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Background: The SH3 domain of IRSp53 interacts with several proteins that control actin dynamics.
Results: IRSp53 interacts with mDia1 andWAVE2 within filopodia, and knocking down either protein reduces IRSp53-driven
filopodium formation.
Conclusion: IRSp53-mediated filopodium formation involves the actin regulators mDia1 and WAVE2.
Significance: Identifying proteins involved in filopodium formation enables an understanding of how these structures arise in
mammalian cells.

Filopodia are dynamic actin-rich cell surface protrusions
involved in cell migration, axon guidance, and wound healing.
The RhoGTPase Cdc42 generates filopodia via IRSp53, a multi-
domain protein that links the processes of plasma membrane
deformation and actin dynamics required for their formation in
mammalian cells. The Src homology 3 domain of IRSp53 binds
to the actin regulators Mena, Eps8, WAVE1, WAVE2, mDia1,
and mDia2. We show that mDia1 and WAVE2 synergize with
IRSp53 to form filopodia. IRSp53 also interacts directly with
these twoproteinswithin filopodia, as observed in acceptor pho-
tobleaching FRET studies. Measurement of filopodium forma-
tion by time-lapse imaging of live cells also revealed that deplet-
ing neuronal cells of either mDia1 orWAVE2 protein decreases
the ability of IRSp53 to induce filopodia. In contrast, IRSp53
doesnot appear topartnerWAVE1ormDia2 to give rise to these
structures. In addition, although all three isoforms of mDia are
capable of inducing filopodia, IRSp53 requires onlymDia1 to do
so. These findings suggest that mDia1 and WAVE2 are impor-
tant Src homology 3 domain partners of IRSp53 in forming
filopodia.

Mammalian cells extend thin cylindrical protrusions known
as filopodia during processes such asmigration, axon guidance,
angiogenesis, phagocytosis, and pathogen invasion (1–4).
These dynamic structures are tubular extensions of the plasma
membrane filled with bundles of linear actin filaments, and the
cytoskeletal rearrangements leading to their formation are con-
trolled by RhoGTPases such as Cdc42 (5–7) and Rif (8, 9).
IRSp53 (insulin receptor substrate protein 53 kDa) is a key

effector of Cdc42 that couples the two events essential for filop-
odium formation, plasma membrane protrusion and actin
dynamics (7). Its N-terminal inverse bin-amphiphysin-Rvs

(I-BAR)3 domain binds to and deforms the plasma membrane,
whereas its C-terminal Src homology 3 (SH3) domain interacts
with various actin regulators such as neural Wiskott-Aldrich
syndrome protein (N-WASP) (7), mammalian enabled (Mena)
(6, 10), EGF receptor kinase substrate 8 (Eps8) (11), the WASP
family verprolin homology (WAVE) isoforms WAVE1 (7) and
WAVE2 (7, 12), and the mammalian Diaphanous (mDia) iso-
forms mDia1 (7, 13) and mDia2 (7). In the inactive state, the
SH3 domain of IRSp53 is hidden by an intramolecular interac-
tion between the N and C termini of the protein. Binding of
Cdc42 to a partial Cdc42/Rac interactive binding motif located
between the I-BAR and SH3 domains is believed to activate
IRSp53 by exposing the SH3 domain (7).
mDia1 and mDia2 are members of the formin family of pro-

teins, which are known for their ability to nucleate and polym-
erize linear actin filaments (14). They contain a proline-rich
formin homology 1 domain that binds SH3 and WW domain-
containing proteins and profilin and a formin homology 2
domain that binds actin monomers (15). Interaction between
anN-terminal Diaphanous inhibitory domain and aC-terminal
Diaphanous autoregulatory domain locks these formin pro-
teins in an inactive conformation. Transition to an active state
occurs when binding of a RhoGTPase to the GTPase binding
domain (GBD) disrupts the autoinhibitory interaction (16). In
addition to these domains, mDia1 and mDia2 also have an
N-terminal basic domain that binds phospholipids and allows
them to localize to the plasma membrane (17). Both of these
formins have been linked to filopodium formation downstream
of Rif, with mDia1 binding to this RhoGTPase within the pro-
trusions (9). Under the control of RhoA,mDia1 also plays a role
in stress fiber formation (18), neurite outgrowth (19), cell polar-
ity (20), and adherens junction integrity (21). mDia2 too has
been shown to partner other RhoGTPases in regulating various
types of cytoskeletal rearrangements as follows: with RhoA it
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forms the actin scaffold required for constriction of the con-
tractile ring during cytokinesis (22), with RhoB it controls actin
dynamics required for vesicle movement (23), and with Rac it
forms the contractile actin ring needed for enucleation of eryth-
roblasts during erythropoiesis (24).
WAVE proteins function in actin dynamics by activating the

actin-nucleating Arp2/3 (actin-related proteins 2 and 3) com-
plex downstream of the RhoGTPase Rac (25). They contain a
WAVE homology domain, a basic region, a proline-rich region,
and a verprolin homology domain, central domain and acidic
domain (VCA) region (25). The WAVE homology domain
allows WAVE proteins to function as a multiprotein WAVE
complex by binding directly toAbelson-interacting protein and
hematopoietic stem/progenitor cell protein C300 (HSPC300),
indirectly to Nck-associated protein 1 (NAP1), and specifically
to Rac1-associated protein 1 (SRA1), while the VCA region
brings together the Arp2/3 complex and an actin monomer to
facilitate actin polymerization (26). Interaction of IRSp53 with
the proline-rich region of WAVE2 is believed to mediate
WAVE2 activity downstream of Rac (27). WAVE1 has been
linked to the formation of dorsal ruffles, while WAVE2 has
been implicated in both peripheral ruffle (28) and filopodial
protrusion (29, 30) and demonstrated to be essential for lamel-
lipodia (31, 32). WAVE2 has also been postulated to limit
mDia2-induced filopodial activity by sequestering it together
with the Arp2/3 complex (33).
N-WASP (7), Mena (7), and Eps8 (11) have been demon-

