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F-actin, resulting in actin depolymerization. Cells overex-
pressing a Swiprosin-1 phosphorylation-mimicking mutant 
or a phosphorylation-deficient mutant exhibited irregular 
membrane dynamics during the protrusion and retraction 
cycles of lamellipodia. taken together, these findings sug-
gest that dynamic exchange of Swiprosin-1 phosphoryla-
tion and dephosphorylation is a novel mechanism that regu-
lates actin dynamics by modulating the pattern of cofilin 
activity at the leading edges of cells.

Keywords Swiprosin-1 · actin filament · Cofilin · 
Lamellipodia

Introduction

the membrane protrusions and lamellipodia necessary for 
cell migration have a highly dynamic actin structure that is 
characterized by the rapid turnover of actin filaments. these 
actin dynamics are regulated by a variety of actin-binding 
proteins that act cooperatively to mediate the assembly/dis-
assembly and reorganization of actin filaments [1, 2]. Key 
regulators of actin dynamics include the arp2/3 complex 
that initiates branching or polymerization of F-actin and 
aDF/cofilin that mediates severing or depolymerization of 
F-actin [3, 4] and modulates turnover of the actin network. 
In particular, cofilin binding changes the conformation of 
F-actin, weakening the lateral contacts between actin mon-
omers [5–7], thereby initiating actin filament severance or 
depolymerization [8, 9]. Consequently, overactivation of 
cofilin would likely suppress lamellipodia extension by dis-
rupting the actin filaments [10, 11]. But cofilin also contrib-
utes to the assembly of actin filaments by replenishing actin 
monomers for polymerization [1, 12, 13]. By severing actin 
filaments cofilin increases the availability of free barbed 

Abstract Membrane protrusions, like lamellipodia, and 
cell movement are dependent on actin dynamics, which are 
regulated by a variety of actin-binding proteins acting coop-
eratively to reorganize actin filaments. here, we provide 
evidence that Swiprosin-1, a newly identified actin-binding 
protein, modulates lamellipodial dynamics by regulating 
the accessibility of F-actin to cofilin. Overexpression of 
Swiprosin-1 increased lamellipodia formation in B16F10 
melanoma cells, whereas knockdown of Swiprosin-1 inhib-
ited eGF-induced lamellipodia formation, and led to a loss 
of actin stress fibers at the leading edges of cells but not 
in the cell cortex. Swiprosin-1 strongly facilitated the for-
mation of entangled or clustered F-actin, which remodeled 
the structural organization of actin filaments making them 
inaccessible to cofilin. eGF-induced phosphorylation of 
Swiprosin-1 at Ser183, a phosphorylation site newly iden-
tified using mass spectrometry, effectively inhibited clus-
tering of actin filaments and permitted cofilin access to 
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ends, which are the preferred substrates for nucleation by 
the arp2/3 complex [3]. appropriate fine-tuning of cofilin 
activity is thus crucial for proper membrane protrusion and 
lamellipodia formation.

the activity of cofilin appears to be mainly regulated by 
phosphorylation and dephosphorylation processes. Phos-
phorylation of cofilin at serine residue 3 (Ser3) is medi-
ated by the LIM kinases (LIMK; Lin-11/Isl-1-1/Mec-3 
kinases) [5, 14] and testicular protein kinases (teSK) 
[15, 16], which are regulated by Rho GtPases [17]. Upon 
phosphorylation, cofilin is detached from F-actin, and, con-
sequently, its severing activity is abolished [18]. Dephos-
phorylation of Ser3 by slingshot [19] or chronophin [20] 
phosphatases reactivates cofilin. additionally, Ca2+, caMP 
and phosphoinositide 3-kinase have been shown to partici-
pate in the signaling pathway for cofilin dephosphorylation 
[21, 22]. For example, cellular Ca2+ increase by growth fac-
tors leads to activation of CaMKII and calcineurin, in turn, 
triggering Ca2+-dependent LIMK and/or SSh1L responsi-
ble for cofilin activation and subsequent actin cytoskeletal 
reorganization [23, 24]. however, actin-binding proteins 
also act in other ways to stabilize actin filaments against 
depolymerization by cofilin. For example, arabidopsis vil-
lin-1 prevents aDF/cofilin-mediated depolymerization by 
stabilizing actin filament bundles [25], while cross-linking 
proteins such as filamin and fascin inhibit cofilin-induced 
depolymerization of actin filaments by sterically hamper-
ing its access to the filaments [26]. On the other hand, 
actin filaments cross-linked by dynamin-2 and cortactin 
are dynamically unraveled in the presence of GtP, and the 
loosely remodeled filaments exhibit increased susceptibil-
ity to severing by cofilin [27]. there is still much that is not 
understood about how actin-binding proteins regulate the 
stability of actin filaments.

Swiprosin-1 (also known as eF hand domain con-
taining 2; eFhD2) was first identified in human CD8+ 
lymphocytes [28]. the predicted domain structure of 
swiprosin-1 includes disordered regions at the N-termi-
nus, followed by potential Sh3-domain binding sites 
[29], two eF-hand domains and a coiled-coil domain at 
the C-terminus [30]. the presence of the two eF-hand 
domains in Swiprosin-1 suggests this protein could be 
regulated by Ca2+ signaling, and indeed Swiprosin-1 
exhibits Ca2+-binding activity [31]. Because Swiprosin-1 
was first identified in immune cells, its investigation has 
focused mainly on its involvement in immune responses 
[32, 33]. Recently, Ramesh et al. [34] demonstrated that 
Swiprosin-1 colocalizes with F-actin in hMC-1 human 
mast cells, and re-localizes into membrane apical ridges 
along with F-actin movement in PMa-treated Cos-7 cells, 
supporting the association of these two proteins. how-
ever, the functions of Swiprosin-1 in F-actin organization 
are still poorly understood.

In the present study, we demonstrate that Swiprosin-1 is 
involved in regulating the accessibility of F-actin to cofi-
lin through the clustering of F-actin, and that the activity 
of Swiprosin-1 is highly dependent on its phosphoryla-
tion status at Ser183. the regulation of cofilin activity by 
Swiprosin-1 modulates membrane dynamics such as lamel-
lipodia formation.

