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Cell migration requires membrane protrusion at the cell 
front. The force that projects the plasma membrane is 
largely provided by actin polymerization1–3, and force 
generation by actin polymerization has been reconsti-
tuted in vitro4. The actin-based protrusion mode of cell 
migration is used by various cell types, including fibro-
blasts, immune cells, neural crest cells and melanoblasts, 
as well as epithelial or endothelial cells undergoing collec-
tive migration5. Lamellipodia are broad, flat protrusions 
at the leading edge of cells moving on a flat substratum. 
Lamellipodia are found in vivo: for example, during 
neura l crest cell migration in several species and macro-
phage migration in Drosophila melanogaster. They are 
typically elongated when cells migrate along extra cellular 
matrix fibres or when neurons migrate along radial glia 
in the brain6–9. Lamellipodia are transient structures, 
which protrude and retract. If the lamellipodium persists 
long enough, cells can establish new integrin-mediated 
adhesion s with the underlying substratum, contract and 
then detach adhesions at the rear; this series of events 
forms the basis of protrusion-based migration10.

Cells can also form other types of protrusions. For 
example, filopodia are actin-based, finger-like protru-
sions, which can support residual, slow migration in the 
absence of lamellipodia11–14. Cancer cells form invadopodia, 

which are specialized actin-based protrusions that ena-
ble cells to invade through the basement membrane15,16. 
Blebs are outward bulges in the plasma membrane that are 
produced by hydrostatic pressure that is generated by the 
contractility of actin–myosin networks17. Contractility can 
also organize motility from the back by forming a slender, 
uropod-like appendage18. Finally, protrusion can occur in 
the absence of actin filaments in a manner dependent on 
microtubules19. Cancer cells seem particularly adaptable 
with respect to migration mechanisms and can use blebs, 
invadopodia and lamellipodia15–17. Owing to the impor-
tance of cell migration and tissue invasion in the forma-
tion of cancer metastasis, these migration mechanisms 
have received a lot of attention, and the plasticity of cell 
migration presents a major challenge in controlling patho-
logical situations. In this Review, we focus on the core 
mechanisms of lamellipodium-based migration and refer 
to recent reviews regarding blebs and invadopodia15–17.

Two groups of proteins promote actin polymeriza-
tion: actin nucleators and actin elongators (BOX 1). The 
major actin nucleator in lamellipodia is the actin-related 
protei n 2/3 (ARP2/3) complex, which contains ARP2 and 
ARP3, and generates a new actin filament that branches 
off the side of a pre-existing filament1,2. This autocatalytic 
reaction, where the product, the new filament, is itself 
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Steering cell migration: lamellipodium 
dynamics and the regulation of 
directional persistence
Matthias Krause1 and Alexis Gautreau2

Abstract | Membrane protrusions at the leading edge of cells, known as lamellipodia, drive 
cell migration in many normal and pathological situations. Lamellipodial protrusion is 
powered by actin polymerization, which is mediated by the actin-related protein 2/3 
(ARP2/3)-induced nucleation of branched actin networks and the elongation of actin 
filaments. Recently, advances have been made in our understanding of positive and negative 
ARP2/3 regulators (such as the SCAR/WAVE (SCAR/WASP family verprolin-homologous 
protein) complex and Arpin, respectively) and of proteins that control actin branch stability 
(such as glial maturation factor (GMF)) or actin filament elongation (such as ENA/VASP 
proteins) in lamellipodium dynamics and cell migration. This Review highlights how the 
balance between actin filament branching and elongation, and between the positive and 
negative feedback loops that regulate these activities, determines lamellipodial persistence. 
Importantly, directional persistence, which results from lamellipodial persistence, emerges as 
a critical factor in steering cell migration.
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Invasive protrusions of tumour 
cells that locally secrete 
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Outward membrane bulges 
that form owing to weakening 
of the actin cortex and high 
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a substrate of the next branching reaction, dramatically 
increases the mass of actin polymers. Once new filaments 
are nucleated, their dynamic ends can become capped 
by heterodimeric capping protein and this prevents 
their growth20. However, elongators such as ENA/ VASP 
and formins protect filament ends from capping and 
increase the elongation speed of filaments21–27. During 
actin polymerization, the actin network and ARP2/3 
complexes forming branched junctions undergo a retro-
grade flow with respect to the plasma membrane, but 
the elongators remain dynamically associated with the 
plasma membrane during their whole active phase28–30. 

Retrograde flow occurs owing to the combined action 
of actin polymerization at the cell leading edge, which 
pushes the lamellipodial actin network backwards, and 
myosin contraction at the back of lamellipodia, which 
pulls the lamellipodial actin network backwards30,31. 
Adhesion to the extracellular matrix dynamically links 
integrin adhesion receptor complexes to the actin net-
work, thereby producing anchor points that enable the 
force of actin polymerization to be used for membrane 
protrusion instead of retrograde flow32.

The ARP2/3 complex needs to be activated by 
nucleatio n-promoting factors (NPFs). Four families of 
NPFs divide the labour of activating branched nucleation 
at different cell locations where bursts of actin poly mer-
ization are required33. For example, the SCAR/WAVE 
(SCAR/WASP family verprolin-homologous protein; also 
known as WASF; from hereon referred to as WAVE) com-
plex NPFs consistently recruit and activate the ARP2/3 
complex at the lamellipodium edge, whereas neural WASP 
(N-WASP) and WASH NPFs recruit the ARP2/3 complex 
to, and activate it at, clathrin-coated pits and the surface 
of endosomes, respectively. However, this distinction of 
functions is not exclusive, as N-WASP, which normally 
promotes endocytosis, seems to carry out the function of 
WAVE in its absence34,35. Most NPFs are regulated within 
stable multiprotein complexes36, and both NPFs and elon-
gators have to be recruited to, and activated at, the plasma 
membrane to generate lamellipodial protrusions.

This Review focuses on recent advances in our under-
standing of how actin polymerization machineries are 
regulated and how they control cell migration. In the first 
part, we examine the signalling pathways that activate the 
major engine of lamellipodial protrusion, the ARP2/3 
complex, with a focus on the multilevel regulation of the 
WAVE complex, including by its novel interactions with 
lamellipodin, clathrin and ARF GTPases. In the second 
part, we examine how several other machineries remodel 
the actin ultrastructure and, as a result, regulate the speed 
of cell migration. This remodelling is performed by 
factor s that regulate branch stability, such as glial matura-
tion factor (GMF), by factors that inactivate the ARP2/3 
complex, such as Arpin, and by actin elongators, such as 
formins and ENA/VASP proteins. The third and last part 
of this Review highlights how these molecular machin-
eries are integrated into signalling circuits that control 
lamellipodiu m persistence and ultimately steer cell migra-
tion. It explores the coordination between actin branching 
and actin elongation and the positive- and negative-
feedbac k loops that sustain or stop actin polymerization 
at the leading edge of a migrating cell.

Starting the engine: ARP2/3 activation
The WAVE complex is a heteropentameric complex 
composed of one of each of the following sub units: 
SRA1 (also known as CYFIP1) or p53-inducible 
protein 121 (PIR121; also known as CYFIP2); Nck-
associated protei n 1 (NAP1) or HEM1 (two para logous 
proteins); the NPFs WAVE1, WAVE2 or WAVE3; ABL 
inter actor 1 (ABI1), ABI2 or ABI3; and HSPC300 
(also known as BRICK1)37–41. The ARP2/3-activating 
WCA domain that is present in the carboxyl terminus of 

Box 1 | The engine: core actin polymerization machinery

G-actin polymerizes into F-actin polymers that are comprised of two intertwined 
protofilaments organized in a double helix. Actin filaments are polar, and the barbed 
end grows faster than the pointed end201,202.

