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Cyclase-associated proteins (CAPs) are highly conserved actin monomer binding proteins present in all eukaryotes.
However, the mechanism by which CAPs contribute to actin dynamics has been elusive. In mammals, the situation is
further complicated by the presence of two CAP isoforms whose differences have not been characterized. Here, we show
that CAP1 is widely expressed in mouse nonmuscle cells, whereas CAP2 is the predominant isoform in developing
striated muscles. In cultured NIH3T3 and B16F1 cells, CAP1 is a highly abundant protein that colocalizes with cofilin-1
to dynamic regions of the cortical actin cytoskeleton. Analysis of CAP1 knockdown cells demonstrated that this protein
promotes rapid actin filament depolymerization and is important for cell morphology, migration, and endocytosis.
Interestingly, depletion of CAP1 leads to an accumulation of cofilin-1 into abnormal cytoplasmic aggregates and to similar
cytoskeletal defects to those seen in cofilin-1 knockdown cells, demonstrating that CAP1 is required for proper subcellular
localization and function of ADF/cofilin. Together, these data provide the first direct in vivo evidence that CAP promotes
rapid actin dynamics in conjunction with ADF/cofilin and is required for several central cellular processes in mammals.

INTRODUCTION

The actin cytoskeleton consists of highly dynamic array of
filaments, whose assembly and rapid turnover are essential
for a large number of motile and morphogenetic processes in
eukaryotic cells. The precise form, dynamics, localization,
and mechanical properties of the actin cytoskeleton are reg-
ulated by an array of actin binding proteins whose activities
are controlled by various signaling pathways. One family of
proteins central to regulating actin dynamics are the cyclase-
associated proteins (CAPs), which are conserved actin
monomer binding proteins (mol. wt. � 50–60 kDa) found in
all eukaryotic organisms studied (Hubberstey and Mottillo,
2002). CAP (also called Srv2 in yeast) was first identified
from budding yeast as a suppressor of the activated ras allele
(Fedor-Chaiken et al., 1990) and as factor associated with
adenylyl cyclase (Field et al., 1990). Subsequent studies dem-
onstrated that CAPs interact with adenylyl cyclase complex
through their N-terminal domain, whereas the C-terminal
half of CAPs binds directly to monomeric actin (Gerst et al.,
1991; Kawamukai et al., 1992; Freeman et al., 1995; Yu et al.,
1999).

Consistent with a role in regulating actin dynamics, the
loss of CAP results in cytoskeletal defects in budding yeast,
Dictyostelium and Drosophila (reviewed in Hubberstey and
Mottillo, 2002). In yeast cells, CAP/Srv2 localizes to the
cortical actin patches through an interaction with the actin

filament binding protein Abp1 (Lila and Drubin, 1997; Bal-
cer et al., 2003). Deletion of CAP/Srv2 in yeast results in an
abnormally large cell size, random budding pattern, and
abnormal actin distribution. These defects can be partially
suppressed by overexpression of actin monomer binding
protein profilin (Gerst et al., 1991; Vojtek et al., 1991). Dictyo-
stelium cells defective in CAP showed enlarged cell size,
defects in F-actin organization, fluid phase endocytosis, and
directed cell migration (Noegel et al., 1999; Noegel et al.,
2003). In Drosophila, the loss of CAP results in various de-
velopmental defects and problems in maintaining oocyte
polarity. These phenotypes seem to arise from an accumu-
lation of F-actin in CAP-deficient cells (Baum et al., 2000;
Benlali et al., 2000; Baum and Perrimon, 2001). The role of
CAP in mammalian cells has not been demonstrated and is
complicated by the presence of two distinct isoforms, CAP1
and CAP2, whose differences have not been determined (Yu
et al., 1994).

Although genetic studies demonstrate that CAPs are in-
volved in regulation of the actin cytoskeleton, an under-
standing of the mechanism by which CAPs contribute to
actin dynamics has evolved slowly. Biochemical studies
with purified porcine and Dictyostelium CAPs showed that
these proteins bind actin monomers with a 1:1 stoichiometry
and suppress the spontaneous polymerization of actin (Gie-
selmann and Mann, 1992; Gottwald et al., 1996). The role of
CAP as actin monomer sequestering protein is further sup-
ported by genetic studies on Drosophila suggesting that CAP
is required to prevent actin filament polymerization in the
eye disk and oocytes (Baum et al., 2000; Benlali et al., 2000).
However, recent biochemical studies on yeast and human
CAP/Srv2 proteins revealed that their activities are more
complex than this. CAP/Srv2 was shown to displace ADF/
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cofilins from ADP-actin monomers, recycling ADF/cofilin
for new rounds of filament depolymerization and recycling
actin monomers to replenish the assembly-competent pool
of actin (Moriyama and Yahara, 2002; Balcer et al., 2003).

To elucidate the role of CAP in actin dynamics in cells and
to define its importance in actin-dependent cellular pro-
cesses, we carried out an analysis of mouse CAPs. We found
that CAP1 is expressed in most nonmuscle cell types of
developing and adult mice, whereas CAP2 expression is
mainly restricted to striated muscles and certain brain re-
gions. CAP1 is a highly abundant protein that localizes to
dynamic actin structures in mouse nonmuscle cells. Analysis
of mouse CAP1 knockdown cells demonstrated that this
protein contributes to rapid actin dynamics by promoting
cofilin-induced actin filament depolymerization and plays
an important role in cell morphogenesis, motility, and re-
ceptor-mediated endocytosis.

MATERIALS AND METHODS

Plasmid Construction
The DNA fragments corresponding to residues 1–663 of mouse CAP1 open
reading frame, and residues 1–667 and 805-1428 of CAP2 open reading frame
were amplified from mouse 17-d embryo cDNA (BD Biosciences Clontech,
Palo Alto, CA) or adult mouse brain cDNA. The oligonucleotides created
5�BamHI and 3�HindIII, and 5�BamHI and 3�Xho-sites to CAP1 and CAP2
polymerase chain reaction products, respectively. These fragments were di-
gested and ligated into pBluescript II KS vector to create plasmids pPL157,
pPL158, and pPL159. For expressing proteins in Escherichia coli, CAP1 (nucle-
otides 1–663) and CAP2 (nucleotides 1–667) fragments were subcloned to
pGAT2 and pHAT2 expression vectors, respectively (Peränen et al., 1996) to
create plasmids pPL155 and pPL218. The accession numbers for the sequences
of mouse CAP1 and CAP2 are PIR:I49572 and SPTREMBLNEW:AAH50752,
respectively.

Northern Blot Analysis
The [32P]CTP-labeled mouse CAP1 and CAP2 cDNA probes were prepared
from plasmids pPL157, pPL158 and pPL159 by using random primed DNA
labeling kit (Roche Diagnostics, Indianapolis, IN) according to the manufac-
turer’s instructions. All probes were hybridized to commercial mouse multi-
ple tissue and mouse embryo multiple tissue Northern blot filters (BD Bio-
sciences Clontech) according to manufacturer’s instructions. The Northern
blot filters were exposed on a PhosphorImager screen for 15 h.

Radioactive In Situ Hybridization
The 35S-labeled antisense probes of �700 base pairs were obtained by linear-
izing the plasmids pPL157 and pPL158 with BamHI and transcribing with T3
RNA polymerase. Plasmid pPL157 was also linearized with XhoI and tran-
scribed with T7 RNA polymerase to create a 35S-labeled control sense probe.
In situ hybridizations from paraffin-embedded mouse embryos or adult
mouse tissue sections were performed as described previously (Rice et al.,
2000).

