
Journal of Cellular
Biochemistry

PROSPECT
Journal of Cellular Biochemistry 108:1252–1262 (2009)
The Cofilin Activity Cycle in Lamellipodia and Invadopodia
*
E

R

P

Matthew Oser1* and John Condeelis1,2

1Department of Anatomy and Structural Biology, Albert Einstein College of Medicine of Yeshiva University, Bronx,
New York 10461

2Gruss Lipper Biophotonics Center, Albert Einstein College of Medicine of Yeshiva University, Bronx, New York 10461
ABSTRACT
The actin severing protein cofilin is essential for directed cell migration and chemotaxis, in many cell types and is also important for tumor cell

invasion during metastasis. Through its severing activity, cofilin increases the number of free barbed ends to initiate actin polymerization for

actin-based protrusion in two distinct subcellular compartments in invasive tumor cells: lamellipodia and invadopodia. Cofilin severing

activity is tightly regulated and multiple mechanisms are utilized to regulate cofilin activity. In this prospect, we have grouped the primary

on/off regulation into two broad categories, both of which are important for inhibiting cofilin from binding to F-actin or G-actin: (1) Blocking

cofilin activity by the binding of cofilin to either PI(4,5)P2 at lamellipodia, or cortactin at invadopodia. (2) Blocking cofilin’s ability to

bind to actin via serine phosphorylation. Although the literature suggests that these cofilin regulatory mechanisms may be cell-type

dependent, we propose the existence of a common cofilin activity cycle in which both operate. In this common cycle, the mechanism used

to initiate cofilin activity is determined by the starting point in the cycle in a given subcellular compartment. J. Cell. Biochem. 108: 1252–

1262, 2009. � 2009 Wiley-Liss, Inc.
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D irected cell migration is essential for many normal

physiological processes beginning with the migration of

embryonic cells during development throughout adult life when

cells of the immune system, such as neutrophils and macrophages,

chemotax toward pathogens [Soon, 2007]. In addition, chemotaxis

based directed cell migration is a hallmark of several disease

processes including the invasion of tumor cells into the surrounding

tissue stroma towards the endothelium to enter the bloodstream.

This coordinated migration process leads to tumor metastasis, which

is the spread of tumor cells from the primary site to a distant organ.

Thus, it is important to understand the underlying mechanisms that

allow for directed cell migration.

The initiation of directed cell migration requires actin poly-

merization from free barbed ends. In response to the stimulation by

growth factors, such as epidermal growth factor (EGF), a cell begins

to polymerize actin filaments near the plasma membrane producing

force to push the plasma membrane forward resulting in a

protrusion of the membrane [Mogilner and Oster, 2003; DesMarais

et al., 2005]. There are multiple mechanisms by which cells initiate

actin polymerization including cofilin-induced severing to produce

free actin filament barbed ends [DesMarais et al., 2005], Arp2/3

complex initiated dendritic nucleation of daughter filaments from

pre-existing mother filaments [Pollard, 2007], and formin family
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nucleation of new filaments [Higgs, 2005]. These mechanisms are

coordinated to produce free barbed ends for efficient cell migration

[DesMarais et al., 2005; Wang et al., 2007a; Sarmiento et al., 2008].

Increasing the number of free barbed ends at a specific location

within a cell is used not only to initiate a protrusion during cell

motility, but also to define the location of protrusion [Ghosh et al.,

2004]. This results in directed cell migration toward the extracellular

source that is triggering actin polymerization, a process known as

chemotaxis. There is substantial evidence showing that the actin

severing protein cofilin is required for determining the direction of

the protrusion by initiating the formation of free barbed ends used

for actin polymerization [Ghosh et al., 2004; Mouneimne et al.,

2004; Mouneimne et al., 2006; Sidani et al., 2007]. The severing

activity of cofilin is sufficient to set the direction of cell migration

[Sidani et al., 2007] and initiates actin-based protrusions by

increasing the number of free barbed ends for actin polymerization

[Mouneimne et al., 2004]. In this review, we will discuss the function

of cofilin activity during cell motility and how cofilin activity is

regulated in different cell types and in different subcellular

compartments. Although there is substantial evidence concluding

that cofilin is regulated by multiple mechanisms and that the

primary mechanism utilized may be cell-type dependent, we

propose the existence of a common cofilin activity cycle.
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THE COFILIN/ADF FAMILY

Cofilin, a 19 kDa protein, is in the cofilin/actin-depolymerizing

factor (ADF) family of actin-binding proteins. There are several

isoforms in the cofilin/ADF family of proteins including cofilin-1

(ubiquitous expressed cofilin isoform), cofilin-2 (the muscle isoform

of cofilin), and ADF. Knockout studies in mice have shown that

cofilin-1 [Gurniak et al., 2005], but not ADF [Ikeda et al., 2003], is

essential for survival during embyogenesis past embryonic day 9.5.

In contrast, ADF�/� mice have normal survival phenotypes during

embryonic development [Ikeda et al., 2003]. In this review, we will

focus on cofilin-1 (referred to hereafter as cofilin)—the ubiquitously

expressed isoform required for cell motility.