Nucleation is the process by which new actin filaments are created (see the figure, 
part a), and it is a prerequisite for subsequent filament elongation. Three G-actin 
monomers must associate in order to generate a filament nucleus with ends that can be 
elongated. Formation of this nucleus is a rate-limiting step for actin polymerization, and 
several nucleators have been identified: the formins, which can nucleate actin filaments 
and elongate them; the WH2 nucleators, which are composed of repeated WH2 
motifs and bind to monomeric actin203,204; and the actin-related protein 2/3 (ARP2/3) 
complex, which is a molecular machine that contains ARP2 and ARP3. When activated, 
the ARP2/3 complex binds to the side of a pre-existing actin filament and undergoes a 
conformational rearrangement that brings together ARP2 and ARP3 (see the figure, 
part b)202. This rearrangement mimics a barbed end, from which an actin filament can 
be elongated. The new actin filament is thus anchored through its pointed end to a 
pre-existing actin filament, and ARP2/3 creates branched actin networks.

The spontaneous elongation of actin filaments involves the addition of G-actin 
monomers (see the figure, part a) and is blocked by heterodimeric capping protein in a 
process simply referred to as ‘capping’. However, elongation can be facilitated and 
enhanced by two classes of proteins, ENA/VASP proteins and formins, which protect 
barbed ends from capping protein (see the figure, part b). Both ENA/VASP and formins 
recruit profilin-bound G-actin (profilin promotes the exchange of ADP for ATP on 
G-actin, thereby making it competent for polymerization) to elongate F-actin in a 
processive manner205. The profilin–actin complex cannot spontaneously nucleate 
filaments or elongate pointed ends201,202. However, it can elongate barbed ends, in 
particular in conjunction with ENA/VASP proteins and formins. Cofilin depolymerizes 
filaments and favours turnover of actin molecules.
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Characteristic time during 
which a lamellipodium persists.
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of nucleation‑promoting factors 
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protein 2/3 (ARP2/3) complex 
and delivers the first actin 
molecule of the branched 
junction.

WAVE proteins is inhibited in trans within the complex, 
as it binds to surfaces in SRA1 and the amino terminus 
of WAVE42–44. Below, we outline how the recruitment of 
the WAVE complex to lamellipodia, and its activation 
there, is mediated by small GTPases, acidic phospho-
lipids such as phosphatidylinositol-3,4,5-trisphosphate 
(PtdIns(3,4,5) P3), phosphorylation and protein–protein 
interactions (FIG. 1).

WAVE complex regulation by small GTPases and 
phospho lipids. Small GTPases are active when bound 
to GTP, and the activity of the small GTPase RAC is 
required for lamellipodium formation1,45. RAC–GTP 

directly interacts with surfaces on SRA1 and WAVE with 
low micromolar affinity44,46. In line with this low affinity, 
a very high concentration of RAC–GTP is required to 
activate the WAVE complex in vitro43. Consistently, the 
WAVE complex is cooperatively activated on liposomes 
containing PtdIns(3,4,5)P3 and low, nanomolar amounts 
of membrane-bound (that is, prenylated) RAC–GTP47. 
These two coincident signals are probably physio logically 
relevant, as the interaction between PtdIns(3,4,5)P3 and 
a polybasic stretch in WAVE proteins is implicated in 
the recruitment of the WAVE complex to the lamel-
lipodium48. In addition, the ARP2/3 complex needs to 
be simultaneously bound at distinct sites by two WCA 
domains for full activation49–51, and these WCA domains 
may be provided by the multimerization of the WAVE 
complex, which is mediated by adaptor proteins, at the 
leading edge52,53.

It was proposed that the BAR domain-containing pro-
tein insulin receptor substrate of 53 kDa (IRSp53; also 
known as BAIAP2) also links RAC and WAVE, as IRSp53 
binds to RAC and co-purifies with the WAVE complex, 
even though it is not part of the core WAVE complex47,54. 
However, new data suggest that IRSp53 acts to switch 
lamellipodium formation to filopodium formation, as 
active CDC42 induces IRSp53 to recruit and cluster 
VASP at the leading edge, thereby promoting filopodium 
formation55.

Recently, ARF GTPases were implicated in WAVE 
complex activation. Indeed, ARF1–GTP and RAC–GTP 
cooperate to activate the WAVE complex at the surface 
of liposomes when incubated with cell extracts in which 
PtdIns(3,4,5)P3 might be produced56. However, unlike 
ARF6, which is a well-established regulator of endosomal 
recycling and cell migration, ARF1 is known to control 
trans‑Golgi network (TGN) trafficking57,58. Surprisingly, 
ARF1 was required for lamellipodium formation in 
D. melanogaster S2R+ cells59 and for mammalian cell 
migration60,61. Furthermore, liposomes containing 
ARF6–GTP and its binding partner, the ARF1 guanine 
nucleotide exchange factor (GEF) ARNO (also known as 
cytohesin 2), recruited ARF1 and the WAVE complex, 
opening the possibility that ARF6 might regulate cell 
migration through ARF1 in lamellipodia62 (FIG. 1).

Of note, another link between membrane traffi c and 
WAVE complex activation is through exocyst comple x 
component 70 (EXO70; also known as EXOC7), 
which tethers exocytic vesicles to the plasma mem-
brane. The mesenchymal but not the epithelial isoform 
of EXO70 directly interacts with the ARP2/3 complex. 
EXO70 alone does not activate ARP2/3-mediated 
F-actin nucleation but increases the amount of ARP2/3 
bound to WAVE2, thereby enhancing actin filament 
branching63–65. However, it is not known whether the 
full WAVE complex is similarly regulated, as the experi-
ments were only carried out using the isolated WAVE2 
protein. Nevertheless, Exo70 knockdown impaired 
lamellipodium formation and reduced migration speed 
and persistence, and a truncated form of EXO70 that was 
unable to bind to ARP2/3 failed to rescue these pheno-
types. This suggests that the EXO70–ARP2/3 complex 
interaction plays a part in cell migration64,65.