Proteins
Mouse CAP1 (amino-acids 1–221) was expressed in E. coli BL21 cells as a
glutathione S-transferase (GST) fusion protein by using the plasmid pPL155.
Cells were grown in Luria broth medium to an optical density of 0.6 at 600
nm, and expression was induced by 0.4 mM isopropyl-�-d-thiogalactosidase.
Cells were harvested, washed once with buffer A (20 mM Tris, pH 7.5, 1%
Triton X-100, 3 �� phenylmethylsulfonyl fluoride), and lysed by sonication.
Cell lysate was centrifuged (all centrifugations are 30 min, 10,000 rpm with a
SS-34 rotor if not stated otherwise). Supernatant was further clarified by
ultracentrifugation of 30 min, 30,000 rpm, with a T647.5 rotor. The soluble
fraction was loaded onto a chelating-Sepharose Ni2� column (Pharmacia,
Peapack, NJ), and the column was washed with 300 ml of buffer B (10 mM
Tris, pH 7.5, 50 mM NaCl, 20 mM imidazole). Proteins were eluted with a
linear 100-ml gradient from buffer B to C (10 mM Tris, pH 7.5, 50 mM NaCl,
250 mM imidazole), and the fractions containing the CAP1 fragment were
pooled and concentrated to 100 �l with concentrator devices (Vivascience,
Stonehouse, United Kingdom). The sample was then dissolved in 50 ml of
buffer D (50 mM Tris, pH 7.5), concentrated again to 500- to 1000-�l volume,
and stored at �70°C. Mouse CAP2 (amino acids 1–227) was expressed as a
his-tagged fusion protein from plasmid pPL218 as described above for GST-
CAP1. However, because this fragment was insoluble in E. coli, the protein
was refolded from inclusion bodies. After cell lysis, the pellet fraction con-

taining the inclusion bodies was resuspended to buffer E (20 mM Tris, pH 7.5)
containing 3% Triton X-100 and incubated on ice for 2 h. After centrifugation,
the remaining pellet was suspended in buffer E containing 1% Triton and
incubated on ice for 30 min. The sample was centrifuged again, and the pellet
was suspended to buffer F (40 mM Tris, pH 8.8) containing 8 M urea. Proteins
were refolded in buffer F by stepwise decreasing the urea concentration (for
2 h in 6, 4, and 2 M urea, and overnight in 0 M urea). All the steps were carried
out at 4°C. The samples were clarified by centrifugation, the refolded CAP2
fragments were concentrated to a volume of 500-1000 �l and stored at �70°C.
Mouse cofilin-1 and bovine �/� actin were purified as described previously
(Vartiainen et al., 2002, 2003).

Antibodies
Polyclonal antibodies against CAP1 and CAP2 were generated in guinea pigs
and rabbits, respectively. The animals were immunized with purified GST-
CAP11–221 and his-tagged CAP21–227 according to standard procedures. For
affinity purification of the antisera, recombinant GST-CAP11–221 and his-
tagged CAP21–227 proteins were immobilized to CNBr-activated Sepharose 4B
beads (Pharmacia), and the antibodies were purified from sera according to
manufacturer’s instructions. However, to increase the solubility of CAP2 the
pH of the coupling buffer was 8.8 in this case. To remove the cross-reactive
fraction from the antibodies, the CAP1 antibody was further passed through
CAP2 column, and similarly the CAP2 antibody was passed through CAP1
column. The specificity of the antibodies and the amounts of CAP1 and CAP2
proteins in cell extracts were examined by Western blotting as described
previously for mouse twinfilins (Vartiainen et al., 2003). Anti-cofilin-1 and
anti-actin antibodies are described in Vartiainen et al. (2002) and Mies et al.
(1998).

Cell Culture, Small-interfering RNA (siRNA)
Transfections, and Immunofluorescence Microscopy
NIH3T3, B16F1, and Neuro2A cells were maintained in DMEM supplemented
with 10% fetal bovine serum (Hyclone; B16F1 FCS from PAA Laboratories,
Pasching, Austria), 2 mM l-glutamine, penicillin, and streptomycin (Sigma-
Aldrich, St. Louis, MO). B16F1 cells stably expressing green fluorescent pro-
tein (GFP)-actin (Ballestrem et al., 1998) were maintained in medium supple-
mented with 1.5 mg/ml Geneticin (Invitrogen, Carlsbad, CA). siRNA
duplexes were designed using the algorithm described in Elbashir et al. (2001)
and prepared by siRNA construction kit (Silencer; Ambion, Austin, TX).
Cofilin-1 and the fluorescein-labeled CAP1 siRNA oligonucleotide (same
sequence as 1.CAP1a) duplexes were from Qiagen-Xeragon, Germany. The
following oligonucleotides were used in this study: 1) CAP1a (F) 5�-GAAC-
CGAGGCAGCAAGUUUUU-3�, (R) 5�-AAACUUGCUGCCUCGGUUCUU-
3�; 2) CAP1b (F) 5�-AAAGCAUGGCAGCCAUCUGUU-3�, (R) 5�-AAAACA-
GAUGGCUGCCAUGCU-3�; 3) Cofilin-1 (F) 5�-GGAGGACCUGGUGUUC-
AUCd(TT)-3�, (R) 5�-GAUGAACACCAGGUCCUCCd(TT)-3�; and 4) Control (F)
5�-AGCUUCAUAAGGCGCAUGCUU-3�, (R) 5�-GCAUGCGCCUUAUGAAG-
CUUU-3�.

The cells were transfected with the siRNA duplexes by using siRNA
transfection reagent (GeneSilencer; Gene Therapy Systems, CA). Forty-eight
hours after transfections, the cells were detached and replated on coverslips
in an appropriate density. For immunofluorescence, B16F1 cells were plated
on coverslips coated with 25 �g/ml laminin or 50 �g/ml fibronectin. Cells
were fixed with 4% paraformaldehyde (except in AC-15 stainings: 3% para-
formaldehyde, 0.2% glutaraldehyde) and permeabilized with 0.1% Triton
X-100 in phosphate-buffered saline. For staining with the AC-15 antibody, the
CAP1 RNAi cells were also treated with 6 N guanidine hydrochloride (Gdn-
HCl) in 50 mM Tris-HCl, pH 7.5, to increase the access of the epitopes to this
antibody as described in Peränen et al. (1993). Immunofluorescence was
performed as described previously (Vartiainen et al., 2000), and the primary
antibodies were used in following dilutions: guinea pig anti-CAP1, 1:200;
rabbit anti-Cofilin-1, 1:100; and mouse AC-15, 1:2000. Filamentous actin was
visualized by Alexa488-phalloidin 1:100 or rhodamine-phalloidin 1:100 (Mo-
lecular Probes, Eugene, OR).

