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Actin-depolymerizing factor (ADF)/cofilins are small actin-binding proteins found in all eukaryotes. In vitro, ADF/cofilins
promote actin dynamics by depolymerizing and severing actin filaments. However, whether ADF/cofilins contribute to
actin dynamics in cells by disassembling “old” actin filaments or by promoting actin filament assembly through their
severing activity is a matter of controversy. Analysis of mammalian ADF/cofilins is further complicated by the presence
of multiple isoforms, which may contribute to actin dynamics by different mechanisms. We show that two isoforms, ADF
and cofilin-1, are expressed in mouse NIH 3T3, B16F1, and Neuro 2A cells. Depleting cofilin-1 and/or ADF by siRNA leads
to an accumulation of F-actin and to an increase in cell size. Cofilin-1 and ADF seem to play overlapping roles in cells,
because the knockdown phenotype of either protein could be rescued by overexpression of the other one. Cofilin-1 and
ADF knockdown cells also had defects in cell motility and cytokinesis, and these defects were most pronounced when
both ADF and cofilin-1 were depleted. Fluorescence recovery after photobleaching analysis and studies with an actin
monomer-sequestering drug, latrunculin-A, demonstrated that these phenotypes arose from diminished actin filament
depolymerization rates. These data suggest that mammalian ADF and cofilin-1 promote cytoskeletal dynamics by
depolymerizing actin filaments and that this activity is critical for several processes such as cytokinesis and cell motility.

INTRODUCTION

Actin filaments in nonmuscle cells are highly dynamic and
play a critical role in numerous cellular processes, including
cell migration, cytokinesis, and polarized growth. These
processes rely on the correct spatial and temporal organiza-
tion of actin filaments that is regulated by numerous actin-
binding proteins. The actin-depolymerizing factor (ADF)/
cofilins are a family of small (M, = 15-20) proteins that bind
monomeric and filamentous actin. Unicellular organisms
such as yeasts typically have only one ADF/cofilin, whereas
multicellular organisms can have several isoforms (re-
viewed by Bamburg et al., 1999). In mammals, there are three
different ADF/cofilins: cofilin-1, cofilin-2, and ADF. These
proteins have distinct expression patterns: cofilin-1 is ex-
pressed in most embryonic and adult mouse cells, cofilin-2 is
expressed in muscle, and ADF is mainly found in epithelial
and neuronal cells (Vartiainen et al., 2002).

Based on in vitro studies, ADF/ cofilins enhance the rate of
actin filament turnover by depolymerizing filaments at their
pointed ends, thereby providing a pool of actin monomers
for filament assembly. ADF/cofilins also sever actin fila-
ments and consequently increase the number of filaments
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ends (reviewed by Bamburg et al., 1999; Carlier et al., 1999).
The mammalian ADF/cofilins are quantitatively different in
their activities. ADF is the most efficient at turning over actin
filaments and promotes a stronger pH-dependent actin fil-
ament disassembly than cofilin-1 or cofilin-2. The muscle
cell-specific cofilin-2 has a weaker actin filament depolymer-
ization activity than the other two and promotes filament
assembly rather than disassembly in steady-state assays
(Vartiainen et al., 2002; Yeoh et al., 2002).

Genetic studies on Saccharomyces cerevisiae, Drosophila
melanogaster, and Caenorhabditis elegans demonstrated that
ADF/cofilins are essential for viability (Moon et al., 1993;
McKim ef al., 1994; Gunsalus et al., 1995). However, whether
ADF/ cofilins contribute to cytoskeletal dynamics by depo-
lymerizing actin filaments at their pointed ends, or by cre-
ating new filament barbed ends for F-actin assembly
through their severing activity has remained unclear. Stud-
ies on the motility of Listeria and analysis of loss-of-function
cofilin mutants in yeast indicated that ADF/cofilins enhance
actin dynamics by depolymerizing actin filaments and pro-
vide actin monomers to the cytoplasmic pool (Carlier ef al.,
1997; Rosenblatt et al., 1997; Lappalainen and Drubin, 1997).
Furthermore, cytoplasmic actin filaments accumulate when
ADF/cofilins are mutated in Drosophila or Caenorhabditis
elegans or when ADF/cofilins are inactivated by overex-
pressing LIM kinase (Gunsalus et al., 1995; Arber et al., 1998;
Yang et al.,, 1998; Ono et al., 1999; Chen et al., 2001). In
contrast, studies on epidermal growth factor (EGF)-stimu-
lated rat mammary adenocarcinoma cells suggested that
ADEF/cofilin’s biological role is to increase actin filament
nucleation by severing actin filaments and thus create new
filament barbed ends for actin assembly (Chan et al., 2000;
Zebda et al., 2000; Ichetovkin et al., 2002; Ghosh ef al., 2004).
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It is important to note that the biological role(s) of ADF/
cofilins in mammalian cells has been mainly examined by
inactivating these proteins by LIM kinase. Recent studies re-
vealed that LIM kinase also has other targets than cofilin
(Roovers et al., 2003), and to accurately understand the role of
ADEF/cofilins in actin dynamics in mammalian cells, more
direct and specific methods are required. Furthermore, ADF
and cofilin-1 are coexpressed in many mammalian cells (Var-
tiainen ef al., 2002), but whether these proteins are involved in
same or different biological processes has not been examined.
To elucidate the biological roles of mammalian ADF/cofilins,
we depleted ADF and cofilin-1, either individually or in com-
bination with each other, from various mouse cell-lines by
small interfering RNA (siRNA)-induced gene silencing (El-
bashir et al., 2001). Analyses of the ADF and cofilin-1 knock-
down cells showed that these proteins promote rapid F-actin
depolymerization and provide new monomers to the cytoplas-
mic actin pool. Our studies also demonstrated that the actin
dynamics induced by ADF and cofilin-1 are important for
normal actin organization, as well as for morphogenesis, mo-
tility, and cytokinesis in cultured mammalian cells.

MATERIALS AND METHODS

Proteins and Antibodies

Recombinant cofilin-1 and ADF were purified as described previously (Var-
tiainen et al., 2002). Rabbits were immunized with recombinant mouse cofi-
lin-1 and hens with recombinant mouse ADF. Antibodies were collected after
four (rabbits) or three (hens) immunizations and affinity purified as described
previously (Vartiainen ef al., 2000).

Cell Culture, Immunofluorescence, and Western Blotting

NIH 3T3, Neuro 2A, and B16F1 cells were maintained in DMEM supple-
mented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT) or
10% fetal calf serum (PAA Laboratories, Pasching, Austria), 2 mM L-glu-
tamine, penicillin, and streptomycin (Sigma-Aldrich, St. Louis, MO). B16F1
cells stably expressing green fluorescent protein (GFP)-actin (Ballestrem et al.,
1998) were maintained in medium supplemented with 1.5 mg/ml Geneticin
(Invitrogen, Carlsbad, CA). For immunofluorescence, the NIH 3T3 cells were
plated on coverslips. For the B16F1 cells, coverslips were precoated with
laminin (25 pg/ml) or fibronectin (50 wg/ml). Immunofluorescence was
performed as described previously (Vartiainen et al., 2000). As an exception,
for the AC-15 and DNAsel stainings 3% paraformaldehyde with 0.2% glutar-
aldehyde was used as a fixative to achieve a better preservation of the G-actin.
Free aldehyde groups were then blocked with 0.1 M glycine. Cofilin-1 was
visualized with rabbit anti-cofilin-1, ADF with hen anti-ADF, myosin II with
rabbit anti-nonmuscle-myosin (Biomedical Technologies, Cambridge, MA),
myc-tagged fusion proteins with mouse anti-myc antibodies, and secondary
antibodies conjugated to fluorescein, rhodamine, or cy5 (Molecular Probes,
Eugene, OR). G-actin was visualized with Alexa-594-DNAsel (Molecular
Probes), F-actin with Alexa-488-phalloidin, or rhodamine-phalloidin (Molec-
ular Probes). B-Actin monoclonal antibody AC-15 (Sigma-Aldrich) was used
for labeling the actin cytoskeleton, excluding stress fibers. DAPI was the
nuclear counterstain. Images were acquired through a SenSys (Photometrics,
Tucson, AZ) or DP70 (Olympus, Tokyo, Japan) charge-coupled device camera
on an AX70 Provis microscope (Olympus). For Western blotting, cell lysates
were prepared as described previously (Vartiainen ef al., 2000), and the total
protein concentrations were measured using Bradford reagent (Sigma-Al-
drich) according to the manufacturer’s instructions. Western blotting was
performed according to instructions from AgriSera (Vannas, Sweden). Anti-
ADF and anti-cofilin-1 antibodies were used at a 1:1000 dilution. Horseradish
peroxidase-conjugated anti-hen, anti-mouse, and anti-rabbit secondary anti-
bodies (Jackson ImmunoResearch Laboratories, West Grove, PA) were used at
a 1:20000 (hen) or 1:5000 (mouse and rabbit) dilutions. The intensities of
immunoblot bands were quantified by TINA software.

