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Summary

Both the Arp2/3 complex and cofilin are believed to be stimulation. High-resolution analysis of the actin network
important for the generation of protrusive force at the atthe leading edge supports the idea that both the severing
leading edge; however, their relative contributions have not  activity of cofilin and the specific branching activity of the
been explored in vivo. Our results with living cells show Arp2/3 complex are essential for lamellipod protrusion.
that cofilin enters the leading edge immediately before the These results are the first to document the relative
start of lamellipod extension, slightly earlier than Arp2/3, contributions of cofilin and Arp2/3 complex in vivo and
which begins to be recruited slightly later as the lamellipod indicate that cofilin begins to initiate the generation of free
is extended. Blocking either the Arp2/3 complex or cofilin barbed ends that act in synergy with the Arp2/3 complex
function in cells results in failure to extend broad to create a large burst in nucleation activity.

lamellipods and inhibits free barbed ends, suggesting that

neither factor on its own can support actin polymerization-

mediated protrusion in response to growth factor Key words: Cofilin, Arp2/3, Cytoskeleton, Actin

Introduction major modulators of actin polymerization in cell protrusion
Cell motility is an important aspect of many cell-driven (Welch and Mullins, 2002; Higgs and Pollard, 2001). On the
processes, such as wound healing, inflammatory respondi@sis of its ability to nucleate branched actin filaments in vitro

embryonic development and tumor metastasis. The ability dMullins et al., 1998; Blanchoin et al., 2000; Pantaloni et al.,
cells to extend a protrusion and move in a given directio000; Amann and Pollard, 2001; Ichetovkin et al., 2000) and

largely depends on actin polymerization in the protruding0 distribute at Y-branches within the filament network at the
lamellipod of the cell (Abercrombie et al., 1970; Lauffenburgereading edge in cells (Bailly et al., 1999; Svitkina and Borisy,
and Horwitz, 1996; Mitchison and Cramer, 1996; Pollardl999), it has been proposed that the complex is the motor that
and Borisy, 2003). The initial protrusion event is thought tadrives actin polymerization in motile cells by comprehensively
depend on factors that directly upregulate localized actifucleating new filaments from the pre-existing network
polymerization (Condeelis, 2001; Pollard et al., 2000). LatetPollard and Borisy, 2003). Cofilin, on the other hand, is
events, such as the traction of the cell body in the direction gfenerally believed to contribute to the turnover of actin
protrusion, are thought to be mediated by myosin motors (Leidaments, thus providing the actin monomers that fuel the
et al., 1993; Lauffenburger and Horwitz, 1996; Svitkina andeading edge advance (Pollard and Borisy, 2003; Bamburg,
Borisy, 1999; Svitkina et al., 1997). 1999). And indeed, cofilin has been shown to contribute to the
Actin polymerization and depolymerization transients argurnover of actin filaments in vivo (Carlier et al., 1997;
tightly regulated in cells, and in a typical resting cell, most ol-appalainen and Drubin, 1997; Rosenblatt et al., 1997), in
the actin filaments are capped, and thus unavailable f@ccordance with its in vitro ability to depolymerize F-actin by
polymerization (Pollard et al., 2000; Condeelis, 2001). Théncreasing the off rate at the pointed end (Carlier et al., 1997)
development of protrusions following a stimulus requires ther by direct severing of actin filaments (Maciver et al., 1991;
rapid generation of filaments with free barbed ends in ®u and Frieden, 1998; Chan et al., 2000; Ichetovkin et al.,
controlled and localized manner, at the leading edge of th2000).
advancing lamellipod (Handel et al., 1990; Symons and Although the subsequently derived ‘dentritic’ model of actin
Mitchison, 1991; Chan et al., 1998; Welch and Mullins, 2002)nucleation is most probably applicable to fast crawling cells
Two factors that appear to play an essential role in regulatinguch as fish keratocytes (Svitkina and Borisy, 1999), there is
actin polymerization are the Arp2/3 complex and ADF/cofilin,growing evidence that different cell types may utilize slightly
thereafter referred to as cofilin (Pollard and Borisy, 2003). Firgifferent mechanisms. Recent work has shown that in vitro,
identified in Acanthamoeba (Machesky et al., 1994), andofilin and Arp2/3 can directly and synergistically cooperate to
further characterized as the first genuine nucleator of actimcrease actin polymerization (Ichetovkin et al., 2002). Also,
polymerization in vivo (Welch et al., 1997b; Welch et al.,the view that cofilin is merely a provider of actin monomers at
1998), the Arp2/3 complex is now recognized as one of ththe leading edge has been complicated by recent data showing
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an important role for cofilin in defining cell polarity (Dawe, Materials and Methods

2003; Bailly and Jones, 2003) (Ghosh et al., 2004). Thereforeell culture and cell lines

although the Arp2/3 complex and cofilin are likely to remainmTIng (rat adenocarcinoma) cells were culturediMEM (Gibco)

main players in actin-mediated protrusive force, theifwith 5% FBS, as described previously (Segall et al., 1996; Bailly et

interactions with the cytoskeleton might be more complex thaal., 1998b). Cells were plated at low density in complete medium for

initially thought. at least 24 hours. Before EGF stimulation, cells were starved for 3
Previous studies have shown that, following growth factohours in Leibovitz's L15 medium (Gibco) containing 0.35% BSA. For

stimulation, both Arp2/3 and cofilin are present at the leadin timulation, cells were treated with a final concentration of 5 nM

edge of lamellipods in rat metastatic carcinoma (MTLn3) cells™urine epidermal growth factor (Life Technologies) in starvation

ie. the site of active actin polymerization and pI,C),[rusio’_Eedlum for the time indicated. MTLn3 stable cells expressing GFP-