Materials and methods

Cell culture and plasmids

heK293t and mouse melanoma B16F10 cells were grown 
in Dulbecco’s modified eagle’s medium (Gibco-BRL, 
Grand Island, NY, USa) supplemented with 10 % (v/v) 
fetal bovine serum, 50 μg/ml streptomycin, and 50 units/
ml penicillin. hSwprosin-1 was constructed into the pLe-
GFP, pGeX4t1, and pCS2-myc vectors. Point mutations 
of S183 of Swiprosin-1 were accomplished by polymerase-
chain reaction (PCR) site-directed mutagenesis. S183 was 
replaced with alanine or glutamic acid using the oligonucle-
otide primers 5′-gatcgacgtcgccagtgagggtg-3′ (for S183a) 
or 5′-gatcgacgtcgagagtgagggtg-3′ (for S183e) and its com-
plement on the opposite strand. For the generation of short 
hairpin RNa against Swiprosin-1, the following two siRNa 
sequences were selected using siRNa Wizard (InvivoGen, 
San Diego, Ca, USa): 5′-gagaagatgttcaagcagtat-3′ (sh1-1 
and sh1-2, for both human and mouse Swiprosin-1) and, 
5′-ctgcagtccacctttaagta-3′ (sh2-3 and sh2-4, for human-spe-
cific sequences). Complementary oligonucleotides for siR-
Nas, including restriction enzyme sites, 21-mer nucleotide 
sense, 7-mer hairpin loops (tcaagag), and 21-mer nucleo-
tide antisense were designed according to the manufac-
turer’s specifications (InvivoGen). annealed siRNas were 
ligated into acc65I/hindIII-digested psiRNa-hh1GFPzeo 
vector (InvivoGen). Cells were then transfected with the 
shRNas using Lipofectamine 2000 (Invitrogen, Grand 
island, NY, USa).

antibodies

Goat antibody against Swiprosin-1 (anti-Sw1-G), pur-
chased from Imgenex (San Diego, Ca, USa), was used for 
immunoblotting (IB). anti-Sw1-R ab is a rabbit polyclonal 
antibody raised against recombinant human Swiprosin-1 
protein (full-length). Specificity of this antibody was 
tested using IB, immunoprecipitation (IP) (Supplementary 
Information, Fig. S1) and immunofluorescence (IF) stain-
ing (Fig. 1a). anti-phospho-Ser (anti-pS) antibody was 
purchased from Millipore (Billerica, Ma, USa). anti-
GFP (Santa Cruz Biotechnology, Santa Cruz, Ca, USa), 
anti-cofilin (active) (abcam, Cambridge, Ma, USa), and 
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anti-phospho-Ser3-cofilin (inactive) (Cell Signaling, Dan-
vers, Ma, USa) antibodies were utilized for IB.

IP assay and IB analysis

Cells were lysed in modified radioimmunoprecipitation 
assay buffer (50 mM tris–hCl, ph 7.4, 150 mM NaCl, 1 % 
NP-40, 0.25 % sodium deoxycholate, 10 mM NaF, 1 mM 
PMSF, 1 mM Na3VO4, 10 μM leupeptin, 1.5 μM pepsta-
tin, and 10 μg/ml aprotinin), after which the lysates were 
cleared by centrifugation at 12,000 rpm for 10 min at 4 °C. 
the supernatant was then collected and, after addition of 
the appropriate antibody, it was incubated for 12 h at 4 °C, 

allowing the IP reaction to run. the resultant immune com-
plexes were then collected by precipitation for 1 h with 
protein a or G-Sepharose (Ge healthcare, Piscataway, NJ, 
USa). after washing the mixtures three times with lysis 
buffer, the beads were suspended in SDS sample buffer, 
boiled for 5 min, and resolved by SDS-PaGe. For examin-
ing phosphorylation of endogenous Swiprosin-1 in B16F10 
cells, anti-Sw1-R antibody was applied for IP, and IB per-
formed with anti-pS or anti-Sw1-G antibody. Phosphoryla-
tion of Swiprosin-1 at Ser183 was analyzed based on its IP 
from pLeGFP-Swiprosin-1 (WT, S183A or S183E)-trans-
fected heK293t cells using anti-pS antibody, followed by 
IB with anti-GFP antibody. For analysis of the interaction 

Fig. 1  Swiprosin-1 colocalizes with F-actin and modulates lamel-
lipodia formation. a anti-Swiprosin-1 antibody (Sw1-R Ab) is a rabbit 
polyclonal antibody raised against recombinant human Swiprosin-1 
protein. the antibody was compared with goat anti-Swiprosin-1 ab 
(anti-Sw1-G) in IB experiments with B16F10 cells (upper left panel). 
Lysates were obtained from B16F10 cells transfected with empty 
GFP vector or GFP-Swiprosin-1 for 24 h. GFP-Swiprosin-1 and 
transfection efficiency were detected with anti-Sw1-R, anti-Sw1-G, 
and anti-GFP antibodies (upper right panel). GFP signals merged 
with the anti-Sw1-R antibody staining (lower panel). b B16F10 cells 
were treated with or without 100 ng/ml eGF for 2 min, and stained 

with anti-Sw1-R antibody and phalloidin-594 to visualize F-actin. 
c B16F10 cells were transfected with empty GFP vector or GFP-
Swiprosin-1 for 24 h. Next, cells were stained with alexa-594-phal-
loidin. Merged images are shown in yellow. Scale bar 10 μm. 
Lamellipodia formation was determined with actin staining among 
GFP-expressing cells. (n > 30 cells, *P < 0.005). d B16F10 cells were 
transfected with psi-RNa-GFP-control or psi-RNa-GFP-Swiprosin-1 
for 24 h, and 100 ng/ml eGF administered for 2 min for lamellipodia 
induction. the transfected cells were stained with alexa-594-phalloi-
din, and the lamellipodia formation was analyzed in GFP-expressing 
cells (*P < 0.05, **P < 0.01)
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of myc-Swiprosin-1 with cofilin, the lysates were immu-
noprecipitated with anti-myc antibody followed by IB with 
anti-cofilin (active) or anti-phospho-Ser3-cofilin (inactive) 
antibodies.