siRNA Treatment

For the siRNA experiments, 20-40 pmol of preannealed fluorescein (5F1)-
labeled or unlabeled Cofl-siRNA [r(GGAGGACCUGGUGUUCAUCQ)A(TT),
r(GAUGAACACCAGGUCCUCC)A(TT)] (Xeragon Qiagen, Valencia, CA),
fluorescein-labeled (5F1), TAMRA (rhodamine, 5Rh)-labeled or -unlabeled
ADF-siRNA  [r(GUGAUUGCAAUCCGUGUAU)A(TT), r(AUACACGG-
AUUGCAAUCAC)A(TT)] (Xeragon), or unlabeled control siRNA [r(AGCU-
UCAUAAGGCGCAUGC)d(UU), r(GCAUGCGCCUUAUGAAGCU)d(UU)]
(made with Ambion Silencer siRNA construction kit) duplexes were trans-
fected into cells on 24-well plates by using GeneSilencer’s siRNA transfection
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reagent (Gene Therapy Systems, San Diego, CA) as described previously
(Elbashir et al., 2001). After 48 h, the cells were detached with trypsin-EDTA,
diluted, and plated on coverslips for immunofluorescence. The assays with
NIH 3T3 cells were carried out 20 h after replating and with B16F1 cells 5-20
h after replating.

siRNA Rescue Experiments

Construction of the ADF-myc expression plasmid (pPL112) is described (Var-
tiainen et al., 2002). Because the ADF-siRNA oligonucleotide was targeted to
the 3" untranslated region of ADF mRNA, the ADF-myc construct is refrac-
tory to this siRNA duplex. The cofilin-1-myc (pPL108) construct (Vartiainen ef
al., 2002) was mutated by inverse PCR by using primers (5'-TTGGTAT-
TCATCTTCTGGGCCCCCGAG and 5'-ATCTTCCTTCTTGCTCTCCTTG-
GTCTC). This generated four nucleotide changes to the cofilin-1 siRNA-target
sequence without altering the amino acid sequence of the protein [GGAG-
GACCTGGTGTTCATCTT sequence was mutated to GGAAGATTTGGTAT-
TCATCTT, resulting in a cofilin-1-myc rescue construct (pPL256)]. The cells
were treated with siRNA oligonucleotide duplexes as described above and
transiently transfected with one of the rescue constructs 24 h before fixation.
Transfection of B16F1 cells was performed with Superfect (QIAGEN, Valen-
cia, CA) and for NIH3T3 cells with FuGENE6 (Roche Diagnostics, Mannheim,
Germany) according to manufacturers’ recommendations.

Cell Motility Assays

Cell motility assay with NIH 3T3 cells was performed with the Cell Motility
HitKit (Cellomics, Pittsburgh, PA). NIH 3T3 cells were treated for 54 h with ADF
or cofilin-1 siRNA, replated at a density of 3000-5000 cells/ml on coverslips
coated with fibronectin (10 ug/ml) and blue fluorescent beads, grown for 20 h,
and fixed with 3.7% formaldehyde for immunofluorescence. The minimum
distance of migration was quantified by measuring the shortest path from the cell
body to the most distant area cleared from the beads. For the live-imaging assay,
the B16F1 cells or B16F1 cells stably expressing GFP-actin (Ballestrem ef al., 1998)
were plated on laminin (25 ug/ml)-coated glass bottom dishes (MatTek). The
time-lapse images of wild-type and cofilin-1 knockdown cells were acquired with
an IX70 inverted microscope (Olympus) equipped with a Polychrome IV mono-
chromator (TILL Photonics, Martinsried, Germany) with the appropriate filters
and heated sample environment. To enhance motility of B16F1 cells, final con-
centration of 50 uM AICl; and 30 mM NaF were added to medium. After the
experiment, cells were fixed and cofilin-1 knockdowns were confirmed by im-
munofluorescence as described above. For statistical analysis, migration of 35
wild-type and 25 cofilin-1 knockdown cells (that do not express GFP-actin) were
examined by tracking the position of the nucleus every 20 min. To follow the
cytokinesis in living cells, the NIH 3T3 cells were plated on glass bottom dishes
(MatTek, Ashland, MA), grown for further 20 h, and then monitored by acquir-
ing differential interference contrast time-lapse images for 200 min with the setup
described above.

Actin Filament Turnover Assays

The actin filament depolymerization rates in B16F1 cells were determined by
using the actin monomer-sequestering drug, latrunculin-A. Wild-type and
siRNA-treated cells were replated on fibronectin-coated coverslips after 48 h of
transfection, and grown for further 20 h. Latrunculin-A (Sigma-Aldrich) was
added to the plates at a final concentration of 2 uM, and the cells were fixed with
4% paraformaldehyde at 5, 10, or 30 min after addition of latrunculin-A. Control
cells were treated with medium supplemented with dimethyl sulfoxide (DMSO),
which was used as a vehicle for latrunculin-A. Actin filaments, ADF, and cofilin-1
were visualized as described above. Fluorescence recovery after photobleaching
(FRAP) was applied to measure the actin treadmilling rates in B16F1 cells.
Confocal imaging for examining the dynamics of stress fibers was carried out on
a Zeiss LSM 510 confocal microscope equipped with an argon-ion laser (Carl
Zeiss, Jena, Germany) and LSM 3.0 software as described previously (Bertling et
al., 2004). GFP-actin-expressing B16F1 cells (wild type and ADF or cofilin-1
siRNA treated) were grown for 5-12 h on fibronectin-coated glass bottom dishes
(MatTek). Wild-type, cofilin-1 knockdown and ADF knockdown cells with
strong stress fibers were selected. After one prebleach scan of an entire image, 100
scan iterations of a rectangular region of interest (ROI) were scanned with 100%
intensity of 30-mW argon-ion 488-nm laser (transmission intensity). Directly after
bleaching the fluorescence recovery was measured automatically after every 10 s
(20 times, entire image). After the experiment, cells were fixed with 4% parafor-
maldehyde and cofilin-1 was visualized by immunofluorescence. ADF-transfec-
tion was confirmed by detecting the rhodamine-labeled siRNA-duplexes. The
recovery of the GFP-actin intensity was measured by TINA software. The inten-
sity of the bleached area was normalized to neighboring nonbleached area to
diminish the error caused by normal photobleaching during the monitoring
period. Confocal imaging for examining the dynamics of cortical actin structures
was carried out on a Leica TCS SP2 AOBS confocal microscope (Leica Microsys-
tems, Wetzlar, Germany). For GFP-imaging, 488-nm line and a 63X numerical
aperture 1.2 water immersion objective was used. GFP-actin—expressing B16F1
cells (wild type and ADF or cofilin-1 siRNA treated) were grown for 5 h on
laminin-coated glass bottom dishes (MatTek). After two prebleach scans of an
entire image, 10 scan iterations of a rectangular ROI were scanned with 100%
intensity of 30 mW argon-ion 488 nm laser (transmission intensity). After bleach-
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Figure 1. Expression levels and subcellu-
lar localizations of cofilin-1 and ADF. (A)
Western blot assay demonstrating the spec-
ificities of the anti-ADF and anti-cofilin-1
antibodies. Purified recombinant cofilin-1
(lane 1, 2 ng; lane 2, 8 ng; lane 3, 32 ng) and
ADF (lane 4, 2 ng; lane 5, 8 ng; lane 6, 32 ng)
were visualized on Western blots by using
anti-cofilin-1 (top) and anti-ADF (bottom)
antibodies. (B) The levels of cofilin-1 and
ADF in NIH 3T3, B16F1, and Neuro 2A cells
were compared with known concentrations
of cofilin-1 (top) and ADF (bottom). Lane 1,
30 ng of cofilin-1 (top) and 7.5 ng of ADF
(bottom); lane 2, 80 ng of cofilin-1 (top) and
20 ng of ADF (bottom); lane 3, 10 ug of NIH
3T3 extract; lane 4, 10 pug of B16F1 extract;
lane 5, 10 ug of Neuro 2A extract. Cofilin-1
is expressed approximately in sixfold (NIH
3T3), 11-fold (B16F1), and sevenfold (Neuro
2A) higher molar amounts than ADEF. (C)
Cofilin-1, ADF, and F-actin were visualized
by immunofluorescence in NIH 3T3 cells.
Cofilin-1 and ADF show similar subcellular
localizations and are concentrated in F-ac-
tin-rich ruffles. Bar, 10 um.
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ing, the fluorescence recovery was measured automatically after every 3 to 4 s.
After the experiment, cells were fixed with 4% paraformaldehyde and cofilin-1
was visualized by immunofluorescence.