FUNCTION OF COFILIN ACTIVITY IN VITRO

There is a general agreement that cofilin activity is essential for

regulation of actin dynamics during cell motility [Nagata-Ohashi

et al., 2004; Sidani et al., 2007; Sun et al., 2007]. Studies have shown

that cofilin has two general biochemical functions: (1) To

depolymerize actin filaments to supply a pool of actin monomers

for steady state actin polymerization [Carlier et al., 1997]. (2) To

sever actin filaments to create free barbed ends used for actin

polymerization [Ichetovkin et al., 2002]. Thus, there are two leading

models to explain the function of cofilin activity during cell

motility: (1) The enhanced dissociation model claims that cofilin

activity leads to increased rates of dissociation of actin monomers

from the pointed end of actin filaments and as a result cofilin

activity is utilized by cells to depolymerize and recycle actin to

supply a pool of actin monomers for subsequent actin polymeriza-

tion [Carlier et al., 1997; Kiuchi et al., 2007]. (2) The severing activity

model suggests that cofilin activity results in the severing of actin

filaments creating new barbed ends for actin polymerization. Cofilin

activity has a direct role in actin polymerization in the severing

model, but not in the enhanced dissociation model, where cofilin

participates indirectly in actin polymerization by recycling

actin monomers. These two functions for cofilin activity during

actin assembly and disassembly are not mutually exclusive and

which function predominates depends on the supply of G-actin

monomers available for actin polymerization [DesMarais et al.,

2005]. The studies that support either the enhanced dissociation

model or the severing model have been done in different cell

types, using different extracellular stimuli, at different sub-cellular

locations. A recent study demonstrated that the effect of cofilin

activity on actin filaments is dependent on the concentration of free

cofilin [Andrianantoandro and Pollard, 2006] and hence, the effect

of cofilin activity on actin dynamics may differ among cell types

and in different subcellular compartments. In this study, low

concentrations of free cofilin were optimal for cofilin severing

activity. As the cofilin concentration was increased, nucleation of

actin filaments was observed. They also demonstrated that cofilin

activity can result in the depolymerization of actin filaments

without a change in off rate at the pointed end, in support of

previous work [Ichetovkin et al., 2000]. This study supports the

severing model for cofilin activity and argues against the enhanced
JOURNAL OF CELLULAR BIOCHEMISTRY
dissociation model. It also suggests that cofilin primarily functions

during actin-based motility to directly increase actin polymerization

via its severing activity or direct nucleation activity. Furthermore, it

suggests that the precise function for cofilin activity during cell

motility may be determined by the concentration of free cofilin and

G-actin in a specific subcellular compartment.

FUNCTION OF COFILIN ACTIVITY DURING CELL
MOTILITY IN VIVO

As described above, initiation of actin polymerization requires

the amplification of free barbed ends. In invasive tumor cells,

dictyostelium discoideum, and neutrophils, the amplification of free

barbed ends occurs in two temporal transients, an early and a late

transient [Soon, 2007]. In mammary carcinoma cells, signaling

pathways leading to the severing activity of cofilin are required for

the early barbed end transient and pathways leading to Arp2/3

complex activation are required for the late barbed end transient

[Mouneimne et al., 2004]. In neutrophils, cofilin-generated barbed

ends are critical for Arp2/3-dependent actin polymerization and cell

migration [Sun et al., 2007]. Interestingly, there is little productive

protrusion resulting from the cofilin-generated barbed ends during

the first transient [Mouneimne et al., 2004]. The cofilin activity

during the first transient has two primary functions: (1) Establish the

asymmetry of actin polymerization required to set the direction of

cell migration [Ghosh et al., 2004; Sidani et al., 2007] and (2) to

supply the mother filaments for dendritic nucleation by Arp2/3

complex resulting in the productive protrusion of the plasma

membrane [DesMarais et al., 2004]. Cofilin and the Arp2/3 complex

have been shown to function synergistically both in vitro

[Ichetovkin et al., 2002] and in vivo [DesMarais et al., 2004] and

this synergy is required to produce protrusion of a lamellipodium on

the side of the cell facing the chemotactic gradient [Sidani et al.,

2007]. When cofilin severs actin filaments to create free barbed ends,

new filaments elongating from these barbed ends are preferred sites

for Arp2/3 binding [Ichetovkin et al., 2002]. Thus, the result is a

synergy between cofilin severing activity and Arp2/3-generated

dendritic nucleation resulting in the formation of a branched actin

network.

The cooperation between cofilin and the Arp2/3 complex during

actin polymerization and depolymerization has been investigated in

vitro with purified proteins [Ichetovkin et al., 2002; Chan et al.,

2009]. Both studies support a synergistic interplay between cofilin

and the Arp2/3 complex. At the optimum concentration of cofilin

for severing, around 9 nM [Ichetovkin et al., 2002; Chan et al., 2009],

cofilin severs actin filaments to produce mother filaments preferred

for dendritic nucleation by Arp2/3 complex. At these concentrations

of cofilin, the Arp2/3-generated branches are stable, and productive

pushing force can result from polymerization. At higher concentra-

tions of cofilin, a cofilin-dependent cooperative inhibition of Arp2/3

binding to the sides of mother filaments occurs, which increases the

debranching rate. This occurs in part through a cofilin-dependent

structural change propagated in the mother actin filament resulting

in the dissociation of the Arp2/3 complex from the branch site

[Chan et al., 2009]. Since cofilin does not bind to newly polymerized
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Fig. 1. Primary on/off mechanisms that regulate cofilin activity. Left: In

resting cells, cofilin remains inactive due to phosphorylation of serine residue

3 via Lim or TES Kinases, by binding to PI(4,5)P2 at the plasma membrane, or by

binding to dephosphorylated cortactin in invadopodia. Right: The initiation

of cofilin activity can be achieved by dephosphorylation of serine 3 via

slingshot (SSH) or chronophin (CIN), and other general phosphatases,

PI(4,5)P2-hydrolysis via PLCg1, or tyrosine phosphorylation of cortactin via

either Abl or Src-family kinases.
ADP-Pi filaments, the stable Arp2/3 branches are biased to the

newly polymerized mother filaments generated by cofilin severing

[Ichetovkin et al., 2002]. These results emphasize the importance of

precisely regulating the concentration of active cofilin in vivo to

achieve the balance between the polymerization and depolyme-

rization activities intrinsic to cofilin—a balance needed for

chemotaxis and cell migration [Wang et al., 2007a].