. . actin have been described previously (Lorenz et al., 2004). Arp3-
(Bailly et al., 1999; Chan et al., 2000). We have also show FP/YFP and cofilin-GFP/CFP/YFP constructs were made by

that inhibiting Arp2/3 function by using function-blocking syncloning the full-length human arp3 sequence (from an Arp3-GFP
antibodies inhibits actin polymerization and branching in vitroconstruct) (Welch et al., 1997a), and the full-length rat cofilin
and blocks lamellipod protrusion in vivo (Bailly et al., 2001).sequence (from a pCDNA3 construct) (Zebda et al., 2000) into
Similarly, cells in which cofilin activity is blocked, either pEGFP-N1, pECFP-N1 and pEYFP-N1 vectors (Clontech),
following microinjection of function-blocking antibodies respectively. The cells were transfected using Lipofectamine 2000
(Chan et al., 2000) or inactivation of cofilin by increasing its(Life Technologies).

phosphorylation level using the kinase domain of LIM-kinasel

(Zebda et al.,, 2000), are unable to extend a lamellipodntibodies

following epidermal growth factor (EGF) stimulation. The The function-blocking anti-cofilin antibody (Ab286) was generated
semiquantitative measurements performed at the time indicaj@ainst a peptide that covers both the actin binding site and the
that the mechanism by which lamellipod extension is abolisheghosphatidylinositol 4,5-bisphosphate binding site of cofilin (Chan et
in each case might be different. The transient increase in actiih, 2000). The function-blocking anti-p34 antibody (Ab360) was
nucleation sites (free barbed ends) normally generated at tbenerated against a peptide of the p34 protein of the Arp2/3 complex
leading edge of the cells following EGF stimulation appeare¢Bailly et al., 2001). Both antibodies are polyclonal and were
completely annihilated when cofilin function was aneredgenerateo! in rabbits. _In each case, IgG fractlons_\_/vere |solate_d using
(Chan et al., 2000; Zebda et al., 2000). Blocking Arp2/3-CGe! (Pierce). Antibodies were further purified by affinity
activity, however, significantly but only partially reduced thechroma’[ography against the peptide immunogen. Nonimmune rabbit

’ . -1gG was purchased from Sigma and purified on T-Gel. For the EM
number of free barbed ends generated after stimulation (Bail udies, 5 nm gold conjugated goat anti-biotin antibodies were

et al.,, 2001). . ) _purchased from Ted Pella.
Despite these results supporting the hypothesis that cofilin

may be the major provider of free barbed ends after growth

factor stimulation (Condeelis, 2001), we were concerned thaficroinjection

they might not reflect the in vivo situation completely Microinjections were performed as described (Chan et al., 2000) using

accurately. In these previous studies, the free barbed ends wéfeEppendorf semiautomatic microinjection system and Eppendorf

measured using a time-resolved fixed-cell assay, in which nv@"?toggs I. dThe a”tl'bIOde Condceg”a“‘/)”lwasszrsngf/ ml in .PBf.l.for
i : ' ti-p34 and control IgG, an mg/ml in or anti-cofilin.

cells are permeabilized and labeled actin monomers are allowggproximately 10% of the cell volume was injected into each cell.

to incorporate into filaments, wherever free barbed ends apg " i,o light microscopy study, Texas Red dextran (10,000 MW,

available in the cells (Symons and Mitchison, 1991; Bailly €jolecular Probes) at a final concentration of 0.8 mg/ml was co-

al., 2001). Recently, we have developed a new live cell methqfjected with antibodies. For electron microscopy, cells were
that avoids some of the disadvantages of the fixed-cell barbeslcroinjected with a solution containing anti-p34 (at 2 mg/ml) or anti-
end assay, such as permeabilization and fixation (Lorenz et algfilin antibody (3 mg/ml) in PBS, as well as 2.5 mg/ml monomeric
2004). In this method, live cells that express (@aEtin are  biotin-actin (Cytoskeleton) and 0.8 mg/ml FITC-dextran (Molecular
stimulated to initiate lamellipod protrusion and time-lapsed td’robes). Cells were microinjected 2 hours into the starvation process
is due to GFRBactin accumulation. From this measurement, théddition of EGF.
initial rate of GFPBactin accumulation is calculated. This rate
is directly proportional to the number of barbed ends formedinetics of F-actin/barbed ends accumulation at the leading
thus this assay allows a relative barbed end measurement in livdge
cells. We have used this method here to examine the relativée MTLn3-GFPpactin cells were time-lapsed on an Olympus IX70
contributions of the Arp2/3 complex and cofilin to barbed endnicroscope using constant settings withk 6\ 1.4 infinity-corrected
formation in vivo. In addition, we performed a detailed analysisptics coupled to a computer-driven cooled CCD camera using IP lab
of the ultra-structure of the actin network at the leading edge gPectrum software (VayTek). Images were taken every 10 seconds
cells after blocking either Arp2/3 or cofilin activity, which with constant exposureotlmes. Both a heated stage and an object[ve
allowed us to decipher the relative contributions of the two tfeatler f"‘;ﬁre used at 3;A7t ﬁ] Ingag_es were fcaptﬂi.d bellow the saturation
: : R Jevel of the camera. e beginning of each time-lapse, an image
the eStab“Shme.nt of the op_tlmal organization of the acti was taken in the rhodamine channel with a fixed exposure time to
network for maximum protrusive force. We propose thereaft

: . ; Cheasure relative amounts of Texas Red dextran. The mean
a model for stimulated protrusion that incorporates our new dajgigrescence intensity of each cell was measured by linearly

on the interaction between Arp2/3 and cofilin, and we discussonverting digitized image using NIH image (program developed by

its relationship to the classic dendritic model of protrusiorthe National Institute of Health, available on the internet) and
(Pollard and Borisy, 2003). analyzing the images in the same program. Cells were grouped
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according to their mean fluorescent intensity into four groups ohormal to the leading edge using the definition provided by Maly and

increasing intensity for further analysis. To measure fluorescent edd@»risy (Maly and Borisy, 2001). The angles were measured using NIH

intensities, images captured by time-lapse were linearly convertddhage angle measurement function by tracing manually only free end

using NIH image and analyzed using a software macro. First, celldlaments terminating at the extreme edge of the lamellipod (i.e. the

were traced by fluorescence threshold. The macro then automated tirees that would be directly abutting the membrane).

collection of pixel intensity in a perimeter of the cell startingpinl

outside the cell and extending 418 into the cell in 0.221m steps.