RESULTS

Cofilin-1 Is the Predominant Isoform in Most Mammalian
Nonmuscle Cells

Two ADEF/ cofilin isoforms, cofilin-1 and ADF, are expressed in
mammalian nonmuscle cells. Based on in situ hybridizations,
cofilin-1 is found in most embryonic and adult mouse cells,
whereas ADF is most strongly expressed in epithelial cells and
neurons (Vartiainen ef al., 2002). To examine the levels of cofi-
lin-1 and ADF proteins in various mouse nonmuscle cell-lines,
we carried out a Western blot assay by using two affinity-
purified polyclonal antibodies, one of which is specific to ADF,
and the other one recognizes both cofilin-1 and cofilin-2 (Figure
1A). We compared the amounts of ADF and cofilin-1 relative to
known concentrations of purified recombinant mouse cofilin-1
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and ADF (Figure 1B). We found that cofilin-1 is the major
ADF/ cofilin isoform in NIH 3T3, B16F1, and Neuro 2A cells
(Figure 1B, lanes 3-5, respectively). It is present at approxi-
mately sixfold (NIH 3T3 cells) to 11-fold (B16F1 cells) higher
molar amounts than ADF (Figure 1B). Because cofilin-2 ex-
pression in mice is almost exclusively restricted to striated
muscle cells (Ono et al., 1994; Vartiainen et al., 2002), and
because siRNA treatment with a cofilin-1-specific duplex
oligonucleotide resulted in an almost complete loss of cofilin
staining in these cells (Figure 2, B and C), it seems that
cofilin-2 is not expressed in significant amounts in NIH 3T3,
B16F1, or Neuro 2A cells. Immunofluorescence microscopy
studies with cofilin-1- and ADF-specific antibodies showed
that in NIH 3T3 (Figure 1C) and B16F1 cells (our unpub-
lished data) ADF and cofilin-1 have similar subcellular lo-
calizations. Both proteins show diffuse cytoplasmic and pe-
rinuclear stainings but are also concentrated to the cortical
actin cytoskeleton.

651



P. Hotulainen et al.

A B16F1 NIH 3T3
1 2 3 4 5 6 7 8

():-C()ﬂ —
O-ADF -

o-actin

Figure 2. siRNA induced gene silencing of ADF or cofilin-1. (A)
Western blot analysis demonstrating the ADF and/or cofilin-1 protein
levels in B16F1 (lanes 1-4) and NIH 3T3 cells (lanes 5-8) transfected
with control (lanes 1 and 5), ADF-specific (lanes 2 and 6), cofilin-1-
specific (lanes 3 and 7), and with both ADF- and cofilin-1-specific
(lanes 4 and 8) siRNA oligonucleotide duplexes. Equal amounts of cell
lysates were run on polyacrylamide gels, and cofilin-1, ADF, and
B-actin were visualized by Western blotting. (B-E) Cofilin-1 and ADF
antibody stainings are decreased in siRNA-transfected cells. (B and C)
B16F1 cells transfected with FITC-labeled cofilin-1-specific siRNA. (B)
Anti-cofilin-1 antibody staining. (C) FITC-siRNA. (D and E) NIH 3T3
cells transfected with FITC-labeled ADF-specific siRNA. (D) Anti-ADF
antibody staining. (E) FITC-siRNA. The borders of the transfected cells
are indicated by white lines. Bars, 10 um.

siRNA-induced Gene Silencing of Cofilin-1 or ADF Results
in Formation of Abnormal Stress Fibers and Increase in
Cell Size

To reveal the role of ADF/cofilins in actin filament turnover
(depolymerization of “old” filaments versus promotion of
filament assembly through the severing activity) and to
elucidate how these proteins contribute to various processes
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in mammalian cells, we depleted ADF and cofilin-1 proteins,
either alone or together, from NIH 3T3 and B16F1 cells by
siRNA. After 72 h of transfection with a duplex cofilin-1-
specific oligonucleotide, cofilin-1 was substantially depleted
as determined by Western blotting (Figure 2A, lanes 3 and
7). Quantification of the Western blots demonstrated that in
B16F1 and NIH3T3 cell populations the amount of cofilin-1
was reduced to ~20 and ~60% levels of the ones in wild-
type cells (Supplemental Figure 1). Cofilin-1 siRNA treat-
ment did not decrease the cellular ADF level. However, the
ADF levels in cofilin-1 knockdown B16F1 and NIH3T3 cells
were increased by ~2- and 1.5-fold, respectively. Similarly, a
duplex oligonucleotide specific for ADF efficiently depleted
ADF protein (to <5% in B16F1 and ~10% in NIH3T3 com-
pared with wild-type cells) (Figure 2A, lanes 2 and 6; Sup-
plemental Figure 1). In ADF knockdown B16F1 cells, the
cofilin-1 levels were unaffected, but in NIH 3T3 cells ADF
knockdown resulted in a small (~40%) increase in cofilin-1
levels (Supplemental Figure 1). Treatment of these cells at
the same time with ADF- and cofilin-1-specific oligonucle-
otides depleted both proteins simultaneously (Figure 2A,
lanes 4 and 8; Supplemental Figure 1).

To confirm that the depletion of cofilin-1 or ADF is indeed
a result of siRNA transfection, we used fluorescein- and
rhodamine-labeled siRNA oligonucleotides and compared
the antibody staining of transfected cells with the appear-
ance of fluorescent oligonucleotides (Figure 2, B-E). The
cells with significantly decreased cofilin-1 or ADF antibody
staining displayed punctate oligonucleotide labeling,
whereas the cells with normal cofilin-1 or ADF levels did not
contain detectable amounts of fluorescent oligonucleotides
(Figure 2, B-E). The cells with significantly reduced cofilin-1
or ADF antibody staining will be referred as cofilin-1 or ADF
knockdown cells, respectively.