Actin Filament Turnover Assays
B16F1 cells (wild type and CAP1 RNAi transfected) were treated with 5 �M
latrunculin-A after 24 h of replating the cells. The cells were fixed at 0, 2, 10,
and 30 min after latrunculin-A addition, and CAP1 and filamentous actin
were subsequently visualized from the cells by immunofluorescence and
rhodamine-phalloidin staining as described above. Fluorescence recovery
after photobleaching (FRAP) was applied for measuring the actin filament
turnover rates in live B16F1 GFP-actin cells. Confocal imaging was carried out
with an LSM 510 confocal microscope equipped with an argon-ion laser (Carl
Zeiss, Jena, Germany). For excitation of GFP imaging, the 488-nm line and a
100� oil immersion objective lens (numerical aperture 1.3) were used. The
beam-path for GFP contained a 488-nm main dichromatic mirror and a 500- to
530IR-nm bandpass filter for detection of the emitted fluorescence. A temper-
ature-controlled chamber (tempcontrol-37-1) was used to maintain 37°C dur-
ing all image acquisition. For all data, acquisition was by using LSM 3.0
software. Wild-type and CAP1 knockdown cells were grown for 6–12 h after
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replating on 50 �g/ml fibronectin-coated glass-bottom dishes (MatTek, Ash-
land, MA). Region with suitable stress-fibers was bleached with 100 scan
iterations of 30 mW argon-ion laser. After bleaching, the cell was scanned
automatically 20 times in every 14 s. Recovery of the GFP-actin intensity in the
bleached region was measured by TINA software. Changes of the intensity
were always compared with the nonbleached control region to diminish the
influence of the normal bleaching of the GFP during the assay.

Endocytosis Assay
The efficiency of receptor-mediated endocytosis in NIH3T3 cells was exam-
ined by following the uptake of rhodamine-transferrin (Molecular Probes).
The cells were replated 48 h after CAP1 siRNA transfection, grown for 24 h,
and starved for 30 min in serum-free DMEM. Cells were then incubated for 7
min at 37°C with 20 �g/ml rhodamine-transferrin and fixed for immunoflu-
orescence. To compare the efficiency of endocytosis in wild-type and CAP1
knockdown cells, the rhodamine-transferrin fluorescence intensities of 20
CAP1 knockdown and 20 adjacent wild-type cells were quantified by TINA
software.

Cell Motility Assay
The motilities of B16F1 cells were measured by time-lapse videomicroscopy.
During the experiment, the cells were kept in a temperature-controlled (37°C)
chamber with suitable CO2 pressure in growth medium supplemented with
40 mM HEPES to maintain optimal pH during all image acquisition. Replated
B16F1 cells (wild type and CAP1 siRNA transfected) were grown on the 25
�g/ml laminin-coated coverslips for 5 h. To enhance cell migration, final
concentrations of 50 �M AlCl3 and 30 mM NaF were added to medium.
Immediately after the induction, the migration of the cells were recorded for
100 min with an IX70 inverted microscope (Olympus, Tokyo, Japan) equipped
with a Polychrome IV monochromator (TILL Photonics, Martinsried, Ger-
many) by using 20� air objective. After the experiment, the cells were fixed,
and CAP1 was visualized by immunofluorescence to distinguish CAP1
knockdown cells from wild-type cells. To confirm the CAP1 siRNA transfec-
tion, the intensity of the fluorescein-labeled oligos also was detected. For
statistical analysis, migration of the 44 wild-type and 28 CAP1 knockdown
B16F1 cells was examined by tracking the position of the nucleus every 20
min. To visualize the CAP1 knockdown defect in migration, time-lapse videos
of B16F1 cells expressing GFP-actin were taken. Imaging was processed as
described above but without AlF4

� treatment and with a 40� water objective.

RESULTS

Tissue-specific Expression Patterns of Mouse CAP1 and
CAP2
All unicellular organisms and invertebrates examined have
only one CAP protein, whereas mammals seem to have two
CAP isoforms. To date, two CAP isoforms have been iden-
tified in human and rat, but their functional differences have
not been reported (Yu et al., 1994; Swiston et al., 1995). Here,
we identified mouse CAP2 from sequence databases and
compared its expression pattern to the previously identified
mouse CAP1 (Vojtek and Cooper, 1993) by Northern blot
and in situ hybridization analyses as well as by using iso-
form-specific antibodies.

Northern blot analysis showed that CAP1 is strongly ex-
pressed already during embryonic development (our un-
published data). CAP1 is also expressed in most adult
mouse tissues, but it is excluded from skeletal muscle (Fig-
ure 1A). In contrast, only a weak signal was observed with
the CAP2 probe in mouse embryos (our unpublished data).
In adult mice, strong CAP2 expression was detected in heart,
skeletal muscle, and brain, and very weak expression could
be detected in lung and liver. In addition, a smaller 1.5-kb
band recognized with CAP2 probe was detected in testis
(Figure 1A). It is important to note that our CAP2 cDNA
probes recognized three different RNAs. The 2.5- and 3-kb
RNAs are most likely a consequence of selective use of two
polyadenylation signals, because the two RNAs were
equally well recognized with probes generated either
against 5� or 3� half of the CAP2 coding region. The 1.5-kb
fragment is probably a splice variant of CAP2, because it
was more strongly recognized with a probe generated

against 3� half of CAP2 coding region (our unpublished
data).

The expression patterns of CAP1 and CAP2 in mouse
embryos and adult mouse tissues were examined in more
detail by RNA in situ hybridization analysis (Figure 1, B–H).
As expected from the Northern blot analysis, CAP1 showed
a widespread expression in nearly all cell types throughout
the embryonic development (E10.5–18.5; Figure 1, B, E, and
G; our unpublished data). At E12.5, especially strong expres-
sion was detected in some newborn neuronal populations of

Figure 1. Expression patterns of mouse CAP1 and CAP2. (A)
Northern blot analysis of CAP1 and CAP2 expression in adult
mouse tissues. CAP1 (left) is expressed in all tissues except in
skeletal muscle. CAP2 (right) is expressed at high levels in heart,
brain, skeletal muscle, and testis and is also found in very low levels
in lung and liver. The three different RNA populations recognized
by the CAP2 probe are most likely a consequence of alternative
mRNA processing (see text for details). (B) In situ hybridization on
a transversal section of E10.5 mouse embryo shows that CAP1
expression is widespread. (C) Adjacent section shows that CAP2
expression is restricted to heart and developing muscles. (D) Hy-
bridization of an adjacent section with a control CAP1 sense probe
does not give significant background. (E) CAP1 is widely expressed
at E12.5. (F) CAP2 is restricted to developing striated muscles at E12.5.
(G) Elevated CAP1 expression is detected in hippocampus at E18.5. (H)
Highest levels of CAP2 in brain is detected in thalamus at E18.5. These
expression patterns indicate that CAP1 plays role as a general isoform,
whereas CAP2 is a striated muscle specific isoform during early de-
velopment. c, cartilage; cx, cortex; drg, dorsal root ganglion; h, heart; hi,
hippocampus; k; kidney; l, limb; m; muscle; my, myotome; sc, spinal
cord; th, thalamus.
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the spinal cord and especially weak in the cartilage (Figure
1E). At E14.5 and E18.5, strongest CAP1 expression could be
observed in the differentiated neurons of both the central
and peripheral nervous system and in the osteoblasts of the
developing bone (our unpublished data). In the brain at
E18.5, CAP1 was expressed in nearly all areas with espe-
cially strong expression in hippocampus (Figure 1G). In
adult brain, strongest expression was observed in the cortex,
striatum, and hippocampus (our unpublished data). The
levels of CAP1 mRNA remained elevated in all other tissues
except in skeletal muscle where the expression decreased
after birth, and we could not detect any expression in adult
muscles (our unpublished data).

