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Many eukaryotic cells regulate their polarity and motility in

response to external chemical cues. While we know many of

the linear connections that link receptors with downstream

actin polymerization events, we have a much murkier

understanding of the higher order positive and negative

feedback loops that organize these processes in space and

time. Importantly, physical forces and actin polymerization

events do not simply act downstream of chemotactic inputs but

are rather involved in a web of reciprocal interactions with

signaling components to generate self-organizing pseudopods

and cell polarity. Here we focus on recent progress and open

questions in the field, including the basic unit of actin

organization, how cells regulate the number and speed of

protrusions, and 2D versus 3D migration.
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The basic unit of actin assembly — reciprocal
interactions between nucleators and the actin
cytoskeleton generate oscillations and waves
of polymerization
To move, cells need to control when and where they

assemble actin polymer. What is the basic unit of actin

assembly for eukaryotic chemotaxis? It has long been

known that motile cells exhibit periodic changes in their

morphology [1,2,3�]; later work has observed that actin-

binding proteins (e.g. WAVE regulatory complex (WRC),

Arp2/3 complex, and coronin) exhibit oscillatory localiz-

ation dynamics in Dictyostelium [4,5,6�,7,8,9��,10��], neu-

trophils [11�,12], and other mammalian cells [5,13–15],

which take the form of either stationary oscillations or

propagating waves at the plasma membrane (Figure 1a).
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A useful framework in which to conceptualize these

waves has been to view them as an excitable system,

similar to the action potentials which neurons use to

transmit information. Among the advantages offered by

an excitable system are the ability to ‘ignore’ stimuli

below a particular threshold (i.e. filter out noise) and to

amplify all signals above this threshold to the same

(maximal) level of response [16]. This could enable subtle

difference in the concentration of external chemoattrac-

tant or in the upstream regulators of cell polarity to be

converted into large changes in the activation state and

spatial distribution of actin assembly [8,17–19]. Addition-

ally, since zones of inhibition exist directly behind pro-

pagating waves generated by an excitable system —

preventing waves from reversing direction and making

their survival dependent on their movement — this

model can account for several of the behaviors displayed

by migrating cells, including obstacle avoidance. Upon

coming into contact with a barrier, waves of actin assem-

bly promoting factors are stalled, allowing inhibitory

factors to ‘catch-up’ and terminate actin assembly [20].

Such an attribute is especially advantageous in confined

environments, where cells would preferentially generate

protrusions at locations free of obstructions. This and

other potential roles for propagating waves of actin assem-

bly/turnover have been reviewed elsewhere [21].

The upstream modulators of actin assembly within the

chemotactic signaling network, such as PIP3 and Ras,

exhibit properties of an excitable system, including

refractory periods, all-or-nothing responses to input,

and wave-like localization patterns [10��,19,22�]. The

actin cytoskeleton in motile cells is also intrinsically

excitable, but in a manner that may not be dependent

on upstream signals such as Ras and PIP3 [10��]. While

multiple feedback loops do appear to exist both within

and between the signaling network and cytoskeleton

[20,23–27] (Figure 1b), the specific roles of each connec-

tion in modulating cell migration are not yet clear. In its

most basic form, an excitable system comprises two

components, one which produces fast-acting positive

feedback and a second which produces slower negative

feedback [28]. What components regulate positive feed-

back for actin waves/oscillations? Both WRC and Arp2/3

complex show wave-like localization dynamics in

multiple systems, indicating that either might participate

in wave generation, and both complexes play instrumen-

tal roles in driving cell motility throughout eukaryotes.

Loss of WRC leads to defects in cell polarity, morphology,

actin organization, and migration speed in a variety of
www.sciencedirect.com
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Actin polymerization as an excitable system. (a) Actin polymerization is organized as multiple wavelike (top) and oscillatory nucleation events (bottom,

single oscillator denoted by circle) in motile cells, as visualized by the dynamics of the WAVE regulatory complex (WRC) [9–11]. Waves that reach the

cell boundary organize cellular protrusion. (b) The behavior of these waves and oscillations are consistent with an excitable system, which typically has

the topology of rapid positive feedback and delayed inhibition (components bound by black dotted line). Key components of the chemotactic signaling

network and the flow of information to factors specifying actin assembly are depicted in gray. Candidates for the molecular basis of the positive and

negative feedback loops (green and red arrows, respectively) are briefly summarized.
systems [20,29–33] and disruption of Arp2/3 has produced

similar defects in morphology and migration in many

instances [34–37]. However, there is no consensus in

the field on whether Arp2/3 is required for normal polar-

ization and migration during chemotaxis [38,39].