Immunofluorescence microscopy demonstrated that 72 h
after cofilin-1 or ADF siRNA transfection, ~60-90% of the
cells contained fluorescent oligonucleotides and did not
show detectable cofilin-1 or ADF staining (Figure 3). The
depletion of cofilin-1 from B16F1 cells induced a formation
of very long and thick stress fibers (Figure 3, D-F). The stress
fibers often ended to large F-actin clusters that were defined
to be enlarged focal contacts by vinculin staining (our un-
published data). Some cells exhibited also increased F-actin
levels in lamellipodia. Most cofilin-1 knockdown cells were
also significantly larger than the wild-type cells (Figure 3).
The increase in cell size may partly result from a flattened
cell shape, but it is also possible that the total cell volume is
increased. The depletion of ADF from B16F1 cells induced a
small increase in the amount of filamentous actin, but the
phenotype was much milder than the one in cofilin-1 knock-
down cells. The ADF knockdown cells were often elongated
or spindle-shaped and contained abnormally long stress
fibers. However, in comparison with cofilin-1 depletion-
induced actin stress fibers, the ADF depletion-induced stress
fibers were much thinner (Figure 3, G-I). The double-knock-
down cells in which both cofilin-1 and ADF were depleted
displayed a very similar phenotype than cofilin-1 depletion
alone. However, these cells contained more abnormal stress
fibers than the individual knockdown cells (Figures 3, J-L).

It is important to note that ADF is expressed in B16F1 cells
only in very small amounts (the molar ratio of ADF:cofilin-1
in these cells is ~1:11; Figure 1). Therefore, we examined the
effects of ADF and cofilin-1 depletion also in NIH 3T3 cells,
in which the ADF:cofilin-1 M ratio is ~1:6 (Figure 1). Deple-
tion of cofilin-1 and/or ADF from NIH 3T3 cells induced
formation of stress fibers similarly to B16F1 cells. Typical
knockdown cells also exhibited large, smooth lamellipodia

Molecular Biology of the Cell
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cofl sSiRNA

cof1+ADF siRNA AD__F _si:RNA

Figure 3. Depletion of ADF or cofilin-1 resulted in an accumulation of thick actin stress fibers and an increase in cell size. B16F1 cells were
treated with cofilin-1- (D-F) or ADF (G-I)-specific duplex oligonucleotides, or simultaneously with both oligonucleotides (J-L). Cofilin-1 (B,
E, and K) and ADF (H) were visualized by isoform-specific antibodies and F-actin (A, C, D, F, G, 1, ], and L) with rhodamine-phalloidin. (K)
Both the FITC-labeled siRNA and cofilin-1 antibody staining. Representative cells from each population are indicated by white arrowheads
and shown with larger magnifications (C, F, I, and L) (L is rotated 90° counterclockwise). Bars, 50 um.

instead of small, intensively ruffling lamellipodia character-
istic to the wild-type NIH 3T3 cells (Figure 8, G-L). How-
ever, in NIH 3T3 cells ADF depletion induced a significantly
stronger phenotype than in B16F1 cells, suggesting that the
relatively mild effects of ADF depletion in B16F1 cells are a
consequence of very low levels of ADF in this cell line.

Rescue of the Knockdown Phenotypes

To confirm that the phenotypes of ADF and cofilin-1 knock-
down cells indeed result from a decrease in ADF and cofilin-1
protein levels, we attempted to rescue ADF and cofilin-1
knockdown cells by expressing myc-tagged ADF and cofilin-1
that are refractory to the siRNA oligonucleotide duplexes. Cells
were first transfected with fluorescein isothiocyanate (FITC)-
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siRNA and on day 3 further transfected with one of the rescue
constructs. siRNA transfection was detected by the appearance
of fluorescent oligonucleotides in these cells, and the rescue-
construct transfection was detected by anti-myc antibody.
B16F1 and NIH 3T3 cells transfected with cofilin-1-siRNA and
cofilin-1-myc rescue construct exhibited similar cell morphol-
ogy and F-actin phenotype to wild-type cells (Figure 4, top; our
unpublished data). Similarly, B16F1 and NIH 3T3 cells trans-
fected with ADF-siRNA and ADF-myc rescue construct exhib-
ited a wild-type phenotype (Figure 4, middle; our unpublished
data).

Because the cofilin-1 and ADF knockdown phenotypes
were very similar to each other (Figures 3 and 8) and the
depletion of cofilin-1 or ADF increased the expression level
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B16F1 cofl siRNA
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+ cofl-myc

+ ADF-myc plasmid

nlasmid

+cof1-m_c

NIH3T3 ADF siRNA  NIH3T3 ADF siRNA

Figure 4. Rescue of ADF or cofilin-1 knockdown phenotype. B16F1 and NIH 3T3 cells were treated with cofilin-1- or ADF-specific
FITC-siRNA oligonucleotides followed by a transfection with myc-tagged rescue constructs refractory to siRNA. The cells transfected only
with siRNA oligonucleotides (white arrows) were identified by presence of FITC-oligonucleotides (middle row) and by lack of myc-tag
staining (right). These cells showed a typical knockdown phenotype with an accumulation of abnormal F-actin structures. The cells
transfected with both siRNA and rescue construct (arrowheads) were identified by the simultaneous presence of FITC-oligonucleotides and
anti-myc staining. These cells displayed similar actin phenotype to the nontransfected wild-type cells. It is also important to note that the ADF
knockdown phenotype in NIH3T3 cells could be rescued by overexpression of cofilin-1 (bottom row). Bars, 10 wm.

of the other isoform (Figure 2 and Supplemental Figure 1),
we also examined whether cofilin-1 knockdown phenotype
could be rescued by overexpression of ADF and whether
ADF-depletion could be rescued by cofilin-1 overexpression.
NIH 3T3 cells transfected with ADF-siRNA and cofilin-1
rescue construct exhibited phenotype indistinguishable
from wild-type cells, indicating that overexpression of cofi-
lin-1 can rescue the depletion of ADF (Figure 4, lowest
panel). Similarly, NIH 3T3 cells transfected with cofilin-1-
siRNA could be rescued by ADF-myc overexpression (our
unpublished data), suggesting that these proteins display
overlapping functions in cells.

Cofilin-1 and ADF Play Owverlapping Roles in Cytokinesis
and Cell Motility

We next examined the roles of ADF and cofilin-1 in various
cellular processes. To elucidate the roles of ADF and cofi-
lin-1 in cytokinesis of cultured mouse cells, we stained wild-
type and ADF/ cofilin knockdown cells with DAPI 72 h after
siRNA treatment (Figure 5A). Approximately 11 and 7% of
cofilin-1 and ADF knockdown NIH 3T3 cells, respectively,
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contained multiple nuclei, whereas ~2% of wild-type cells
had two nuclei (Figure 5B). Interestingly, almost 30% of the
cells depleted of both cofilin-1 and ADF had multiple nuclei,
indicating that ADF and cofilin-1 have synergistic effects on
division of NIH 3T3 cells (Figure 5B). Most multinucleated
knockdown cells contained two nuclei, although ~5% of the
double knockdown cells had three or four nuclei. These
results suggest that ADF and cofilin-1 do not affect chromo-
some replication, but they play an important role in cytoki-
nesis.