IF staining and confocal imaging analysis

the cells cultured on fibronectin-coated glass covers were 
fixed with 4 % paraformaldehyde in PBS for 10 min at 
room temperature. the cells were then permeabilized 
with 0.1 % triton X-100 for 10 min and blocked for 30 
min with 1 % bovine serum albumin in PBS. Cells were 
incubated for 1 h with anti-Sw1-R antibody, followed 
by incubation for 1 h with alexa 488-conjugated anti-
rabbit secondary antibody (Molecular Probes, eugene, 
OR, USa). the actin cytoskeleton was visualized using 
either alexa 488- or alexa 555-conjugated phalloidin 
(Molecular Probes). the glass coverslips were mounted 
using PermaFluor aqueous Mountant (thermo Scientific, 
Pittsburgh, Pa, USa). Fluorescence images were obtained 
using an Olympus confocal microscope (FV1000) with 
FV10-MSaSW software or with an Olympus IX81 
Inverted fluorescence microscope driven by MetaMorph 
imaging software.

In vitro actin co-sedimentation assay and actin bundling 
assay

to assemble F-actin, 5 μM monomeric G-actin (Cytoskel-
eton, Denver, CO, USa) purified from rabbit skeletal mus-
cle was incubated in actin polymerization buffer contain-
ing 20 mM MgCl2, 0.5 M KCl, and 5 mM atP for 30 min 
at 25 °C. Purified cofilin and/or GSt-Swiprosin-1 fusion 
protein were added to the reaction at the indicated con-
centrations to verify the ability of Swiprosin-1 to inhibit 
the actin binding of cofilin. after incubation, the reaction 
mixtures were ultracentrifuged at 45,000 rpm for 1 h at 
25 °C. the supernatants were transferred to new tubes, and 
the pellets were dissolved in SDS-loading buffer and sub-
jected to SDS-PaGe, followed by staining with Coomas-
sie brilliant blue R-250. For F-actin bundling assays, the 
protocol was the same except the ultracentrifugation step 
was replaced with centrifugation at 15,000 rpm for 10 min 
at 25 °C.

In vitro actin polymerization and depolymerization assays

actin polymerization and depolymerization activities 
were measured by monitoring the changes in fluorescence 
intensity of pyrene-labeled actin, as described previously 
[35]. Pyrene-labeled monomeric G-actin (Cytoskeleton) 
was dissolved in G-actin buffer (5 mM tris–hCl, ph 8.0, 
0.2 mM CaCl2, 0.5 mM dithiothreitol, and 0.2 mM atP) 

and then left on ice for 1 h to allow depolymerization of 
any actin oligomers that formed during storage. the mix-
ture was then centrifuged at 14,000 rpm for 30 min at 
4 °C. GSt-Swiprosin-1 or GSt was then mixed with the 
pyrene-G-actin, and polymerization was initiated by add-
ing the actin polymerization buffer. For actin depolym-
erization assays, pyrene-F-actin was pre-assembled, after 
which 5 μM F-actin was mixed with GSt-Swiprosin-
1-Wt, the S183a or S183e mutants, or GSt. Fluores-
cence levels were then recorded every 1 min for 35 min 
using a SpectraMax GeMINI XS spectrofluorometer 
(Molecular Devices, Sunnyvale, Ca, USa). the excita-
tion and emission wavelengths were 350 and 407 nm, 
respectively.

Mass spectrometry

heK293t cells were transfected with GFP-Swiprosin-1 
and then treated with 100 ng/ml eGF for 5 min, after which 
proteins were immunoprecipitated using anti-GFP antibody 
on beads. For in-solution digestion, the purified proteins 
were eluted from the beads using two bed volumes of 9 M 
urea over the course of 1 h. the eluted protein samples 
were reduced by adding Dtt to a final concentration of 
5 mM, after which 25 mM iodoacetamide was added, and 
solutions were incubated for 30 min at room temperature. 
then, after diluting the sample fourfold with 25 mM tris–
hCl (ph 8.2), sequencing grade trypsin (Promega, Madi-
son, WI, USa) was added to an enzyme/substrate ratio 
of 1:50 (w/w), and the mixture was incubated overnight 
at 37 °C with rotation (400 rpm). Digestion was stopped 
by the addition of Fa to 1 %. For enrichment of the phos-
phopeptides, the peptides were desalted and then applied 
to IMaC beads (PhOS-Select™ iron affinity gel; Sigma-
aldrich, St. Louis, MO, USa). the eluted peptides were 
loaded onto a trap column packed with 2 cm of aQUa C18 
in a fused-silica capillary. Finally, a pre-conditioned analy-
sis column (fused-silica capillary 100 μm i.d. × 360 μm 
o.d.; packed with 7 cm of aQUa C18) was connected to 
the trap column for micro-RPLC-MS/MS analysis. the 
analysis of the peptide samples was performed using an 
agilent 1100 Series high-performance liquid chromatog-
raphy (hPLC) pump (agilent technologies, Santa Clara, 
Ca, USa) coupled to a linear quadruple ion trap mass 
spectrometer (LtQ; thermo Finnigan, San Jose, Ca, USa) 
using a nanoeSI interface manufactured in-house. the 10 
most abundant ions from each MS scan were selected for 
further MS/MS analysis using normalized collision energy 
of 35 %. Dynamic exclusion for 30 s was applied to avoid 
repeated analysis of the same abundant precursor ion. the 
SeQUeSt algorithm was used to search a composite data-
base containing the mouse IPI protein database (v.3.28) and 
its reversed complement.
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transmission electron microscopy

Skeletal muscle actin (5 μM) was polymerized in actin 
polymerization buffer containing GSt, GSt-Swiprosin-1, 
or a Swiprosin-1 mutant (S183a or S183e). after incuba-
tion for 1 h at 25 °C, the reaction mixtures were adsorbed 
onto formvar/carbon-coated copper grids for 30 s, and the 
excess sample was removed by wicking with filter paper. 
the bound actin was stained with 1 % uranyl acetate for 
1 min, and the excess stain was removed with filter paper. 
Images were recorded on a FeI teCNaI G2 transmission 
electron microscope operated at 120 kV.