strated to be important for IRSp53 to form filopodia, based on
the lack of IRSp53-induced filopodia in knock-out cells devoid
of the respective proteins. These three proteins have also been
shown to interact with IRSp53 within filopodia (7). In contrast,
WAVE1 does not appear to be involved in IRSp53-driven filop-
odium formation (7). However, the importance of other IRSp53
SH3 domain interactors, WAVE2 (7, 12), mDia1 (7, 13), and
mDia2 (7), in filopodial protrusionmediated by IRSp53 has not
been fully investigated. In this study, we show that mDia1 and
WAVE2 can synergize with IRSp53 and induce filopodium for-
mation. Acceptor photobleaching FRET (AP-FRET) experi-
ments revealed that IRSp53 interacts with these two proteins in
the filopodia of neuronal cells. In addition, we measured filop-
odium formation quantitatively usingmultichannel rapid time-
lapse imaging of live cells as described in our previous work (7,
9) and found that silencing the expression of either mDia1 or
WAVE2 reduced the number of IRSp53 filopodia formed. In
contrast, knockdown of mDia2 did not affect IRSp53-induced
filopodium formation. Furthermore, when mDia2 was coex-
pressed, there was a loss of the IRSp53 filopodial phenotype in
neuronal cells. IRSp53 and mDia2 can colocalize and interact
with each other in cytoplasmic puncta, which may explain the
null filopodial phenotype observed in coexpression experi-
ments. Taken together, these results suggest that mDia1 and
WAVE2 are important SH3 domain partners of IRSp53
involved in filopodial protrusion.

EXPERIMENTAL PROCEDURES

Expression Constructs, Antibodies, and Reagents—pXJ40-
mRFP-IRSp53 is described in Lim et al. (7). pXJ40-mRFP-
IRSp53-FP/AA was created by subcloning the insert of pEG-

FP.C1-IRSp53-FP/AA (from Akiko Yamagishi, National
Cancer Center Research Institute, Japan) into pXJ40-mRFP.
GFP-Mena was from Klemens Rottner (Helmholtz Centre for
Infection Research, Germany); EGFP-Eps8, GFP-WAVE1, and
GFP-WAVE2 were from Giorgio Scita (FIRC Institute of
Molecular Oncology Foundation-European Institute of Oncol-
ogy, Italy); pEYFP.C1-mDia1 and pEYFP.C1-mDia2 were from
Art Alberts (Van Andel Institute); pIRESpuro3-mCherry-
Abp140p was from Philippe Chavrier (CNRS, France), and
pEGFP-mDia3 was from Shuh Narumiya (Kyoto University,
Japan). The primary antibodies used were as follows: mouse
monoclonal anti-mDia1 (610848, 1:500, BD Transduction Lab-
oratories); rabbit polyclonal anti-mDia2 N terminus (1:1000,
from ShuhNarumiya, KyotoUniversity, Japan); goat polyclonal
anti-mDia3 (sc-10889, 1:1000, Santa Cruz Biotechnology, Inc.);
rabbit polyclonal anti-WAVE2 (sc-33548, 1:250, Santa Cruz
Biotechnology, Inc.); mouse monoclonal anti-IRSp53 (1:1000,
from S. Ahmed); mouse monoclonal anti-GFP (sc-9996, 1:500,
Santa Cruz Biotechnology, Inc.), and mouse monoclonal anti-
tubulin (1:5000, Sigma). The secondary antibodies used were as
follows: HRP-conjugated goat anti-mouse IgG (sc-2005,
1:10,000); donkey anti-goat IgG (sc-2033, 1:2500), and goat
anti-rabbit IgG (sc-2004, 1:5000), all from Santa Cruz Biotech-
nology, Inc.
Cell Culture, Transfection, and Microinjection—N1E115,

N-WASP WT and KO, and CHO cells were cultured as
described in Lim et al. (7). 293T, B16F1, HeLa, and NIH3T3
cells were grown in DMEM supplemented with 4500 mg/liter
glucose, 10% FBS, and 1% penicillin/streptomycin. Transient
transfections were done according to the manufacturer’s pro-
tocol using Lipofectamine 2000 (Invitrogen) and, in the case of
CHO cells, FuGENE 6 (Roche Applied Science). For imaging
experiments involving N1E115 cells, glass coverslips or glass
bottom dishes (MatTek Corp.) were coated with 10 �g/ml
laminin (Invitrogen).
Protein Knockdown by RNAi—Transient knockdown of

mDia1, mDia2, and WAVE2 proteins was performed, and a
decrease in target protein levels assessed by Western blot of
treated cells as described in Goh et al. (9).
Immunofluorescence—Cells grown on glass coverslips were

washed once with PBS, fixed with 4% paraformaldehyde in PBS
for 30 min, and then washed twice with PBS for 10 min. Cells
were then permeabilized with 0.5% (v/v) Triton X-100 in PBS
for 1 min, and washed twice with PBS for 10 min. After treat-
ment with Alexa FluorTM 647-conjugated phalloidin (Molecu-
lar Probes) at 37 °C for 1 h, cells were washed twice with PBS
containing 0.1% Tween 20 for 10 min, and coverslips mounted
onto glass slides. All steps were carried out at room tempera-
ture unless otherwise specified. Cells were viewed using a mul-
tilaser scanning confocal microscope (Olympus FV1000)
equipped with argon (488 nm), diode pumped solid state (561
nm), and helium neon (633 nm) lasers.
Live Cell Imaging and Analysis of Cell Morphology—Cells