To further elucidate the role of ADF/cofilins in cytokine-
sis, we monitored dividing wild-type, cofilin-1, and ADF
knockdown NIH3T3 cells by acquiring time-lapse images
every 60 s during the cell division process. Cofilin-1 knock-
down cells displayed severe problems after metaphase.
These knockdown cells typically succeeded in forming a
primitive cleavage furrow (Figure 5C, time-lapse images 3-6
min), but they were defective in the final stage of the cyto-
kinesis when the two cells are supposed to separate from
each other. A very similar phenotype was seen in ADF
knockdown cells (our unpublished data). Typically, the
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Figure 5. Cofilin-1 and ADF play overlapping roles in cytokinesis. (A and B) Wild-type and cofilin-1 or ADF knockdown NIH 3T3 cells were
fixed, and DNA was visualized by DAPI staining. (A) Representative examples of a cofilin-1 knockdown cells (cell borders are indicated by
white lines). Cofilin-1 was visualized with an anti-cofilin-1 antibody (left), and DNA with DAPI staining (right). (B) The number of
multinucleated cells was counted from at least 700 wild-type and knockdown cells from four independent experiments. The depletion of ADF
or cofilin-1 resulted in a small increase in the number of multinucleated cells, whereas the silencing of both genes resulted in a synergistic
increase in the amount of multinucleated cells. (C) Time-lapse analysis of cytokinesis of wild-type (top and Supplementary Video 1) and
cofilin-1 knockdown (bottom and Supplementary Video 2) NIH 3T3 cells. Frames “0 min.” represent metaphase. Black arrows indicate the
positions of chromosomes. Wild-type cells undergo cell division and spreading within 30 min after the metaphase (last frame in C), whereas
the process in cofilin-1 knockdown cell is significantly slower and the cell spreading is complete after ~90 min of metaphase. Supplementary
videos display the entire division processes. (D) The same cofilin-1 knockdown cell as shown in C was fixed and stained with cofilin-1
antibodies and with DAPI (first panel) to visualize the two nuclei present in the cofilin-1 knockdown cell. (E and F) Visualization of F-actin
and myosin II during cytokinesis in wild-type and cofilin-1 knockdown cells. Wild-type and cofilin-1 knockdown B16F1 cells were fixed,
DNA was visualized by DAPI, F-actin by phalloidin, and myosin II by an anti-myosin II antibody. Representative cells undergoing telophase
(E) and late telophase (F) are shown. Bars, 20 um.
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knockdown cells tried unsuccessfully to separate from each
other for a relatively long time, after which they either
managed to divide by struggling or failed to separate and
fused back with each other to form a cell with two nuclei
(Figure 5, C and D, and Supplementary Video 2). The com-
plete cytokinesis process was typically much slower in co-
filin-1 knockdown cells (~90 min) than in wild-type cells
(~30 min). After the time-lapse monitoring, the cells were
stained with DAPI to visualize the nuclei (Figure 5D) and
with ADF or cofilin-1 antibody to distinguish knockdown
cells from wild-type cells.

To elucidate the mechanism by which ADF/cofilins par-
ticipate in cytokinesis, we compared the localization of
F-actin and myosin II in wild-type and cofilin-1 knockdown
cells during various mitotic stages. In B16F1 cells, both
F-actin and myosin II localized to cleavage furrow, whereas
in NIH 3T3 cells clear myosin II localization to cleavage
furrow was not observed. Thus, B16F1 cells were chosen for
further analysis. Representative wild-type and cofilin-1
knockdown cells during telophase (Figure 5E) and late telo-
phase (Figure 5F) were selected based on morphological
structures of the chromosomes. The cells also were stained
with an anti-tubulin antibody to further confirm the stage of
cell division (our unpublished data). In wild-type B16F1
cells, both myosin II and F-actin were aligned around the
cleavage furrow during early telophase (Figure 5E, top). As
cytokinesis proceeded, the diameter of the contractile ring
decreased (Figure 5F, top), resulting in a separation of the
two daughter cells. In cofilin-1 knockdown cells, the align-
ment of myosin II and F-actin occurred similarly to wild-
type cells during telophase. However, cofilin-1 knockdown
cells exhibited relatively strong F-actin staining throughout
the cytoplasm, whereas in wild-type cells the F-actin stain-
ing was mainly concentrated to the cleavage furrow (Figure
5E). During late telophase, an aberrant accumulation of my-
osin II and F-actin was detected in the contractile rings of
cofilin-1 knockdown cells, and the contraction of this actin
structure was defective (Figure 5F, lower panel).

Actin dynamics is central to cell motility (reviewed in
Pollard et al., 2000; Pantaloni et al., 2001) and thus we mon-
itored the migration of ADF, cofilin-1, and ADEF/cofilin-1
siRNA-treated NIH 3T3 cells on fibronectin during a 20-h
period. The degree of cell migration was assayed by analyz-
ing the phagokinetic tracks of these cells on coverslips
coated with blue fluorescent beads. After 20 h, the cells were
fixed with 3.7% formaldehyde and stained with anti-ADF,
anti-cofilin-1, or a mixture of the two antibodies to distin-
guish knockdown cells from wild-type cells. The cells with
normal ADF/cofilin levels migrated over relatively long
distances during the 20-h period and displayed clear direc-
tional motility (Figure 6A). In contrast, the cells lacking ADF
or cofilin-1 cleared beads only in the area immediately
around the cells or displayed very short directional tracks
(Figure 6, B-D). We quantified the minimum distance of
migration for >24 wild-type and knockdown cells and
showed that depleting ADF or cofilin-1 resulted in a 2- or
2.5-fold decrease in track length (Figure 6E). The cells in
which both ADF and cofilin-1 were depleted showed a
threefold decrease in their track lengths compared with
wild-type cells (Figure 6E). Because knockdown cells are
generally much larger than wild-type cells, their true defects
in directional migration are likely to be even larger. The
observation that knockdown cells cleared fluorescent beads
in their vicinities suggests that they were able to extend and
retract their lamellipodia despite a severe defect in motility.
Therefore, the lack of motility of ADF and cofilin-1 knock-
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Figure 6. Cofilin-1 and ADF are required for cell migration. Wild-
type and cofilin-1/ADF knockdown NIH 3T3 cells were plated on
coverslips coated with fibronectin and blue fluorescent beads,
grown for 20 h, and fixed for immunofluorescence. The wild-type
cells (A) exhibited relatively long and thin phagokinetic motility
tracks. In contrast, the cofilin-1 (B), ADF (C) and cofilin-1/ADF (D)
knockdown cells showed clearance of beads only in their immediate
vicinity and seldom displayed directional motility tracks. The bor-
ders of the cells are indicated with white lines. Bars, 20 um. (E) The
minimum motility distances were quantified from wild-type, cofi-
lin-1, ADF, and cofilin-1/ADF knockdown cells (n = 24). The si-
lencing of cofilin-1 or ADF results in 2- to 2.5-fold decreases, and
cofilin-1/ADF results in threefold decrease in the length of the
phagokinetic motility tracks. SEMs are indicated in the graph.

down cells may result from defects in cell polarization (Fig-
ure 3).

The role of ADF/cofilins in the cell migration was also
investigated by videomicroscopy. In these assays, we used
highly motile B16F1 cells, and the migration of the cells was
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Figure 7. Live cell analysis of wild-type
and cofilin-1 knockdown B16F1 cell migra-
tion. Wild-type B16F1 cells expressing GFP-
actin (A and Supplementary Video 3) dis-
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further induced by addition of AIF,~ to the medium (Hahne
et al., 2001). After AIF,~ treatment, wild-type cells were
highly polar and displayed directional migration. Although
these cells occasionally changed the direction during migra-
tion, they displayed clear protruding leading edge and re-
tracting tail. In contrast, cofilin-1 knockdown cells were
typically nonpolarized and often projected multiple lamel-
lipodia to different directions. Quantification of velocities of
35 wild-type and 25 cofilin-1 knockdown cells demonstrated
that cofilin-1 depletion results in ~twofold decrease in cell
migration (Figure 7C).