Of these two complexes, WRC appears to be a stronger

candidate for contributing to positive feedback

(Figure 1b), given its biochemical activity in stimulating

Arp2/3-dependent actin assembly [40] and genetic obser-

vations demonstrating its essential role in promoting

chemotaxis in many cellular contexts [20,29–33]. Such

positive feedback may operate though the recruitment of

additional WAVE regulatory complexes to sites of Arp2/3-

dependent barbed-end production (the WAVE2 com-

ponent of WRC contains a WH2 domain, which has been

shown in other contexts to associate with barbed-ends of

actin filaments [41–43]). In addition, WRC may self-

enrich through homo or hetero-oligomerization [44]. A
www.sciencedirect.com 
recent study revealed such a mechanism at work for

another Arp2/3 activator, N-WASP, which exhibits highly

cooperative phase separation/multimerization with multi-

valent binding partners via interactions of their SH3

domains with proline-rich regions of N-WASP. These

multivalent assemblies exhibit markedly more potent

stimulation of Arp2/3-dependent actin assembly when

compared to monomeric N-WASP [45��]. One candidate

for performing such a role in the context of WRC is

IRSp53, a membrane-binding BAR domain protein,

which directly interacts with WAVE2 via its SH3 domains

to promote Arp2/3-dependent actin assembly [46,47], but

the multitude of other WRC binding proteins could play a

similar role.

What regulates the negative feedback necessary for actin

oscillations? Actin filaments appear to play a prominent

role, as treating motile cells with drugs blocking actin

assembly increases the lifetimes and intensities of WRC
Current Opinion in Cell Biology 2014, 30:60–67
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waves, whereas treatment with drugs stabilizing filaments

has the opposite effect [10��,11�,23]. This behavior is also

observed for other actin nucleation-promoting factors: N-

WASP recycles faster in the presence of Arp2/3 complex

binding and actin polymerization [48]. While the specific

mechanisms mediating negative feedback have yet to be

identified, recent evidence using XTC cells suggests that

actin filaments may mechanically remove WRC from the

membrane while undergoing retrograde flow [23]

(Figure 1b). Actin may also potentially play an indirect

role via the recruitment of actin-binding proteins to the

leading edge that promote dissociation of WRC from the

plasma membrane.

Is cell migration in 3D qualitatively different
than in 2D?
Amoeboid chemotaxis in two dimensions has been stu-

died in great detail and has led to the general model

(described above) in which the major pathway leading to

motility relies on WRC binding and stimulation of Arp2/

3-dependent actin assembly at the leading edge. While a

body of work has identified additional modes for specify-

ing actin assembly in migrating cells (e.g. formin-depend-

ent and Ena/VASP-dependent mechanisms; reviewed in

[49]), the means by which these different factors contrib-

ute has proved challenging to unravel. WRC has long

been thought to be required for chemotaxis; however, a

recent study found that Dictyostelium lacking WRC could

still efficiently undergo this process. In these cells,

WASP, which normally localizes to clathrin patches to

promote endocytosis, became enriched at sites that would

typically contain WRC to stimulate Arp2/3-dependent

actin assembly [9��]. This is a profoundly significant

result. WRC is typically localized to and thought to be

responsible for building explosive integrated actin net-

works, such as lamellipodia, whereas N-WASP is typically

localized to and thought to be responsible for building

much more focal actin assemblies, such as filopodia and

endocytic actin structures. The data in Dictyostelium
suggest that the different actin structures are not intrinsic

to the different actin nucleation-promoting factors, but

rather that other elements (say lamellipodial or endocytic-

specific scaffolds) are responsible for organizing the actin

structures that are formed.

While the above study revealed only minor differences

between the activities of WASP and WRC in driving 2D

migration, later work demonstrated that N-WASP and

WRC-dependent migration exhibited more distinct phe-

notypes in mammalian cells engaging in three-dimen-

sional chemotaxis. Here, cells lacking WRC displayed

impaired motility in 2D; but they were far more effective

than wildtype cells at undergoing invasive migration in

3D [50�]. Together both studies indicate that WASP-

dependent migration may be subject to fewer regulatory

inputs when compared to WRC-dependent migration,

but it remains unclear to what degree (especially in three
Current Opinion in Cell Biology 2014, 30:60–67 
dimensions) that WASP proteins contribute to cell

migration when WRC is present.