The expression of CAP2 was highly restricted to the de-
veloping heart and muscle tissues from early on (Figure 1, C
and F). At E10.5, very strong expression could be detected in
the developing heart and a slightly weaker in the myotomal
muscle cells (Figure 1C). Through stages E12.5–14.5, CAP2
expression was very strong and restricted to the developing
striated muscles (Figure 1, C and F; our unpublished data).
At E18.5, in addition to the strong expression in muscle
tissues and in the thalamic area of the brain, a weaker CAP2
expression could be seen in some peripheral ganglia. In
adult tissues, strongest CAP2 expression was detected in
heart, skeletal muscles, and in some brain areas such as the
cortex, striatum, and hippocampus (Figure 1H; our unpub-
lished data).

To examine the expression of CAP1 and CAP2 at protein
level, we generated antibodies that differentially recognize
these two proteins. A GST-CAP1 (residues 1–221) and his-
tagged CAP2 (residues 1–227) were used in the immuniza-
tions. Because affinity-purified CAP1 antisera also weakly
reacted with CAP2 protein, these antisera were further pu-
rified by using a CAP2 affinity column. After adsorbing the
cross-reactive fraction by a CAP2 affinity column, we ob-
tained an antibody that was �20-fold more specific for
CAP1 than for CAP2 (Figure 2A; our unpublished data).
Also, purification of the CAP2 antisera with a similar pro-
cedure resulted in an antibody that was �20-fold more
specific for CAP2 than for CAP1 (Figure 2A; our unpub-
lished data). Western blot analysis of NIH3T3, B16F1, Neuro
2A, and N18 cell extracts showed that only CAP1 is ex-
pressed in these cells at detectable levels (Figure 2B; our
unpublished data). The only cells, in which we could detect
expression of CAP2 protein, were differentiated myotubes
derived from C2C12 myoblasts (our unpublished data). To-
gether with in situ and Northern blot analyses, these data
demonstrate that CAP2 is a highly muscle-specific protein,
whereas CAP1 is the predominant isoform in most non-
muscle cell types.

CAP1 Is an Abundant Protein That Localizes to Dynamic
Actin Structures in Nonmuscle Cells
To understand the role of CAPs in actin dynamics, it is
important to know the abundance of these proteins in cells.
We compared the molar ratios of CAP1, CAP2, cofilin-1, and
actin in mouse NIH3T3 and B16F1 cell extracts. Different
concentrations of purified GST-CAP11–221, his-tagged
CAP21–227, cofilin-1, and �/� actin were used as standards
in this assay, and specific antibodies against CAP1, CAP2,
cofilin-1, and �/� actin were applied for detecting these
proteins from Western blots. The CAP1:cofilin-1:actin ratio
in NIH3T3 and B16F1 cells was �1:1:4, demonstrating that
CAP1 is a highly abundant protein in these cells (Figure 2B).
We could not detect any CAP2 protein in NIH3T3 and B16F1
cell extracts, suggesting that CAP1 is the only isoform ex-
pressed in these cell lines (Figure 2B).

In budding yeast and Dictyostelium Srv2/CAP proteins
localize to the cortical actin cytoskeleton (Freeman et al.,
1996; Noegel et al., 1999). However, subcellular localization
of mammalian CAPs has remained elusive. Studies with
polyclonal antibodies and tagged versions of CAP1 showed
that it localizes to the dynamic regions of the cortical actin
cytoskeleton in C3H-2K fibroblasts (Moriyama and Yahara,
2002). On the other hand, studies with monoclonal human
CAP1 antibodies suggested that in addition to cortical actin
structures, this protein also localizes to actin stress-fibers in
Swiss 3T3 fibroblasts (Freeman and Field, 2000). To clarify
these contradictory findings, we examined the localization
of CAP1 in cultured NIH3T3 and B16F1 cells by using our
isoform-specific CAP1 antibody. CAP1 showed diffuse cyto-
plasmic localization, but it was also concentrated to actin-
rich membrane ruffles. We did not observe detectable CAP1
staining in stress-fibers in B16F1 cells, but we could detect
very weak CAP1 staining in stress-fibers of a small fraction
of NIH3T3 cells (Figure 3). Interestingly, in polarized cells
CAP1 was not concentrated to the F-actin–rich distal edge of

Figure 2. CAP1 is an abundant protein in NIH3T3 and B16F1 cells.
(A) Three different amounts (10, 5, and 2.5 pmol) of purified GST-
CAP11–221 (calculated mol. wt. � 51 kDa) and his-tagged CAP21–227
(calculated mol. wt. � 26 kDa) were run on polyacrylamide gels,
and the proteins were visualized by Western blotting by using
anti-CAP1 (left) or anti-CAP2 (right) antibodies. Purified polyclonal
guinea pig anti-CAP1 antibody is specific to CAP1, whereas puri-
fied polyclonal rabbit anti-CAP2 antibody only recognizes CAP2.
Note that his-tagged CAP21–227 has a small tendency to dimerize on
polyacrylamide gels. (B) Mouse NIH3T3 and B16F1 cell extracts and
known concentrations of GST-CAP11–221, CAP21–227, �/� actin, and
cofilin-1 were run on polyacrylamide gels, and the proteins were
visualized by specific antibodies. CAP2 protein was undetectable in
these cells. The CAP1:cofilin-1:�/� actin ratio in NIH 3T3 and B16F1
cell extracts is �1:1:4.
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the leading lamellipodia, but it showed instead uniform
staining across the lamellipodia (Figure 3). The CAP1-rich
regions in NIH3T3 and B16F1 cells also colocalized with
cofilin-1 staining at the cortical actin structures. However,
CAP1 did not show similar nuclear localization than cofi-
lin-1 (Figure 3B). Furthermore, CAP1 also localized to actin
monomer-rich regions of these cells (Figure 3A). The actin
monomers were visualized by AC-15 antibody that has been
reported to recognize actin monomers and certain accessible
actin filament structures in cells (Mies et al., 1998).

CAP1 Knockdown Cells Show an Accumulation of
Abnormal F-Actin Structures
We next examined the cellular roles of CAP1 in mouse
NIH3T3, B16F1, and Neuro 2A cell lines by depleting CAP1
from these cells by RNA interference (RNAi). It is important
to note that CAP1 is the only isoform that is detectably
expressed in these cells (Figure 2B; our unpublished data),
and thus simultaneous depletion of CAP2 was not neces-
sary. Transfection of cells with CAP1-specific RNA oligonu-
cleotide duplex resulted in dramatic decrease in the cellular
CAP1 levels as detected by Western blotting. However, this
siRNA transfection did not affect cellular actin levels or
induce CAP2 expression in these cells (Figure 4A; our un-
published data). Immunofluorescence microscopy with
CAP1 antibody revealed that the proportion of CAP1 nega-
tive cells varied from 30 to 90% between individual experi-
ments. The remaining cells in these experiments seemed to
contain similar levels of CAP1 protein as the nontransfected

control cells and were thus most likely not transfected with
RNAi oligonucleotides. To confirm that this was indeed the
case, we transfected NIH3T3 cells with fluorescein-labeled
CAP1-specific RNAi oligonucleotides, and compared the
CAP1 immunofluorescence with appearance of fluorescein
RNAi oligonucleotide dots. The cells with significantly de-
creased CAP1 staining almost invariably displayed punctate
fluorescein labeling, whereas cells with normal CAP1 levels
did not contain detectable amounts of the fluorescent oligo-
nucleotide (Figure 4B). Therefore, the cells with dramatically
decreased CAP1 levels (and transfected with RNAi oligonu-
cleotides) will be referred as CAP1 knockdown cells,
whereas nontransfected cells with normal CAP1 levels will
be referred as wild-type cells.