Arp2/3 branch stability may also be regulated in vivo by coronin-1B

[Cai et al., 2007] and may involve cortactin [Cai et al., 2008] at

lamellipodia. Coronin-1B can simultaneously bind to slingshot and the

Arp2/3 complex resulting in the inhibition of Arp2/3 activity and the

activation of slingshot resulting in cofilin dephosphorylation and

activation [Cai et al., 2007]. The net result is the debranching of actin

filaments. Together, these studies provide strong evidence that the

activities of cofilin and the Arp2/3 are highly regulated and cooperate

both during actin assembly resulting in the efficient generation of a

branched actin network [Ichetovkin et al., 2002; DesMarais et al., 2004]

and during disassembly resulting in actin filament debranching [Cai

et al., 2007; Chan et al., 2009]. Together, these mechanisms, underlying

chemotaxis and the formation of lamellipodia in tumor cells, are

important for the formation of productive protrusions allowing motile

cells to sense a gradient and migrate toward that gradient.

THE REGULATION OF COFILIN ACTIVITY

Precise regulatory control of cofilin activity is critical to maintain the

normal physiology of the cell since the mis-regulation of cofilin

activity can lead to disease states including tumor metastasis [Wang

et al., 2007a] and Alzheimer’s disease [Bamburg and Wiggan, 2002].

Many studies have now demonstrated, both in vitro and in vivo, that

cofilin activity can be regulated by multiple mechanisms [Arber et al.,

1998; van Rheenen et al., 2007]. We have grouped the primary on/off

regulation into two broad categories, both of which are important for

inhibiting cofilin from binding to F-actin or G-actin: (1) Blocking

cofilin activity by the binding of cofilin to either PI(4,5)P2 [Gorbatyuk

et al., 2006] or cortactin [Oser et al., 2009]. (2) Blocking cofilin’s

ability to bind to actin via serine phosphorylation at residue 3 [Arber

et al., 1998] (Fig. 1). Apart from these two primary on/off mechanisms

used to regulate cofilin activity, other mechanisms have been shown

to contribute to the amplitude of cofilin activity resulting from the

turning on of cofilin including: regulation by pH [Frantz et al., 2008]

and by scaffolding activators of cofilin including cyclase-associated

protein (CAP), Aip1, b-arrestin [Zoudilova et al., 2007], Memo [Meira

et al., 2009], and coronin [Cai et al., 2007; Marshall et al., 2009]. These

mechanisms primarily function to fine tune the primary on/off

regulatory mechanisms involving PLCg1-mediated PI(4,5)P2 hydro-

lysis, cortactin, and cofilin dephosphorylation.

INACTIVATION OF COFILIN BY SERINE
PHOSPHORYLATION: ROLE OF SPECIFIC KINASES

Cofilin activity is blocked upon phosphorylation on serine 3 and

restored when cofilin is dephosphorylated [Bamburg and Wiggan,

2002]. Phosphorylation of cofilin at serine 3 inhibits cofilin’s ability

to bind to actin blocking cofilin’s actin severing and depolymeriza-
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tion activities [Arber et al., 1998] (Figs. 1 and 2). Many studies have

now identified specific kinases and phosphatases involved in

phosphorylating and dephosphorylating cofilin. The kinases include

the Lim family kinases (Lim 1 and 2) [Arber et al., 1998] and the Tes

family kinases (Tes 1 and Tes 2). The phosphatases that depho-

sphorylate and activate cofilin include slingshot [Nagata-Ohashi

et al., 2004] and chronophin [Gohla et al., 2005], and general

phosphatases such as PP1, PP2A, and PP2B.

Lim kinase phosphorylates cofilin on serine 3 blocking cofilin’s

severing and actin depolymerization activity (for a review on pathways

that regulate Lim kinase-dependent activation of cofilin see Scott and

Olson [2007]). Although other substrates for Lim kinase exist, cofilin

and ADF are probably the most abundant substrates for Lim kinase. Lim

kinases are regulated and activated by phosphorylation at serine 505/

508 by upstream pathways involving Rho-GTPases. Specifically Rac1

or Cdc42 can activate Pak, which in turn phosphorylates and activates

Lim kinase. Alternatively, Rho-GTPases can activate ROCK, which

phosphorylates Lim kinase. Thus, activation of Rho, Rac, or Cdc42 can

result in the phosphorylation and activation of Lim kinase leading to

the inhibition of cofilin activity.

These pathways allow for precise temporal and spatial control of

cofilin activity within a narrow window as required to balance

cofilin’s intrinsic polymerization and depolymerization activities,

which is essential for chemotaxis [Mouneimne et al., 2006]. In this

regard, different studies have reported that overexpression of Lim

kinase can either enhance cell motility and tumor metastasis

[Bagheri-Yarmand et al., 2006] or inhibit cell motility [Hotulainen
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. The common cofilin activity cycle at lamellipodia. Cofilin cycles through three compartments near lamellipodia: the cytosol, F-actin, and the plasma membrane (PM)

compartments. Cofilin remains inactive at the PM by binding to PI(4,5)P2, and in the cytosol when it is serine phosphorylated. When activated by either PLCg1-mediated