Because lamellipods are flat and of uniform thickness in MTLn3 cellsResults

there is negligible contribution of the variation of thickness to . - :

fluorescence intensity (Bailly et al., 1998a; Bailly et al., 1998b; Char‘\l’emporal recrUItm_ent of'cof|I|n and Arp3 to the leading

et al., 1998; Rotsch et al., 2001). In all measurement, a backgrouﬁ(fjge after EGF stimulation

subtraction was included. For leading edge intensity measuremeri@imulation of carcinoma cells (MTLn3) with EGF triggers a

(Fig. 3D), the values of the steps 028, 0.44um and 0.6um inside  rapid peripheral lamellipod extension, the kinetics of which

the cell were averaged and plotted as a function of time. The cell aré@ve been extensively characterized (Segall et al., 1996; Bailly

in each image is supplied by the macro. As described previouskst al., 1998b). To determine how fast cofilin and Arp2/3 are

(Lorenz et al.,, 2004), the number of new barbed ends formed at thgcryjted to the edge of the lamellipods of MTLn3 carcinoma

leading e‘tj.ge 'fhd'r.e.ctt.'% pr(t)porftlgrll;;?latot.th.e initial ratt.e of cfa;.” . cells after EGF stimulation, we transiently expressed

incorporation: the initial rate o ctin incorporation is the firs : P

derivative of the edge intensity increase over time [d(B&&in fluorescent Versions of full-length Arp3 and COf.'“n In these
fpells. In low-to-medium expressers, the recombinant proteins

concentration)/dt] and is proportional to N, the number of barbe : L ; .
ends. Here, we calculated the slope of the initial edge intensitc@lized within the cytoplasm and the leading edge in the same

increase, which is an approximation of the first derivative, as &anner as their respective endogenous counterparts, and did
measure of newly formed barbed ends. not appear to affect cell behavior (Fig. 1A, data not shown)
(Chan et al., 2000; Bailly et al., 1999). Recruitment of Arp3
L . ) , and cofilin to the leading edge after EGF stimulation was
Kinetics of Arp3 and cofilin recruitment to the leading edge measured by quantitating the changes in fluorescent edge
MTLnN3 cells were transiently transfected with fluorescent construct_mtensity as a function of time (Fig. 1B,C), whereas lamellipod
and analyzed after 24 hours. Images were recorded on a Zeiggiansion was evaluated at the same time as the increase in total
Axiovert 100M equipped with a 83Plan Apochromat 1.4 NA E%all area (Balilly et al., 1998b). Both cofilin and Arp3 were

objective, a temperature control chamber, and driven by the OpenL cruited to the leading edge after EGF stimulation, and both

software (Improvision). Images were recorded every 5 seconds usiég . . . .
a customized automation. For quantitation purposes, both GFP or YRBOteins reached maximum intensity around 100 seconds after

constructs were used indistinctively, and the acquired images wefeGF stimulation. As has been shown previously, barbed ends
analyzed in NIH Image using previously described macros (Chan @€ generated rapidly in carcinoma MTLn3 cells after EGF
al., 2000), which record the mean cortical fluorescence intensitgtimulation. This accumulation of barbed ends in the leading
within a 0.7um depth zone at the leading edge. The same macrasdge compartment reaches a maximum around 40 seconds after
record the cell area, as an internal control for the response to EGF.BGF stimulation, both measured in fixed as well as in live cells
some instances, cells were transfected with a mix of CFP-Arp3 arktlorenz et al., 2004). Because the aim of this study is to
'\:('F:QE?Oﬁ””.?N'?.ita“dt images V‘;ere. acq“iredf”fgng Z 520” b;“d'ﬁ‘?‘%amine the contributions of cofilin and Arp2/3 to barbed end
-specific filter to generate images of the Arp3 and cofilin . ;
Iocaliza{:i)on within the s%me cell With%ut any crossﬁalk from onegene.ratlon and protrusion, we f.ocused on the _early phase of
channel to the other. recruitment _of these two proteins to the leading edge, the
window of time in which the burst of barbed ends occurs.
During this phase, cofilin began entering the leading edge
Electron microscopy immediately before the start of lamellipod extension (within 40
MTLn3 cells were grown on 5 mm glass coverslips, starved angeconds after stimulation; see Fig. 1A,C), while Arp3
microinjected with antibody and biotin-actin. After recovery time andrecruitment was slightly slower and occurred as the lamellipod
stimulation with EGF, they were permeabilized and processed fasxtended, with a significant accumulation beginning at 50
rap'? frleggz)g;freAeﬂze (:_ry/;_c’tary s“adow as preglotuzly C_’t‘?]scs“bed (B‘I":]'l”é!econds after EGF stimulation (Fig. 1A,B). To show the faster
et al., . After fixation, cells were incubated wi nm gold-; i+ ; T ;
coupled anti-biotin antibodies, diluted between 0.5-1s£h final initial accumulation of cofilin within the first 60 seconds of

concentration on cells. Coverslips were mounted on a rapid freezin GF stimulation, we calculated the rate of cofilin and Arp3

apparatus (CF100; Life Cell Corp.) and frozen by slamming them int Ccumulat'on at the 'Ieadlr}g edge d”“”g_the initial lamellipod
a liquid-nitrogen-cooled copper block. Samples were transferred tBrotrusion and are displaying this as cofilin-GFP or Arp3-GFP
the specimen mount of a freeze-fracture apparatus (CFE-507tensity increase in Fig. 1D. This analysis showed that
Cressington) and rotary shadowed at a 45° angle with 1.2-1.3 nifiitially, cofilin was recruited to the leading edge twice as fast
tantalum-tungsten, and 2.5 nm carbon at 90°. The replicas weas Arp2/3.