CAP1 knockdown cells were typically slightly larger and
less polarized than wild-type cells. Phalloidin staining dem-
onstrated that CAP1 knockdown cells contained more and
thicker stress-fibers than nontransfected wild-type cells (Fig-
ure 4C). Instead of typical crisscross pattern, the stress-fibers
in CAP1 knockdown cells were often aligned in parallel with
each other. It is important to note that in NIH3T3 and Neuro
2A cells, the CAP1 depletion typically resulted in the disap-
pearance of actin-rich membrane ruffles and accumulation of
the majority of F-actin to stress-fibers (Figure 4C). In con-
trast, many CAP1-depleted B16F1 cells still contained mem-
brane ruffles, but they were significantly less polarized than
the ones in wild-type B16F1 cells.

To ensure that the phenotypes were specific to CAP1
depletion, we transfected these cells with a second CAP1-

Figure 3. Localization of CAP1 in NIH3T3
and B16F1 cells. (A) Cells were stained with
Alexa488-phalloidin to visualize F-actin (left),
with anti-CAP1 antibody (middle), and with
AC15 anti-actin antibody to visualize mono-
meric actin (right). CAP1 localizes to actin-
rich regions of cell cortex and behind the
leading edge of the lamellae. (B) F-actin (left)
and CAP1 (middle) were visualized in NIH
3T3 and B16F1 cells as described above, and
cofilin-1 was visualized by an isoform-spe-
cific polyclonal cofilin-1 antibody (right).
CAP1 and cofilin-1 show clear colocalization
at the cortical actin cytoskeletons of these
cells. Bar, 10 �m.

E. Bertling et al.

Molecular Biology of the Cell2328



specific duplex oligonucleotide and with a scrambled con-
trol oligonucleotide (for details, see MATERIALS AND
METHODS). Also, the second CAP1 oligonucleotide re-
sulted in a depletion of CAP1 and in similar accumulation of
actin stress-fibers as described above. In contrast, transfec-
tion of the cells with the control RNA oligonucleotide du-
plex did not result in either depletion of CAP1, accumula-
tion of parallel stress-fibers, or decrease in the cell polarity
(our unpublished data).

CAP1 Is Involved in Cell Motility and Endocytosis in
Mammalian Cells
Because CAP1 depletion resulted in an accumulation of
stress-fibers and decrease in cell polarity, we investigated
the role of CAP1 in the migration of B16F1 cells. We first
quantified the migration rates of wild-type and CAP1
knockdown B16F1 cells. Because these cells displayed only
relatively short motility tracks during the 100-min measure-
ment period, the migration was further induced by addition
of AlF4

� to the medium (Hahne et al., 2001). Under these
conditions, wild-type B16F1 cells often displayed directional
migration tracks. Although also some CAP1 knockdown
cells were motile, they were typically unable to perform
directed migration, but instead projected multiple lamelli-
podia and constantly changed their direction of motility.
Quantification of the motility tracks from 44 wild-type and
28 CAP1 knockdown cells demonstrated that CAP1 deple-
tion decreased the motility of these cells to one-half of that of
the wild-type cells (Figure 5B). Although there was some
variation in the migration distances within each group, the
analysis of the data showed that the difference between the
migration distances of wild-type and CAP1 knockdown cells
was statistically highly significant (p 	 0.001). It is important
to note that in these experiments as well as the ones de-
scribed below, the cells were fixed after the assay and
stained with CAP1 antibody to distinguish CAP1 knock-
down cells from wild-type cells (our unpublished data).

To visualize the cytoskeletal defects in CAP1 knockdown
cells during migration, we followed by videomicroscopy the
motility of B16F1 cells expressing GFP-actin. Wild-type
B16F1 cells typically displayed polarized migration, and the
actin cytoskeletons of these cells showed rapid and constant
reorganization (Figure 5A; Supplementary Video 1). In con-
trast, the actin filament structures in CAP1 knockdown cells
were significantly less dynamic, and these cells did not
display polarized migration. However, although the stress-
fibers of CAP1 knockdown cells displayed only very slow
reorganization, these cells were still capable of retracting
and extending their lamellipodia (Figure 5A; Supplementary
Video 2).

The actin cytoskeleton also plays an important role in
endocytosis (Engquist-Goldstein and Drubin, 2003). We thus
examined the role of CAP1 in receptor-mediated endocyto-
sis by measuring the capability of CAP1 knockdown cells to
endocytose rhodamine-transferrin. After 7 min of uptake, a
strong perinuclear accumulation of transferrin was observed
in wild-type NIH3T3 cells (Figure 6A). In contrast, CAP1
knockdown cells showed significantly weaker transferrin
uptake. Instead of strong perinuclear accumulation of trans-
ferrin, these cells showed a more uniform cytoplasmic dot-
like localization pattern of transferrin (Figure 6A). Quantifi-
cation of the intensities of rhodamine-transferrin from 20
wild-type and 20 CAP1 knockdown cells demonstrated that
CAP1 depletion decreased the efficiency of transferrin up-
take to �45% of that of wild-type cells (Figure 6B).

Figure 4. Depletion of CAP1 by siRNA results in an accumulation
of stress-fibers and abnormal morphology in NIH3T3, B16F1, and
Neuro2A cells. (A) Western blot analysis demonstrating the CAP1
protein levels in B16F1 control cells and in B16F1 cells transfected
with CAP1-specific RNAi oligonucleotide duplex. Equal amounts of
cell lysates were run on polyacrylamide gels, and CAP1 (left) and
�/� actin were visualized by Western blotting. (B) Cells transfected
with fluorescein-labeled CAP1-siRNA oligonucleotides were
stained with anti-CAP1 antibodies. Note, that the cell containing
fluorescein-labeled oligonucleotides (arrow) has severely reduced
CAP1 levels, whereas the nontransfected cells show normal level of
CAP1-staining. (C) siRNA transfected B16F1 (top), NIH3T3 (mid-
dle), and Neuro 2A (bottom) cells were stained with anti-CAP1
antibodies (left) and Alexa488-phalloidin (right) to visualize the ef-
fect of CAP1 depletion for the actin cytoskeleton. The CAP1 knock-
down cells (arrows) showed abnormal accumulation of thick stress-
fibers compared with nontransfected wild-type cells. In NIH 3T3
and Neuro 2A cells, the CAP1 depletion also resulted in the loss of
membrane ruffles, whereas in B16F1 cells CAP1 depletion resulted
in a decreased polarity of existing membrane ruffles. Bar, 10 �m.
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Depletion of CAP1 Results in Mislocalization of Cofilin
and Decreased Actin Filament Depolymerization Rates
To elucidate the mechanism by which CAPs contribute to
cytoskeletal dynamics, we examined the effects of CAP1
depletion on actin filament turnover and depolymerization
in cultured mammalian cells. For actin filament turnover
assays, we used FRAP and bleached by intense laser irradi-
ation a region of B16F1 cells expressing GFP-actin. After
bleaching, the exchange of GFP-actin between bleached and
unbleached region was then monitored for 295 s by taking
frames every 14 s. This assay was performed for several
wild-type and CAP1 knockdown cells, representative exam-
ples of which are shown (Figure 7A). After the experiment,
the cells were fixed and stained with CAP1 antibody to
distinguish wild-type cells from CAP1 knockdown cells.