Results

Swiprosin-1 colocalizes with F-actin and modulates 
lamellipodia formation

We initially generated rabbit anti-Swiprosin-1 antibody 
(anti-Sw1-R) against recombinant human Swiprosin-1 pro-
tein (full-length) and examined antibody specificity (Sup-
plementary Fig. 1). Overexpression of GFP-Swiprosin-1 
in mouse melanoma B16F10 cells was detected via immu-
noblot analysis. the GFP signal of GFP-Swiprosin-1 over-
lapped exactly with that of the anti-Sw1-R antibody stain, 
confirming the membrane localization of Swiprosin-1 
(Fig. 1a). to examine the roles of Swiprosin-1 in mem-
brane dynamics, B16F10 cells were treated with eGF. 
Upon eGF treatment, lamellipodia formation was markedly 
induced and endogenous Swiprosin-1 was rapidly trans-
located to the lamellipodia which exhibited local enrich-
ment of phalloidin-stained F-actin (Fig. 1b). In addition, 
lamellipodia formation was well detected in Swiprosin-1 
overexpressed B16F10 cells (Fig. 1c). to further confirm 
the function of Swiprosin-1 in lamellipodia formation, the 
protein was knocked down using shRNas targeting specific 
Swiprosin-1 regions conserved in human and mouse (sh1-1 
and sh1-2 clones) or specifically in human (sh2-3 and sh2-
4) (see Supplementary information, Fig. S2). the knock-
down of Swiprosin-1 was verified by Rt-PCR, qRt-PCR 
and western blotting, and it had no effect on the expres-
sion of Swiprosin-2, an isoform of Swirpsoin-1 with over 
70 % amino acid sequence homology (see Supplementary 
information, Fig. S2). Within the Swiprosin-1 knockdown 
cells, based on their GFP expression, actin stress fibers were 
prominent in the cell cortex but not at the leading edge, 
and eGF-induced lamellipodia formation was significantly 
inhibited (Fig. 1d). to further clarify the role of Swiprosin-1 
in lamellipodia formation, we used kymograph analysis to 
assess lamellipodia dynamics in cells overexpressing GFP-
Swiprosin-1. Our findings showed that the dynamic GFP-
Swiprosin-1 signal moved concurrently with the leading 

edge of the lamellipodia, by contrast, the movement of GFP 
(negative control) was unrelated to the lamellipodia dynam-
ics (see Supplementary information, Fig. S3). Collectively, 
these data indicate that Swiprosin-1 modulates lamellipodia 
formation and actin structure at the leading edges of cells.

Swiprosin-1, a novel actin-binding protein, inhibits cofilin 
activity by preventing the F-actin accessibility to cofilin

the findings that Swiprosin-1 colocalizes with F-actin 
and regulates lamellipodia formation at the cell lead-
ing edge led us to examine the effects of Swiprosin-1 on 
actin polymerization. We determined whether Swiprosin-1 
binds to F-actin directly using in vitro actin co-sedimenta-
tion assay. Our data showed that GSt-Swiprosin-1 binds 
directly to F-actin in vitro, but not GSt (Fig. 2a). the find-
ing that actin was coimmunoprecipitated with Swiprosin-1 
in GFP-Swiprosin-1 overexpressed cells further supports 
the interaction between Swiprosin-1 and actin (Fig. 2b). 
When we assayed the polymerization of pyrene-labeled 
actin in the presence of GSt-Swiprosin-1 in vitro, we 
found that Swiprosin-1 did not promote actin polymeriza-
tion mediated by the arp2/3 complex and VCa domain 
of WaSP, a cofactor of arp2/3 complex (Fig. 2c), and did 
not function as a cofactor like VCa domain (see Supple-
mentary information, Fig. S4). Instead, Swiprosin-1 was 
remarkably effective at inhibiting cofilin-mediated actin 
depolymerization (Fig. 2d). the inhibition was dose-
dependent, and 2 μM GSt-Swiprosin-1 elicited ~80 % 
inhibition of cofilin-mediated actin depolymerization. to 
further confirm these observations, the actin used in the 
depolymerization assay was stained with phalloidin-488 
and observed under a confocal microscope (Fig. 2e). In the 
presence of Swiprosin-1, the F-actin was found in clustered 
or entangled filaments that were not seen in the absence of 
Swiprosin-1 (upper panel). Moreover, the entangled actin 
filaments were retained even in the presence of cofilin 
when Swiprosin-1 was also present (lower panel), whereas 
extensive cofilin-mediated actin depolymerization occurred 
in the absence of Swiprosin-1, which eliminated nearly all 
of the F-actin (Fig. 2e). this suggests Swiprosin-1 inhibits 
cofilin-mediated actin depolymerization.

to investigate the mechanism underlying the inhibitory 
effect of Swiprosin-1 on cofilin activity, we carried out in 
vitro GSt-Swiprosin-1 pull-down assay (Fig. 3a) and IP 
assay using lysates from cells overexpressing myc-tagged 
Swiprosin-1 (see Supplementary information, Fig. S5). No 
interactions between endogenous cofilin and Swiprosin-1 
were observed in B16F10 cells with the IP assay (Fig. 3a, 
right panel). We found that Swiprosin-1 does not bind to 
either inactive (phosphorylated at Ser3) or active (unphos-
phorylated) cofilin. Recently, it was reported that actin 
filament cross-linking or bundle formation mediated by 
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actin-binding proteins such as fascin and tropomyosin pro-
tects actin filaments from depolymerization by cofilin [26]. 
Based on these findings, we performed actin bundling sedi-
mentation assay to examine whether Swiprosin-1 induces 
F-actin clustering. actin bundling assay showed that 
Swiprosin-1 acted dose-dependently to induce F-actin clus-
tering (Fig 3b). We therefore hypothesized that Swiprosin-
1-mediated F-actin clustering denies cofilin access to 
F-actin. to test this hypothesis, we initially performed 
F-actin co-sedimentation assay using a single concentration 
of cofilin and several concentrations of GSt-Swiprosin-1. 
Our experiment revealed that, with increasing concen-
trations of Swiprosin-1, the amount of cofilin bound to 
F-actin in the pellet decreased (Fig. 3c). Conversely, when 

the assay was carried out using a single concentration of 
Swiprosin-1 and serially increasing concentrations of cofi-
lin, Swiprosin-1 binding to F-actin gradually declined as 
actin filament depolymerization, caused by cofilin activ-
ity, was increased (see Supplementary information, Fig. 
S6). In addition, the amount of actin pulled down by GSt-
cofilin beads was dramatically reduced by overexpression 
of Swiprosin-1 (Fig. 3d), suggesting Swiprosin-1 inhibits 
cofilin activity by blocking its access to F-actin.