PI(4,5)P2 hydrolysis or dephosphorylation by SSH, cofilin translocates to the F-actin compartment where it binds and severs actin filaments resulting in the generation of

free barbed ends and the formation of cofilin–G-actin complexes. These free barbed ends are amplified by WAVE2-dependent Arp2/3 activation resulting in efficient

actin polymerization and the formation of cellular protrusions in lamellipodia. The release of cofilin from PI(4,5)P2 at the PM is amplified by an increase in pH (mediated by

the Naþ–Hþ exchanger NHE1), which reduces the affinity of cofilin for PI(4,5)P2, Cofilin is then phosphorylated by Lim kinase to inactivate cofilin. The cycle repeats when cofilin

is dephosphorylated by SSH to either recycle cofilin to the PM or directly initiate actin filament severing by cofilin. ‘þ’ Indicates pH increase. White arrows indicate primary

pathways that regulate cofilin activity, yellow arrows indicate indirect pathways, and blue arrows indicate pathways downstream of cofilin severing activity. Modified from

Figure 2 of van Rheenen et al. [2009].
et al., 2005] and tumor metastasis [Wang et al., 2006]. Such

conflicting results occur because overexpression of Lim kinase may

decrease or increase the output of the cofilin pathway, depending on

the relative level of cofilin expression and activity in the cell type used

for study. Lim kinase 1 is overexpressed in the invasive subpopulation

of metastatic carcinoma cells, but cofilin expression or activity is also

increased in these cells [Wang et al., 2004, 2007b]. Increased Lim

kinase activity results in increased cofilin phosphorylation and, in the

presence of increased cofilin activity, this is sufficient to sharpen the

cell’s response to chemoattractants [Mouneimne et al., 2006]. Overall,

during tumor cell invasion, both Lim kinase expression and cofilin

activity are simultaneously increased. These findings demonstrate

that, to understand the effect of altering Lim kinase expression on

cell motility processes, the output of the cofilin pathway needs to be

measured directly, and not inferred indirectly.

ACTIVATION OF COFILIN ACTIVITY BY
DEPHOSPHORYLATION: ROLE OF
SPECIFIC PHOSPHATASES

Dephosphorylation of cofilin at serine 3 by specific phosphatases,

including slingshot and chronophin, can result in the activation of
JOURNAL OF CELLULAR BIOCHEMISTRY
cofilin (for a review see Huang et al. [2006]; Fig. 2). In many cell

types, such as neutrophils, cofilin phosphorylation levels are high

in resting cells and dramatically decrease upon growth factor

stimulation as a result of phosphatase activation [Sun et al., 2007].

Neuregulin stimulation in MCF-7 cells results in slingshot activation

also leading to dramatic decreases in phosphorylated cofilin upon

growth factor stimulation [Nagata-Ohashi et al., 2004]. In these cell

types under resting conditions, the cellular pool of cofilin consists

mostly of phosphorylated cofilin. As a result, cofilin is initially

dephosphorylated leading to its activation (Fig. 2).

Slingshot is a family of phosphatases that selectively depho-

sphorylate cofilin downstream of growth factor stimulation [Nagata-

Ohashi et al., 2004]. Apart from functioning to dephosphorylate

cofilin, slingshot also dephosphorylates and inactivates Lim kinase

[Soosairajah et al., 2005] resulting in increased control of cofilin

activation. Slingshot is known to be activated by high cellular F-actin

levels, which increases cofilin activity [Nagata-Ohashi et al., 2004]

suggesting that slingshot-mediated cofilin activation controls the

intracellular pool of G-actin. PKD1 was recently identified as the

upstream kinase that phosphorylates and inactivates slingshot

[Eiseler et al., 2009b]. Activated PKD1 increases the phosphoryla-

tion and de-activation of slingshot resulting in increased cofilin
THE COFILIN ACTIVITY CYCLE 1255



phosphorylation and decreased cofilin activity. PKD1 activity inhibits

total barbed end formation through increasing phosphorylated cofilin

and thus decreasing the output of the cofilin pathway. Increasing Lim

kinase expression decreases the output of the cofilin pathway and

results in decreased tumor cell invasion, intravasation, and metastasis

[Wang et al., 2006]. Similarly, PKD1 expression can suppress the

invasiveness of mammary carcinoma cell lines [Eiseler et al., 2009a].

It would be interesting to determine whether PKD1-mediated

decreases in cofilin activity [Eiseler et al., 2009b] can block tumor

cell metastasis in vivo. In summary, PKD1 and slingshot have

opposing roles leading to either an overall decrease or increase in

cofilin activity [Soosairajah et al., 2005; Eiseler et al., 2009b].

Besides slingshot, the phosphatase chronophin (CIN) is a specific

phosphatase for cofilin [Gohla et al., 2005]. CIN dephosphorylates

cofilin leading to increased cofilin activity. By increasing the

dephosphorylation of cofilin, CIN decreases total cellular F-actin

levels [Gohla et al., 2005]. In contrast to slingshot, CIN does not

dephosphorylate and inactivate Lim kinase [Huang et al., 2006]. CIN is

important for the initial activation of cofilin in neutrophils leading to

the formation of free barbed ends and polymerization of mother

filaments used for subsequent Arp2/3 activation [Sun et al., 2007].

REGULATION OF COFILIN ACTIVITY BY
PI(4,5)P2 BINDING

Recent evidence shows that the initial activation of cofilin activity

in mammary carcinoma cells is regulated in vivo by pathways

involving the release of cofilin from inhibitory binding interactions

[van Rheenen et al., 2007; Oser et al., 2009]. PI(4,5)P2 controls the

initial activation of cofilin at the leading edge [van Rheenen

et al., 2007] and cortactin controls the initial activation of cofilin

in invadopodia-organelles that mediates focal degradation of

extracellular matrix (ECM) in metastatic carcinoma cells using

matrix metalloproteinase (MMP) activity [Oser et al., 2009]. The

binding of either PI(4,5)P2 or cortactin to cofilin blocks cofilin’s

activity even when cofilin is dephosphorylated [Gorbatyuk et al.,

2006; Oser et al., 2009]. First, we will describe what is known

about PI(4,5)P2’s ability to regulate cofilin and then compare and

contrast it with cortactin’s direct regulation of cofilin severing

activity. Furthermore, we will speculate whether these two forms

of regulation are utilized throughout the cell or are unique to

invadopodia and lamellipodia.