Figure 1 | Growth factor receptor signalling regulates lamellipodin and the WAVE 
complex. Lamellipodin and the WASP family verprolin-homologous protein (WAVE) 
complex are kept inactive in the cytoplasm. Stimulation of epidermal growth factor 
receptor (EGFR) by EGF induces several pathways that result in the recruitment to and 
activation of lamellipodin and the WAVE complex at the plasma membrane. In turn, 
ENA/ VASP proteins and the actin-related protein 2/3 (ARP2/3) complex are recruited, 
thereby initiating lamellipodium formation. In the first pathway, EGFR activates 
PI3K, thereby inducing the production of phosphatidylinositol-3,4,5-trisphosphate 
(PtdIns(3,4,5) P

3
), which is converted by the lipid phosphatase SH2 domain-containing 

inositol 5′-phosphatase 2 (SHIP2) to PtdIns(3,4)P
2
, which in turn recruits lamellipodin 

to the plasma membrane. PtdIns(3,4,5)P
3
 binds to WAVE and supports its recruitment to 

the plasma membrane. PtdIns(3,4,5)P
3
 also activates RAC (RAC–GTP) through guanine 

nucleotide exchange factors (GEFs), which in turn promotes an interaction between 
lamellipodin and the WAVE complex via ABL interactor (ABI). RAC–GTP also activates 
WAVE and hence the ARP2/3 complex, leading to lamellipodium formation. In addition, 
RAC–GTP stimulates the Ser/Thr kinase JUN amino-terminal kinase (JNK) to 
phosphorylate WAVE. In the second pathway, EGFR activates RAS (RAS–GTP), which 
activates lamellipodin and also the Ser/ Thr kinase ERK, causing phosphorylation of 
WAVE. In cancer, an additional pathway seems to activate ARF6 via GEFs206,207, which in 
turn can activate ARF1, which functions together with RAC–GTP to activate the WAVE 
complex. In the third pathway, the EGFR activates SRC and ABL Tyr kinases. ABL 
phosphorylates lamellipodin, which then recruits ENA/VASP proteins to lamellipodia 
to regulate actin filament elongation and lamellipodium dynamics. SRC and ABL also 
phosphorylate WAVE, thereby further activating the WAVE and ARP2/3 complexes to 
enable them to initiate branched actin nucleation and lamellipodium formation. 
Finally, clathrin heavy chain (CHC) binds to the WAVE complex and possibly functions 
to recruit it to lamellipodia. NAP1, Nck-associated protein 1.

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 15 | SEPTEMBER 2014 | 579

© 2014 Macmillan Publishers Limited. All rights reserved



Liposomes
Artificial lipid membranes that 
form vesicles. 

Prenylated
When a protein is conjugated 
to a fatty acid (prenyl group) 
that anchors proteins to 
membranes.

BAR domain
A conserved protein domain 
that forms a banana‑shaped 
dimer, which senses curved 
membranes or induces 
curvature corresponding to 
its shape.

Trans-Golgi network
(TGN). A compartment of the 
Golgi apparatus from which 
various post‑Golgi vesicles 
are generated.

Guanine nucleotide 
exchange factor
(GEF). A protein that facilitates 
the exchange of GDP for GTP in 
the nucleotide‑binding pocket 
of a small GTP‑binding protein.

Exocyst complex
A dynamic complex of proteins 
that permit the polarized 
tethering of post‑Golgi vesicles 
to the plasma membrane.

PH domain
(Pleckstrin homology domain). 
A small signal transduction 
domain that binds to 
phosphoinositide lipids 
in membranes.

ARF1 is best known for its ability to promote the 
AP1-dependent recruitment of clathrin to the TGN58. 
Surprisingly, in addition to ARF1 and clathrin, RAC and 
the WAVE complex were also recruited to liposomes 
mimicking cargo-loaded vesicles that are transported 
from the TGN through the AP1–clathrin pathway66. The 
interaction between the WAVE complex and clathri n 
promotes the formation of transport intermediates at the 
TGN, an atypical role for the WAVE complex67. However, 
most importantly for our topic, clathrin heavy chain 
(CHC) was also retrieved from a screen for proteins that 
are required for lamellipodium formation, and increased 
targeting of CHC to the plasma membrane promoted 
the speed and frequency of lamellipodial protrusion and 
cell migration68. In both cases, the mechanism involves a 
role for clathrin in recruiting the WAVE complex to the 
surface of membranes66–68. Interestingly, however, this 
atypical role of CHC in lamellipodium formation and 
cell migration can be experimentally uncoupled from 
its classical role as a coat protein involved in clathrin-
mediated endocytosis. Whereas clathrin colocalizes with 
the AP2 adaptor complex, but not with the WAVE com-
plex, at clathrin-coated pits, clathrin colocalizes with the 
WAVE complex, but not with AP2, at the lamellipodium 
edge68. Taken together, this suggests that CHC contrib-
utes to the recruitment of the WAVE complex to the edge 
of lamellipodia to regulate lamellipodium dynamics and 
cell migration (FIG. 1).

WAVE complex regulation by phosphorylation. Active 
RAC and phospholipids also contribute to the recruit-
ment of the WAVE complex to the edge of lamellipodia, 
and they initially activate it there; the subsequent ABL-
mediated phosphorylation of WAVE and ABI proteins 
on Tyr residues may stabilize the active conformation 
of the WAVE complex (FIGS 1,2). A similar mechanism of 
activation was proposed for N-WASP44,47,69–72. The Tyr 
kinase ABL localizes to the edge of extending lamelli-
podia and binds to WAVE through its SH3 domain70,73,74. 
Phosphorylation of WAVE1 and WAVE3 at Tyr151 and 
of WAVE2 at Tyr150 in the so-called meander region by 
ABL exposes the masked WCA domain and, by doing 
so, activates the WAVE complex and induces lamelli-
podium formation44,70–72. SRC may similarly activate the 
WAVE complex by phosphorylating Tyr125 in WAVE1 
(REFS 44,75) (FIG. 2).

In the nervous system, WAVE1 and WAVE2 are 
regulated by cyclin-dependent kinase 5 (CDK5), which 
phosphorylates WAVE1 at Ser310, Ser397 and Ser441 in 
the Pro-rich central region, thereby negatively regulatin g 
dendritic spine formation76–78. Phosphorylation of 
WAVE2 at Ser137 by CDK5 in the meander region is 
required for oligodendrocyte precursor migration44,77.

JUN N-terminal kinases (JNKs) and ERKs also 
phosphorylate Ser and Thr sites in the Pro-rich region 
of WAVE2, and ERK phosphorylates ABI1 (REFS 79–82). 
Cycles of phosphorylation and dephosphorylation of these 
sites may regulate WAVE–ARP2/3 complex interaction s, 
lamellipodial protrusion and cell migration81,82.

The most C-terminal acidic motif of WAVE contacts 
the ARP2/3 complex and is basally phosphorylated on 

five Ser residues by casein kinase 2 (CK2); phosphoryla-
tion of the last three sites (Ser488, Ser489 and Ser497) 
increases the affinity of WAVE for the ARP2/3 complex 
by further increasing the negative charge of this acidic 
motif 83,84. By contrast, dephosphorylation of Ser482 
and Ser484 is required for the activation of the ARP2/3 
complex80,84 (FIG. 2). In agreement with this, mutation 
of the corresponding sites of scar, the equivalent of 
WAVE, in Dictyostelium discoideum so that they cannot 
be phosphorylated leads to wider lamellipodia with an 
increased lifetime, whereas phosphomimetic mutations 
induce frequent lamellipodia with a short lifetime85. 
This suggests that the major function of CK2-mediated 
phosphorylation of the acidic motif is to regulate the 
width and persistence of lamellipodial protrusion, 
potentially by frequent cycles of phosphorylation and 
dephosphorylatio n at the leading edge.

Direct regulation of the WAVE complex by receptors. 
Many transmembrane receptors contain a short peptide 
motif termed WAVE regulatory complex-interactin g 
receptor sequence (WIRS) in their cytoplasmic tails 
that directly interacts with a composite surface on SRA1 
and ABI. The WIRS motif has been identified in axon 
guidance receptors of the ROBO and DCC families 
and in several G protein-coupled receptors (GPCRs)86. 
Therefore, this interaction may facilitate the recruit-
ment of the WAVE complex to the plasma membrane. 
However, the WIRS motif is not found in tyrosine kinase 
receptors.

