front to promote actin
polymerization, and distally at the back
(via RhoA) to mediate retraction (Van
Keymeulen et al., 2006). In Dictyostelium,
in which no Rho or Cdc42 homologues
have been found, cell retraction is
controlled by the nucleotide cGMP, which
is produced by soluble guanylyl cyclase
(sGC) (van Haastert and Devreotes, 2004).
High cGMP levels give rise to increased
myosin II phosphorylation and assembly.
Myosin II assembly is also controlled by
PAKa, which localizes at the back of
cells. PAKa, however, is phosphorylated
by Akt/PKB in a PI3K-dependent fashion
(Kolsch et al., 2008). These findings
highlight the importance of front-to-back
crosstalk during chemotactic signaling in
both Dictyostelium and neutrophils (Ridley
et al., 2003) – a process that is also evident
for the activation of adenylyl cyclase in
Dictyostelium (see below).
Signal relay and chemotaxis
amplification
During chemotaxis, Dictyostelium and
neutrophils relay the chemoattractant
signal to neighboring cells to amplify the
chemotactic response. In Dictyostelium,
CRAC – in conjuncture with TORC2 –
stimulates the adenylyl cyclase ACA,
which leads to the production of cAMP that
is rapidly secreted to stimulate neighboring
cells. During chemotaxis, ACA is highly
enriched at the back of cells. This
distribution is essential for the ability of
Dictyostelium cells to align in a head-totail manner and migrate in the form of
chains during chemotaxis (Bagorda et al.,
2006). It is proposed that the ACA that is
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positioned at the back of cells provides a
compartment from which cAMP is locally
released to attract neighboring cells to
migrate in chains.
Interestingly, in neutrophils, the release of
purines (such as ATP) has been shown to
occur from the leading edge of the cell
(Chen et al., 2006). As a neutrophil moves
towards a source of chemoattractant, ATP
is released and, together with its derived
adenosine, provides an autocrine feedback
loop by activating transmembrane
purinergic receptors, thereby amplifying
chemotaxis. Mammalian neutrophils also
release a variety of chemokines during
migration towards sites of inflammation.
For example, chemoattractants such as
fMLP and C5a stimulate the production
and secretion of LTB4, as well as
interleukin-8. Although not much is known
about the mechanisms that guide the
secretion of chemokines, there is
increasing evidence that signal relay
is responsible for the amplification of
chemotaxis and is a key regulator
of inflammatory responses.
Perspectives
In the past 10 years, incredible progress has
been made in understanding how cells
sense and respond to chemotactic
gradients. The use of GFP technology has
revolutionized the field and allowed
scientists to get a glimpse of the
intracellular working of live migrating
cells (Van Haastert and Devreotes, 2004).
Although the PI3K pathway is highly
polarized in migrating cells and has a role
in regulating chemotaxis, other parallel
pathways are clearly involved. The
challenge now resides in identifying
additional pathways and, most importantly,
in assessing how they work in concert to
control polarity and chemotaxis. In this
context, powerful Dictyostelium genetic
screens will be invaluable and continue to
provide key insight. However, as
neutrophils are exposed to a complex array
of chemotactic agents, more elaborate
signaling cascades are surely operational in
higher eukaryotes. Continued studies
involving gene manipulation in mice as
well as specific pharmacological inhibitors
will certainly bring significant insight.
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manuscript. We are grateful to the Intramural
Research Program of the National Institutes of Health,
National Cancer Institute, Center for Cancer Research

2624

Journal of Cell Science 121 (16)

for support. A.B. is the recipient of an Italian Cancer
Federation Fellowship.