To visualize cytoskeletal defects in ADF- or cofilin-1
knockdown cells during migration, we examined GFP-ac-
tin—expressing wild-type and knockdown cells. Similarly to
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wild-type B16F1 cells described above, also B16F1 cells ex-
pressing GFP-actin were highly motile. The actin cytoskel-
etons in these cells were constantly and rapidly reorganizing
(Figure 7A and Supplementary Video 3). ADF knockdown
cells did not significantly differ from wild-type cells (our
unpublished data), whereas a dramatic accumulation of sta-
ble stress fibers was observed in cofilin-1 knockdown cells
(Figure 7B and Supplementary Video 4). Similarly to the
cytokinesis studies shown in Figure 5, the cells were fixed
after the experiment and stained with cofilin-1 or ADF an-
tibody to distinguish cofilin-1/ADF knockdown cells from
wild-type cells. Together with the data shown in Figure 6,
these experiments demonstrate that ADF/cofilins are essen-
tial for motility of mammalian cells.
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Cofilin-1 and ADF Contribute to Fast Actin Treadmilling
by Depolymerizing Actin Filaments

Phalloidin staining of cofilin-1 and ADF knockdown cells
(Figure 3) suggests that they contain more F-actin than wild-
type cells. Also the directional motility was abolished in
cofilin-1/ADF knockdown cells (Figures 6 and 7), suggest-
ing that the cytoplasmic G-actin pool may be diminished.
We thus next investigated the relative ratios of G-actin ver-
sus F-actin in wild-type B16F1 and NIH 3T3 cells and in
ADF/ cofilin-depleted cells. In this experiment, F-actin was
visualized by Alexa488-phalloidin and the “total” F+G-actin
was visualized by an AC-15 antibody. However, it is impor-
tant to note that the AC-15 antibody does not stain stress
fibers presumably due to the presence of certain actin-bind-
ing proteins, which block the access to the epitope in vivo
(Mies et al., 1998). Therefore, this antibody is expected to
visualize the total cellular actin excluding the stress fibers.
Quantification of the intensities of phalloidin and AC-15
antibody stainings in knockdown cells and in neighboring
wild-type cells showed that the ratio of AC-15 versus phal-
loidin intensity was decreased by 40-50% in ADF or cofilin-
1-depleted cells compared with the wild-type cells, indicat-
ing that there is more F-actin and less G-actin in knockdown
cells than in wild-type cells (Figure 8M). Similar results also
were obtained when G-actin was visualized by DNAsel and
compared with phalloidin staining similarly to AC-15/phal-
loidin experiment described above (Figure 8N).

To investigate actin filament treadmilling rates in wild-
type and cofilin-1 or ADF knockdown cells, we used FRAP.
In these experiments, we bleached a region of B16F1 cells
expressing GFP-actin (Ballestrem et al., 1998) by intense laser
irradiation and then monitored the exchange between the
bleached and unbleached populations of GFP-actin. The ex-
periment was first carried out to compare the dynamics of
stress fibers of eight wild-type, nine cofilin-1, and nine ADF
knockdown cells. In each case, the recovery of fluorescence
at the bleached region was monitored for 255 s after laser
irradiation. After the FRAP experiment, the transfection of
the knockdown cells was confirmed. Representative exam-
ples of wild-type, cofilin-1, and ADF knockdown cells are
shown in Figure 9. In wild-type cells, the fluorescence re-
covery at the bleached region was relatively rapid with a
nearly complete exchange at stress fibers within 140 s (Fig-
ure 9, A and B). In contrast, the exchange between the
bleached and unbleached regions in cofilin-1 knockdown
cells was significantly slower and was not completed during
the 255-s monitoring period (Figure 9, A and B). The rate of
fluorescence recovery of the ADF knockdown cells seemed
to be slightly slower than in wild-type cells, although the
initial (up to 70 s after the bleaching) fluorescence recovery
in ADF knockdown cells was close to the one in wild-type
cells.

Actin filament turnover rates in stress fibers are believed
to be slower than the ones at the cortical actin cytoskeleton.
This is probably due to the presence of tropomyosins in
stress fibers (Des Marais et al., 2002). Tropomyosins compete
with ADF/cofilins in actin-binding and inhibit their actin
filament depolymerization/severing activities (Bernstein
and Bamburg, 1982; Ono and Ono, 2002). Thus, we also
examined the dynamics of lamellipodial actin meshwork in
B16F1 cells by a FRAP experiment. A 4-um-wide region at
the leading edge of lamellipodia of wild-type and cofilin-1
knockdown cells was bleached by intense laser irradiation
and the rate of GFP-actin accumulation to the leading edge
of lamellipodia was followed every 3 to 4 s for a 35-s period
and then every 5 s for a 25-s period. Data from a represen-
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tative wild-type and cofilin-1 knockdown cell is shown (Fig-
ure 9, C and D). The width of the lamellipodial actin mesh-
work in wild-type cells grew significantly faster than in
cofilin-1 knockdown cells. Quantification of the data from
four wild-type and four cofilin-1 knockdown cells showed
that the rate of lamellipodial actin meshwork growth in
wild-type cells is ~4.9 wum/min, whereas the corresponding
growth rate in cofilin-1 knockdown cells is ~2.1 wm/min.
Very similar results were also obtained when the recovery of
fluorescence intensity versus time was compared from the
lamellipodia of wild-type and cofilin-1 knockdown cells (our
unpublished data). Together, these data show that cofilin-1
depletion severely diminishes actin filament treadmilling
rates in both stress fibers and lamellipodia of B16F1 cells.

Because the decrease in actin filament turnover rates in
cofilin-1 knockdown cells can result either from decreased
actin filament polymerization or depolymerization rates, we
next compared the actin filament depolymerization rates of
wild-type, ADF, cofilin-1, and ADF/cofilin-1 knockdown
cells by using latrunculin-A, an actin monomer-sequestering
drug. In cells, latrunculin-A causes a rapid and specific
disruption of the actin cytoskeleton. Because latrunculin-A
functions by sequestering actin monomers, the rate of dis-
appearance of actin structures is expected to reflect the rate
of actin monomer dissociation from filament ends (Coue ef
al., 1987; Ayscough et al., 1997). The actin filament depoly-
merization assay was carried out for B16F1 cells by using 2
M latrunculin-A. The majority (80%) of wild-type cells lost
all their stress fibers within 5 min after addition of latrun-
culin-A, and the remaining F-actin was concentrated to
small aggregates (Figure 10). This was accompanied by sig-
nificant changes in cell morphology. Similarly to wild-type
cells, the majority of ADF knockdown cells lost their stress
fibers and retracted already after 5 min. In contrast, the
disappearance of stress fibers was much slower in cofilin-1
and cofilin-1/ADF knockdown cells. After 5 min of latrun-
culin-A addition, only ~10% of the cells had lost their stress
fibers (Figure 10, C, D, G, and H), and even after 30-min
latrunculin-A treatment a significant proportion of these
cells (80%) were morphologically nearly normal (Figure 10I).
Although the depletion of ADF from B16F1 cells did not
have significant effect on the stability of F-actin structures,
an identical assay carried out for NIH 3T3 cells demon-
strated that in this cell line ADF depletion resulted in com-
parable effects on actin filament depolymerization rates than
cofilin-1 depletion does (our unpublished data). These data
suggest that both cofilin-1 and ADF contribute to rapid actin
dynamics by depolymerizing actin filaments. The low levels
of ADF in B16F1 cells (Figure 1B) provide an explanation for
the relatively small defects of ADF depletion for actin dy-
namics in these cells.