Comparatively little is known regarding the mechanisms

mediating amoeboid migration in three dimensions. A

report characterizing the movement of neutrophil-like

HL-60 cells in microfluidics chambers mimicking a 3D

environment found that cells created two distinct actin

filament networks at the leading edge. One existed along

the sides of the cell membrane in contact with the

chamber wall and polymerized perpendicular to it, creat-

ing a wedge. A second network, which polymerized just

behind the unobstructed edge of the cell, could use this

wedge as a platform to funnel the force generated through

its assembly into the free edge to drive the cell forward

[51�]. Like other studies that observed amoeboid

migration in a confined environment [52��,53,54], the

model proposed here seems to suggest that cell-substrate

adhesions, while instrumental for 2D migration, may not

be strictly required for motility in a 3D environment.

Surprisingly, these authors also found that Arp2/3 — but

not formin activity — was dispensable for this mode of

migration [51�]. Unlike Arp2/3, formins do not form

branched networks; thus their contributions to the assem-

bly of the highly dendritic actin networks present at the

leading edge was not initially apparent. While a handful

of studies have implicated some formins (particularly

those of the Dia subgroup) in mediating migration

[55,56], the exact mechanisms by which they do so are

not completely clear, even in 2D migration. One in vitro
study has proposed a mechanism where formins associate

with the free barbed ends of filaments nucleated by Arp2/3

to create some of the longer filaments seen at the leading

edge of migrating cells [57]; and later work found that the

formin Dia and Enabled (a member Ena/VASP family of

actin assembly factors) directly interact to modulate the

migration speed of Drosophila hematocytes [58]. It will thus

be important to address how different mechanisms of actin

assembly (e.g. WRC-mediated, WASP-mediated, and for-

min-mediated), which produce filament networks with

distinct architectures, collaborate to drive cell migration

under varying environmental conditions.

What controls the number and speed of cell
protrusions?
For efficient movement, cells need to limit their number

of protrusions. How is this accomplished? A number of

recent studies have implicated membrane tension as a

global integrator of multiple cellular behaviors, including

cell shape and movement [59–64,65��]. In the context of

chemotactic cells, neutrophils use tension within the

plasma membrane to enable protrusions to compete with

one another and establish a dominant front [66�]
(Figure 2a). The plasma membrane serves as a particu-

larly useful conduit for transmitting information, as loca-

lized changes in tension can be propagated almost

instantaneously throughout the entire membrane and
www.sciencedirect.com
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Figure 2
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Actin assembly reciprocally interacts with mechanical forces to regulate protrusion number and speed. (a) In the presence of uniform chemoattractant,

cells form a single leading edge through competition between nascent protrusions. This competition occurs through long-range inhibition that is

communicated by changes in membrane tension. Actin polymerization at each protrusion exerts force on the plasma membrane (gray arrows), rapidly

increasing membrane tension (black double-arrows) throughout the cell. Increased membrane tension globally suppresses the formation of new sites

of polarized actin assembly through inhibition of upstream signals such as Rac activation and WRC recruitment; however, assembly still occurs at the

initial site since positive feedback components are already present at sufficiently high levels to overcome this inhibition. This system ensures that a

single dominant leading edge emerges [66�], but it is not yet clear how changes in tension are translated to changes in signaling. (b) Dendritic cells in a

confined environment maintain a steady rate of forward protrusion, independent of surface adhesiveness. To compensate for reduced traction on non-

adhesive surfaces and the subsequent increase in the rate of retrograde flow of the actin network (green arrows), cells increase the rate of actin

polymerization directed toward the leading edge (gray arrows) to produce the same protrusion velocity of the plasma membrane (black arrows). Even a

single cell that finds itself overlapping surfaces with differing levels of adhesiveness is able to maintain distinct subcellular domains with different rates

of actin assembly to produce the same net force across the leading edge and maintain persistence despite the adhesive differences. These data

suggest that the speed of cell protrusion is not set by the amount of actin assembly but rather depends on how fast the plasma membrane is released

into the protrusions [52��]. How this is regulated is unknown.
act on a much faster timescale than alternative methods

cells may use, such as reaction-diffusion systems [66�].