were cultured, transfected, and imaged, and images compiled
into movies as described in Goh et al. (9). For images of fixed
cells, as well as time-lapse imaging of live cells, morphological
characteristics, including filopodial length and lifetime, were
defined and scored as explained in Goh et al. (9). Protrusions
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that met the following characteristics of filopodia as defined by
live imaging studies done on this cell line (length of up to 15�m,
width between 0.6 and 1.2 �m, nontapered i.e. of even width
along their length, unbranched and emerging at random angles
relative to the cell perimeter) (7) were scored as filopodium-like
protrusions. This set of criteria was used to distinguish them
fromneurites, which typically span the length of at least one cell
body in N1E115 cells (greater than 15 �m in length), as well as
retraction fibers, which we have observed by live imaging to
often be tapered (wider at the base than at the distal end closer
to the tip) and branched, and sometimes appear in clusters or
with several of thememerging from the same anglewith respect
to the cell perimeter (aligned parallel to one another). Fascin
andmyosinXwere not used asmarkers for identifying filopodia
as they have been shown to be present in retraction fibers (34).
Only peripheral filopodiawere scored, as the dorsal protrusions
observed in both fixed and live N1E115 cells overexpressing
activated Rif (9) were not seen in the same type of cells overex-
pressing IRSp53.We believe that at least in this cell line, the Rif
pathway drives both apical and peripheral filopodium forma-
tion, while the IRSp53 pathway is responsible for only periph-
eral filopodia. For cotransfection experiments, mean GFP (or
EYFP) andmRFP fluorescence intensities of cotransfected cells
were semi-quantified, and only cells with a GFP/mRFP or
EYFP/mRFP ratio of mean fluorescence intensities in the range
of 0.5 to 2.0 were scored.
AP-FRET—AP-FRET was carried out using a Zeiss LSM 510

confocal microscope with a C-Apochromat �63 water 1.2 NA
objective. The filter settings used for mRFP/GFP and mRFP/
EYFP FRET pairs are given in Lim et al. (7) and Goh et al. (9),
respectively.
Statistical Analysis—Values in bar charts and tables are

stated as mean values � S.E. unless otherwise indicated. t test
(two-tailed distribution, unpaired, equal variance) was calcu-
lated using Microsoft Excel, and the resulting p values are rep-
resented as follows: * denotes p � 0.05 and ** denotes p � 0.01.

RESULTS

Phenotypes of IRSp53 Partners in Neuronal Cells—Mena (6),
Eps8 (11), WAVE1 and WAVE2 (12), and mDia1 and mDia2
were identified as putative interacting partners of IRSp53 by
mass spectrometry identification of brain and T-cell lysate pro-
teins that bound to the IRSp53 SH3 domain (7). All of these
proteins have been linked to actin cytoskeleton dynamics (25,
35). To determine which of these proteins are important for
filopodium formation in neuronal cells, we overexpressed each
of them in N1E115 cells. Cells transfected with fluorescent-
tagged cDNA constructs were fixed at 20–38 h post-transfec-
tion and imaged. Stimulation of filopodium-like protrusions
was seen in cells overexpressing GFP-Eps8, GFP-WAVE2,
EYFP-mDia1, and EYFP-mDia2 (Fig. 1). In addition, GFP-
WAVE1, EYFP-mDia1, and EYFP-mDia2 also induced neurite
outgrowth (Fig. 1B, panel b). Most of the putative interacting
partners tested also induced lamellipodia and ruffles (Fig. 1B,
panel c). GFP-WAVE1 was found within the cell body but not
seen in filopodium-like protrusions (Fig. 1A), a pattern of cel-
lular distribution similar to that observed by Nozumi et al. (29)

in both fixed and live NG108-15 neuroblastoma-glioma hybrid
cells overexpressing EGFP-WAVE1.
Phenotypes Induced by Coexpression of IRSp53 and Its Inter-

acting Partners—To investigate whether any of the putative
interacting partners affect IRSp53 in giving rise to the morpho-
logical structures observed, we coexpressed them with mRFP-
IRSp53 inN1E115 cells. Expression of full-length fluorescence-
tagged IRSp53 and its putative interacting partners was verified
by Western blot of lysates of cotransfected cells (supplemental
Fig. S1).4 Transfected cells were fixed at 20–38 h post-transfec-
tion and stained with Alexa FluorTM 647-conjugated phalloi-
din. Cells expressing bothmRFP-IRSp53 and GFP-Mena, GFP-
Eps8, GFP-WAVE1, GFP-WAVE2, or EYFP-mDia1 had
filopodium-like protrusions along their periphery (Fig. 2,A and
B). In particular, Mena, WAVE2, and mDia1 synergized with
IRSp53 in forming these protrusions (Fig. 2C, panel a). How-
ever, no filopodial projections were seen in cells coexpressing
IRSp53 andmDia2. Instead, both proteins appeared in the cyto-
plasm and sometimes in cytoplasmic puncta (Fig. 2B). Neurite
outgrowth was observed in cells positive for both mRFP-
IRSp53 and GFP-Mena or GFP-WAVE2 (Fig. 2C, panel b),
which was not seen when either GFP-Mena or GFP-WAVE2
was overexpressed alone. In the case of EYFP-mDia1, the pres-
ence of mRFP-IRSp53 resulted in enhanced neurite protrusion
as comparedwith expressing either protein on its own (Figs. 1B,
panel b, and 2C, panel b). However, no increase in neurite for-
mation was seen when mRFP-IRSp53 was coexpressed with
either GFP-WAVE1 or EYFP-mDia2 (Fig. 2C, panel b). mRFP-
IRSp53 also appeared to hinder the ability of GFP-Mena, GFP-
WAVE1, and GFP-WAVE2 to trigger lamellipodial protrusion
and ruffling (Fig. 2C, panel c).
mDia2 and mDia3 Induce Filopodia in Neuronal Cells—We

have shown that mDia1 and mDia2 directly induce filopodium
formation (9); however, mDia3 has not been investigated
before. To compare the abilities of these three formins to
induce filopodial protrusion, as well as the characteristics of the
filopodia formed, N1E115 cells were transfected with EYFP-
mDia2 or EGFP-mDia3 together with mCherry-Abp140p as a
label for endogenous actin filaments. Cells positive for both
mCherry andEYFPor EGFPwere observed by time-lapse imag-
ing at 18 h post-transfection. Filopodia were seen in cells
expressing EYFP-mDia2, confirming that this construct is
functional in terms of ability to trigger filopodial protrusion.
Thus, the lack of filopodia seen earlier in cells coexpressing
mRFP-IRSp53 and EYFP-mDia2 was not an artifact caused by
the EYFP tag interfering with mDia2 protein function. The
mDia2 filopodia were positive for mCherry but not EYFP along
their lengths (Fig. 3A; supplemental Movies 1–3), showing that
the protrusions contained actin but not mDia2. EGFP-mDia3
likewise induced mCherry-positive filopodia devoid of EGFP
signal (Fig. 3B; supplemental Movies 4–9). The average length
(4.59 �m) and lifetime (115 s) of the mDia2 filopodia were sim-