In vitro binding experiments demonstrated that cofilin binds to

membrane lipids, one of which is PI(4,5)P2, and this inhibits cofilin’s

severing activity [Gorbatyuk et al., 2006]. Cofilin binds to PI(4,5)P2

whether or not it is phosphorylated in vitro [Moriyama et al., 1996].

However, dephosphorylated, but not phosphorylated, cofilin is

enriched in the plasma membrane in mammary carcinoma cells

[Song et al., 2006] suggesting that, in vivo, the PI(4,5)P2-bound

cofilin fraction is dephosphorylated. When cofilin is bound to

PI(4,5)P2, its actin binding activity and hence severing activity, is

inhibited [Gorbatyuk et al., 2006]. Loss of cofilin binding to PI(4,5)P2

is the mechanism for activating cofilin at the leading edge of

mammary carcinoma cells and in muscle cells [Song et al., 2006;

Hosoda et al., 2007; van Rheenen et al., 2007]. Knocking down
1256 THE COFILIN ACTIVITY CYCLE
cofilin or PLCg1 with siRNA demonstrated that both cofilin and

PLCg1 are required for chemotaxis and for the generation of the first

barbed end transient that occurs after EGF stimulation in mammary

carcinoma cells [Mouneimne et al., 2004, 2006; Meira et al., 2009].

The precise mechanism by which cofilin is regulated by PI(4,5)P2

binding at the plasma membrane was elucidated using FRET and

FRAP approaches with live mammary carcinoma cells [van Rheenen

et al., 2007] (Fig. 2). In resting cells, cofilin is directly bound to

PI(4,5)P2 at the plasma membrane. Upon stimulation with EGF,

cofilin is released from the membrane via PLCg1-mediated PI(4,5)P2

hydrolysis and binds to actin. Cofilin then severs actin filaments to

create free barbed ends for actin polymerization. The amount of

serine phosphorylated cofilin increases after EGF stimulation

[Song et al., 2006] excluding dephosphorylation of cofilin as the

mechanism for initial cofilin activation in this cell type. Recently, it

was also shown that Memo, a scaffolding protein with no enzymatic

activity, increases both the depolymerization and severing activity

of cofilin in vitro, binds to a cofilin/PLCg1/ErbB2 complex in vivo,

and thus increases the output of the PLCg1/cofilin pathway [Meira

et al., 2009]. This suggests that local activation of cofilin at the

leading edge via release from PI(4,5)P2 by PLCg1 can be amplified by

the presence of the scaffolding protein Memo.

For some time it has been known that cofilin severing and

depolymerization activities are increased at elevated physiological

pHs. A recent study demonstrated that the binding of cofilin to

PI(4,5)P2 is weakened by increases in pH that occur after activation

of the Naþ/Hþ exchanger [Frantz et al., 2008]. Upon growth factor

stimulation, the Naþ/Hþ exchanger is activated leading to local

increases in pH resulting in decreased cofilin-PI(4,5)P2 binding

at the membrane and increased cofilin activity (Fig. 2). Thus,

increasing pH functions to promote cofilin activity by decreasing its

affinity for the endogenous activity inhibitor, PI(4,5)P2, and thus

promoting cofilin-actin binding.

All of these regulatory steps have been assembled into a cofilin

activity cycle for the leading edge of the lamellipodium, which

explains cofilin’s role in protrusion and chemotaxis (Fig. 2) [van

Rheenen et al., 2009].

DIRECT REGULATION OF COFILIN ACTIVITY BY
CORTACTIN IN INVADOPODIA

In carcinoma cells, cofilin localizes both at the leading edge [Chan

et al., 2000; Mouneimne et al., 2004] and at invadopodia [Yamaguchi

et al., 2005]. It has been shown that cofilin is localized to invadopodia

and its presence is required for the stability of the invadopodium and

matrix degradation activity [Yamaguchi et al., 2005]. Similar to the

function of cofilin activity at the leading edge, cofilin is important for

the formation of free barbed ends in invadopodia [Oser et al., 2009].

Interestingly, the mechanisms used to regulate cofilin activity at the

plasma membrane and invadopodia are different in the same

mammary carcinoma cell type [van Rheenen et al., 2007; Oser et al.,

2009]. In invadopodia, cofilin is primarily regulated by cortactin

(Fig. 3) [Oser et al., 2009], a multi-domain scaffolding protein that is

known to activate the Arp2/3 complex and bind to the branch points

of actin filaments and stabilize them [Weaver et al., 2001]. In vitro,
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. The common cofilin activity cycle in invadopodia. Cofilin cycles through two compartments near invadopodia: the cytosol and the F-actin compartments. Cofilin

remains inactive in the F-actin compartment by binding to cortactin, and in the cytosol when it is serine phosphorylated. When cortactin is tyrosine phosphorylated by either Abl

or Src-family kinases, cortactin no longer inhibits cofilin’s severing activity and cofilin binds and severs actin filaments resulting in the generation of free barbed ends and the

formation of cofilin–G-actin complexes. These free barbed ends are amplified by N-WASp-dependent Arp2/3 activation resulting in efficient actin polymerization in

invadopodia. In addition, cortactin tyrosine phosphorylation activates Dynamin II’s GTPase activity, which remodels actin filaments making them more accessible to cofilin.