How do cells ensure that tension remains within the

proper range? In keratocytes, plasma membrane tension

depends on actin-based based pushing forces from within
www.sciencedirect.com 
the lamellipodium: Remarkably, when plasma membrane

area is experimentally increased by �30% (via fusion with

giant unilamellar vesicles), cells rapidly increase total

actin polymer levels within the lamellipodium to com-

pensate for this enlarged area such that actin filament

density (and thus force against the plasma membrane)
Current Opinion in Cell Biology 2014, 30:60–67
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remains constant [65��]. Earlier work using keratocytes as

an experimental system developed a mathematical model

where the area, aspect ratio, and speed of motile cells

could all be predicted through the interplay between

actin dynamics and membrane tension, arguing that these

are emergent self-organizing properties from the inter-

action between actin networks and physical forces trans-

mitted through the plasma membrane [63].

Currently, the specific factors that sense and transmit the

state of membrane tension to the signaling proteins that

regulate actin cytoskeleton are unknown. Among the

possibilities, proteins of the BAR domain family are

particularly attractive candidates as they associate with

membranes (by sensing/influencing their curvature),

directly interact with Rho GTPases (which participate

in many signal transduction pathways), and bind to — and

modulate the activities of — factors promoting actin

assembly (including N-WASP, WRC, and formins) in a

diverse array of systems [67–71]. Since BAR proteins

directly link the plasma membrane to both chemotactic

signaling factors and actin assembly machinery, they

seem ideally positioned to convey information among

all three cellular currencies. Alternatively, the actin

polymerization machinery itself could be the sensor.

Blocking protrusion also results in an inhibition of

WRC recruitment (and potentially its feedback to Rac

activity [11�,20]), and in vitro actin networks are known to

change their activity in response to applied force [72].

Mechanical feedback also appears to set the speed of

protrusions in amoeboid cells, as illustrated in an analysis

of dendritic cell motility in confined environments as a

function of substrate adhesivity. It was previously known

that dendritic cell motility requires integrin-based

adhesion in 2D, but integrins are dispensable in 3D

[53,54]. Here, the authors used a confined chamber (basi-

cally two closely spaced coverslips) to study the integrin-

based versus adhesion-independent modes of motility.

When placed in the chamber, cells migrated at the same

velocity with the same morphology whether the surface

was coated with PEG or with serum, preventing or

promoting adhesion respectively [52��]. Cells compen-

sated for changes in the ‘stickiness’ of a surface by

modulating their rates of actin polymerization. As ‘sticki-

ness’ decreased, actin assembly increased to maintain a

steady rate of forward protrusion, and this compensation

could even be observed with half of the cell migrating in

an adhesive mode and the other half migration without

adhesions (Figure 2b) [52��]. In contrast to other motile

cells, such as fibroblasts, which are guided by changes in

cell adhesion, dendritic cells appear to ignore adhesive

differences during 3D migration. This could enable the

cells to be guided by subtle changes in chemoattractant

while ignoring large differences in substrate adhesiveness

during their migration in vivo. The other surprising

implication of this data is that actin is pushing as hard
Current Opinion in Cell Biology 2014, 30:60–67 
as it can at the leading edge, and what sets the rate of

leading edge advance is not the amount of actin assembly

but rather the speed with which the membrane can move

forward. What sets this limit is a complete mystery, but

could include friction in the membrane, release of mem-

brane from other protrusions or the back through retrac-

tion or crushing of actin networks.

Future directions
Given the complexity of chemotaxis and the numerous

connections among (and within) signaling pathways, actin

dynamics, and the plasma membrane, it has been difficult to

reconstitute these higher order behaviors in vitro to dissect

the mechanisms by which oscillations of actin assembly/

turnover contribute to cell migration. The field has recently

succeeded in reconstituting the oscillatory dynamics of

several self-organizing bacterial proteins in vitro (e.g.

MinC/MinD/MinE [73��] and FtsA/FtsZ [74]). WRC and

N-WASP dependent actin nucleation have also been recon-

stituted in vitro [41,71,75,76], but they do not exhibit the

same oscillatory dynamics as they do in vivo, and it is not

clear whether this is due to missing components or a need to

change the format in which these proteins are reconstituted

(e.g. inside lipid bilayers instead of on the surface of

vesicles). A complementary approach is to study the bio-

chemistry of these components in vivo with more sophisti-

cated tools to manipulate  and measure signaling, actin

organization, and physical forces. Tools such as atomic force

microscopy have been employed to measure changes in

membrane tension [77,78] and could potentially be used to

interactively  manipulate tension as well. Optogenetic [79–
85] and chemical [86,87] tools may be used to rapidly

modulate protein location/activity in living cells. Such

approaches should provide further insight into the complex

dance between signaling, forces, and the cytoskeleton that

underlie the self-organization of protrusions and polarity.
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