4 In cotransfections of N1E115 cells using Lipofectamine 2000, an average of
45% double transfected cells (expressing both cDNA constructs), 5% single
transfected cells (expressing only one of either two cDNA constructs), and
50% untransfected cells was obtained. When taking only transfected cells
into account, an average of 89% of the transfected cells expressed both
cDNA constructs.
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ilar to that ofmDia1 filopodia (p� 0.05). Although the filopodia
induced by mDia3 had a lifetime similar to that of mDia1 and
mDia2, they had a shorter average length (3.65�m) thanmDia2
filopodia (p � 0.01) (Table 1).
IRSp53 Interacts with mDia1 andWAVE2 in Filopodia—We

have previously used AP-FRET to show protein-protein inter-
action in filopodia (7, 36, 37). Here, the same technique was

employed to determine which of its SH3 domain binding part-
ners IRSp53 interacts with within filopodia. N1E115 cells were
cotransfected with mRFP-IRSp53 and GFP- or EYFP-tagged
proteins of interest and fixed at 24 h post-transfection. mRFP-
IRSp53 (acceptor) was bleached in selected regions of interest,
and resultant changes in GFP or EYFP (donor) and mRFP
(acceptor) fluorescence were measured. FRET occurs when

FIGURE 1. Phenotype of putative IRSp53-interacting partners in neuronal cells. N1E115 cells transfected with fluorescence-tagged cDNA constructs were
fixed at 20 –38 h post-transfection. A, examples of cells overexpressing GFP-Mena, GFP-Eps8, GFP-WAVE1, GFP-WAVE2, EYFP-mDia1, and EYFP-mDia2. Mag-
nified sections of cells are shown in the insets. Bar, 10 �m. B, quantification of morphological characteristics of transfected N1E115 cells. Panel a, fold increase
in number of filopodium-like protrusions formed per transfected cell; panel b, percentage of transfected cells with neurites, and panel c, average percentage of
cell periphery with lamellipodia/ruffles. Data are presented as mean � S.E. (n � 15–58).
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donor and acceptor molecules are no further than 10 nm apart
and is expressed in terms of percentage of FRET efficiency (%
FE). FRET also gives rise to a negative correlation in the rates of
change of fluorescence between the acceptor and donor, which
is quantified and expressed as a correlation coefficient (CC) (7).
Positive control (mRFP-GFP and mRFP-EYFP tandem con-
structs) and negative control (mRFP and GFP, mRFP-IRSp53
and GFP, mRFP and EYFP-mDia1, and mRFP and EYFP-
mDia2) data were taken from previous studies done by Lim et
al. (7) formRFP/GFPpairs and byGoh et al. (9) formRFP/EYFP
pairs. % FE values greater than 3% with corresponding CC val-
ues of �1.0 to �0.7 were taken as an indication of positive
FRET and protein-protein interaction. Positive FRET between
IRSp53 andmDia1, aswell as between IRSp53 andWAVE2,was
observed within filopodium-like protrusions in N1E115 cells
(Fig. 4; Table 2), showing that these two pairs of proteins inter-
act within these structures in vivo. This is similar to the results
obtained for the IRSp53/Eps8 and IRSp53/Mena FRET pairs
(Table 2) (7). In contrast, IRSp53 interacted with mDia2 and
WAVE1only in the cytoplasmofCHO (supplemental Table S1)
andN1E115 cells, respectively (Table 2). IRSp53 also interacted
with WAVE2, Eps8, and Mena in cytoplasmic puncta and with
mDia1 in neurites (data not shown). In control experiments
where wild-type IRSp53 was replaced by IRSp53-FP/AA, a

mutant with a nonfunctional SH3 domain (38), no positive
FRET was detected for all of the IRSp53 SH3 domain-binding
partners studied (Table 2).
Expression ofmDia Isoforms inVarious Cell Lines—Todeter-

mine whether mDia1, -2, or -3 are required for IRSp53-medi-
ated filopodium formation, we first examined the expression of
these three proteins in various cell lines that have been used in
previous studies to investigate filopodium formation. The anti-
bodies against mDia1 and mDia2 used in this study have been
demonstrated by Western blot to be specific for the respective
isoforms based on their ability to detect exogenous mDia1 or
mDia2 protein. The anti-mDia1 antibody picked up overex-
pressed mutant mDia1 lacking the GBD domain (24), while the
anti-mDia2 antibody detected overexpressed EYFP-mDia2 (9).
These antibodies also picked up the reduction in endogenous
mDia1 or mDia2 protein levels in cells treated with the respec-
tive specific RNAi but not in those treated with control RNAi
(9). To verify the specificity of the anti-mDia3 antibody,
N1E115 cells were transfected with EGFP-mDia3, and lysate
obtained at 21 h post-transfection was probed with the anti-
body. A single band with an apparent molecular mass that
corresponds to the predicted value of �152 kDa (EGFP 27
kDa and mDia3 125 kDa) for EGFP-mDia3 was seen (supple-
mental Fig. S2). Lysates from untransfected 293T and