In wild-type cells, we observed almost complete recovery
of the GFP-actin fluorescence at the cortical actin cytoskele-
ton within 30 s after photobleaching. A nearly complete
recovery of stress-fibers occurred within �150 s (Figure 7, A
and B). In contrast, the fluorescence recovery of stress-fibers
in CAP1 knockdown cells was significantly slower and was
not completed during the 295-s monitoring period (Figure 7,
A and B). These results show that the turnover of stress-
fibers is reduced in CAP1 knockdown cells. Because the
actin filament turnover rates are very rapid at the cortical
actin structures, this method could not be applied for com-
paring the rates of actin dynamics between the cortical actin
cytoskeletons of wild-type and CAP1 knockdown cells.

Having established that the actin filament turnover rates
are diminished in CAP1 knockdown cells, we next com-
pared the actin filament depolymerization rates of wild-type
and CAP1 knockdown cells. This was assessed by treating
the cells with the actin monomer-sequestering drug latrun-
culin-A and measuring the timing of loss of actin filament
structures. Because latrunculin-A does not interact with ac-
tin filaments, but functions by sequestering actin monomers,
the disappearance rates of actin structures are thought to
reflect the rate of actin monomer dissociation from filament
ends (Coue et al., 1987; Ayscough et al., 1997). The actin
filament depolymerization assay was carried out for B16F1
cells, and F-actin was visualized by phalloidin staining these
cells after 0, 2, 10, and 30 min of latrunculin-A addition.
Typical examples of these cells are shown in (Figure 7C).
After addition of 5 �M latrunculin-A, the majority of the
wild-type cells rapidly lost their stress-fibers, most of the
stress-fibers disappearing during the first 2 min of latruncu-
lin-A treatment. After 5 min, only �50% of the wild-type
cells displayed detectable stress-fibers, and after 30 min
stress-fibers were present in only �15% of wild-type cells. In
contrast, the stress-fibers in CAP1 knockdown cells were
much more resistant to depolymerization, and after 5 and 30
min of latrunculin-A addition, the proportion of stress-fiber
containing cells were 80 and 50%, respectively (Figure 7C;
our unpublished data).

FRAP and latrunculin-A studies show that actin filament
turnover rates are diminished in CAP1 knockdown cells.

Figure 5. CAP1 is important for cell mi-
gration. (A and Supplementary Videos 1
and 2) Representative examples of motili-
ties of wild-type (top) and CAP1 knock-
down (bottom) B16F1 cells expressing
GFP-actin. White arrows indicate the loca-
tions of the nuclei in the first frame. Wild-
type cells typically displayed directional
migration. CAP1 knockdown cells were
capable to extend and retract their lamel-
lipodia, but they were generally unable to
migrate to certain direction. Note that also
the reorganization of actin filament struc-
tures is much slower in CAP1 knockdown
cells than in wild-type cells. Bar, 10 �m.
(B) Migration of 44 wild-type and 28 CAP1
knockdown B16F1 cells were monitored
for 100 min. The average motility dis-
tances of wild-type cells and CAP1 knock-
down cells were 53.4 and 27.6 �m, respec-
tively. SEM and statistical significance of
the data are indicated in the graph.
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However, CAPs are actin monomer binding proteins that do
not depolymerize actin filaments. Because a recent biochem-
ical study reported that CAP1 can promote ADF/cofilin-
dependent actin filament turnover at least in vitro
(Moriyama and Yahara, 2002), we examined the possible
effect of CAP1-depletion on localization of the major ADF/
cofilin isoform, cofilin-1, in B16F1 and NIH3T3 cells. In
wild-type cells CAP1 and cofilin-1 show diffuse cytoplasmic
staining but are also concentrated at the cortical actin cy-
toskeleton (Figure 3). Interestingly, in CAP1 knockdown
cells the cofilin-1 staining at the cortical actin cytoskeleton
was diminished significantly, and a large proportion of co-
filin-1 localized to punctate cytoplasmic structures. The ab-
normal cofilin-1 localization was seen in both NIH3T3 and
B16F1 CAP1 knockdown cells, although the amount and
intensity of these abnormal cofilin-1 aggregates varied be-
tween individual cells (Figure 8A). These abnormal cofilin
aggregates also contain monomeric actin, because they co-
localized with anti-actin (AC-15 antibody) staining (Figure
8B). However, the actin staining in these aggregates became
visible only after Gdn-HCl treatment of the cells, suggesting
that the actin epitopes are mostly nonaccessible to the anti-
bodies unless these aggregates are denatured.

Because CAP1 has a significant effect on the localization of
cofilin-1 in these cells, we next examined the reciprocal effect
of cofilin-1 depletion on localization of CAP1. Cofilin-1 de-
pletion resulted in a similar accumulation of actin stress-
fibers as described above for CAP1-depletion (Figure 8C).

Figure 7. Actin filament assembly and disassembly rates are se-
verely diminished in CAP1 knockdown cells. (A) Actin filament
treadmilling rates in wild-type and CAP1 knockdown cells were
measured by using FRAP. Selected regions of B16F1 cells expressing
GFP-actin were bleached by intense laser irradiation, and recovery
of the bleached area was monitored by taking images every 14 s,
starting 30 s after bleaching. Figure shows representative example of
a wild-type cell (top) and CAP1 knockdown cell (bottom). (B) Rate
of the fluorescence recovery was analyzed from the image series by
TINA software. In each frame, the fluorescence intensity of the
bleached region was compared with the fluorescence of the control
region (in same picture next to bleached one) to diminish the error
caused by normal photobleaching during the monitoring period.
Recovery of the bleached regions in the CAP1 RNAi cells were
significantly slower than in wild-type cells. (C) Actin filament de-
polymerization in wild-type and CAP1 knockdown cells were mea-
sured by using actin monomer-sequestering drug latrunculin-A.
Cells were treated with 2 �m latrunculin-A, fixed at different time
points (0, 2, 10, and 30 min), and F-actin and CAP1 were visualized
by immunofluorescence. Actin filament structures were rapidly dis-
rupted in wild-type cells, whereas in CAP1 knockdown cells (ar-
rows) the disappearance of stress-fibers was significantly slower.

Figure 6. Depletion of CAP1 results in defects in receptor-medi-
ated endocytosis. (A) Uptake of transferrin was compared between
wild-type and CAP1 knockdown cells. Cells were incubated for 7
min in 20 ng/ml rhodamine-transferrin and stained with anti-CAP1
antibody (left) to visualize CAP1 knockdown cells (white arrow).
Depletion of CAP1 from cells resulted in a decrease in transferrin
uptake. Instead of strong perinuclear accumulation, transferrin
(right) showed uniform punctate cytoplasmic staining in CAP1
knockdown cells. Bar, 10 �m. (B) Intensity of rhodamine-transferrin
fluorescence was quantified by TINA software from 20 knockdown
cells and compared with the intensity of rhodamine fluorescence of
an adjacent wild-type cell from the same frame. In CAP1 knock-
down cells, transferrin uptake was reduced to 44% of the one in
wild-type cells. SEM � 0.04 and statistical significance of the data
(p 	 0.001) are indicated in the graph.
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However, no significant differences in CAP1 localization
were detected between wild-type and cofilin-1 knockdown
cells. Therefore, these data suggest that CAP1 plays an im-
portant role in regulating the correct localization and func-
tion of cofilin-1 in mammalian cells but that cofilin-1 does
not contribute to CAP1 localization.