eGF induces phosphorylation of Swiprosin-1 at Ser183

Swiprosin-1 reportedly exhibits the same activation profile 
as arp2/3 complex and Gelsolin in cells treated with eGF, 

Fig. 2  Swiprosin-1 inhibits cofilin-mediated actin depolymerization. 
a the indicated concentrations of purified GSt or GSt-Swiprosin-1 
were incubated with monomeric G-actin (5 μM) for 30 min to assem-
ble actin filaments and then centrifuged at 45,000 rpm for 2 h. the 
supernatant (S) and pellet (P) fractions were then separated by SDS-
PaGe. b B16F10 cells were transfected with empty GFP vector or 
GFP-Swiprosin-1 for 24 h. Cell lysates were applied for immune-pre-
cipitation with anti-actin antibody and for IB with anti-actin and anti-
GFP antibodies. effects of Swiprosin-1 on actin polymerization or 
depolymerization were assessed by pyrene-actin assays. the kinetics 
was monitored by measuring the fluorescence intensity of pyrene-F-
actin. c the reaction mixture for actin polymerization assay contained 

5 μM pyrene-actin, 50 nM arp2/3 complex, 50 nM WaSP-VCa, and 
1 μM GSt or GSt-Swprosin-1. d For cofilin-mediated actin depo-
lymerization, pre-polymerized pyrene-F-actin (5 μM) in the pres-
ence of cofilin (250 nM) and the indicated concentrations of GSt or 
GSt-Swiprosin-1. actin alone served as a control. e G-actin (5 μM) 
was incubated with 1 μM GSt or GSt-Swiprosin-1 for 30 min at 
room temperature to assemble F-actin. a half volume of reaction 
was subsequently stained with alexa-488-phalloidin. the other half 
was incubated with 250 nM cofilin for 1 h to disassemble F-actin and 
then stained with alexa-488-phalloidin. the reactions were observed 
under a confocal microscope
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suggesting a potential role in growth factor-dependent actin 
remodeling [36]. We therefore used mass spectrometry to 
investigate the mechanism of eGF-dependent activation of 
Swiprosin-1. to investigate the physiological functions of 
Swiprosin-1 and related human diseases based on regula-
tion of actin dynamics, we employed heK293t cells to 
screen for phosphorylation of Swiprosin-1 from the normal 
human database. heK293t cells transfected with GFP-
Swiprosin-1 were treated with eGF for 5 min, and then 
lysed and immunoprecipitated with anti-GFP antibody. the 
bound proteins were digested with trypsin, and the pep-
tide fragments were analyzed by mass spectrometry, which 
revealed that Ser183 of Swiprosin-1 is a potential site for 
eGF-induced phosphorylation (Fig. 4a). eGF-mediated 
phosphorylation of Swiprosin-1 at serine was transient and 

reached peak levels at 5 min after eGF stimulation in both 
B16F10 and GFP-Swiprosin-1-transfected heK293t cells 
(Fig. 4b). this finding was further confirmed with site-
directed mutagenesis experiments whereby Ser183 was 
substituted with alanine (S183a, phosphorylation-deficient 
form) or glutamate (S183e, phosphorylation-mimicking 
mutant) (Fig. 4b, c).

Inhibition of cofilin by Swiprosin-1 is dependent on the 
phosphorylation status of Swiprosin-1

as shown in Fig. 2d, recombinant Swiprosin-1 inhibited 
cofilin-mediated actin depolymerization. to determine 
whether the inhibition was affected by the phosphoryla-
tion status of Swiprosin-1 at Ser183, we performed in vitro 

Fig. 3  Swiprosin-1 inhibits cofilin activity by preventing its access 
to F-actin. a In vitro binding assay carried out with GSt or GSt-
Swiprosin-1 agarose beads using B16F10 cell lysates (left panel). 
Lysates of B16F10 cells were immunoprecipitated with anti-cofilin 
(upper) and anti-Sw1-R (lower) antibodies (right panel). the bound 
proteins were verified using anti-cofilin, anti-phospho-cofilin (Ser3), 
anti-Sw1-R, and anti-actin antibodies. the presence of GSt and GSt-
Swiprosin-1 was confirmed by coomassie blue staining. b the indi-
cated concentrations of GSt or GSt-Swprosin-1 were incubated with 
5 μM G-actin for 1 h and then subjected to F-actin bundling assay. 

c Competition between Swiprosin-1 and cofilin for F-actin binding 
was assessed in F-actin co-sedimentation assay. Preassembled F-actin 
(5 μM) and cofilin were incubated with 10 μM GSt or the indicated 
concentrations of GSt-Swiprosin-1. the reactants were co-sedi-
mented and the supernatant (S) and pellet (P) fractions were separated 
by SDS-PaGe. Cofilin band densities were measured by densitom-
etry and the pellet-to-supernatant ratio is shown. d Lysates of B16F10 
cells transfected with GFP-Ev or GFP-Swiprosin-1 were pulled down 
using GSt or GSt-cofilin agarose beads and immunoblotted with 
anti-actin, anti-Sw1-R, or anti-cofilin antibodies
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actin depolymerization assay using Swiprosin-1-Wt and 
the S183a and S183e mutants. Swiprosin-1-Wt and the 
phosphorylation-deficient S183a mutant each inhibited 
cofilin-induced actin depolymerization, whereas S183e, 
a phosphorylation-mimicking mutant, did not (Fig. 5a). 
these results were confirmed by microscopic examina-
tion of phalloidin-stained F-actin. Swiprosin-1-Wt and 
the S183a mutant each induced formation of entangled or 
clustered actin filaments that persisted despite incubation 
with cofilin. By contrast, the S183e mutant induced a loose 
actin structure and nearly all the filaments were disassem-
bled when incubated with cofilin (Fig. 5b).

to further confirm the phosphorylation dependency of 
Swiprosin-1-mediated inhibition of cofilin activity, we next 
examined the F-actin content of cells. IF analysis revealed 
that, in cells overexpressing GFP-cofilin alone or together 
with S183e, phalloidin-stained F-actin was either absent 
or small amounts remained in a loose form. By contrast, 
F-actin was prominent in cells co-expressing GFP-cofilin 
with myc-tagged Swiprosin-1-Wt or -S183a (Fig. 5c). 
Interestingly, phosphorylation of Swiprosin-1 at Ser183 
significantly inhibited F-actin clustering without changing 
the binding affinity of Swiprosin-1 for F-actin (Fig. 6a). 