FIGURE 2. Phenotypes induced by coexpression of IRSp53 and its putative interacting partners. N1E115 cells cotransfected with mRFP-IRSp53 and
fluorescence-tagged cDNA constructs were fixed at 20 –38 h post-transfection and stained with Alexa FluorTM 647-conjugated phalloidin. A, examples of cells
coexpressing mRFP-IRSp53 and GFP-Mena, GFP-Eps8, GFP-WAVE1, or GFP-WAVE2. Arrowheads indicate individual filopodium-like protrusions. Bar, 10 �m.
B, examples of cells coexpressing mRFP-IRSp53 and EYFP-mDia1 or EYFP-mDia2. A magnified section (middle column) of a cell coexpressing mRFP-IRSp53 and
EYFP-mDia1 (left column) is shown with arrowheads indicating individual filopodium-like protrusions. Bar, 10 �m. C, quantification of morphological charac-
teristics of transfected N1E115 cells. Panel a, fold increase in number of filopodium-like protrusions formed per transfected cell; panel b, percentage of
transfected cells with neurites, and panel c, average percentage of cell periphery with lamellipodia/ruffles. Data are presented as mean � S.E. (n � 13–35).
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N1E115 cells were included for comparison, and while a sin-
gle band of lower molecular mass (between 100 and 150 kDa)
was seen for 293T cells, no band was detected for N1E115
(supplemental Fig. S2).
Next, the antibodies specific for mDia1, mDia2, or mDia3

were used to probeWestern blots of whole cell lysates from the
following cell lines: N1E115 mouse neuroblastoma; N-WASP
WT and KO mouse fibroblasts; NIH3T3 mouse embryonic
fibroblasts; HeLa human epithelial carcinoma; B16F1 mouse
melanoma, and 293T human embryonic kidney. mDia1 was
detected in all of the above cell lines (Fig. 5), although mDia3
was present in all except N1E115 (Fig. 5). For mDia2, a band
corresponding to the 134-kDa molecular mass of the protein
was clearly seen in all cell lines (Fig. 5).
IRSp53-induced Filopodium Formation Involves mDia1 and

WAVE2 but Not mDia2—IRSp53 interacts with both mDia1
and mDia2 as shown by mass spectrometry identification of
protein partners pulled down by IRSp53 (7). It also interacts
with mDia1 andWAVE2 within filopodia based on results of

the AP-FRET experiments (Table 2). To determine which of
these three proteins are involved in IRSp53-mediated filop-
odium formation, we knocked down each of them separately
using siRNA as described previously in Goh et al. (9). Endog-
enous mDia1, mDia2, and WAVE2 protein levels were
reduced by 81, 87, and 66%, respectively (9). N1E115 cells
were cotransfected with GFP-IRSp53, mDia1 or control
siRNA, and mCherry-Abp140p, and cells positive for both
GFP and mCherry were observed by time-lapse imaging at
24 h post-transfection. There was a statistically significant
decrease (p � 0.01) in the number of filopodia formed per
cell when mDia1 was knocked down (Fig. 6A; Table 3),
although the average length and lifetime of the filopodia
formed did not differ. A statistically significant reduction
(p � 0.05) in number of IRSp53 filopodia was also seen when
WAVE2 was silenced (Fig. 6C; Table 3). In contrast, no loss
of IRSp53-induced filopodia occurred when the experiment
was carried out using siRNA targeting mDia2 (Fig. 6B; Table
3).

FIGURE 3. mDia2 and mDia3 induce filopodia in neuronal cells. A, N1E115 cells were transfected with mCherry-Abp140p and EYFP-mDia2. Cells
positive for both mCherry and EYFP were observed by time-lapse imaging at 18 h post-transfection. Bar, 10 �m. Panel a, series of time-lapse images
shows a section of the transfected cell with arrowheads indicating individual filopodia (see supplemental Movies 1–3). Bar, 5 �m. B, N1E115 cells were
transfected with mCherry-Abp140p and EGFP-mDia3. Cells positive for both mCherry and EGFP were observed by time-lapse imaging at 18 h post-
transfection. Bar, 10 �m. Panels a and b, series of time-lapse images show sections of the transfected cell with arrowheads indicating individual filopodia
(see supplemental Movies 4 –9). Bar, 5 �m. C, section of an N1E115 cell with filopodia positive for both mCherry-Abp140p and EYFP-mDia1 from Goh et
al. (9) is shown for comparison. For fluorescence images, fluorescence intensity is represented using a pseudocolor scale (from highest to lowest
intensity: white, red, orange, yellow, green, blue, purple, and black) that allows structures with relatively low fluorescence intensity such as filopodia to be
easily visualized. DIC, differential interference contrast.

IRSp53 Induces Filopodia through mDia1 and WAVE2

FEBRUARY 10, 2012 • VOLUME 287 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4707

http://www.jbc.org/cgi/content/full/M111.305102/DC1
http://www.jbc.org/cgi/content/full/M111.305102/DC1
http://www.jbc.org/cgi/content/full/M111.305102/DC1


DISCUSSION

Filopodia are dynamic actin-containing cell surface protru-
sions that can extend and retract over a time span of a few
minutes (9). We have defined mammalian filopodia using a
robust and quantitative time-lapse imaging assay in living cells
(7, 9). Endogenous filopodia in mammalian cells are 8–15 �m
long, with a uniform tubular morphology and a lifetime of
79–142 s (7). This approach to investigating filopodium forma-
tion has allowed us to confirm that the protrusions generated
by Cdc42, IRSp53, and N-WASP (7), Rif and mDia1 (9), and

Toca-1 (transducer of Cdc42-dependent actin assembly 1) (36)
are similar to endogenous filopodia. Furthermore, the quanti-
tative analysis allows us to probe the molecular mechanism of
filopodium formation. Here, we have used the same technique
to characterize the filopodia induced by mDia2 and mDia3, as
well as to study the involvement ofWAVE2,mDia1, andmDia2
in IRSp53-driven filopodium formation in neuronal cells.
In this study, we have used overexpression of IRSp53 to dis-

sect the Cdc42/IRSp53/N-WASP signaling pathway to filopo-
dium formation. Unlike stimuli such as growth factors or phor-