DISCUSSION

ADF/cofilins are small proteins that can sever and depoly-
merize actin filaments in vitro. However, the mechanism by
which these ubiquitous proteins contribute to actin dynam-
ics in cells has been a matter of controversy. Here, we
analyzed the cellular roles of the two mammalian non-
muscle isoforms, ADF and cofilin-1, by using isoform-spe-
cific antibodies and siRNA knockdown methods. Our data
provide direct evidence that 1) ADF/cofilins contribute to
cytoskeletal dynamics in most mammalian cell types by
promoting actin filament depolymerization; 2) ADF/cofilins
play an important role in cytokinesis, cell motility, and
morphogenesis in mammals; and 3) ADF and cofilin-1 are
coexpressed in many cell-types where they play overlapping
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Figure 8. G-actin/F-actin ratio is decreased in cofilin-1/ADF knockdown cells. B16F1 (A-F) and NIH 3T3 (G-L) cells were treated with
cofilin-1- (A-C and G-I) or ADF (D-F and J-L)-specific duplex oligonucleotides. Cofilin-1 (A and G) and ADF (D and ]) were visualized by
isoform-specific antibodies, F-actin with Alexa488-phalloidin (B, E, H, and K), and G+F-actin with B-actin AC-15 antibody (C, F, I, and L).
White arrows indicate the siRNA-treated cells with dramatically reduced cofilin-1/ADF levels. Bars, 10 um. (M and N) The intensities of
phalloidin and AC-15 (M) or phalloidin and DNAsel (N) stainings were analyzed from 20 ADF and cofilin-1 knockdown B16F1 and NIH 3T3
cells by TINA software, and the relative AC-15/phalloidin or DN Asel/phalloidin stainings were compared with the ones from neighboring
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SEMs are indicated in the graphs.

roles in actin filament depolymerization and above-men-  neously, from various mouse cell lines. The analysis of NIH
tioned cellular processes. 3T3 and B16F1 cells demonstrated that depletion of ADF

and/or cofilin-1 led to an accumulation of abnormal F-actin
ADF/Cofilins Promote Rapid Actin Filament structures and to a simultaneous decrease in the cellular
Depolymerization in Cells G-actin concentration. An increased number and thickness
In this study, we used siRNA-induced gene silencing to of stress fibers was observed by phalloidin staining as well
deplete cofilin-1 or ADF, either individually or simulta- as in knockdown cells expressing GFP-actin. Very similar
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actin phenotypes also were observed in ADF/cofilin-de-
pleted Neuro 2A and N18 cells (our unpublished data).
FRAP analysis of GFP-actin expressing B16F1 cells provided
direct evidence that actin filament treadmilling rates in both
stress fibers and lamellipodia are severely diminished in
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Figure 9. FRAP analysis of actin treadmill-
ing rates in stress fibers and lammelipodia.
B16F1 cells expressing GFP-actin were
treated with a cofilin-1- or ADF-specific du-
plex oligonucleotides and incubated for
5-12 h before analysis. The selected cell re-
gion was bleached with an intense laser
beam and the fluorescence recovery was
monitored by taking time-lapse images. (A
and B) Actin dynamics at stress fibers. Time-
lapse images were acquired every 10 s start-
ing at 30 s after bleaching. (A) Representa-
tive examples of wild-type (top), cofilin-1
(middle), and ADF (bottom) knockdown
cells before and after bleaching. Bars, 10 um.
(B) The rate of fluorescence recovery of the
bleached region was analyzed with TINA
software from representative wild-type
(black triangles) and ADF (black squares) or
cofilin-1 knockdown (open squares) cells. In
each frame, the fluorescence intensity of the
bleached region was compared with the flu-
orescence of the control region (in same pic-
ture next to bleached region) to diminish the
error caused by normal photobleaching dur-
ing the monitoring period. The equilibration
of fluorescence between bleached and un-
bleached regions in cofilin-1 knockdown
cells is significantly slower than in wild-
type cells. (C and D) Actin dynamics at la-
mellipodial regions. Time-lapse images
were acquired every 3 to 4 s immediately
after bleaching. (C) Representative exam-
ples of wild-type (top) and cofilin-1 knock-
down cells (bottom). It is important to note
that the photobleaching was carried out
during the time period 3.5-37.5 s and thus
the 41-s time-lapse image represents the sit-
uation at 3.5 s after the end of bleaching.
Bars, 10 um. (D) The rate of lamellipodial
actin meshwork growth was quantified
from wild-type and knockdown cells. Time
points 0 and 3.36 show the widths of lamel-
lipodial actin meshworks before bleaching,
and the time points at 41-95 s show the
widths of the lamellipodial GFP-actin mesh-
works after the bleaching period.

cofilin-1 knockdown cells. Furthermore, studies with actin-
sequestering drug latrunculin-A showed that the loss of
actin filament structures are much slower in ADF/cofilin-1
knockdown cells than in wild-type cells, indicating that actin
filament depolymerization rates are severely diminished in
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Figure 10. Actin filament depolymerization rates in wild-type and ADF/cofilin-1 knockdown cells. Filamentous actin was visualized by
phalloidin staining in wild-type (A and B), cofilin-1 knockdown (C and D), ADF knockdown (E and F), and cofilin-1/ADF knockdown (G
and H) B16F1 cells after the addition 2 uM latrunculin-A. Time points 30 min after DMSO addition (control) (A, C, E, and G) and 10 min after
addition of 2 uM latrunculin-A (B, D, F, and H) are shown. (I) Percentage amount of retracted cells without clear stress fibers and with
abnormal F-actin aggregates were counted (n = 50 cells) at time points 5, 10, and 30 min after latrunculin-A addition. The actin filament
structures were rapidly disrupted in wild-type cells (black squares). In contrast, stress fibers disappeared much more slowly in cofilin-1 (open
squares) and cofilin-1/ADF (open triangles) knockdown cells. The ADF knockdown cells (black triangles) lost their actin filament structures

almost as quickly as the wild-type cells. Bars, 50 uwm.

cells lacking ADF/cofilin. It is important to note that actin
filament turnover is too rapid at the cortical actin structures
(such as the leading edge of a motile cell) to be examined
with the time resolution of our latrunculin-A assay. Thus, in
this assay we only concentrated on analyzing the depoly-
merization rates of stress fibers in wild-type and ADE/
cofilin knockdown cells. Nevertheless, these studies provide
direct evidence that ADF/cofilins contribute to cytoskeletal
dynamics, at least in NIH 3T3, B16F1, Neuro 2A, and N18
cells, by depolymerizing actin filaments and thus providing
new actin monomers to the cytoplasmic pool.

These results are in accordance with previous data ob-
tained with yeast, Drosophila, and C. elegans strains carrying
mutations in ADF/cofilins as well as with studies in which
ADEF/ cofilins were inactivated in cells by overexpression of
LIM-kinase or by depletion of cyclase-associated protein,
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which is an important ADF/cofilin recycling protein in cells
(Gunsalus et al., 1995; Lappalainen and Drubin, 1997; Arber
et al., 1998; Yang et al., 1998; Ono et al., 1999; Chen et al., 2001;
Dong et al., 2001; Niwa ef al., 2002; Bertling et al., 2004). In
contrast to these data, recent studies on EGF-stimulated rat
adenocarcinoma cells indicated that instead of promoting
filament depolymerization, ADF/cofilins would contribute
to cytoskeletal dynamics by increasing the number of assem-
bly competent barbed ends through their filament-severing
activity. Thus, ADF/cofilins would promote actin filament
assembly rather than disassembly at the leading edge of the
cell (Chan et al., 2000; Zebda et al., 2000; Ghosh et al., 2004).
In a similar barbed-end assembly assay to the one used in
the studies with rat adenocarcinoma cells, we could not
detect significant effect of ADF/cofilin depletion to the num-
ber of barbed ends in B16F1 cells (our unpublished data).
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This suggests that in B16F1 cells, ADF/cofilins contribute to
actin dynamics primarily by depolymerizing old filaments
rather than by creating new barbed ends for actin assembly
through the filament-severing activity. However, in certain
cell types or after specific stimuli, ADF/cofilins also contrib-
ute to cytoskeletal dynamics by increasing actin filament
assembly through their severing activity. We speculate that
in cells having a very large G-actin pool, e.g., due to high
expression levels of B-thymosins, the weak actin filament-
severing activity of ADF/cofilins initially results in actin
filament assembly rather than disassembly and that this
would continue until the concentration of the cytoplasmic
G-actin becomes limiting.