separated from the glass coverslips with 25% hydrofluoric acid,

washed into distilled water and picked up onto the surface of formvar-

coated copper grids. Samples were examined using a JEOL 10¥he Arp2/3 and cofilin pathways appear to be

transmission electron microscope at 80 kV. For quantitation purposegynergistic in vivo

the negatives were scanned, coded by number and further analyzed . . . .
blindly in NIH Image. Filament lengths were assessed as previouifrevIous studies have shown that EGF-stimulated lamellipod

described (Bailly et al., 1999). Briefly, filaments with one free end?rotrusions are dependant on actin polymerization at the
terminating at the leading edge were traced back to their origin at tHéading edge (Chan et al., 1998) and that both the Arp2/3
intersection with another filament. The incidence angle at th€omplex and cofilin appear to be significantly involved in the
membrane was measured as the angle between the filaments andgkeaeration of free barbed ends for actin polymerization at the
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Fig. 1. Cofilin recruitment to the leading edge of the lamellipod in the & £ £ b . . _
initial phase after EGF stimulation is initiated faster than Arp2/3 0 100 200 300 400
recruitment. (A) CFP-Arp3 and YFP-cofilin distribution in the same time after EGF stimulation (s)
cell before and after EGF stimulation. Arrowheads indicate po— D

accumulation of GFP-Arp3 at the leading edge. Bapri0

(B-D) Cells transfected with GFP-cofilin or GFP-Arp3 were time-
lapsed after the addition of EGF, followed by measurement of the
fluorescent edge intensity and cell area throughout the time-course.
The area was plotted as fold area increase over time (B and C, open :
circles). The fluorescent edge intensity in aj0rvdepth from the

edge of the membrane was plotted as mean fold fluorescent intensity
increase over time (B: filled squares, GFP-Armpd; C: filled

triangles, GFP-cofilim=9). Error bars indicate the standard error of
the mean (s.e.m.). (D) To calculate the initial rates of intensity increas@
for Arp3 and cofilin, data points for the intensity plots in B and C from &

20 to 60 seconds were fitted to straight lines and the slopes of these =

lines were taken as the initial rates of increase. To estimate errors, the=

slope calculations were conducted with the data from B and C plus or g
minus s.e.m. Arp3 cofilin

0.0015 1

tensity increase

in

0.001 {

e of

0.0005

leading edge after EGF stimulation (Bailly et al., 2001; Zebdaf antibody were injected, we conducted dose-response
et al.,, 2001; Chan et al.,, 2000). However, the relativexperiments (Fig. 2). Along with function blocking
contributions of the Arp2/3 complex and cofilin have not beerantibodies, cells were co-injected with Texas Red-labeled
determined, nor has their role in generating free barbed endgxtran, and the relative fluorescence intensity of the dextran
been analyzed in live cells. To determine the contribution ofvas measured for each cell before time lapsing. Cells were
Arp2/3 and cofilin to the nucleation transient at the leadinghen grouped into sets of similar fluorescent intensities and
edge of living cells following growth factor stimulation, we the average area of lamellipod extension 200 seconds after
used MTLnN3 cells that express constitutively normal levels oEGF stimulation was plotted for each set. Cells with low
GFP{actin (Lorenz et al., 2004). Using these cells, we haveextran fluorescent intensities, and thus low antibody
recently shown that the recruitment of fluorescent actin to theoncentrations, had lamellipod extensions similar to control
leading edge can be used as a reliable marker to evaluate frg@njected cells (first two bars, Fig. 2R,S). Cells with higher
barbed ends appearing after stimulation in live cells (Lorendextran fluorescent intensities, and thus higher antibody
et al., 2004). First, to verify that the blocking antibodiesconcentrations (last three bars, Fig. 2R,S) did not extend
were functional in these cells and that saturating amountsroad lamellipods and only exhibited very minor protrusions
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Fig. 2.Both cofilin and Arp2/3 are required for lamellipod extension. B&étin-expressing MTLn3 cells were either not injected (A-D), or
microinjected with control nonimmune rabbit IgG (E-H), with anti-p34 function-blocking antibody (I-L), or with anti-cofilitiofusiatocking
antibody (M-P, injected cell indicated with arrow). Cells were stimulated with EGF and time-lapsed to follow lamellipodreziesi
accumulation of F-actin at the leading edge. A, E, | and M show cells before the addition of EGF; B, F, J and N 90 se&@#s afic C,
G, K and O 180 seconds after EGF. D, H, L and P show the difference in cell area before and after EGF (cell area befeea;E=®Er gr
EGF: red; overlap of areas: yellow). Some small protruding areas are indicated with arrowheads in K and O. Bamm &)1Quantitation
of cell area during lamellipod extension. Cell areas were measured every 10 seconds during time-lapse. Q shows thesfatdaira edier
EGF stimulation of control nonimmune IgG-injected cafsi(5), anti-p341§=18) and anti-cofilinr{=17) antibody injected cells. (R) Dose-
response for anti-p34 microinjected cells. Cells were co-injected with antibody and Texas Red-labeled dextran. Texas ceeddluass
quantified as an indicator of relative amounts of antibody injected per cell, and measurements of cells were combinegtdntosfour
according to the fluorescent intensity of the cell (shown as normalized fluorescence intensity of Texas Red dextran, ésbiraryheiow
each column). The dose-response for each group is shown as average fold area increase 200 seconds after the additighicii E@E, at
cells have maximally extended. Measurements for uninjected cells are shown in the first column for comparison. (S) Dodeirasgiense
cofilin injected cells. Error bars indicate £s.e.m. In each case, both for R and S, there is no statistic difference bésidbnetheolumns,
whereas the difference comparing the last three columns to the first two columns is statistically significant.

of small structures (Fig. 2K,0 arrowheads; Fig. 2L,P re®R,S). This indicates that the effect of microinjecting
regions and Fig. 4, arrowheads). In fact, lamellipodantibodies on broad lamellipod protrusion was saturable, and
protrusion decreased with increasing amounts of antibodidbat inhibition of either Arp2/3 or cofilin separately was
until a maximal inhibition, at which point injection of more sufficient to prevent significant broad lamellipod extension
antibody had no greater effect on protrusive activity (Figafter EGF stimulation.
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For the graph in Fig. 2Q as well as further analysis in Fig. 35FP{factin incorporation at the leading edge is proportional to
only data for those cells that had moderate-to-high dextrainee barbed end formation (Lorenz et al., 2004). On the basis of
fluorescent intensities was used. These cells were thus near this observation, we calculated the slope of the initial edge
saturation point of antibody to antigen (normalized fluorescerihtensity increase as a measure of newly formed barbed ends
intensities 3-13 for anti-p34 and normalized fluorescen(Fig. 3D). This indicates that anti-p34-injected cells had a 3.5-
intensities 4-27 for anti-cofilin). fold decrease in barbed ends compared with IgG-injected control