Journal of Cell Science

References
Andrews, S., Stephens, L. R. and Hawkins, P. T. (2007).
PI3K class IB pathway in neutrophils. Sci. STKE 2007,
cm3.
Baggiolini, M. (2001). Chemokines in pathology and
medicine. J. Intern. Med. 250, 91-104.
Bagorda, A., Mihaylov, V. A. and Parent, C. A. (2006).
Chemotaxis: moving forward and holding on to the past.
Thromb. Haemost. 95, 12-21.
Brzostowski, J. A. and Kimmel, A. R. (2001). Signaling
at zero G: G-protein-independent functions for 7-TM
receptors. Trends Biochem. Sci. 26, 291-297.
Chen, Y., Corriden, R., Inoue, Y., Yip, L., Hashiguchi,
N., Zinkernagel, A., Nizet, V., Insel, P. A. and Junger,
W. G. (2006). ATP release guides neutrophil chemotaxis
via P2Y2 and A3 receptors. Science 314, 1792-1795.
Chisholm, R. L. and Firtel, R. A. (2004). Insights into
morphogenesis from a simple developmental system. Nat.
Rev. Mol. Cell Biol. 5, 531-541.
Ferguson, G. J., Milne, L., Kulkarni, S., Sasaki, T.,
Walker, S., Andrews, S., Crabbe, T., Finan, P., Jones,
G., Jackson, S. et al. (2007). PI(3)Kγ has an important
context-dependent role in neutrophil chemokinesis. Nat.
Cell Biol. 9, 86-91.
Franca-Koh, J., Kamimura, Y. and Devreotes, P. N.
(2007). Leading-edge research: PtdIns(3,4,5)P3 and
directed migration. Nat. Cell Biol. 9, 15-17.
Heit, B., Tavener, S., Raharjo, E. and Kubes, P. (2002).
An intracellular signaling hierarchy determines direction
of migration in opposing chemotactic gradients. J. Cell
Biol. 159, 91-102.
Ibarra, N., Pollitt, A. and Insall, R. H. (2005).
Regulation of actin assembly by SCAR/WAVE proteins.
Biochem. Soc. Trans. 33, 1243-1246.
Iijima, M., Huang, Y. E. and Devreotes, P. (2002).
Temporal and spatial regulation of chemotaxis. Dev. Cell
3, 469-478.
Insall, R. and Andrew, N. (2007). Chemotaxis in
Dictyostelium: how to walk straight using parallel
pathways. Curr. Opin. Microbiol. 10, 578-581.
Kolsch, V., Charest, P. G. and Firtel, R. A. (2008). The
regulation of cell motility and chemotaxis by phospholipid
signaling. J. Cell Sci. 121, 551-559.
Lacalle, R. A., Peregil, R. M., Albar, J. P., Merino, E.,
Martinez, A. C., Merida, I. and Manes, S. (2007). Type
I phosphatidylinositol 4-phosphate 5-kinase controls
neutrophil polarity and directional movement. J. Cell Biol.
179, 1539-1553.

Li, Z., Hannigan, M., Mo, Z., Liu, B., Lu, W., Wu, Y.,
Smrcka, A. V., Wu, G., Li, L., Liu, M. et al. (2003).
Directional sensing requires G βγ-mediated PAK1 and
PIXα-dependent activation of Cdc42. Cell 114, 215-227.
Liu, L., Puri, K. D., Penninger, J. M. and Kubes, P.
(2007). Leukocyte PI3Kgamma and PI3Kδ have
temporally distinct roles for leukocyte recruitment in vivo.
Blood 110, 1191-1198.
Lokuta, M. A., Senetar, M. A., Bennin, D. A., Nuzzi, P.
A., Chan, K. T., Ott, V. L. and Huttenlocher, A. (2007).
Type Igamma PIP kinase is a novel uropod component that
regulates rear retraction during neutrophil chemotaxis.
Mol. Biol. Cell 18, 5069-5080.
Mahadeo, D. C. and Parent, C. A. (2006). Signal relay
during the life cycle of Dictyostelium. Curr. Top. Dev. Biol.
73, 115-140.
Manahan, C. L., Iglesias, P. A., Long, Y. and Devreotes,
P. N. (2004). Chemoattractant signaling in Dictyostelium
discoideum. Annu. Rev. Cell Dev. Biol. 20, 223-253.
Manes, S., Gomez-Mouton, C., Lacalle, R. A., JimenezBaranda, S., Mira, E. and Martinez, A. C. (2005).
Mastering time and space: immune cell polarization and
chemotaxis. Semin. Immunol. 17, 77-86.
Meili, R. and Firtel, R. A. (2003). Two poles and a
compass. Cell 114, 153-156.
Milligan, G. and Kostenis, E. (2006). Heterotrimeric Gproteins: a short history. Br. J. Pharmacol. 147, Suppl. 1,
S46-S55.
Niggli, V. (2003). Signaling to migration in neutrophils:
importance of localized pathways. Int. J. Biochem. Cell
Biol. 35, 1619-1638.
Nishio, M., Watanabe, K., Sasaki, J., Taya, C.,
Takasuga, S., Iizuka, R., Balla, T., Yamazaki, M.,
Watanabe, H., Itoh, R. et al. (2007). Control of cell
polarity and motility by the PtdIns(3,4,5)P3 phosphatase
SHIP1. Nat. Cell Biol. 9, 36-44.
Parent, C. A. (2004). Making all the right moves:
chemotaxis in neutrophils and Dictyostelium. Curr. Opin.
Cell Biol. 16, 4-13.
Parent, C. A. and Devreotes, P. N. (1996). Molecular
genetics of signal transduction in Dictyostelium. Ann. Rev.
Biochem. 65, 411-440.
Parent, C. A. and Devreotes, P. N. (1999). A cell’s sense
of direction. Science 284, 765-770.
Park, K. C., Rivero, F., Meili, R., Lee, S., Apone, F. and
Firtel, R. A. (2004). Rac regulation of chemotaxis and
morphogenesis in Dictyostelium. EMBO J. 23, 4177-4189.
Pestonjamasp, K. N., Forster, C., Sun, C., Gardiner, E.
M., Bohl, B., Weiner, O., Bokoch, G. M. and Glogauer,
M. (2006). Rac1 links leading edge and uropod events
through Rho and myosin activation during chemotaxis.
Blood 108, 2814-2820.