Moreover, cofilin binding to F-actin in the presence of the 
phosphorylation-mimetic S183e Swiprosin-1 mutant was 
enhanced, compared to that in the presence of wild-type 
Swiprosin-1 (Wt) or the S183a mutant (Fig. 6b). the data 
suggest that Swiprosin-1 phosphorylation at Ser183 causes 
production of a loose form of F-actin by preventing F-actin 
clustering, thereby enhancing the accessibility of F-actin to 
cofilin. transmission eM images confirmed that Swiprosin-
1-Wt or -S183a induced dense and thick actin filaments, 
whereas the S183e mutant induced loose and thin actin fila-
ments (Fig. 6c). Next, we examined cofilin distribution at 
the leading edges of lamellipodia. Following eGF stimula-
tion, endogenous cofilin was clearly detected at the leading 
edges of lamellipodia, with co-localization of Swiprosin-1 
(Fig. 7a). Interestingly, cofilin translocation was promi-
nent in cells expressing the Swiprosin-1 S183e mutant, but 
abolished in those with the S183a mutant, even after eGF 
stimulation (Fig. 7b). the data indicate that phosphorylation 
of Swiprosin-1 modulates cofilin distribution to the leading 
edges of lamellipodia induced by eGF. Based on the col-
lective findings, we suggest that Swiprosin-1 modulates the 
accessibility of F-actin to cofilin in a manner highly depend-
ent on phosphorylation of Swiprosin-1 at Ser183.

Fig. 4  eGF induces phosphorylation of Swiprosin-1 at Ser183. a 
heK293t cells transfected with GFP-Swiprosin-1 were exposed to 
100 ng/ml eGF for 5 min, after which the lysate was immunoprecipi-
tated with anti-GFP antibody. Phosphorylation of Swiprosin-1 was 
analyzed by mass spectrometry. b heK293t cells transfected with 
GFP-tagged Swiprosin-1 and B16F10 cells were exposed to 100 ng/
ml eGF for the indicated times. Lysates were subsequently immu-

noprecipitated with anti-pSer or anti-Sw1-R antibody, respectively. 
c heK293t cells transfected with GFP-tagged Swiprosin-1-Wt, 
S183a, or S183e mutants were exposed to eGF for 5 min. Lysates 
were immunoprecipitated using anti-pS and immunoblotted with anti-
GFP, anti-PKCɑ antibodies (positive control for the eGF signaling), 
or anti-actin antibody (internal control)
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Dynamic exchange of phosphorylation/dephosphorylation 
of Swirosin-1 is a key modulator of lamellipodia dynamics

We next examined whether the phosphorylation status of 
Swiprosin-1 affects membrane dynamics such as lamellipo-
dia formation. When overexpressed, GFP-Swiprosin-1 Wt 
was enriched at lamellipodia, where it colocalized with actin. 
Likewise, S183a and S183e were also readily distributed to 
the cell leading edges (Fig. 8a). however, different shapes 
of membrane edges were observed. Smooth edges of mem-
brane were observed in S183a-expressed cells while mean-
dering edges were in S183e-expressed cells. Swiprosin-1 
Wt-expressed cells showed both shapes. the clear differ-
ence between the smooth and meandering edge shapes ena-
bled us to analyze the membrane dynamics. Kymographic 
analysis then revealed that the cycles of protrusion and 

retraction of the Wt-membrane were relatively regular and 
exhibited a regular pattern of repeats (Fig. 8b, c, arrows), 
during which levels of GFP-Swiprosin and F-actin were 
well correlated with the cycle of protrusion and retraction. 
By contrast, the movement of S183a- or S183e-mem-
branes was extremely irregular (Fig. 8b, c), indicating that 
the membrane dynamics was less well coordinated than in 
cells expressing Swiprosin-1-Wt. Lamellipodia dynamics 
were quantified using stroboscopic analysis of cell dynam-
ics (SaCeD) (Fig. 8c). the average persistence time of 
Swiprosin-1-Wt (151.40 ± 34.14 s) in overexpressing cells 
was shorter than that of S183a (168.10 ± 25.30 s) or S183e 
(195.08 ± 25.43 s). Wt cells showed longer lamellipodial 
protrusion distances (2.38 ± 0.75 μm) and faster protru-
sion velocities (0.0297 ± 0.0124 μm/s) than S183a (dis-
tance: 1.82 ± 0.79 μm, velocity: 0.0187 ± 0.0094 μm/s) 