When uninjected or control IgG-injected GBRetin MTIn3  cells, but retained a significant amount of barbed ends (about
cells were stimulated with EGF (Fig. 2A-H,Q), they extended0% of the control). Anti-cofilin-injected cells had a sevenfold
broad lamellipods rapidly within a few minutes (the areadecrease in barbed ends, resulting in few free barbed ends (less
increase at 180 seconds is indicated in red in Fig. 2D,H). Thelflan 15% of control). Altogether, this supports the idea that
also showed extensive GHactin accumulation at the leading cofilin and Arp2/3 are two main direct providers of free barbed
edge within 90 seconds after EGF addition (Fig. 2B,F)ends after EGF stimulation. If we take the relative number of
As expected, neither cells microinjected with the anti-p34arbed ends in cells microinjected with anti-p34 mostly as a
function-blocking antibody (Fig. 2I-L) (Bailly et al., 2001) nor representation of the cofilin contribution to barbed ends (since
with anti-cofilin function-blocking antibody (Fig. 2M-O) these cells have Arp2/3 activity blocked), and conversely, the
(Chan et al., 2000) extended broad lamellipods, nor did theglative number of barbed ends in cells microinjected with anti-
show normal accumulation of GHFactin at the leading edge cofilin as the Arp2/3 complex contribution to barbed end
(Fig. 2K,0 and Fig. 3). generation, we can calculate the theoretical ‘synergy limit’, or

The kinetics of accumulation of GHRctin at the leading calculated sum, of these two separate contributions (Fig. 3D).
edge were then analyzed to determine the effects of thEhe actual barbed end number measured in IgG-injected control
antibodies on accumulation of barbed ends. After time-lapse aklls was much higher than this calculated limit, consistent with
EGF-stimulated cells, the fluorescent edge intensity of cells duesignificant synergy of Arp2/3 complex and cofilin activities in
to GFPBactin incorporation was measured (shown as fold edglearbed end generation in vivo, as observed with purified proteins
intensity increase versus time in Fig. 3A-C). Cells injected withn vitro (Ichetovkin et al., 2002).
control IgG had a large increase of GBdtin at the leading
edge, with a maximum incorporation around 100 seconds after N o
EGF stimulation (Fig. 3A). Cells injected with anti-p34 (Fig. 3B) Inhibition of Arp2/3 but not cofilin changes the incidence
or anti-cofilin antibodies (Fig. 3C) had very little increase inangle of filaments at the membrane in vivo
fluorescent edge intensity after EGF stimulation. The rate ofhe actin network responsible for lamellipod protrusion at the
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EGF 1 min EGF 3 min

control
uninjected

Fig. 4.Blocking Arp2/3 function
disrupts the actin network
structure at the leading edge.
Cells were microinjected with
antibodies (E-H, anti-p34; I-L,
anti-cofilin) or left untreated
(A-D). After stimulation for 1 or
3 minutes with EGF, the samples
were processed for replica
electron microscopy. Low-
magnification images are shown
inA,C,E, G, land K (Bar, 4
pum). High-magnification images
(B,D,F,H,J,L) show typical
leading edge areas or closest .- g
structure when leading edges 9"'?01'"" ‘._
were absent (Bar, O m). injected
Arrowheads indicate small
protrusions, as opposed to broad
lamellipods.

ap34 B
injected

leading edge of cells consists of a highly regular, branchecbntrol cells after EGF stimulation, which resulted from a
network of actin filaments, which is thought to produce thdailure to extend broad lamellipods (Fig. 4E-L). As reported
mechanical force for cell protrusion. We have shown thapreviously for light microscopy studies (Chan et al., 2000),
extension of broad lamellipods is inhibited in cells where eithecells that had received the anti-cofilin antibodies appeared to
Arp2/3 complex or cofilin function is blocked. The inhibition have a less disturbed general shape and a cell morphology more
of lamellipod extension in anti-cofilin antibody-injected cellstypical of unstimulated cells, with small protrusions (Fig. 41,K
could be explained by the very low levels of barbed ends (lessrowheads). However, these cells never displayed the large,
than 15% of control, Fig. 3D). However, there was a significant

residual level of free barbed ends (30% of control, Fig. 3D) it

cells that had received the anti-p34 antibody. Therefore, w 100 -
reasoned that a more complex mechanism could be at work
these cells that prevented the residual actin polymerizatic 90 -
from translating into an efficient protrusive force. 3 '
The structure of the actin network at the leading edge ¢ ° 80
MTLn3 cells has been extensively characterized at higl 3 70
resolution, and is consistent with the protrusive force beini o i
generated by actin polymerization (Bailly et al., 1999; Svitkine % 60 - .
and Borisy, 1999). To determine if the morphology of this > i
specialized network structure could be affected by blockin % 50 4 ﬁ .
Arp2/3 and cofilin functions, we used high-resolution replice c
electron microscopy to perform a qualitative and quantitativ« 2 40 H b :
analysis of the leading edge structure after stimulation in cell o i Q
where Arp2/3 complex or cofilin activities had been blockec £ 30- . ‘
(Figs 4-6; Tables 1 and 2). Stimulated control cells exhibiter : .
broad circumferential lamellipods, containing a characteristi 20 -
dense actin network (Fig. 4A,C) (Bailly et al., 1999). An
example of such a broad lamellipod is shown in Fig. 4A 10 +
consisting of a dense actin network, several micrometers thic
at the cell edge, that extends circumferentially along the entii 0

perimeter of the cell. At higher magnification, the leading edg: control aps4. ool

area in the con_trol cells_showed th_e typical deﬂd!”“c actin arraﬁ{ig. 5.The filament incidence angles at the membrane are altered in
observed previously, with many filaments pointing out of theyn(j 34 injected cells. The value of the incidence angle of free end
network towards the membrane (Fig. 4B,D) (Bailly et al.fiaments at the leading edge 1 minute after stimulation was