The recruitment of the WAVE complex to tyrosine 
kinase receptors, such as the epidermal growth factor 
(EGF) receptor, may instead be mediated by the WAVE 
complex-interacting protein lamellipodin, which forms 
a complex with the EGF receptor87. Stimulated tyrosine 
kinase receptors induce the production of PtdIns(3,4,5)-P3 
and PtdIns(3,4) P2 by activating PI3K and the lipid phos-
phatase SHIP2 (SH2 domain-containing inositol 5′- 
phosphatase 2; also known as INPPL1), and they also 
activate RAS and RAC through GEFs, such as SOS, 
VAV2, PREX1 and TIAM1 (REF. 88). In this scenario, 
RAC and PtdIns(3,4,5)P3 then further recruit and activate 
the WAVE complex, whereas lamellipodin is recruited 
to lamellipodia through its RAS-association domain, 
which binds to active RAS and RAC, and through its 
PH domain, which binds to PtdIns(3,4)P2 (REFS 12,14,89). 
Lamellipodin itself is a novel direct RAC–GTP effector , 
which associates with the WAVE complex through ABI14 
(FIG. 1). In addition, lamellipodin positively controls 
lamellipodium size, and the speed and persistence of cell 
migration, through the WAVE complex14. Lamellipodin 
also cooperates with the WAVE complex to define where 
a protrusion is formed during collective epithelial cell 
migration14. 

In summary, the WAVE complex is activated and 
recruited to lamellipodia by a combination of inter-
actions with transmembrane receptors, PtdIns(3,4,5) P3, 
prenylated RAC–GTP, lamellipodin and clathrin. It is 
not yet established whether these many ligands form an 
ordered pathway or whether they constitute parallel or 
alternative pathways.
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Igniting the engine: priming of the ARP2/3 complex. 
The ARP2/3 complex generates the branched actin array 
that is required for lamellipodium protrusion because it 
nucleates a new actin filament off the side of an existing 
filament, but where does the first primer filament come 
from90,91? Three mechanisms of ARP2/3 ignition have 
been suggested. First, it was suggested that the cofilin-
mediated severing of actin filaments might generate 
primer filaments. Either these uncapped filaments are 
elongated and provide a new substratum for branched 
actin nucleation92 or they are sufficiently small to diffuse 
fast and thus provide a primer filament far away from the 
pre-existing actin network93 (FIG. 3a). However, the ques-
tion remains as to how the first actin network severed by 
cofilin is itself nucleated.

The second potential mechanism of ARP2/3 ignition 
involves the nucleation of actin filaments de novo through 
the formation of actin trimers by proteins containing 

several G-actin-binding WH2 domains2. This arrange-
ment is found in the actin nucleators SPIRE, cordon-bleu 
(COBL) and junction-mediating and -regulatory protein 
(JMY)2. JMY is particularly interesting as it is the only one 
of these proteins that has been implicated in cell migra-
tion and its C terminus also harbours a functional WCA 
domain94: in vitro, the three WH2 domains of JMY nucle-
ate actin filaments, thereby providing primer filaments 
for WCA domain-induced, ARP2/3-mediated branching 
nucleation (FIG. 3b). In cells, JMY seems to be autoinhib-
ited, as full-length JMY increases the amount of actin fila-
ments less than the C terminus alone94,95. However, JMY 
is implicated in cell migration only in some cell lines. 
In these cells, JMY decreased E-cadherin protein stability 
and cell–cell adhesion, thereby indirectly increasing cell 
migration94–96. Furthermore, JMY colocalizes with F-actin 
in a broad band within lamellipodia but not distinctly 
at the edge of lamellipodia like the WAVE complex94,96, 

Figure 2 | Regulation of WAVE complex activity by phosphorylation. The domain structure of WASP family verprolin-
homologous protein (WAVE) is shown, with known binding partners, key phosphorylation events, the kinases that mediate 
them and their overall effect on WAVE function, noted. In the WAVE protein domain structure, the amino-terminal SCAR 
homology domain (SHD), which binds to ABL interactor (ABI) and HSPC300 in the WAVE complex, is followed by the 
meander region and a charged region (+), which bind to the WAVE central (C) domain and to phosphatidylinositol-3,4,5- 
trisphosphate (PtdIns(3,4,5)P

3
), respectively. The Pro-rich region that follows contains binding sites for ABL. Finally, the 

carboxyl terminus harbours the WCA domains, which bind in the inactive conformation to SRA1 and the WAVE meander 
region. However, when this autoinhibition is relieved by active RAC and phospholipids, the WH2 (W) domain binds to 
G-actin, and the central (C) domain and acidic motif (A) bind to and activate the actin-related protein 2/3 (ARP2/3) complex. 
Phosphorylation of WAVE1 and WAVE3 at Tyr151 and WAVE2 at Tyr150 in the meander region by ABL, and of WAVE1 by 
SRC at Tyr125, may also contribute to unmasking the WCA domain and activating the WAVE complex. WAVE1 and WAVE2 
in the nervous system are regulated by cyclin-dependent kinase 5 (CDK5), which phosphorylates WAVE2 at Ser137 in the 
meander region, and this is required for oligodendrocyte precursor migration. CDK5 also phosphorylates WAVE1 in 
the Pro-rich region, thereby negatively regulating dendritic spine formation. Furthermore, a phosphorylation–
dephosphorylation cycle of the Pro-rich region on multiple Ser and Thr sites in WAVE2, which is mediated by JUN 
amino-terminal kinases (JNKs) and ERKs, positively regulates the interaction of WAVE2 with the ARP2/3 complex and 
controls lamellipodial protrusion and cell migration. The most C-terminal acidic motif of WAVE2 is basally phosphorylated 
on five Ser residues by casein kinase 2 (CK2); phosphorylation of the last three sites increases the affinity of its interaction 
with the ARP2/3 complex. By contrast, dephosphorylation of the first two sites (Ser482 and Ser484 in WAVE2) is required 
for activation of the ARP2/3 complex, and the respective sites in the Dictyostelium discoideum WAVE orthologue regulate 
lamellipodium width and persistence. Each domain is shown in a set colour; the phosphorylated sites within each domain, 
the kinases responsible and the outcome of various phosphorylation events are shaded with the same colour.
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and it was also found to regulate vesicle trafficking from 
the Golgi97 in a manner analogous to its close relative 
WHAMM (WASP homologue-associated protein with 
actin, membranes and microtubules)98. Taken together, 
these data suggest that JMY may not be the universal 
provider of primer filaments for ARP2/3-dependent 
lamellipodiu m formation and cell migration.

The last mechanism of ARP2/3 ignition was un covered 
recently and is completely novel compared with what was 
previously known about the ARP2/3 complex: SPIN90 
(also known as DIP1,WISH and NCKIPSD) can promote 
ARP2/3 activation without any pre-existing filaments99. 
The Leu-rich domain of SPIN90 can bring ARP2 and 
ARP3 together to mimic a filament barbed end that can 
be elongated. Therefore, SPIN90-mediated activation of 
the ARP2/3 complex results in the nucleation of linear 

filaments99–101 (FIG. 3c). SPIN90 localizes to the edge of 
lamellipodia and seems to promote lamellipodium forma-
tion100,102. However, this does not seem to be the only role 
of this protein, as it also has an evolutionarily conserved 
role in clathrin-mediated endocytosis103–105.