DISCUSSION

CAPs are ubiquitous actin monomer binding proteins, but
their roles in actin dynamics and various cellular processes

have been largely unclear. Here, we made an important step
forward by defining the cellular roles of mammalian CAPs.
We show that 1) mammals have two differentially expressed
CAP isoforms from which CAP1 is the predominant isoform
in nonmuscle cells, and CAP2 is expressed mainly in striated
muscle cells; 2) CAP1 contributes to cytoskeletal dynamics
by increasing cellular actin filament depolymerization rates;
3) CAP1 is required for the correct subcellular localization of
cofilin-1; and 4) CAP1 plays an important role in morpho-
genesis, polarized migration, and receptor-mediated endo-
cytosis in mammalian nonmuscle cells.

CAP1 Recycles ADF/Cofilin for New Rounds of
Depolymerization
Our FRAP analysis and studies with latrunculin-A provided
direct evidence that actin filament depolymerization rates
are diminished in CAP1 knockdown cells. In these experi-
ments, we concentrated on measuring the actin filament
turnover rates of stress-fibers, because the actin filament
turnover rates at the cortical actin structures were too fast
for the time resolutions of these methods. The abnormal
accumulation of cofilin-1 to cytoplasmic dot-like structures
suggests that CAP1 plays an important role in regulating
ADF/cofilin localization in these cells. Furthermore, because
the phenotypes of CAP1 knockdown cells are very similar to
the ones in cofilin-1 knockdown cells and in cells from which
ADF/cofilins were inactivated by overexpression of LIM
kinase (Arber et al., 1998), our data suggest that CAP1 is
important for the proper cellular activity of ADF/cofilins.
We speculate that, as suggested by recent biochemical stud-
ies (Moriyama and Yahara, 2002; Balcer et al., 2003), CAPs
play an important role in recycling ADF/cofilins from actin
monomers for new rounds of filament depolymerization. In
the absence of CAPs, ADF/cofilins accumulate to cytoplas-
mic aggregates, and this will consequently result in a de-
crease in the actin filament depolymerization rates as ob-
served in CAP1 knockdown cells. It is also important to note
that our studies show that CAPs are highly abundant pro-
teins in cells. The CAP1:cofilin-1:�/� actin ratio in cultured
mouse cells was �1:1:4. Cofilin-1 is the most abundant
ADF/cofilin isoform in most mammalian nonmuscle cells
(Vartiainen et al., 2002). Similarly, it was recently reported
that CAP/Srv2:actin ratio in budding yeast is �1:10 (Balcer
et al., 2003). Because of its high abundance, CAP1 is likely to
directly contribute to actin filament turnover in cells rather
than being an intermediate component of a signaling cas-
cade.

The increase in the amount and intensity of stress-fibers
observed here in CAP1 knockdown cells is consistent with
previous studies showing that in Drosophila and Dictyoste-
lium, mutations in CAP gene result in an accumulation of
filamentous actin (Noegel et al., 1999; Baum et al., 2000;
Benlali et al., 2000). However, our studies demonstrated that
in mouse CAP1 knockdown cells, the F-actin accumulation
results from a decrease in actin filament depolymerization
rates rather than from diminished actin monomer-seques-
tering activity as suggested previously for Drosophila and
Dictyostelium CAP mutants (Noegel et al., 1999; Baum et al.,
2000; Benlali et al., 2000; Wills et al., 2002). We thus speculate
that, similarly to mouse CAP1 knockdown cells, also the
Drosophila and Dictyostelium CAP mutant phenotypes arise
from an actin filament depolymerization defect rather than
from lack of actin monomer-sequestering activity as sug-
gested previously. It was recently shown that in budding
yeast CAP/Srv2 displays genetic interactions with certain
cofilin and profilin mutant alleles, suggesting that it is inti-
mately involved in actin dynamics (Balcer et al., 2003). How-

Figure 8. CAP1 is important for correct subcellular localization
and function of cofilin-1. (A) NIH 3T3 (top) and B16F1 (bottom) cells
transfected with CAP1 siRNA oligonucleotides were stained with
anti-CAP1 (left) and anti-cofilin-1 (right) antibodies. In CAP1 knock-
down cells (arrows), cofilin-1 no longer localized to dynamic actin-
rich structures, but instead it accumulated to the dot-like structures
in the cytoplasm. (B) NIH3T3 cells transfected with CAP1 siRNA
were treated with Gdn-HCl to denature proteins and stained with
an anti actin (AC-15) (left) and cofilin-1(right) antibodies. The ab-
normal cofilin aggregates in CAP1 knockdown cells contain also
actin. (C) F-actin (left), cofilin-1 (middle), and CAP1 (right) were
visualized in B16F1 cells transfected with cofilin-1–specific RNA
oligonucleotide duplexes. Cofilin-1 knockdown cell (arrow) shows
similar accumulation of actin stress-fibers as seen in CAP1 knock-
down cells. However, cofilin-1 depletion does not significantly affect
the subcellular localization of CAP1. Bar, 10 �m.
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ever, further studies are required to clarify whether yeast
CAP/Srv2 also plays a similar important role in ADF/cofilin
activity and localization as demonstrated here for mouse
CAP1. It will be also important to determine how the activ-
ity and localization of CAPs are regulated in cells. At least in
budding yeast, the actin filament binding protein, Abp1,
seems to be essential for correct localization of CAP/Srv2 to
cortical actin patches (Lila and Drubin, 1997; Balcer et al.,
2003). Thus, it will be important to elucidate whether the
mammalian homologues of Abp1 or related proteins con-
tribute to CAP1 activity and localization in mouse non-
muscle cells.

Role of CAP1-induced Actin Dynamics in Cell
Morphogenesis, Motility, and Endocytosis
Here, we show for the first time that in mammalian cells
CAP plays an important role in cell polarity, motility, and
receptor-mediated endocytosis. The motility defects agree
with previous studies in Dictyostelium, where strains ex-
pressing diminished levels of CAP were defective in chemo-
taxis migration (Noegel et al., 2003). How does CAP contrib-
ute to cell migration? Because our studies demonstrated that
CAP1 knockdown cells typically display a loss of polarized
lamellipodia, we speculate that CAP1-promoted actin dy-
namics is required for the maintenance of cell polarity es-
sential for productive cell migration. It is important to note
that inactivation of ADF/cofilin by overexpressing LIM ki-
nase results in similar lack of lamellipodia polarization and
cell migration as demonstrated here for CAP1 knockdown
cells (Dawe et al., 2003). Because our studies showed that
CAP1 is necessary for the correct activity and localization of
cofilin-1, it is likely that the motility defects in CAP1 cells
result from diminished ADF/cofilin activity/recycling. Re-
cent studies demonstrated that also in Drosophila S2 cells the
inactivation of CAP causes defects in lamellipodia forma-
tion, suggesting that CAP may be important for cell motility
also in Drosophila (Rogers et al., 2003).