1999). Cells injected with either anti-p34 or anti-cofilin- measured. Values plotted are mean angle value per cell (filled circle),
blocking antibodies displayed a smaller area extension thanedian (triangle) and mean (square). (See Table 1 for statistics.)
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50 4 Table 1. Incidence angles at the leading edge after
a5 1 1 minute of EGF stimulation
‘% 40 4 . _NO. of
5 .5 | Angle (°) filaments
= Control uninjected 31.4+0.5 2007
G 30 - Nonimmune IgG injected 38.1+1.3 491
w Anti-p34 injected 47.8+2.0 355
825 Anti-cofilin injected 34.8+1.4 382
?.E- 20 4
by All values are expressed as meants.e.m. and are derived from the analysis
& 151 of filaments with one free end terminating at the extreme edge of the
S- 104 lamellipod. Data shows pooled results from at least ten cells per category. The
r incidence angle at the membrane was measured manually as the angle
54 between the filaments and the normal to the leading edge (according to the
definitions provided by Maly and Borisy, 2001). ANOVA statistical analysis
0 -

was performed on all four groups of cells, resulting B<8.0001 for

0 %0 100 150 200 250 300 350 400 450 500 significant differences. A subsequent Tukey multiple comparison test (95%

Filament length (nm) confidence interval) showed that the following pairs had a significant
O 196 o p3a —— difference in their angle values: control versus IgG, control versus anti-p34,
1gG versus anti-p34, and anti-cofilin versus anti-p34. No significant difference
Fig. 6. The filament length distribution is altered in anti-cofilin was found between control versus anti-cofilin and IgG versus anti-cofilin.

treated cells. The length of filaments with free ends at the leading
edge 1 minute after EGF stimulation was measured. The frequency

of filaments in each category was calculated for a total of 177 Table 2. Filament length at the leading edge after 1 minute
filaments for the 1gG control (19 cells), 173 filaments for anti-p34 of EGE stimulation
(17 cells) and 218 filaments for anti-cofilin samples (20 cells). :
Corresponding means and standard error of the mean are provided in Filament length ~ No. of
Table 2. (nm) filaments
Nonimmune IgG injected 11845 176
Anti-p34 injected 11546 173

broad lamellipods of the control cells (Fig. 4A,C). Filament Anti-cofilin injected 15826 218

networks near the membrane and Wif[hin small prqtrUSionS Of All values are expressed as meants.e.m. The filament length was measured
anti-cofilin-injected cells appeared quite normal, with a densen filaments with one free end pointing outwards towards the leading edge
array of actin filaments (Fig. 4J,L). However, most cells(Bailly et al., 1999) and is expressed in nm. Data shows pooled results from at
injected with the anti-p34 antibodies displayed a disturbelfaStten cells per category.

. - - - ANOVA statistical analysis was performed on all three groups of cells
cytoskeleton with very few filaments pointing outwards (Fig.resyiting in 82<0.0001 for significant differences. A subsequent Tukey

4F,H)- multiple comparison test (95% confidence interval) showed that the following
It has been proposed that the polymerization of actimairs had a significant difference in their filament length values: nonimmune

filaments right underneath the plasma membrane is the moti§f® versus anti-cofilin and anti-p34 versus anti-cofilin.

for the propulsive force that pushes the membrane outwards

and generates the protrusion (Maly and Borisy, 2001; Mogilner

and Oster, 2003). According to this model, the rate OEGF stimulation to determine the extent of perturbation of the
membrane advance of the leading edge depends on the rateaofin network in cells where the Arp2/3 complex or cofilin
filament elongation and the incidence angle, which is the angkectivity had been blocked. While incidence angles measured
of the filament with respect to the normal to the leading edgdor control cells as well as anti-cofilin-injected cells were near
This model is consistent with the dendritic array observed ahe predicted value of £35° (Maly and Borisy, 2001), the
the leading edge of rapidly moving cells, where most branchédacidence angle measured in the cells having received the anti-
occur at an angle around 70° (Svitkina and Borisy, 1999) ang34 antibody deviated significantly from that value (Fig. 5;
where barbed ends uniformly face towards the plasm@able 1). The higher value of the angle confirmed our
membrane on filaments that make a 35° angle with thebservations that most filaments were running more parallel to
membrane (Small et al., 1995; Maly and Borisy, 2001). Théhe membrane rather than abutting at the optimal angle, thus
model predicts that changes in the incidence angle of theeing less productive in pushing the membrane.