In short, these three mechanisms can provide the first 
primer filament in vitro for ARP2/3 complex activation. 
However, it remains an open question as to whether any 
of these mechanisms is indeed required for lamellipodium 
formation, as the cell cortex usually contains actin fila-
ments17. This view is supported by an experiment in which 
experimental membrane wounds were created and it was 
observed that an ‘internal lamellipodium’ was generated 
to close the wound. As it was observed that the novel 
actin filaments were generated by branching off the side 
of existing actin bundles circumscribing the wound106, this 
suggests that a lamellipodium can be initiate d using any 
available pre-existing primer filaments.

Speeding up cell migration and braking
The ARP2/3-mediated nucleation of branched actin 
networks initiates lamellipodium formation and, 
ultimatel y, cell migration. Loss of ARP2/3 resulted 
in reduced cell migration in a scratch wound assay, 
a reduction in cell migration speed during random 
cell migration and reduced haptotaxis on gradients of 
extracellular matrix11,13. However, in one study, loss 
of ARP2/3 resulted in defective chemotaxis (that is, a 
reduction in guided migratio n towards EGF), whereas 
ARP2/3 was dispensable for chemotaxis towards platelet-
derived growth factor (PDGF) in a different study11,13. 
This discrepancy was resolved recently as it was shown 
that ARP2/3-deficient cells secrete more hepatocyte 
growth factor, which augments EGF-mediated, but not 
PDGF-mediated, signallin g in a non-cell-autonomous 
manner107, suggesting that ARP2/3 is dispensable for 
chemotaxis. Nevertheless, the speed of lamellipodial pro-
trusion and cell migration is controlled by ARP2/3 acti-
vators and also by proteins that regulate the elongation of 
actin filaments, the stability of branched actin networks 
and ARP2/3 inhibitory proteins (FIGS 4,5).

Controlling the elongation of actin filaments. ENA/ VASP 
proteins (in vertebrates, these are MENA (also known 
as ENAH), VASP and EVL) are localized at the edge 
of lamellipodia and at the tips of filopodia29,108,109. They 
temporarily associate with the barbed ends of actin 
filaments, thereby protecting them from being capped 
by capping protein. In addition, ENA/VASP proteins 
recruit p olymerization-competent ATP–G-actin bound 
to profili n via a central Pro-rich region and a C-terminal 
G-actin-binding motif, thereby elongating actin filaments 
when ENA/VASP proteins are clustered in a processive 
manner22–27,110; clustering may occur at the leading edge of 
cells and may be mediated by ENA/VASP ligands such as 
lamellipodin111. As a result ENA/VASP proteins reduce the 
ratio of branches per unit of length of actin filaments22,112. 
Consequently, fibroblasts that lack ENA/VASP proteins 
display shorter, more highly branched actin filaments and 
lamellipodia protrude more slowly but more persistently. 
Conversely, fibroblasts with excess ENA/VASP harbour 

Figure 3 | Priming of the ARP2/3 complex. To generate a new, branched filament, the 
actin-related protein 2/3 (ARP2/3) complex usually requires a pre-existing filament. 
Three solutions have been proposed to explain the origin of the first primer filament. 
a | Pre-existing filaments can be severed by cofilin. This multiplies the number of 
filaments, and these filaments can either elongate or diffuse, if they are sufficiently small, 
until they encounter an active ARP2/3 complex. b | Junction-mediating and -regulatory 
protein (JMY) can nucleate linear actin filaments through its three WH2 domains, and it 
also activates the ARP2/3 complex via its carboxy-terminal WCA domain to generate 
a branched network. c | SPIN90 activates the ARP2/3 complex in a novel manner by 
bringing ARP2 and ARP3 close together, without the need for a pre-existing filament to 
bind to the ARP2/3 complex. Hence, ARP2 and ARP3 together mimic a barbed end, 
which can be elongated and thereby nucleate linear filaments.
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longer, less branched actin filaments and lamellipodia 
protrude faster but less persistently (FIGS 4,5). In vitro, in a 
two-dimensional environment, ENA/VASP overexpres-
sion led to ruffling and, consequently, reduced the speed 
of fibroblasts in random cell migration assays22, whereas 
in vivo, in a three-dimensional environment, MENA 
overexpression increased breast cancer cell migration 
and metastasis113.

Formins harbour FH1 and FH2 domains, which can 
nucleate linear actin filaments and remain at the actin 
barbed end, thereby preventing capping and promoting 
processive elongation with the help of profilin–G-actin21. 
Long actin filaments are essential for the formation of filo-
podia, and consequently both ENA/VASP proteins and 
mDIA2 (also known as Diaphanous-related formin 3 
(DRF3)) are implicated in filopodium formation114–117. 
In addition, knockdown of mDia2 in B16F1 mouse 
melanoma cells impaired lamellipodium formation and 
reduced the speed and persistence of residual lamellipo-
dial protrusion as well as the speed of two-dimensional 
random migration. Conversely, expression of constitutively 
active mDIA2, which localized to the edge of lamellipodia, 
increased lamellipodial persistence, although it decreased 
protrusion speed. These lamellipodia displayed very long,  
parallel, unbranched actin filaments117. However, mDIA2 
is not expressed in all cell lines118 and endogenous 
mDIA2 does not localize to the edge of lamellipodia117,119. 
Furthermore, it promotes focal adhesion turnover119, 
which increases cell migration speed by enabling cells to 
form and again lose many adhesion sites while migrating 
across the substratum. This may provide an alternative 
explanation for mDIA2’s function in cell migration.

By contrast, the formin FMNL2 is widely expressed, 
is an N-myristoylated protein and localizes to the edge 
of lamellipodia upon activation by CDC42 (REF. 28). 
Furthermore, unlike other formins, FMNL2 does not 
seem to efficiently nucleate actin filaments but to elon-
gate the barbed end in the presence of profilin in a pro-
cessive manner (FIG. 4). Consequently, Fmnl2 knockdown 
reduces the speed of lamellipodial protrusion and two-
dimensional random migration28. Taken together, these 
data suggest that ENA/VASP and formins may elongate 
branched actin filaments that are nucleated by the ARP2/3 
complex at the leading edge of cells, thereby increasing the 
speed of lamellipodial protrusions.

The elongation of actin filaments is counteracted by  
heterodimeric capping protein20 (FIGs 4,5). Capping pro-
tein is absolutely required for ARP2/3-dependent motil-
ity in vitro and for lamellipodium formation in cells4,120. 
Capping protein directly binds to another leading edge 
protein, CARMIL (also known as LRRC16A), which 
negatively regulates capping protein’s interaction with 
barbed ends, thereby preventing capping and increasing 
ARP2/3-mediated actin polymerization121–123. CARMIL 
localizes to lamellipodia through an unconventional 
PH domain and colocalizes with capping protein122–125. 
CARMIL overexpression increased lamellipodium 
size122, whereas Carmil knockdown reduced lamelli-
podial protrusion speed and increased persistence, result-
ing in reduced cell migration speed and persistence122,125. 
In conclusion, CARMIL, ENA/VASP and formins are 
three independent means of opposing capping and thus 
enhancing the elongation of actin filaments. Enhanced 
elongation increases the speed of lamellipodial protru-
sion, which in turn yields faster cell migration (FIG. 5), 
provided that the cell edge does not ruffle back because 
of insufficien t substratum adhesion.