In Dictyostelium, mutations in CAP result in a reduction in
fluid phase endocytosis, whereas in budding yeast CAP/
Srv2 deletion does not result in endocytic defects (Wesp et
al., 1997; Noegel et al., 1999). Thus, CAP activity seems to
contribute differentially to endocytosis in different organ-
isms. However, also yeast CAP/Srv2 is somehow linked to
endocytic processes, because it has been shown to be syn-
thetically lethal with endocytic protein SlaII and a randomly
generated CAP/Srv2 mutant allele unexpectedly disrupts
endocytosis (Lila and Drubin, 1997; Wesp et al., 1997). Our
studies showed that in cultured mouse NIH3T3 cells, the
lack of CAP1 leads to an �50% decrease in receptor-medi-
ated endocytosis. Similar endocytic defects have been re-
ported in some mammalian cells after disruption of the actin
cytoskeleton by cytochalasin-D or latrunculin-A (Fujimoto et
al., 2000), and in NIH3T3 cells after inactivation of ADF/
cofilins by RNAi (Hotulainen, Paunola, Vartiainen, and Lap-
palainen, unpublished data). Together, these studies suggest
that the actin cytoskeleton does not play an obligatory role
in endocytosis in mammalian cells but that the actin dynam-
ics are required for efficient endocytosis in many mamma-
lian cell types. Consequently, actin dynamics have been
shown to be involved in the inward movement of endo-
somes from the plasma membrane in mammalian cells and
in budding yeast (Merrifield et al., 2002; Kaksonen et al.,
2003). We thus speculate that, due to decreased actin dy-
namics in CAP1 knockdown cells, the rate of endocytic
internalization is diminished. This is also in agreement with
the observed decreased perinuclear localization of endocytic
vesicles in these cells.

Differential Distribution of Mammalian CAP1 and CAP2
Suggests Specific Roles during Development and in Adult
Tissues
Previous studies have shown that humans and rats have two
different CAP proteins (Yu et al., 1994; Swiston et al., 1995).
Here, we demonstrate that also mice have two CAPs, sug-
gesting that most mammals likely have two CAP isoforms.
Possible biochemical differences between the two mamma-
lian CAP isoforms have not been reported, and differences in
their expression patterns were examined previously only by
reverse transcription-polymerase chain reaction. These stud-
ies suggested that both isoforms are widely expressed in rat
tissues (Swiston et al., 1995). Here, we show by Northern
blot, RNA in situ hybridization analysis, and by using iso-
form-specific antibodies, that CAP1 is widely expressed in
various nonmuscle cell types but is absent from differenti-
ated skeletal muscle cells. In contrast, CAP2 is a striated
muscle-specific protein during early mouse development. At
later stages, CAP2 becomes strongly expressed also in spe-
cific areas of the central nervous system, and in adult mice,
expression is especially strong in heart, skeletal muscle, and
brain. It is also important to note that our in situ hybridiza-
tion analyses indicate that at least one of these two CAP
proteins is expressed in nearly all cells of developing and
adult mice. This supports our cell biological findings dem-
onstrating that CAPs are central regulators of actin dynam-
ics and that they play important roles in many fundamental
cellular processes such as morphogenesis, polarization, mi-
gration, and endocytosis.

Similar differential expression specificities have been ob-
served previously for other mammalian actin binding pro-
teins such as ADF/cofilin, twinfilin, and capping protein
(Ono et al., 1994; Schafer et al., 1994; Vartiainen et al., 2003).
Typical for all these protein families is the situation where
only one “muscle-isoform” is expressed in skeletal muscle
cells, whereas other isoform(s) are present in nonmuscle cell
types. This may reflect the fact that actin dynamics in muscle
cells is significantly slower than in most nonmuscle cell
types. It has been shown that nonmuscle ADF/cofilin iso-
forms promote faster actin filament depolymerization than
the muscle-specific isoforms (Ono and Benian, 1998; Varti-
ainen et al., 2002). In the future, it will be important to
elucidate whether also CAP1 and CAP2 have different ef-
fects on actin filament turnover in vitro. Finally, because our
studies demonstrate that CAPs play an important role in
localization and recycling ADF/cofilins in cells, it is also
possible that CAP1 has evolved to interact with nonmuscle
ADF/cofilins, whereas CAP2 may have evolved to specifi-
cally promote interactions with the muscle-isoform of ADF/
cofilin.
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with modified T7lac promoter for expression of proteins in Escherichia coli.
Anal. Biochem. 236, 371–373.

Peränen, J., Rikkonen, M., and Kääriäinen, L. (1993). A method for exposing
hidden antigenic sites in paraformaldehyde-fixed cultured cells, applied to
initially unreactive antibodies. J. Histochem. Cytochem. 41, 447–454.

Rice, D.P., Aberg, T., Chan, Y., Tang, Z., Kettunen, P.J., Pakarinen, L., Maxson,
R.E., and Thesleff, I. (2000). Integration of FGF and TWIST in calvarial bone
and suture development. Development 127, 1845–1855.

Rogers, S.L., Wiedemann, U., Stuurman, N., and Vale, R.D. (2003). Molecular
requirements for actin-based lamella formation in Drosophila S2 cells. J. Cell
Biol. 162, 1079–1088.

Schafer, D.A., Korshunova, Y.O., Schroer, T.A., and Cooper, J.A. (1994).
Differential localization and sequence analysis of capping protein beta-sub-
unit isoforms of vertebrates. J. Cell Biol. 127, 453–465.

Swiston, J., Hubberstey, A., Yu, G., and Young, D. (1995). Differential expres-
sion of CAP and CAP2 in adult rat tissues. Gene 165, 273–277.

Vartiainen, M., Ojala, P.J., Auvinen, P., Peränen, J., and Lappalainen, P. (2000).
Mouse A6/twinfilin is an actin monomer-binding protein that localizes to the
regions of rapid actin dynamics. Mol. Cell. Biol. 20, 1772–1783.

Vartiainen, M.K., Mustonen, T., Mattila, P.K., Ojala, P.J., Thesleff, I., Partanen,
J., Lappalainen, P. (2002). The three mouse actin-depolymerizing factor/
cofilins evolved to fulfill cell-type-specific requirements for actin dynamics.
Mol. Biol. Cell 13, 183–194.

Vartiainen, M.K., Sarkkinen, E.M., Matilainen, T., Salminen, M., and Lappa-
lainen, P. (2003). Mammals have two twinfilin isoforms whose subcellular
localizations and tissue distributions are differentially regulated. J. Biol.
Chem. 278, 34347–34355.

Vojtek, A., Haarer, B., Field, J., Gerst, J., Pollard, T.D., Brown, S., and Wigler,
M. (1991). Evidence for a functional link between profilin and CAP in the
yeast S. cerevisiae. Cell 66, 497–505.

Vojtek, A.B., and Cooper, J.A. (1993). Identification and characterization of a
cDNA encoding mouse CAP: a homolog of the yeast adenylyl cyclase asso-
ciated protein. J. Cell Sci. 105, 777–785.

Wesp, A., Hicke, L., Palecek, J., Lombardi, R., Aust, T., Munn, A.L., and
Riezman, H. (1997). End4p/Sla2p interacts with actin-associated proteins for
endocytosis in Saccharomyces cerevisiae. Mol. Biol. Cell 8, 2291–2306.

Wills, Z., Emerson, M., Rusch, J., Bikoff, J., Baum, B., Perrimon, N., and Van
Vactor, D. (2002). A Drosophila homolog of cyclase-associated proteins collab-
orates with the Abl tyrosine kinase to control midline axon pathfinding.
Neuron 36, 611–622.

Yu, G., Swiston, J., and Young, D. (1994). Comparison of human CAP and
CAP2, homologs of the yeast adenylyl cyclase-associated proteins. J. Cell Sci.
107, 1671–1678.

Yu, J., Wang, C., Palmieri, S.J., Haarer, B.K., and Field, J. (1999). A cytoskeletal
localizing domain in the cyclase-associated protein, CAP/Srv2p, regulates
access to a distant SH3-binding site. J. Biol. Chem. 274, 19985–19991.

E. Bertling et al.

Molecular Biology of the Cell2334