Fig. 5  Inhibition of cofilin by Swiprosin-1 is dependent on the phos-
phorylation status of Swiprosin-1. a actin depolymerization in a 
reaction mixture containing pre-polymerized pyrene-F-actin (5 μM) 
and 1 μM GSt, GSt-Swiprosin-1-Wt, GSt-Sw-S183a, or GSt-Sw-
S183e was initiated by addition of cofilin (250 nM). traces show 
the time course of the actin depolymerization. b G-actin (5 μM) was 
incubated with 1 μM GSt, GSt-Sw-Wt, GSt-Sw-S183a, or GSt-
Sw-S183e for 30 min at room temperature to assemble F-actin, after 

which a half volume of reaction was stained with alexa-488-phalloi-
din. the other half was incubated with 250 nM cofilin for 1 h to disas-
semble F-actin and then stained with alexa-488-phalloidin. the reac-
tions were observed under confocal microscope. c B16F10 cells were 
co-transfected with GFP-cofilin and myc-tagged Swiprosin-1-Wt or 
the S183a or S183e mutant. Cofilin activity was visualized in indi-
vidual cells after immunofluorescent staining with alexa-594-conju-
gated phalloidin
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or S183e (distance: 1.94 ± 0.37 μm, velocity: 
0.0258 ± 0.0113 μm/s) cells. the retraction distance of 
Wt cells was shorter (1.68 ± 0.52 μm), and their veloc-
ity was faster (0.0242 ± 0.0089 μm/s) than S183a (dis-
tance: 2.09 ± 0.62 μm, velocity: 0.0199 ± 0.0062 μm/s) 
or S183e (distance: 2.33 ± 0.53 μm, velocity: 
0.0202 ± 0.0068 μm/s) cells. the shorter protrusion dis-
tances and slower protrusion velocities of S183a- and 
S183e-expressing cells reflected the dysregulation of mem-
brane dynamics following uncontrol of actin dynamics. In 
other words, the balance of actin dynamics is crucial for 
determining membrane dynamics such as the assembly and 
disassembly of lamellipodia. taken together, these data sup-
port the idea that dynamic exchange of phosphorylation/
dephosphorylation of Swiprosin-1 plays a key role in regu-
lating membrane dynamics.

Discussion

Lamellipodial protrusion is the first step in cell move-
ment and is dependent on forces generated through actin 

dynamics at the plasma membrane [37, 38]. Cofilin is the 
best-known regulator of actin dynamics. It acts by sever-
ing and depolymerizing actin filaments, which increases 
the availability of free barbed F-actin ends [3] and G-actin 
monomers [39]. appropriate regulation of cofilin activity is 
thus crucial for proper actin turnover.

here, we demonstrated that overexpression or knock-
down of Swiprosin-1 alters lamellipodia formation in 
B16F10 cells. the B16F10 cell line has been generally 
used for the lamellipodia dynamic assay, since it is a highly 
motile malignant cancer cell line. the mechanism under-
lying these effects appears to involve regulation of cofilin 
activity through modulation of F-actin clustering, which is 
dependent on the phosphorylation status of Swiprosin-1. 
Swiprosin-1 directly binds to F-actin and dose-dependently 
inhibits cofilin-mediated actin depolymerization by pre-
venting the binding of cofilin to F-actin. Because there was 
no evidence of direct binding of Swiprosin-1 to cofilin, we 
suggest that, by mediating F-actin clustering, Swiprosin-1 
reduces the accessibility of F-actin to cofilin.

It was previously shown that actin-binding proteins 
such as filamin and fascin sterically hinder the access 

Fig. 6  Phosphorylated Swiprosin-1 at S183 fails to promote F-actin 
clustering and permits access of cofilin to F-actin. actin polymeriza-
tion was induced using the indicated proteins. a the resultant F-actin 
was subjected to co-sedimentation (upper panel) or actin bundling 
(lower panel) assays. b the same assays were run after the polymer-

ized actin was incubated with 2 μM cofilin for 30 min. c Reaction 
mixtures were adsorbed onto carbon-coated grids and stained with 
1 % uranyl acetate for 1 min. electron micrographs were obtained 
at magnifications of ×26,500 and ×135,000. Bar 100 nm. Width of 
clustered F-actin (n > 100) was quantified using MetaMorph software
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of cofilin to actin filaments [26], and that enhancement 
of actin bundling by villin-1 prevents cofilin-mediated 
actin depolymerization [25]. On the other hand, when 
actin bundles induced by dynamin 2 and cortactin were 
remodeled to a more loosely packed conformation in the 
presence of GtP, the actin became more susceptible to 
depolymerization by cofilin [27]. Consistent with these 
earlier observations, we found that Swiprosin-1-mediated 
F-actin clustering inhibited cofilin binding to F-actin 
(Fig. 3d), so that F-actin staining was prominent in cells 
co-expressing cofilin and Swiprosin-1 (Fig. 5c). appar-
ently, F-actin clustering by Swiprosin-1 modulates sus-
ceptibility of actin filaments to depolymerization by 
cofilin.

We ruled out the possibility of competition between 
Swiprosin-1 and cofilin for F-actin binding with the aid of 
several experiments (Fig. 6a, b; Supplementary Fig. S6). 
Notably, only the S183e mutation facilitated cofilin access 
to F-actin by loosening the actin bundle, even though both 
phospho-mimetic (S183e) and phospho-deficient (S183a) 
mutants bound to F-actin. however, the potential involve-
ment of other factors known to regulate cofilin activity, 
such as atP, ph, calcium concentration, or other regula-
tory proteins (LIMK or slingshot) [21], cannot be over-
looked. It is possible that single actin filaments alter their 
torsional twist upon Swiprosin-1 binding or that filaments 
cross-linked by Swiprosin-1 are less flexible than free fila-
ments and therefore impacted on cofilin binding. Moreover, 

Fig. 7  Phosphorylation of Swiprosin-1 at S183 modulates trans-
location of cofilin at the lamellipodial edge. a B16F10 cells grown 
on glass covers were stimulated with 100 ng/ml eGF for 2 min and 
stained with anti-Sw1-R and anti-cofilin antibodies following treat-
ment with alexa Fluor-488 and -647 dyes, respectively. Finally, 

F-actin was stained with alexa-594-conjugated phalloidin and exam-
ined under a confocal microscope. b B16F10 cells transfected with 
GFP-Sw1 Wt, S183a, S183e, or GFP-control vector were stimulated 
with eGF and stained with anti-cofilin antibody and alexa-594-phal-
loidin
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the theory that actin structure is changed by Swiprosin-1 
remains to be examined.