Controlling the stability of the branched actin network. 
The branched actin network can be remodelled. In parti-
cular, branched junctions, which correspond to active 
ARP2/3 complexes, can be removed. Such network 
remodelling seems to allow tropomyosin to bind to the 
actin network and myosin motors to move along the actin 
network126,127, both of which favour actin disassembly and 
cell translocation128. Various factors have been shown to 
control ARP2/3 stability at the branch (FIG. 4).

The first factor proposed to destabilize branched 
junctions was the filament-severing protein cofilin129. 
However, it was recently shown that another cofilin family  
member, GMF, is specialized in debranching. In vitro, 
GMF disassembles branched junctions without severing 
actin filaments themselves130 (FIG. 4). Instead, GMF seems 
to specifically sever the junction between ARP2 of the 
ARP2/3 complex and the actin filament, which is a varia-
tion of the cofilin-mediated mechanism of severing131,132. 
GMF targets aged branched junctions — that is, those 
at which ARP2/3-bound ATP has been hydrolysed to 
ADP133 — in a manner similar to that of cofilin, which tar-
gets aged ADP-containing actin filaments for disassembly. 

Figure 4 | Direct effectors of actin polymerization. Actin-related protein 2/3 (ARP2/3)-mediated actin filament 
nucleation requires branching off a primer filament, which may be provided by the activities of cofilin, junction-mediating 
and -regulatory protein (JMY) or SPIN90. These primer filaments may be elongated by ENA/VASP proteins and formins 
such as FMNL2, or capped by heterodimeric capping protein. Capping is counteracted by CARMIL. Branched actin 
networks are stabilized in vitro by cortactin, which in vivo might rather function as a branch sensor. The debranching 
and severing of actin filaments is mediated by glial maturation factor (GMF), coronin and cofilin.
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The effects of GMF-mediated debranching on the organ-
ization of the actin cytoskeleton and the efficiency of 
lamellipodial protrusion have not yet been fully explored. 
However, knockdown of GMF genes reduced the speed 
of migration in diverse systems134,135. Reciprocally, over-
expression of GMF is associated with the increased cell 
migration speed and invasion of tumour cells and with 
poor prognosis in ovarian cancer136,137. However, this asso-
ciation with invasion might involve invadopodia rather 
than lamellipodia.

In contrast to GMF, cortactin stabilizes branched junc-
tions in vitro (FIG. 4). In fact, cortactin is a useful marker  
of branched actin networks138: cortactin labels the width of  
lamellipodia, unlike the WAVE complex, which is 
restricted to its edge. In vitro, cortactin localizes at the 
ARP2/3 branched junction in pre-formed branched actin 
networks and stabilizes these branches139,140. Consistently, 
fluorescence recovery after photobleaching (FRAP) experi-
ments revealed that cortactin turns over throughout the 
lamellipodium and that cortactin is not solely incorpo-
rated at the lamellipodial edge in the same manner as 
actin or ARP2/3 (REF. 30). Depletion of cortactin does 
not grossly affect lamellipodial actin organization but 
reduces lamellipodial persistence and cell migration 

speed141,142. Surprisingly, loss of cortactin reduced RAC 
activation, and transfection of cortactin depleted cells 
with active RAC rescues the phenotype, suggesting that 
cortactin might be a branch sensor that activates RAC142. 
Similarly, cortactin promotes the secretion of extracellular 
matrix to which migrating cells adhere, and this may also 
explain the migration defects induced by the absence of 
cortactin143.

It can thus be concluded that branch stability is reg-
ulated positively by cortactin and negatively by GMF 
and that both factors promote fast migration. However, 
GMF promotes migration by increasing the turnover of 
branched actin networks, whereas cortactin appears to 
promote migration because it induces RAC activation and 
extracellular matrix secretion142,143. Unlike lamellipodia, 
however, other ARP2/3-dependent structures at the sur-
face of endosomes or in invadopodia depend on cortactin 
for their stability144,145.

Inactivation of the ARP2/3 complex. As the ARP2/3 
complex is the major engine of protrusion, it can be 
expected that inactivating this engine leads to ‘braking’ 
and decreased cell speed. The ARP2/3 complex is inhib-
ited by coronins and several proteins harbouring an acidic 
ARP2/3-binding motif.

Coronins, a family of WD40 repeat-containing pro-
teins, inhibit ARP2/3 complex activation146. We limit 
our discussion to type I coronins, which are the best 
characterized. The original coronin was identified in 
D. discoideum, in which knockout of the gene encoding 
it impaired cell migration147. Coronin was independently 
purified from bovine thymus extracts as a factor that 
promotes actin filament depolymerization, together with 
cofilin148. However, coronin can also stabilize actin fila-
ments149. These apparently conflicting data were resolved 
when it was observed that coronin favours the stabili-
zation of ‘young’ ATP-containing actin filaments and 
destabilizes ‘old’ ADP-containing actin filaments150. Yeast 
coronin quantitatively associates with Arp2/3 in cytosolic 
extracts, suggesting that it binds to inactive Arp2/3 and 
maintains it in a form that cannot be activated151. It was 
also reported that the mammalian coronin 1B targets 
active ARP2/3 at the branched junction and induces 
debranching of the actin network139 (FIG. 4). However, 
coronin might also impede ARP2/3 activation through 
its ability to decorate actin filaments, as coronin-decorated 
filaments cannot serve as substrates for ARP2/3-mediated 
branching152. Some of the observed differences in the pro-
posed functions of coronins might be due to the use of 
either yeast or mammalian coronins, which may have 
different biochemical properties with respect to ARP2/3. 
Nevertheless, cell biology confirms that coronins inhibit 
the ARP2/3 complex. Indeed, depletion of coronin 1B 
led to a more densely branched actin network at the edge 
of lamellipodia, with reduced retrograde flow. This con-
sequently increased lamellipodial protrusion speed and 
reduced lamellipodial persistence, reducing the speed 
of cell migration147,153. The ability of coronin to inhibit 
the ARP2/3 complex is negatively regulated by its phos-
phorylation at a conserved N-terminal Ser residue154. 
More specifically, it was shown that the inactivation of 

Figure 5 | Balance of actin branching versus elongation 
regulates lamellipodial persistence and protrusion 
speed. Increased actin branching and decreased actin 
elongation cause slow but persistent lamellipodia, which 
can be observed in fibroblasts with smooth protrusions. 
Conversely, increased actin elongation combined with 
decreased actin branching leads to faster but less 
persistent lamellipodial protrusion and results in ruffling of 
the cell leading edge. The branching of F-actin filaments is 
induced by WASP family verprolin-homologous protein 
(WAVE)-mediated activation of the actin-related 
protein 2/3 (ARP2/3) complex and counteracted by the 
Arpin-mediated inhibition of ARP2/3. The elongation of 
actin filaments is supported by ENA/VASP, CARMIL and 
FMNL2, but it is reduced by capping protein.
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even random migration.

Directionality
The orientation of cell 
migration. This parameter is 
important in guided migration 
but not in random migration. 
Directionality should not be 
confused with directional 
persistence.

coronin-mediated ARP2/3 inhibition (through the phos-
phorylation of coronin by protein kinase C) is required for 
growth factor-stimulated cell motility155. 