Cofilin is then phosphorylated by Lim kinase to inactivate cofilin. The cycle repeats when both cofilin and cortactin are dephosphorylated allowing the re-binding of cofilin to

cortactin and inhibition of cofilin severing activity. Black arrows indicate primary pathways that regulate cofilin activity, yellow arrows indicate indirect pathways, and blue

arrows indicate pathways downstream of cofilin severing activity.
cofilin and cortactin bind directly and cortactin inhibits cofilin’s

severing activity. Upon tyrosine phosphorylation of cortactin, after

EGF stimulation, the interaction between cortactin and cofilin

decreases thereby releasing cofilin’s actin binding and severing

activities to create free barbed ends for actin polymerization. Within

minutes, cortactin is dephosphorylated and the cofilin–cortactin

interaction is restored inhibiting further cofilin activity. Similar to the

PI(4,5)P2 mechanism that regulates the initial activation of cofilin at

the plasma membrane (Fig. 2), cofilin is bound and released from

cortactin in invadopodia resulting in cofilin severing activity (Fig. 3).

Cortactin and cofilin are both involved in many other cellular

processes involving actin polymerization (for reviews see Ammer and

Weed [2008] and Van Troys et al. [2008]). It will be interesting to

determine whether cortactin regulates cofilin during other actin-

based motile processes as it does in the invadopodium.

Cortactin phosphorylation not only directly regulates cofilin

activity at invadopodia, but regulates the activity of the Arp2/3

complex through a cortactin phosphorylation/Nck1/N-WASp path-

way [Oser et al., 2009]. This pathway has been described in vitro

[Tehrani et al., 2007] and recently it was demonstrated that

invadopodia use this pathway to polymerize actin in vivo [Oser
JOURNAL OF CELLULAR BIOCHEMISTRY
et al., 2009]. As described earlier, the synergy between cofilin and

the Arp2/3 complex leads to efficient actin polymerization and

filament remodeling both in vitro [Ichetovkin et al., 2002; Chan

et al., 2009] and in vivo [DesMarais et al., 2004]. Thus, cortactin

may be the scaffolding protein that coordinates this synergy in

invadopodia by regulating the severing and debranching activities

of cofilin. It will be interesting to determine whether cortactin plays

a role in the synergy between cofilin and the Arp2/3 complex at the

leading edge [DesMarais et al., 2004].

The kinase that phosphorylates cortactin in invadopodia to

regulate actin polymerization is not known. There are many kinases

known to phosphorylate cortactin in vitro including Src, Fer, Arg,

and Abl [Ammer and Weed, 2008]. Abl family kinases may be the

preferred kinases to phosphorylate cortactin both in vitro and in

vivo [Boyle et al., 2007]. Arg binds to cortactin at two distinct

sites and these Arg–cortactin binding interactions are critical for

the formation of cell edge protrusions in response to fibronectin

in fibroblasts [Lapetina et al., 2009]. Together, these findings

suggest that an Arg–cortactin signaling pathway may regulate

cofilin activity in invadopodia. Interestingly, PLCg1 can activate

Abl family kinases [Plattner et al., 2003] and initiate cofilin
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activity [van Rheenen et al., 2007]. Thus, it is reasonable to

hypothesize that PLCg1-mediated Abl activation leading to

cortactin tyrosine phosphorylation may amplify the initial acti-

vation of cofilin in both invadopodia and at the leading edge of

lamellipodia.
INDIRECT MECHANISMS USED BY CORTACTIN TO
REGULATE COFILIN ACTIVITY

In addition to cortactin’s direct regulation of cofilin activity by the

binding of cofilin, there is evidence that cortactin can indirectly

regulate cofilin activity. Cortactin can regulate dynamin II’s GTPase

activity resulting in increased accessibility of actin filaments to

severing by cofilin [Mooren et al., 2009]. In other words, the binding

of cortactin to dynamin II increases dynamin II’s GTPase activity

resulting in increased cofilin severing and barbed end formation for

polymerization (Fig. 3). Interestingly, when cortactin is tyrosine

phosphorylated, it has increased affinity for dynamin II resulting in

increased dynamin II GTPase activity [Zhu et al., 2007] suggesting

that phosphorylated cortactin can more effectively promote cofilin

severing both directly by release of cofilin [Oser et al., 2009] and

indirectly through dynamin II [Mooren et al., 2009]. Invadopodia are

enriched in cortactin, cofilin, and dynamin II [Baldassarre et al.,

2003] and thus increased phosphorylation of cortactin upon growth

factor stimulation can potentially initiate cofilin activity through

both direct [Oser et al., 2009] and indirect [Mooren et al., 2009]

mechanisms.

In addition, coronin may cooperate with cortactin to regulate

cofilin’s severing activity [Cai et al., 2007, 2008]. At the leading

edge, coronin-1B, cofilin, and slingshot complex can replace

cortactin at branch points of actin filaments resulting in

debranching of actin filaments. Coronin-1B competes with cortactin

for actin filament branches [Cai et al., 2008] and can induce the

debranching of actin filaments upon activating cofilin activity via

slingshot [Cai et al., 2007]. A recent study demonstrated that

coronin-2A, another coronin family member, is important for

coordinating the dephosphorylation of cofilin via slingshot at

focal adhesions leading to focal adhesion turnover in mammary

carcinoma cells [Marshall et al., 2009]. Specifically, coronin-2A

knockdown cells showed decreased cofilin activity, increased

focal adhesion size, and decreased focal adhesion turnover rates

[Marshall et al., 2009]. Cells expressing a cortactin mutant that

cannot be tyrosine phosphorylated have decreased cofilin activity

[Oser et al., 2009] and also show increased focal adhesion size

and decreased rates of focal adhesion turnover [Kruchten et al.,

2008]. These defects can be rescued by expressing a cortactin

phospho-mimic [Kruchten et al., 2008] that fails to inhibit cofilin’s

severing activity [Oser et al., 2009]. These studies suggest that

coronin may coordinate the dephosphorylation of cofilin via

slingshot and the re-binding of cofilin to cortactin during the cofilin

activity cycle at the leading edge (Fig. 2) and at invadopodia (Fig. 3).