FIGURE 3—continued
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bol esters that have the potential to activate multiple signaling
pathways, this overexpression approach allows us to investigate
the specific pathway(s) downstream of IRSp53. This specificity
is pertinent in light of our previous findings that more than one
independent pathway to filopodium formation exists (9), indi-
cating a need to discriminate betweenpathways. In futurework,
to confirm and extend the conclusions reached here, other

approaches will need to be taken to complement these overex-
pression studies.
We have previously shown that EYFP-mDia1 and myc-

mDia2 induce filopodia in N1E115 neuroblastoma cells (9).
Here,we present three further observations on themDia filopo-
dial phenotype in N1E115 cells. First, EYFP-mDia2 has the
same capability asmyc-mDia2 to induce filopodia. In the earlier
study, we were unable to verify the presence or absence of
mDia2 protein within the filopodia as observed by time-lapse
imaging because of the lack of a fluorescence label (9). In this
study, EYFP-taggedmDia2was seen to induce a similar number
of filopodia per cell, and the structures had a similar length and
lifetime. This verifies our earlier findings and shows that tag-
ging the N terminus ofmDia2 does not interfere with its filopo-
dial phenotype. EGFP-mDia3 is also able to drive filopodium
formation. This indicates that all threemDia isoforms can form
filopodia, suggesting a prominent role for mDia proteins in this
process. Given the function of mDia1 (18, 39) and possibly
mDia2 (40) in stress fiber formation, the dual role of thesemDia
isoforms might allow them to determine the balance in the
antagonistic relationship between filopodia and stress fibers
found in most cell types. The involvement of mDia proteins in
generating other types of structures such as invadopodia (41),
lamellipodia (42), and the filopodial precursors of dendritic
spines (43) also suggests that they control the formation of a
wide range of actin-based cellular protrusions.
Second, mDia1 but not mDia2 or mDia3 can be detected

within filopodia as observed by live cell imaging. This implies

FIGURE 4. IRSp53 interacts with mDia1 and WAVE2 in filopodia. N1E115 cells transfected with mRFP-IRSp53 and EYFP-mDia1 (A) or GFP-WAVE2 (B) were
fixed at 24 h post-transfection. Individual filopodia were selected as regions of interest, and the fluorescence intensities of the regions of interest were
monitored in both mRFP and EYFP or GFP channels for the entire duration of the experiment. mRFP was bleached using a 561 nm laser once base line intensities
of both mRFP (acceptor) and EYFP or EGFP (donor) fluorescence were established. Subsequent changes in these fluorescence intensities were measured and
expressed as % FE, and the correlation between the rates of change of these values was expressed as CC (see “Experimental Procedures” for details). % FE and
CC values obtained for the various control and experimental setups are given in Table 2. Positive FRET was defined as % FE � 3% with CC values of �1.0 to �0.7.
Arrowheads indicate individual filopodia used for FRET measurements. Bar, 5 �m. Data are presented as mean � S.D. (mRFP-IRSp53/EYFP-mDia1 n � 3;
mRFP-IRSp53/GFP-WAVE2 n � 4.)

TABLE 1
Characteristics of filopodia induced by mDia isoforms
N1E115 cells were cotransfectedwith cDNA formCherry-Abp140p and the protein
of interest. Time-lapse imaging of fluorescent cells was done at 18 h post-transfec-
tion, and the number of filopodia formed per cell and the length and lifetime of such
protrusions were measured (see “Experimental Procedures” for details). “Endoge-
nous” refers to filopodia seen when cells were transfected with only mCherry-
Abp140p; “EYFP-mDia1” refers to cells cotransfected with EYFP-mDia1 and
mCherry-Abp140p; “myc-mDia2” refers to cells cotransfectedwithmyc-mDia2 and
GFP-actin; “EYFP-mDia2” refers to cells cotransfected with EYFP-mDia2 and
mCherry-Abp140p, and “EGFP-mDia3” refers to cells cotransfected with EGFP-
mDia3 and mCherry-Abp140p. Data are presented as mean � S.E. * denotes p �
0.05 and ** denotes p � 0.01, all with respect to the values for endogenous in the
same column; endogenous n � 22, EYFP-mDia2 n � 28, EGFP-mDia3 n � 30.

Filopodia per cell Length Lifetime

�m s
Endogenous 1.3 � 1.03 4.68 � 1.01 166 � 17
IRSp53a 6.80 � 1.88 187 � 38
EYFP-mDia1b 5.6 � 1.27 3.99 � 0.60 135 � 19
myc-mDia2b 6.5 � 0.73 4.61 � 1.76 163 � 78
EYFP-mDia2 6.7 � 0.67** 4.59 � 0.12 115 � 31*
EGFP-mDia3 5.2 � 1.37* 3.65 � 0.19 119 � 31*

a Data for IRSp53 filopodia in N1E115 cells from Lim et al. (7) are shown in italics
for comparison but ar excluded from the statistical analysis.

b Data for mDia1 and myc-mDia2 filopodia in N1E115 cells from Goh et al. (9) are
shown in italics for comparison but excluded from the statistical analysis.
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that mDia2 andmDia3might be involved in the initiation stage
of filopodium formation and not the elongation stage or that
they might play an indirect role. Third, mDia1 and mDia2 are
strong inducers of lamellipodia/membrane ruffles and neurite
outgrowth. This agrees with the findings of earlier studies
where mDia1 localized to lamellae and membrane ruffles (44,