Rickert, P., Weiner, O. D., Wang, F., Bourne, H. R. and
Servant, G. (2000). Leukocytes navigate by compass:
roles of PI3Kγ and its lipid products. Trends Cell Biol. 10,
466-473.
Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R.
A., Ginsberg, M. H., Borisy, G., Parsons, J. T. and
Horwitz, A. R. (2003). Cell migration: integrating signals
from front to back. Science 302, 1704-1709.
Saran, S., Meima, M. E., Alvarez-Curto, E., Weening,
K. E., Rozen, D. E. and Schaap, P. (2002). cAMP
signaling in Dictyostelium. Complexity of cAMP
synthesis, degradation and detection. J. Muscle Res. Cell
Motil. 23, 793-802.
Sasaki, A. T. and Firtel, R. A. (2006). Regulation of
chemotaxis by the orchestrated activation of Ras, PI3K,
and TOR. Eur. J. Cell Biol. 85, 873-895.
Stephens, L., Milne, L. and Hawkins, P. (2008). Moving
towards a better understanding of chemotaxis. Curr. Biol.
18, R485-R494.
van Haastert, P. J. and Devreotes, P. N. (2004).
Chemotaxis: signaling the way forward. Nat. Rev. Mol.
Cell Biol. 5, 626-634.
Van Keymeulen, A., Wong, K., Knight, Z. A., Govaerts,
C., Hahn, K. M., Shokat, K. M. and Bourne, H. R.
(2006). To stabilize neutrophil polarity, PIP3 and Cdc42
augment RhoA activity at the back as well as signals at the
front. J. Cell Biol. 174, 437-445.
Vartiainen, M. K. and Machesky, L. M. (2004). The
WASP-Arp2/3 pathway: genetic insights. Curr. Opin. Cell
Biol. 16, 174-181.
Weiner, O. D., Rentel, M. C., Ott, A., Brown, G. E.,
Jedrychowski, M., Yaffe, M. B., Gygi, S. P., Cantley, L.
C., Bourne, H. R. and Kirschner, M. W. (2006). Hem-1
complexes are essential for Rac activation, actin
polymerization, and myosin regulation during neutrophil
chemotaxis. PLoS Biol. 4, e38.
Wong, K., Van Keymeulen, A. and Bourne, H. R.
(2007). PDZRhoGEF and myosin II localize RhoA
activity to the back of polarizing neutrophil-like cells. J.
Cell Biol. 179, 1141-1148.

Cell Science at a Glance on the Web
Electronic copies of the poster insert are
available in the online version of this article
at jcs.biologists.org. The JPEG images can
be downloaded for printing or used as
slides.