Other proteins such as protein interacting with 
C kinase 1 (PICK1), gadkin (also known as AP1AR) and 
Arpin inhibit the ARP2/3 complex through an acidic 
motif that is similar to the motif found in the extreme 
C terminus of WCA domains. Whereas PICK1 and 
Arpin inhibit the ARP2/3 complex through competitive 
inhibition, gadkin binds to ARP2/3 without activating it 
or preventing its activation by WCA domain-containing 
NPFs156–158. Therefore, it is proposed that gadkin inhibits 
ARP2/3 complex activity by sequestering it away from 
NPFs. Nonetheless, it is striking to notice that, as for NPFs, 
there seems to be a division of labour between the ARP2/3 
complex inhibitory proteins: PICK1 and Arpin inhibit the 
ARP2/3 complex at clathrin-coated pits and at the lamel-
lipodium edge, respectively156,158,159 (the specific locations 
at which N-WASP and WAVE, respectively, activate the 
ARP2/3 complex), whereas gadkin sequesters ARP2/3 at 
the surface of endosomes157 (where WASH activates the 
ARP2/3 complex). This observation suggests the existence 
of two antagonistic ARP2/3-regulating molecules at each 
place where branched actin networks are generated.

PICK1 increases the endocytosis of AMPA (α-amino-3- 
hydroxy-5-methyl-4-isoxazole) receptors and decreases 
the size of dendritic spines in neurons. This is negatively 
controlled by the small GTPase ARF1, which directly 
interacts with PICK1, and thereby reduces the binding 
of ARP2/3 to PICK1 and increases F-actin polymeriza-
tion and dendritic spine size156,159,160. Even though ARF1 is 
implicated in cell migration, a role for PICK1 in cell migra-
tion has not been shown so far. However, gadkin depletion 
promotes lamellipodium-mediated cell spreading and cell 
migration, consistent with its role in sequestering ARP2/3 
away from the leading edge157. The inhibitory role of Arpin 
in lamellipodial protrusion and cell migration has been 
documented in evolutionarily distant cell models. Arpin 
depletion in D. discoideum, zebrafish embryos and mam-
malian cells results in faster and more persistent lamellipo-
dia, whereas the injection of purified Arpin destabilizes 
the persistent lamellipodia of fish keratocytes158. In all 
of these model systems, Arpin decreases the speed and 
persistence of cell migration, consistent with its role in 
inhibiting the ARP2/3 complex. Arpin thus illustrates 
that directional persistence, and not just speed, can also be 
controlled by ARP2/3 regulatory proteins.

Steering cell migration
Even during random migration, cells control their direc-
tional persistence — that is, the characteristic time during 
which a cell sustains its migration in the same direction. 
Directional persistence positively correlates with lamelli-
podial persistence161. Lamellipodial persistence depends 
on the duration of actin polymerization at the front of the 
cell and on the adhesion of the lamellipodium to the sub-
stratum10. In addition, cells can control their directionality 
— that is, the orientation of their migration — by sensing 
and responding to gradients of chemokines (chemotaxis), 
extracellular matrix density (haptotaxis), substrate rigidity 
(durotaxis) or electric fields (electrotaxis)10. These guided 

migrations induce diverse signalling networks, which 
probably impinge on the machinery that controls direc-
tional persistence. Indeed, chemotaxis does not directly 
induce a lamellipodium with the right orientation but 
rather favours the right lamellipodium after random ini-
tiation162,163. We discuss here the three major mechanisms 
at play in controlling lamellipodial persistence and their 
influence on directional persistence.

Balancing branching and elongation. The balance between 
actin branching and elongation determines the persis-
tence and speed of lamellipodial protrusions. If branch-
ing predominates over elongation, which occurs when 
there is high WAVE-mediated ARP2/3 activity, the actin 
network is stiffer, and this results in more persistent, albeit 
slower, protrusion. Conversely, if elongation predominates 
over branching, which occurs when ENA/ VASP activity is 
high, unbranched long actin filaments may buckle while 
pushing the membrane, resulting in faster lamellipodia 
that display frequent retractions in the form of ruffles22 
(FIG. 5). There is no antagonism, however, between these 
phenomena: a fast and persistent lamellipodium may 
coordinate branched nucleation with elongation. This 
fine-tuning of the actin network may contribute to the 
steering of cells by increasing branching and elongation 
and hence increasing speed and persistence in the direc-
tion of movement. This coordination of branching and 
elongation was first shown for the intra cellular motility 
of the pathogenic bacterium Listeria monocytogenes, the 
actin-polymerizing factor of which, the ActA protein, 
recruits ENA/VASP and directly activates the ARP2/3 
complex164,165. In T cells, the haematopoietic-specific pro-
tein FYB (also known as SLAP130 and ADAP) directly 
recruits ENA/VASP and forms a complex with WASP–
ARP2/3, thereby mediating F-actin-dependent immu-
nological synapse formation166. Similarly, the ubiquitous 
protein lamellipodin recruits ENA/VASP proteins to the 
leading edge of cells and directly interacts with the WAVE 
complex via ABI14,111. Various additional factors that reg-
ulate ARP2/3 complex-mediated actin branchin g (such 
as coronin, Arpin and GMF) and actin elongation (such as 
capping protein, CARMIL and FMNL2) are also likely to 
fine-tune the balance between branching and elongation 
and hence contribute to cell steering (FIG. 5).

Positive-feedback loops in directional persistence. It has 
long been recognized that the behaviour of migrating 
cells is governed by feedback loops167,168. Combining 
positive- and negative-feedback loops results in oscilla-
tory behaviour, which best describes the protrusion and 
retraction cycles of lamellipodia that are observed in ran-
domly migrating cells (FIG. 6a). In this scenario, two types 
of negative-feedback loops can be envisioned, which are 
either activated only after a timed delay or when a high 
output is reached167–170. We first explore multiple positive-
feedback loops with different timescales that probably 
function to sustain lamellipodial protrusion after initial 
signalling events that activate the ARP2/3 complex. For 
example, a short positive-feedback loop is to continue to 
polymerize actin where it was previously polymerized171. 
A longer positive-feedback loop might be provided by the 
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reorganization of the microtubule‑organizin g centre in the 
direction of migration; this provides more tracks along 
which membranous organelles can be delivered to the 
cell leading edge and allows mitochondria to accumulate  
at the cell front, where energy is needed for the actin 
cycle172–174. At the molecular level, we have seen how 
membrane traffic is likely to contribute to WAVE com-
plex activation. However, there is also evidence for a role 
of CDC42, the PAR complex and microtubules in main-
taining cell polarity and hence the direction of migration, 
which has been reviewed recently10,175,176.

The short positive-feedback loop that continues to 
polymerize actin where it was previously polymerized 
is likely to involve the small GTPase RAC. Its activity at 
the leading edge is controlled by various GEFs, such as 
TIAM1, VAV2, TRIO, β-PIX (also known as ARHGEF7) 
and DOCK, and various GTPase‑activating proteins 
(GAPs), such as SLIT–ROBO GAP (srGAP) and SH3BP1 
(REF. 177), although their respective contribution is far 
from clear. In some cases, these regulatory proteins have 
been implicated in positive- or negative-feedback loops 
(FIG. 6b). For example, β-PIX activates RAC in response 
to actin polymerization through its ability to form a 
complex with coronin1A, which might sense lamelli-
podial F-actin178. Similarly, the TRIO-dependent activa-
tion of RAC requires CARMIL1, which increases actin 

polymerization at lamellipodia through its ability to uncap 
actin filaments125,179. Cortactin might function as another 
actin sensor that is specific for branched actin networks, 
as its depletion prevents RAC activation142 (FIG. 6). In line 
with the importance of branched actin networks in feed-
back, VASP depletion, which shifts the balance towards 
branching22,112, induces RAC upregulation180.