45), andmDia2 was found to be essential for lamellipodia based
on the ability of exogenous mDia2 to rescue the loss of the
lamellipodial phenotype inmDia2 knockdown cells (42). Other
groups have also linkedmDia1 to axon elongation downstream
of Rho (19) and have shown mDia2 to be involved in neurito-
genesis (46).
Cdc42 induces filopodia through IRSp53. The IRSp53 I-BAR

domain can deform membranes but does not induce bona fide
filopodia. Full-length IRSp53, with a functional I-BAR domain,
Cdc42-binding site, and SH3 domain, is required to generate
filopodia (7, 47). Binding partners of the IRSp53 SH3 domain
that have been implicated in IRSp53-driven filopodium forma-
tion includeN-WASP (7),Mena (6), and Eps8 (11). Two-hybrid
studies first showed the ability of WAVE1 and mDia1 to inter-
act with the IRSp53 SH3 domain (12, 38). Subsequently, mass
spectrometry analysis revealed that GST-tagged IRSp53 SH3
domain can pull down WAVE1, WAVE2, mDia1, and mDia2
(12). In this study we looked at the role of IRSp53-WAVE1,
IRSp53-WAVE2, IRSp53-mDia1, and IRSp53-mDia2 interac-
tions in the formation of filopodia and other morphological
structures (lamellipodia, membrane ruffles, and neurites) in
N1E115 cells. IRSp53 synergized with mDia1 and WAVE2 in
filopodium formation but not with mDia2, and the IRSp53-
mDia2 combination resulted in a null filopodial phenotype
instead. WAVE1 caused a decrease in IRSp53-induced neurite
outgrowth and lamellipodia/ruffle protrusion. For both the
IRSp53-WAVE1 and IRSp53-mDia2 cotransfection experi-
ments, therewas strong expression of full-lengthmRFP-IRSp53
protein in the cotransfected cells as shown by Western blot.
This rules out the possibility that the reduction in phenotypes
was due to lowmRFP-IRSp53 expression and indicates that the
changes in phenotype were due to GFP-WAVE1 and EYFP-
mDia2. In a study by Peng et al. (48), knocking out mDia1 sug-
gested that mDia2 functions downstream of Cdc42 in actin
microspike formation. In contrast, Pellegrin and Mellor (8)
found that mDia2 on its own or in combination with Cdc42 did
not induce actin microspikes. Because time-lapse experiments
were not performed in either study, it is not possible to draw
from them conclusions on the role of mDia2 in filopodium for-
mation. Peng et al. (48) also showed by sensitized emission
FRET a direct interaction between Cdc42 and mDia2. This
interactionwas predominantly in the cytoplasm at sites of �-tu-
bulin staining (at the microtubule organizing center) or at the
leading edge but not significantly within actinmicrospikes (48).
We found that inCHOcells, IRSp53 localizes and interactswith
mDia2 in the cell cytoplasm and that mDia2 appears to recruit
IRSp53 to cytoplasmic puncta (data not shown).
To examine whether IRSp53 interacts with mDia1 and

WAVE2 in filopodia, we carried out FRET experiments. We
have previously used AP-FRET to show that IRSp53 interacts
with Mena, N-WASP, and Eps8. With this approach, we found
that IRSp53 interacted with both mDia1 and WAVE2 in filop-
odia. Both IRSp53 and mDia1 were seen along the length of
filopodia; this is consistentwith the idea that IRSp53 establishes
and maintains the curved membrane protrusion of the struc-
ture (49), but in contrast to the tip nucleation model of filopo-
dium formationwhere formins are localized to the filopodial tip
(2). In vivo evidence for formins localizing at the tips of mam-

FIGURE 5. Expression of mDia isoforms in various cell lines. Antibodies
specific for mDia1 (top panels), mDia2 N terminus (middle panels), or mDia3
(bottom panels) were used to probe Western blots of whole cell lysates from
the following cell lines: N1E115 mouse neuroblastoma; N-WASP WT and KO
mouse fibroblasts; NIH3T3 mouse embryonic fibroblasts; HeLa human epi-
thelial carcinoma; B16F1 mouse melanoma, and 293T human embryonic
kidney.

TABLE 2
FRET analysis of interaction between IRSp53 and its SH3 domain bind-
ing partners in N1E115 cells
N1E115 cells transfected with the following combinations of cDNA constructs
encoding the various controls, mRFP-IRSp53, mRFP-IRSp53-FP/AA, and IRSp53
SH3 domain binding proteins, were fixed at 24 h post-transfection. Fluorescence
intensities of selected regions of interest were monitored in both mRFP and GFP or
EYFP channels for the entire duration of the experiment. mRFP was bleached using
a 561-nm laser once base-line intensities of bothmRFP (acceptor) andGFP or EYFP
(donor) fluorescence were established. Subsequent changes in these fluorescence
intensities were measured and expressed as % FE, and the correlation between the
rates of change of these values were expressed as CC (see “Experimental Proce-
dures” for details). Positive FRET was defined as % FE � 3% with CC values of �1.0
to �0.7. Data are presented as mean � S.D. (n � 6–14).

FRET pairs % FE CC

mRFP/GFP controls
mRFP-GFP (tandem positive control)a 22.3 � 5.3 �0.99 � 0.001
mRFP and GFP (negative control)a 2.1 � 1.9 0.09 � 0.69
mRFP-IRSp53 and GFP (negative control)a 1.4 � 1.2 0.29 � 0.40

IRSp53 and GFP-tagged partners
mRFP-IRSp53 and GFP-Mena 8.6 � 2.2 �0.94 � 0.06
mRFP-IRSp53-FP/AA and GFP-Mena 2.3 � 1.4 �0.24 � 0.37
mRFP-IRSp53 and GFP-Eps8 9.1 � 4.3 �0.89 � 0.08
mRFP-IRSp53-FP/AA and GFP-Eps8 1.8 � 1.7 �0.13 � 0.48
mRFP-IRSp53 and GFP-WAVE1 11.2 � 2.9 �0.94 � 0.06
mRFP-IRSp53-FP/AA and GFP-WAVE1 3.7 � 2.5 �0.16 � 0.45
mRFP-IRSp53 and GFP-WAVE2 8.5 � 3.5 �0.89 � 0.06
mRFP-IRSp53-FP/AA and GFP-WAVE2 2.7 � 1.8 �0.41 � 0.34

mRFP/EYFP controls
mRFP-EYFP (tandem positive control)b 17.8 � 3.6 �0.97 � 0.04
mRFP and EYFP-mDia1 (negative control)b 4.0 � 2.3 �0.41 � 0.42
mRFP and EYFP-mDia2 (negative control)b 1.4 � 1.7 0.05 � 0.37