Which specific coronin isoform is involved in coordinating the

dephosphorylation of cofilin via slingshot in invadopodia remains

to be determined.
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SCAFFOLDING ADAPTORS THAT MODULATE
COFILIN ACTIVITY

Apart from the primary mechanisms used to regulate cofilin activity,

several scaffolding activators have been identified that function

to either enhance or inhibit the output of the cofilin pathways

regulated by dephosphorylation and PI(4,5)P2. 14-3-3 Proteins bind

to phosphorylated slingshot and inhibit the activity of slingshot

[Nagata-Ohashi et al., 2004] thereby decreasing the output of

the cofilin pathway. Downstream of G-protein coupled receptors,

b-arrestin’s 1 and 2, form a complex with cofilin, CIN, and Lim

kinase, promoting the phosphatase activity of CIN and inhibiting

Lim kinase activity resulting in efficient cofilin dephosphorylation

in MDA-MB-468 cells [Zoudilova et al., 2007]. Thus, b-arrestin

functions as a scaffolding activator of pathways that control cofilin

via dephosphorylation. As described earlier, Memo, a scaffolding

protein downstream of the ErbB2 receptor in T47D cells, may be the

scaffolding activator involved in the PLCg1/PI(4,5)P2/cofilin path-

way [Meira et al., 2009]. In summary, the coordination of signaling

pathways that regulate cofilin activity via dephosphorylation and

PI(4,5)P2 binding involve scaffolding activators to increase the

output of the pathway resulting in efficient activation of cofilin.

COORDINATION OF COFILIN ACTIVATION BY
PLCg1/PI(4,5)P2 AND INACTIVATION BY LIM
KINASE-THE LEGI MODEL

Many studies investigating cofilin regulation have focused solely on

one mechanism and thus little is known about whether multiple

mechanisms of cofilin regulation are simultaneously utilized to

regulate cofilin within a single subcellular compartment. Gene

expression profiling studies using microarrays have shown that

multiple pathways leading to cofilin activation are simultaneously

upregulated within invasive tumor cells [Wang et al., 2004; Wang

et al., 2007b]. Thus, it is likely that individual pathways controlling

cofilin activation cooperate to result in increased control of cofilin

activity. Given that all forms of regulation may be utilized

and important for regulating cofilin activity in a single cell, it is

misleading to analyze one form of regulation, such as the

phosphorylation status of cofilin, and draw a conclusion about

the overall activity of the cofilin pathway in that cell. To deduce the

activity status of cofilin, one must look at the output of cofilin

activity—the ability to sever actin filaments to create free barbed

ends for actin polymerization.

For example, in mammary carcinoma cells, the phosphorylation

of cofilin, and cofilin activity, simultaneously increase upon EGF

stimulation in mammary carcinoma cells [Song et al., 2006]. As

described earlier, the initial activation of cofilin requires PLCg1/

PI(4,5)P2 pathway [van Rheenen et al., 2007]. In addition, the global

increase in cofilin phosphorylation is also important for spatially

restricting cofilin’s activity, which is necessary for chemotaxis

[Mouneimne et al., 2006; Song et al., 2006]. That is, increasing total

cofilin phosphorylation generates a region of focal dephosphory-

lated cofilin with high cofilin activity at the front of the cell facing

the chemoattractant gradient, which is required for localizing
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protrusion toward the source of chemoattractant [Mouneimne et al.,

2006]. Thus, activation of both PLCg1 (leading to initial cofilin

activation) and Lim kinase (leading to global increases in cofilin

phosphorylation) pathways are activated in response to EGF and are

both necessary for proper chemotaxis of tumor cells. These findings

support a local excitation/global inhibition (LEGI) model for cofilin

activation. LEGI models have been used to explain how cells respond

to chemoattractants in other eukaryotic model organisms, such as

dictyostelium discoideum [Devreotes and Janetopoulos, 2003]. We

propose that the LEGI model can be used to explain cofilin activity in

other cell types where the mechanisms that support the local

excitation and global inhibition of cofilin are determined by the

starting point in the cofilin activity cycle (Figs. 2 and 3).

A COMMON COFILIN ACTIVITY CYCLE

The specific mechanisms that regulate the initial activation of cofilin

depend on the starting point in the cofilin cycle from which cofilin is

activated during stimulation. This appears to vary with cell type [van

Rheenen et al., 2009]. All pathways known to regulate cofilin

activity can be connected to generate a common cofilin activity

cycle (Fig. 4A). The mechanisms responsible for regulating cofilin

activity in a specific subcellular compartment in a specific cell type

depends on the starting point of cofilin activity and the composition

of molecules in the specific subcellular compartment. For example,

in some cell types before stimulation, the majority of the cellular

pool of cofilin is phosphorylated cofilin [Kanamori et al., 1995; Sun

et al., 2007]. As a result, the initial activation of cofilin requires

dephosphorylation by phosphatases. In contrast, in unstimulated

tumor cells, the vast majority of the cellular pool of cofilin is
Fig. 4. A: The common cofilin activity cycle in both lamellipodia and invadopodia. Th