the phosphorylation of Swiprosin-1 was predicted by 
an earlier report showing that Swiprosin-1 exhibits the 
same dynamics as arp2/3 complex and Gelsolin in profiles 
of tyrosine phosphorylation [36]. For that reason, we ini-
tially focused on the tyrosine phosphorylation. Swiprosin-1 
contains two tyrosine residues, tyr83 and tyr104, with the 
latter situated in the first of Swiprosin-1′s two eF-hand 
motifs. however, substitution of the residues confirmed 
that tyrosine phosphorylation is irrelevant to actin assem-
bly/disassembly in vitro (data not shown). Instead, mass 
spectrometric analysis identified Ser183 as a novel site 
subject to eGF-induced phosphorylation. Phosphorylation 
of Swiprosin-1 at Ser183 did not affect its binding to actin 
filaments nor distribution of Swiprosin-1 at the lamellipo-
dia, but Ser183 phosphorylation did block Swiprosin-1′s 
ability to inhibit cofilin activity. Kymographic analysis of 

the membrane dynamics showed that dynamic exchange 
of Swiprosin-1 phosphorylation and dephosphorylation is 
an essential process regulating the actin dynamics mediat-
ing lamellipodia formation. Similarly, phosphorylation of 
fascin at Ser39 by protein kinase C (PKC) inhibits F-actin 
bundling and alters actin reorganization [40, 41], though 
the regulatory function of this effect is not known. In our 
study, these phenomena appear to be associated with the 
regulation of cofilin activity at the membrane leading edge.

the relationship between cofilin-modulated F-actin 
dynamics and the regulation of the coordinated protru-
sion and retraction of lamellipodia is complex. Localized 
activation of cofilin has been shown to promote mem-
brane protrusion at the local edge [42], and this behavior 
is explained by cofilin’s ability to generate barbed ends 
and replenish the pool of actin monomers. LIMK1- and 
SSh1L-mediated spatiotemporal regulation of cofilin activ-
ity is critical for polarized lamellipodia formation [43]. 

Fig. 8  Dynamic exchange of phosphorylation/dephosphorylation of 
Swiprosin-1 is a key regulator of lamellipodia dynamics. a B16F10 
cells transfected with GFP-Swiprosin-WT, -S183A, or -S183E con-
structs were stained with alexa-594-phalloidin. Scale bar 10 μm. 
Kymographs were obtained from time-lapse images captured every 
5 s for 10 min after addition of 100 ng/ml eGF. Scale bar 10 μm. 
b Dynamics of GFP-Swiprosin-Wt, -S183a, or -S183e, and pLife-
actin are shown. the repeat pattern is indicated by arrows. c Lamel-
lipodia dynamics were quantified using stroboscopic analysis of cell 

dynamics (SaCeD). Stroboscopic images were produced using a 
five-pixel-wide box drawn in the direction of the cell protrusion. the 
repeat pattern is indicated by arrows. Box and whisker plots for the 
persistence, protrusion distance, protrusion velocity, retraction dis-
tance, and retraction velocity of individual events (n > 10). the mid-
dle line in each box indicates the median, the top of each box indicates 
the 75th percentile, the bottom indicates the 25th percentile, and the 
whiskers indicate the extent of the 10th and 90th percentiles, respec-
tively. (*P < 0.05, **P < 0.01, ***P < 0.005)
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however, undue increases in cofilin activity could disrupt 
the balance between local protrusion and retraction along 
the edges of lamellipodia by altering F-actin kinetics [44]. 
We suggest that the phosphorylation/dephosphorylation of 
Swiprosin-1 at the leading edges of lamellipodia controls 
the F-actin clustering and thereby regulates the activity of 
cofilin by modulating the F-actin accessibility to cofilin. 
In our experiments, endogenous and overexpressed cofilin 
displayed translocation to the leading edges of lamellipo-
dia after eGF stimulation, which was abolished in cells 
expressing the S183a mutant (Fig. 7a, b). thus, phospho-
rylation of Swiprosin-1 may be one of the steps of spatial 
and temporal regulation of cofilin activity at the leading 
edges of lamellipodia of moving cells. Consistent with that 
idea, we found that only Swiprosin-1-Wt, which is subject 
to both phosphorylation and dephosphorylation, supported 
regular patterns of membrane dynamics along with coordi-
nated actin movement. Neither the S183e mutant nor the 
S183a mutant supported appropriate actin dynamics. the 
dysregulation of membrane dynamics may result in the dif-
ferent patterns of membrane edges such as smooth edges 
for the phosphorylation-deficient mutant (S183a) and 
meandering patterns for the phosphorylation-mimicking 
mutant (S183e).

Swiprosin-1 contains 2 eF-hand domains that bind to 
Ca2+, and cofilin activity is modulated by Ca2+ signal-
ing. Ca2+-induced cofilin dephosphorylation is mediated 
by two protein phosphatases, calcineurin and SSh1L [23]. 
For example, soluble growth factors, such as eGF, acti-
vate the PLC-IP3-Ca2+-calcineurin signaling pathway, fol-
lowed by transient increase of cofilin at the leading edge 
for neurite outgrowth and MtLn3 cancer cell migration 
[45–47]. eGF-simulated phosphorylation of Swiprosin-1 
leads to loosening of F-actin bundles, thereby increasing 
the accessibility of F-actin to cofilin at the leading edge. 
Recruitment of cofilin to the leading edge results in the 
generation of short actin filaments with free barbed ends, 
which may, in turn, facilitate actin dynamics. at present, 
however, the molecular mechanism by which phospho-
rylation/dephosphorylation of Swiprosin-1 is regulated at 
the leading edges of cells remains uncertain, as does the 
mechanism by which conformational changes in F-actin 
are differentially induced through phosphorylation of 
Swiprosin-1.

Inhibition of PKC by GF109203X blocked eGF-induced 
phosphorylation of Swiprosin-1 at Ser183 (data not shown). 
We suggest that PKC may be an upstream kinase catalyz-
ing Swiprosin-1 phosphorylation. at present, however, the 
molecular mechanism by which phosphorylation/dephos-
phorylation of Swiprosin-1 is regulated at the leading 
edges of cells remains uncertain, as does the mechanism by 
which conformational changes in F-actin are differentially 
induced through phosphorylation of Swiprosin-1.

In summary, we demonstrated here that the signaled 
(e.g., by eGF) dynamic exchange of Swiprosin-1 phospho-
rylation and dephosphorylation constitutes a novel mecha-
nism that modulates the F-actin accessibility to cofilin by 
regulating the stability of F-actin at the leading edges of 
cells.
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