ADF and Cofilin-1 Play Owverlapping Roles in Cells

Two ADF/ cofilin isoforms, ADF and cofilin-1, are present in
mammalian nonmuscle cells and are coexpressed in many
cell types. ADF and cofilin-1 have quantitatively different
effects on actin dynamics in vitro, but whether these proteins
contribute to actin dynamics and various processes with
similar or different mechanisms in cells was not previously
examined (Vartiainen ef al., 2002; Yeoh et al., 2002). The
former methods for studying the cellular function of mam-
malian ADF/cofilins, such as overexpression of LIM-kinase
and depletion of cyclase-associated protein, are not specific
toward certain ADF/cofilin isoforms (Amano et al., 2001,
2002; Bertling et al., 2004). Thus, these studies could not
reveal whether ADF and cofilin-1 have similar or different
effects on actin dynamics in vivo.

By using isoform-specific antibodies and siRNA oligonu-
cleotides, we provide evidence that ADF and cofilin-1 play
overlapping roles in actin filament turnover and various cell
processes. Depletion of either ADF or cofilin-1 resulted in
similar effects to actin filament turnover, cell morphogene-
sis, motility, and cytokinesis in our assays. More impor-
tantly, in all cases a simultaneous depletion of ADF and
cofilin-1 resulted in more pronounced phenotype than either
one of the individual depletions. The overlapping roles of
ADF and cofilin-1 are further supported by the fact that the
ADF knockdown phenotype could be rescued by overex-
pression of cofilin-1 and cofilin-1 knockdown phenotype by
ADF overexpression in NIH 3T3 cells. Similar results have
been recently obtained from a study on mice carrying mu-
tations in the ADF gene. The only observed phenotype in
these mice was bilateral blindness, but the authors noticed
that in ADF mutant mice cofilin-1 was strongly overex-
pressed in certain tissues where ADF was normally present
(Ikeda et al., 2003).

Western blot analysis showed that cofilin-1 is the major
isoform in NIH 3T3, B16F1, and Neuro 2A cells. ADF is
expressed at approximately sixfold lower molar ratios in
NIH 3T3 and Neuro 2A and at 11-fold lower molar ratio in
B16F1 cells. Depletion of cofilin-1 or ADF induced compa-
rable phenotypes in NIH 3T3 cells, whereas in B16F1 cells
ADF depletion resulted in significantly weaker effect than
cofilin-1 depletion. We suggest that the differences in the
phenotypes of ADF depletion between NIH 3T3 and B16F1
cells result from the lower expression levels of ADF in B16F1
cells. It is also interesting to note that although the molar
ratio of ADF:cofilin-1 in NIH 3T3 cells is ~1:6, the depletion
of ADF alone from this cell type resulted in a significant
phenotype. However, previous studies have demonstrated
that ADF has much stronger actin filament depolymeriza-
tion activity than cofilin-1, suggesting that the depletion of
ADEF from cells should indeed result in significantly stronger
effect on actin dynamics than what would be expected from
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its molar ratio to cofilin-1 (Vartiainen ef al., 2002; Yeoh et al.,
2002).

ADF and Cofilin-1 Are Necessary for the Proper
Cytokinesis and Cell Motility

Our work provides direct evidence that ADF and cofilin-1
play overlapping roles in cytokinesis in mammalian cells.
Significant proportions of ADF and cofilin-1 knockdown
cells were multinuclear, and this phenotype was even more
pronounced in ADF/cofilin-1 double knockdown cells. The
involvement of ADF/cofilins in cytokinesis is supported by
previous studies showing that inactivation of these proteins
in other model organisms cause failures in cytokinesis (Gun-
salus et al., 1995; Abe et al., 1996; Lappalainen and Drubin,
1997). Furthermore, ADF/ cofilins have been shown to local-
ize to the cleavage furrow and the midbody during the
cytokinesis of mammalian cells and fertilized Xenopus eggs
(Nagaoka et al., 1995; Abe ef al., 1996).

Our time-lapse analysis demonstrated that the ADF and
cofilin-1 knockdown cells could form a primitive cleavage
furrow, but the proper contraction and final abscission
seemed to be severely defective in these cells. Correspond-
ingly, myosin II and phalloidin stainings demonstrated that
contractile ring and primitive cleavage furrow were prop-
erly aligned in cofilin-1 knockdown cells, but the contraction
and dynamics of the contractile ring were defective. During
late telophase, an aberrant accumulation of F-actin and my-
osin II occurred in the contractile ring. Thus, these data
indicate that ADF/cofilins play an important role in cytoki-
nesis by regulating the turnover and disassembly of the
contractile ring. However, the assembly of the contractile
ring seems to proceed properly in cofilin-1 knockdown cells.
These findings are supported by previous studies in which
ADF/cofilins were depleted from Drosophila S2 tissue cul-
ture cells by RNA interference (Somma et al., 2002) and by
Slingshot mutation, which increased the proportion of phos-
phorylated ADF/ cofilin in cells (Kaji et al., 2003). Both stud-
ies showed that ADF/cofilins are important for cell division
and that inactivation of these proteins leads to an abnormal
F-actin accumulation near the midbody during the final
stage of cytokinesis.

Analysis of knockdown cells also demonstrated that ADF
and cofilin-1 play overlapping roles in cell motility. Together
with FRAP and latrunculin-A assays and with quantification
of G- versus F-actin ratios in wild-type versus knockdown
cells, these data suggest that ADF and cofilin-1 contribute to
cell migration by depolymerizing actin filaments and by
providing new actin monomers for assembly at barbed ends.
Interestingly, although ADF and cofilin-1 knockdown cells
were not capable in directional motility on coverslips, they
were capable in slowly extending and retracting their lamel-
lipodia. The B16F1 cofilin-1 knockdown cells activated with
AlF,~ often established continuous lamellipodia, which pro-
truded to multiple directions. This resulted in round, flat cell
morphology or a cell exhibiting two separate leading edges,
which were protruding to opposite directions. These data
indicate that cofilin-1 is required to set the direction of cell
migration. Similarly, an increase in the amount of inactive
(phosphorylated) ADF/cofilins by overexpression of LIM
kinase in fibroblasts has been shown to induce loss of cell
polarity and directed motility (Dawe et al., 2003) and local
activation of caged cofilin determined the direction of cell
migration in MTLn3 cells (Ghosh ef al., 2004). It is possible
that directional cell migration requires rapid actin filament
depolymerization and consequent recycling of actin mono-
mers to the barbed ends. In contrast, transient, nonpolar
protrusions of lamellipodia may take place also in the ab-
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sence of rapid ADF/cofilin-induced actin filament depoly-
merization. Because ADF/cofilin knockdown cells also con-
tained abnormal actin stress fibers and enlarged focal
adhesions, it is possible that the cell motility defects are also
partly a result of the strong adhesion of ADF/cofilin-de-
pleted cells to the substrate.

This work demonstrates that the two mammalian non-
muscle ADF/cofilin isoforms play overlapping role in actin
dynamics and in various cell processes. Cofilin-1 is ex-
pressed in most nonmuscle cells, and we speculate that it is
required to maintain actin filament dynamics that is impor-
tant to most central cellular processes. ADF is expressed
especially strongly in neurons and certain epithelial cell
types, and we propose that the generation and maintenance
of highly polar morphology in these cells may require very
rapid actin filament turnover rates. This could be promoted
by coexpression of ADF and cofilin-1 in these cells. How-
ever, it is possible that the rapid, ADF-induced actin fila-
ment depolymerization is also essential for certain cell pro-
cesses that are specific for neurons and epithelial cells.
Therefore, in the future it will be important to compare the
localizations and cellular roles of ADF and cofilin-1 in a
variety of highly polarized cell types. Furthermore, it will be
important to elucidate whether the activities of ADF and
cofilin-1 are regulated through same or different signaling
pathways.
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