filaments with the membrane will directly affect the protrusion We have shown previously that the average filament length
and that the ideal incidence angle for protrusion of £35&t the leading edge is significantly decreased after EGF
depends on the proper, dense actin network containing 78timulation, coincidently with the peak of nucleation activity
branch-points due to Arp2/3. Recent work by Verkhovsky etind cofilin recruitment to the leading edge, supporting a role
al. (Verkhovsky et al., 2003) has also shown that this geometfgr a cofilin-mediated severing activity in the transient
of angles holds up when the diagonal actin meshwork near tlygneration of free barbed ends (Chan et al., 2000; Balilly et al.
membrane was evaluated with an enhanced phase contra§99). Following from this hypothesis, blocking cofilin activity
microscopy technique. Because anti-p34 injected cells did nait cells should prevent the severing-mediated shortening of
protrude, had obvious disruptions of the dendritic actirfilament length after stimulation. Thus, we measured filament
network and appeared to have altered filament orientationsngth, as described previously (Bailly et al., 1999; Bear et al.,
towards the membrane, we analyzed the incidence angle apd02), in cells where Arp2/3 or cofilin activity had been
the length of the filaments at the leading edge of the cell aftélocked. We observed that, in cells having received the anti-
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cofilin antibody, filaments were significantly longer (Fig. 6;activity in barbed end formation. The moderate inhibition of
Table 2), which is consistent with the expected blocking of thearbed ends due to Arp2/3 function-blocking antibody
severing/depolymerization function of cofilin in these cells. suggests that Arp2/3 also plays an important role in barbed end
generation, as cofilin function alone in cells microinjected with
) ) anti-p34 antibody is not sufficient to generate the large burst
Discussion in barbed ends seen in control cells. Although we cannot rule
Lamellipod protrusion in carcinoma cells can be initiated byout the intervention of a third pathway, e.g. uncapping, our data
the addition of EGF, causing a rapid, synchronous and broaliggest that its contribution to the barbed end transient is likely
lamellipod extension (Segall et al., 1996; Bailly et al., 1998b)to be limited or mostly dependent on cofilin and/or Arp2/3
This protrusion is believed to be driven by localized actiractivity, as anti-cofilin antibody injections almost eliminated
polymerization at the leading edge of the lamellipod, whictbarbed end generation completely.
pushes the plasma membrane outward. This is paralleled by a
sharp localized increase in the nucleation sites for actin - ) )
polymerization (free barbed ends) within the firgtni of the ~ Synergy of Arp2/3 and cofilin for maximal generation of
leading edge, which reaches its maximum around 40 seconfigrbed ends and protrusive force
after growth factor stimulation and then steadily drops back ttn a previous in vitro study it has been shown that either cofilin
residual prestimulus levels (Lorenz et al., 2004; Bailly et al.severing activity or Arp2/3 branching activity alone causes a
1999). Hence we refer to that region at the leading edge of tmeoderate increase in actin polymerization in a light-microscope
lamellipod as the actin nucleation zone (Chan et al., 199&gctin filament assay. However, the presence of both proteins
DesMarais et al., 2002). We have shown previously that thimgether causes a much larger burst in actin polymerization than
represents a specialized compartment within the cell, enrichéde sum of the individual contributions, indicating synergy
in tropomyosin-free filaments (DesMarais et al., 2002), whiclbetween the two proteins (Ichetovkin et al., 2002). This is
are thus potentially susceptible to Arp2/3 and cofilin bindingsimilar to our current data where we observed that in vivo, when
(Blanchoin et al., 2001; DesMarais et al., 2002). the contribution of either cofilin or Arp2/3 was measured in
isolation, by blocking the function of the respective other
protein, either cofilin or Arp2/3 only showed minor
Relative contribution of the Arp2/3 complex and cofilinto  contributions to barbed end formation. Also, the sum of these
the generation of barbed ends in the nucleation zone contributions was much less than the amount of barbed ends
We have confirmed here that cofilin and the Arp2/3 complegenerated in control cells in which both cofilin and Arp2/3 were
are two main contributors to the generation of the barbed erattive, again suggesting synergy between the two. We propose
transient in cells after EGF stimulation, as inhibition of eitherthat both in vivo and in vitro cofilin and Arp2/3 cooperate and
protein leads to a large reduction in barbed end productioact synergistically in driving actin polymerization.
While both cofilin and Arp2/3 are recruited to the membrane, We think that this synergy might be the result of, first, the
with maximal accumulation around 100 seconds of EGRbility of cofilin to sever older, ADP-containing actin
stimulation, they show slightly different rates of recruitment infilaments, producing free barbed ends in the process and thus
the very early phase of recruitment, the first 60 seconds aftproducing more new, ATP-actin filaments. Second, in vitro the
EGF stimulation. This is significant, as it has been shown botArp2/3 complex has a preference for branching on the ATP-
in vitro and in vivo that barbed end generation after EGRctin-containing newly polymerized filaments, and not the
stimulation in MTLn3 carcinoma cells sharply peaks around 40lder, ADP-actin-containing core of the filaments (Ichetovkin
seconds after EGF stimulation (Lorenz et al., 2004), thus in thist al., 2002). This branching would be biased towards the
time-frame of fast kinetics even a difference of 10-20 secondsarbed end of elongating filaments, as shown in vitro
can be important. Our data shows that cofilin recruitment to th@antaloni et al., 2000; Ichetovkin et al., 2002), an ideal
leading edge in the initial phase of recruitment is slightly fastegeometry for pushing against the membrane. Thus, we think
compared with Arp2/3, suggesting that the cofilin function thathat for maximal actin polymerization, both in vivo and in
contributes to barbed end generation is initiated faster. This istro, the cofilin severing activity could increase the number of
directly followed by recruitment of Arp2/3, suggesting abarbed ends in a cross-linked network of actin filaments and
slightly slower initiation of its contribution to barbed ends. Thisthus amplify the number of ATP-cap-containing filament ends.
is consistent with a model in which cofilin would begin to seveiThis increase in ATP-capped filaments then could allow for
the actin filaments at the leading edge immediately beformaximal dendritic nucleation of actin mediated by the Arp2/3
Arp2/3 can efficiently generate a highly branched network o€omplex. This model indicates that for maximal protrusive
newly polymerized actin filaments. force generated by actin polymerization both cofilin-severing
The severe inhibition of the barbed end transient to basand Arp2/3-branching activities are required.
levels by cofilin function-blocking antibodies suggests that
cofilin function is essential for barbed end nucleation, as o
Arp2/3 in cells with inhibited cofilin function is not able to Arp2/3 function is necessary to generate the proper
generate a significant burst in barbed ends. It is unlikely th&ctin filament geometry for protrusion
the Arp2/3 complex would depend only on cofilin to provideThe analysis of the ultra structure of the actin network at the
free monomers for actin polymerization, as there are sufficieeading edge in cells where the function of the Arp2/3 complex
amounts of G-actin (about 48M) available at the onset of and cofilin have been altered provides further information on how
protrusion in these EGF responsive cells (Chan et al., 200€he two contribute towards maximizing actin polymerization for
Zebda et al., 2000). Thus, this implicates cofilin’s severingrotrusive force. While blocking the Arp2/3 complex activity did
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Stimulated protrusion Protrusion

stlmulatlon cofilin severing
initiates a burst in free barbed
ends. Polymerization at these
barbed ends leads to the
generation of ATP-actin-rich
filaments at the leading edge.
These filaments promote the
nucleation and branching activity
of the Arp2/3 complex, leading
to the formation of a dense actin