PI(4,5)P2 is the primary mechanism used to regulate cofilin activity. In contrast, as sho

PI(4,5)P2. Invadopodia form in PI(3,4)P2-enriched PM areas through a Tks5-PI(3,4)P2 bin

mechanism used to regulate cofilin activity. White and black arrows indicate pathways us

Y and (bottom) X–Z images of an MTLn3 cell stained with antibodies against PI(4,5)P2 (g

lamellipodia form (yellow), but PI(4,5)P2 is depleted from the ventral cell surface where

result of the co-localization of cofilin and PI(4,5)P2. In contrast, the ventral cell surfa
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dephosphorylated cofilin [Zebda et al., 2000; Song et al., 2006], but

cofilin remains inactive [Chan et al., 2000] in part due to the binding

of cofilin to PI(4,5)P2 at the plasma membrane. As a result, the initial

activation of cofilin requires PLCg1-dependent hydrolysis of

PI(4,5)P2 [van Rheenen et al., 2007]. Thus, the starting point of

the cycle determines the mechanisms required for the initial

activation of cofilin.

CROSS-TALK AMONG COFILIN
REGULATORY MECHANISMS

Little is known about the interdependence of the primary on/off

mechanisms that control cofilin activity. It has been demonstrated

that phosphorylated cofilin can bind to PI(4,5)P2 [Moriyama

et al., 1996] and thus it is conceivable that cofilin activation by

dephosphorylation and PI(4,5)P2 hydrolysis can simultaneously be

achieved in a single compartment within a cell downstream of

growth factor stimulation. In support of this hypothesis, inhibition

of PLCg1 activity with a chemical inhibitor blocked cofilin

dephosphorylation in neutrophils [Zhan et al., 2003] and macro-

phages [Matsui et al., 2001] suggesting that the activities of PLCg1

and cofilin-specific phosphatases are tightly coupled downstream of

growth factor stimulation. Recently, it has also been demonstrated

that phospho-cofilin is present in the complex with PLCg1/Memo/

ErbB2 at the plasma membrane [Meira et al., 2009]. Thus, it is

possible that a fraction of the cofilin bound to PI(4,5)P2 is

phosphorylated, and after the initial activation of cofilin by PLCg1,

a population of phospho-cofilin is released from the plasma

membrane, and quickly dephosphorylated by cofilin-specific

phosphatases. Future studies will determine whether there is a
e PM at lamellipodia is enriched with PI(4,5)P2 and the on/off binding of cofilin to

wn in B, the PM on the ventral cell surface where invadopodia form is depleted for

ding interaction. In invadopodia, the on/off binding of cofilin to cortactin is the primary

ed to regulate cofilin activity in lamellipodia and invadopodia, respectively. B: (Top) X–

reen) and cofilin (red) showing that PI(4,5)P2 and cofilin co-localize in the PM where

invadopodia form (Courtesy of Dr. Robert Eddy). The leading edge appears yellow as a

ce is red due to the presence of cofilin, but absence of PI(4,5)P2.
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redundancy of regulatory mechanisms that control the initial

activation of cofilin within a single subcellular compartment.

CONCLUDING REMARKS: WHY PI(4,5)P2 AND
CORTACTIN IN DIFFERENT SUBCELLULAR
COMPARTMENTS?

So why have these two distinct cofilin regulatory mechanisms,

PI(4,5)P2 and cortactin, evolved in different subcellular compart-

ments? One can speculate that these divergent forms of cofilin

regulation may depend on the requirements for the biogenesis

of the specific organelle. Cortactin is absolutely essential for

invadopodium formation and function in many cancer cell types

(for a review on cortactin see Weaver [2008]), but is not essential for

lamellipodium formation [Bryce et al., 2005; Desmarais et al., 2009].

Invadopodia are invasive structures found in metastatic, but not

non-metastatic carcinoma cells [Yamaguchi et al., 2005], and thus it

is conceivable that the regulation of signaling pathways leading to

actin polymerization are specific to invadopodia. In addition,

cortactin is highly overexpressed in many human cancers and the

evidence suggests that cortactin is important for metastasis, but not

for growth of the primary tumor. Thus, the high protein expression

of cortactin in invasive tumor cells may help to explain why

cortactin is essential for regulating many processes in invadopodia.

Lamellipodia form in regions of the plasma membrane enriched for

PI(4,5)P2, where PI(4,5)P2 inhibits cofilin activity at the plasma

membrane [van Rheenen et al., 2007]. However, PI(4,5)P2 is not

enriched in the plasma membrane on the ventral cell surface where

invadopodia form (Fig. 4B), or in podosomes [Oikawa et al., 2008]—a

related structure to invadopodia found in myelocytic cells. Interest-

ingly, Tks5, a scaffolding protein enriched in invadopodia [Oser et al.,

2009] and required for invadopodium formation [Stylli et al.,

2009], binds selectively to PI(3,4)P2 [Abram et al., 2003], and the

accumulation of Tks5 at PI(3,4)P2-enriched membrane locations is

essential for podosome formation [Oikawa et al., 2008]. In addition,

Tks5 recruits cortactin to podosomes [Crimaldi et al., 2009]. Thus, one

can speculate that cortactin regulates cofilin activity in subcellular

locations where the membrane is not enriched with PI(4,5)P2, such

as invadopodia. This implies that the biological composition of

invadopodia and lamellipodia may determine the primary mecha-

nisms used to regulate cofilin activity. It will be interesting to

determine whether cortactin is also involved in regulating cofilin

activity in other subcellular compartments, such as in lamellipodia.
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