Additional positive-feedback loops also involve 
RAC. Signalling from integrins activates RAC at lamel-
lipodia181 and may provide positive feedback by recruit-
ing RAC GEFs to the leading edge and activating them 
there182. Furthermore, RAC activates PI3K, thereby 
increasing PtdIns(3,4,5)P3 levels, which in turn acti-
vates more RAC183. RAC–GTP and PtdIns(3,4,5)P3 are 
both coincident signals that are required for WAVE and 
ARP2/3 complex activation and the branched nucleation 
of actin filaments47, which function in a positive-feedback 
loop to continue to polymerize actin where it was previ-
ously polymerized171,184. In addition, RAC also generates 
a positive-feedback loop through reactive oxygen spe-
cies185: hydrogen peroxide is generated downstream of 
RAC through NADPH oxidase186. Hydrogen peroxide in 
turn activates ARP2/3, actin polymerization and lamel-
lipodium formation187. Conversely, hydrogen peroxide 
production depends on actin polymerization188,189, closin g 
the positive-feedback loop.

Figure 6 | Positive- and negative-feedback loops between RAC and actin polymerization govern cell migration.  
a | A combination of positive- and negative-feedback loops convert a constant input into oscillatory behaviour that is 
frequently observed in lamellipodia, which undergo cycles of protrusion and retraction. b | The small GTPase RAC activates 
lamellipodin and WASP family verprolin-homologous protein (WAVE) (and thereby actin-related protein 2/3 (ARP2/3)), and 
is required for lamellipodium formation. Lamellipodin also recruits ENA/VASP proteins to the lamellipodium. RAC activity is 
further increased through positive-feedback loops involving RAC guanine nucleotide exchange factors (GEFs), such as TRIO 
(which acts downstream of CARMIL1) and β-PIX (which acts downstream of coronin1A). Several other positive-feedback 
loops activate RAC in an uncharacterized manner, such as the one that depends on cortactin. These RAC-centred 
positive-feedback loops are antagonized by negative-feedback loops. Arpin negatively regulates ARP2/3 activity 
downstream of active RAC. In addition, RAC activity is reduced by two RAC GTPase-activating proteins (GAPs): SLIT–ROBO 
GAP (srGAP) functions downstream of lamellipodin and WAVE, and SH3BP1 functions downstream of the exocyst.
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F-BAR domain
A special type of BAR domain 
that is located at the amino 
terminus of proteins and which 
usually senses or induces 
invaginations of the plasma 
membrane.

Negative-feedback loops and steering. These RAC-centred 
positive-feedback loops are antagonized by negative-
feedback loops (FIG. 6b). Such negative feedback provides 
homeostasis, thereby preventing the overactivation of 
RAC: when the level of RAC–GTP is too high, directional 
persistence is reduced, whereas medium levels of RAC–
GTP increase directional persistence in migration in two- 
and three-dimensional environments190. RAC promotes 
the generation of the lamellipodium but also intrinsically 
encodes its retraction, causing lamellipodial oscillations158 
in line with the common observations that most lamel-
lipodia are unstable and that only the most persistent ones 
define a leading edge associated with effective migration.

Indeed, RAC also activates the ARP2/3 inhibitory 
protein Arpin at the edge of the lamellipodium, and cell 
protrusions are sustained longer when Arpin is depleted 
from zebrafish embryos158 (FIG. 6b). As Arpin is active at 
the leading edge, a pool of ARP2/3 should be inactive 
at the edge of the lamellipodium. Such a pool might have 
been identified by single-molecule imaging: individual 
ARP2/3 complexes were observed to move laterally within 
the plane of the membrane. These complexes are prob-
ably inactive, unlike the majority of ARP2/3 complexes, 
which are incorporated into the branched actin network 
upon activation and thus undergo retrograde flow with 
actin191. Furthermore, EXO70 promotes ARP2/3 activa-
tion at the lamellipodium. Upon exocytosis, the vesicular 
sub complex of the exocyst associates with EXO70 and 
recruits the RAC GAP SH3BP1 to the leading edge. The 
exocyst complex thereby downregulates RAC activit y 
(FIG. 6b), and SH3BP1 depletion is associated with the 
formation of more protrusions and disorganized migra-
tion192,193. Another negative-feedback loop may be pro-
vided by lamellipodin, which associates with the WAVE 
complex in response to RAC signalling14. Both lamelli-
podin and WAVE proteins recruit the RAC GAP srGAP 
to the leading edge194,195 (FIG. 6b). In addition, srGAP con-
tains an atypical F‑BAR domain, which senses membrane 
protrusions, and thereby activates srGAP after the forma-
tion of protrusions196. Consequently, srGAP decreases the 
directional persistence of cell migration197.

Taken together, the integration of negative and posi-
tive feedback accounts for the oscillatory behaviour of 
the lamellipodium — that is, the cycles of lamellipodium 
protrusion and retraction167–170. In addition to this forward 
oscillation, which is easily captured by kymographs, neg-
ative and positive feedbacks can account for the lateral 

displacement of membrane protrusion, which is assessed 
through a more challenging analysis of cell outlines198,199. 
Lateral propagation of protrusions is similar to the propa-
gation of electric influxes along axons of neurons as action 
potentials. This lateral displacement of protrusions also 
contributes to cell steering in chemotaxis and has been 
modelled162,200. As a consequence, these opposing feed-
backs provide the basis for fine-tuning cell migration and 
for controlling its directionality.

Concluding remarks and perspectives
We have seen in recent years a flurry of additional mecha-
nisms that control actin nucleation, branching and elon-
gation in lamellipodial protrusion. The ARP2/3 complex 
is probably primed for subsequent activation; the WAVE 
complex is recruited and activated by a combination of 
coincident signals, which probably permit the integra-
tion of signalling inputs with membrane trafficking; a 
balance of ARP2/3-mediated branching and formin- or 
ENA/VASP-mediated elongation controls the speed and 
persistence of protrusion; and the stiffness of branched 
networks is probably regulated by debranching. The most 
striking feature, however, is that these various events are 
coordinated by a master switch, the GTPase RAC.

RAC may coordinate the generation of branched actin 
networks with the elongation of actin filaments through 
proteins functioning upstream of both ENA/VASP and 
WAVE, such as lamellipodin. RAC itself also controls 
the termination of ARP2/3 activation through Arpin. 
However, a better understanding of the function and 
regulation of these proteins that control the coordination 
of actin filament branching and elongation is required to 
fully grasp how fine-tuning of the actin ultrastructure reg-
ulates persistent cell migration. In addition, even though it 
is well accepted that feedback loops govern cell migration, 
it is remarkable how little we know about how RAC GEFs 
and RAC GAPs function in the positive- and negative-
feedback loops that control directional persistence. Thus, 
another major challenge ahead is to dissect the positive- 
and negative-feedback loops at play in controlling the 
duration of lamellipodial protrusions, which may involve 
parallel, redundant pathways, signalling thresholds and 
timed delays. We believe this can only be achieved through 
close collaborations between biochemists, cell biologists 
and modellers. With the tool set of proteins that regulate 
RAC activity and directly shape the actin ultrastructure at 
hand, we envisage exciting times in cell migration research.
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