EGF

Cofilin activation /
Y, filament severing =
1%, barbed ends

Arp2/3 dependent
dendritic nucleation
on ATP F-actin caps

Polymerization of
ATP F-actin caps

network adjacent to the plasma 4 Capping protein  ®=Sswi@= ADP F-actin
membrane, which facilitates cell « Cofilin “upmgme ATP F-actin
protrusion. W Arp2/3 *  Profilin bound to G-actin

not seem to significantly alter the average length of the filamenisteraction between cofilin and the Arp2/3 complex in the
within the nucleation zone, significantly longer filaments wereyeneration of protrusion after growth factor stimulation in live
present in cells where cofilin function had been blocked. This isells. Combined with our previous studies (Chan et al., 1998;
in direct agreement with our previous prediction that theBailly et al., 1999; Chan et al., 2000; Zebda et al., 2000; Bailly
shortening of filament length that is observed after EGIet al., 2001; DesMarais et al., 2002) and biochemical evidence
stimulation is due to the severing activity of cofilin (Bailly et al., (Ichetovkin et al., 2000; Bailly et al., 2001; Ichetovkin et al.,
1999; Chan et al., 2000). In addition, the present study indicat@902), the data reported support a modification of the
that inhibition of Arp2/3 function, but not that of cofilin, alters ‘dendritic model’ for constitutive movement of cells (Mullins
the structure of the dendritic actin network at the leading edge et al., 1998; Svitkina and Borisy, 1999) (Fig. 7), which applies
protruding cells. Consistent with its dramatic effect on branchingn the case of stimulated protrusion. As discussed previously
in vitro (Bailly et al., 2001), the anti-p34 blocking antibody (Condeelis, 2001; Pollard et al., 2000), to extend a protrusion
appeared to alter the ability of the Arp2/3 complex to generati@ response to a stimulus, resting cells need to rapidly generate
the typical 70° angle branches within the actin network. Théree barbed ends for actin polymerization at the membrane. We
dense actin network containing 70° Arp2/3-dependent brandmypothesize that in the stimulated protrusion model cofilin-
points is predicted to be necessary to allow filaments to formediated severing of pre-existing filaments initiates the burst
incidence angles with the membrane of 35° for maximaln barbed ends. The cofilin-generated free barbed ends rapidly
protrusive force. Thus, the incidence angle can be used as polymerize, as the monomer pool is abundant in a cell that was
indicator of the formation of a normal dendritic structure in theareviously resting. This model is supported by experiments in
lamellipod. In control cells, the average incidence angle is closghich local cofilin activation by uncaging was sufficient to
to the predicted value of 35°, presumably allowing for maximainitiate protrusion and define the location and direction of
protrusive force (Maly and Borisy, 2001; Mogilner and Osterprotrusion in vivo (Ghosh et al., 2004) and by experiments
2003), but a much higher angle is present in cells having receivetiowing evidence that the actin-filament-severing activity of
the Arp2/3 blocking antibody. As a result, many of the elongatingofilin is crucial for protrusions such as growth cones and
filaments extend at a steeper angle to the membrane of the leadirarite extensions (Endo et al., 2003).
edge in these cells rather than abutting towards the membrane)n this model, the filaments newly polymerized from cofilin-
and consequently are unable to generate an efficient protrusigenerated barbed ends are ATP-rich filaments that promote the
force. This can explain why cells in which the Arp2/3 functionnucleation and branching activity of the Arp2/3 complex. The
has been blocked are unable to support even a partial protrusioew filaments are structurally organized by the activity of the
while still showing a significant barbed end transient in respons&rp2/3 complex, which ensures the proper angle is generated
to growth factor stimulation. These results stress the importantewards the membrane to achieve optimal protrusive force. As
of the structural role of the Arp2/3 complex in the lamellipod ofthe initial protrusion is transformed into a more constitutive
cells, where its specific branching pattern is required to set up theovement, G-actin levels would fall to the point where the
optimal geometry of actin filaments at the leading edge adjacesévering activity of cofilin would replenish the actin monomer
to the plasma membrane for maximal protrusive force. pool. With this transition, the cell would enter the motility
phase corresponding to the classical ‘dendritic model’ (Pollard
] ) and Borisy, 2003; Pollard et al., 2001).
A model for growth factor-stimulated lamellipod As more regulators of the Arp2/3 complex are unveiled
extension (cortactin, coronin, tropomyosin,...), it is probable that there
We provide here the first functional evidence for a synergistiwill be more than one adaptation of the dendritic model to
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suit different motility situations and differently shaped Condeelis, J.(2001). How is actin polymerization nucleated in viiognds
protrusions. Our work here stresses the importance of cofilin Cell Biol. 11, 288-293.

; ; ; awe, H. R., Minamide, L. S., Bamburg, J. R. and Cramer, L. R2003).
as a direct prowder of free barbed ends in cells. Thg ADF/cofilin controls cell polarity during fibroblast migratid@urr. Biol. 13,

fundamental structural role of the Arp2/3 complex in making 555557,

branched arrays for pushing may be common to all pathwaysesMarais, V., Ichetovkin, 1., Condeelis, J. and Hitchcock-DeGregori,
It is clear that to generate a successful protrusion, one needs. E. (2002). Spatial regulation of actin dynamics: a tropomyosin-
both free barbed ends and a proper geometrical organizatiori’e€. actin-rich compartment at the leading edyeCell Sci.115 4649-

; ; ; 4660.
of the actin network. The challenge will now be to deC|pheBu, J. and Frieden, C.(1998). Kinetic studies on the effect of yeast cofilin

how cofilin and Arp2/3 function are regulated cooperatively on yeast actin polymerizatioBiochem 37, 13276-13284.

in this system, and to integrate other partners that regulagado, M., Ohashi, K., Sasaki, Y., Goshima, Y., Niwa, R., Uemura, T. and

Arp2/3 function into the fundamental structural role played by Mizuno, K. (2003). Control of growth cone motility and morphology by

Arp2/3. LII\/_I‘klnase and Sllngshot via phosphorylation and dephosphorylation of
cofilin. J. Neurosci23, 2527-2537.
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