IRSp53 and EYFP-tagged partners
mRFP-IRSp53 and EYFP-mDia1 13.3 � 1.5 �0.96 � 0.02
mRFP-IRSp53-FP/AA and EYFP-mDia1 1.8 � 1.8 �0.49 � 0.39
mRFP-IRSp53 and EYFP-mDia2 2.3 � 1.4 �0.16 � 0.52
mRFP-IRSp53-FP/AA and EYFP-mDia2 2.4 � 2.0 �0.19 � 0.53

a Data for mRFP/GFP controls from Lim et al. (7) are shown in italics.
b Data for mRFP/EYFP controls from Goh et al. (9) are shown in italics.
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FIGURE 6. IRSp53 filopodium formation involves mDia1 and WAVE2. A, N1E115 cells were cotransfected with GFP-IRSp53, mCherry-Abp140p, and either
mDia1 or nontargeting control siRNA, and time-lapse imaging of GFP-positive cells done at 24 h post-transfection. Bar, 10 �m. Magnified sections of trans-
fected cells are shown in panels a and b with arrowheads indicating individual filopodia. B, N1E115 cells were cotransfected with GFP-IRSp53, mCherry-
Abp140p, and either mDia2 or nontargeting control siRNA, and time-lapse imaging of GFP-positive cells done at 40 h post-transfection. Bar, 10 �m. Magnified
sections of transfected cells are shown in panels a and b with arrowheads indicating individual filopodia. C, N1E115 cells were transfected with GFP-IRSp53,
mCherry-Abp140p, and either WAVE2 or nontargeting control siRNA, and time-lapse imaging of GFP-positive cells done at 42 h post-transfection. Bar, 10 �m.
Magnified sections of transfected cells are shown in panels a and b with arrowheads indicating individual filopodia. For fluorescence images, fluorescence
intensity is represented using a pseudocolor scale (from highest to lowest intensity: white, red, orange, yellow, green, blue, purple, and black) that allows
structures with relatively low fluorescence intensity such as filopodia to be easily visualized.
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malian filopodia comes from studies that overexpressed consti-
tutively active truncated mutants of mDia2 missing either the
GBD or Diaphanous autoregulatory domain (42, 48, 50).
Abnormal club-shaped filopodia were observed with the use of
these mutants (42, 50), and these structures might not be fully
representative of filopodia that form under normal physiologi-
cal conditions. Full-length endogenous mDia2 has been shown
to be at the tips of filopodia only in B16F1 melanoma cells (42).
As for mDia1, full-length exogenous mDia1 has been found to
localize to filopodial tips only in the presence of overexpressed
constitutively active Rif in HeLa cells (39). The exact role(s)
played by mDia1 and mDia2 in filopodium formation in mam-
malian cells is unclear. In our live imaging studies, we found
that only mDia1 and not mDia2 was seen within the filopodia
that they induced (this study) andwithmDia1 distributed along
the entire length of the structures (9). Although mDia1 was
shown to be poor at bundling actin filaments relative to mDia2
under specific conditions in vitro (51), it is possible that mDia1
might play a role in bundling filopodial actin filaments in vivo,
inwhich case its distributionwithin filopodiawould be uniform
and not restricted to the tips. Further work is necessary to
define the mechanistic roles of mDia1 in filopodium formation
in mammalian cells. IRSp53 did not interact with mDia2 in
N1E115 cells. However, these two proteins did interact in the
cytoplasm and cytoplasmic puncta of CHO cells but not at the
cell periphery or in filopodia. Interestingly, IRSp53 also inter-
acted with mDia1, WAVE1, Eps8, and Mena in cytoplasmic
puncta (data not shown). We believe the cytoplasmic puncta
sites of IRSp53 interaction with these partners could be physi-
ologically relevant, reflecting a possible membrane trafficking
role for these complexes. Further work will be required to
determine their exact function.
A critical part of the analysis was to investigate whether

knockdown of mDia1, mDia2, orWAVE2 affected IRSp53-me-
diated filopodium formation. To establish the knockdown of
mDia proteins, it was crucial to verify the specificity of the anti-
bodies used. The specificity of the anti-mDia1 and -mDia2 anti-
bodies has been demonstrated by their ability to detect the fol-
lowing: (i) exogenous overexpressed Flag-mDia1�GBD (an
N-terminal truncated mutant) (24) or EYFP-mDia2 (9), as well
as the endogenous proteins (9, 24), and (ii) reduction in endog-
enous protein levels in cells treated with specific RNAi but not

those treated with control RNAi (9). Here, we carried out a
similar verification for the anti-mDia3 antibody using EGFP-
mDia3 and found it to be specific. Using these antibodies spe-
cific for mDia1, mDia2, and mDia3, we screened cell lines for
the expression of these isoforms. Interestingly, mDia3 protein
was not detected in N1E115 cells and is thus not believed to be
essential for IRSp53-mediated filopodium formation. For this
reason, mDia3 was not investigated further. mDia1 and mDia2
were detected inN1E115 as well as other cell lines, with protein
bands corresponding to the expected molecular mass.
Knockdown of mDia1 andWAVE2 but not mDia2 inhibited

IRSp53-mediated filopodium formation. This indicates that
mDia2 is not required for IRSp53 to form filopodia. This is in
contrast to Rif-induced filopodia, where both mDia isoforms
but notWAVE2 are involved (9). Rif has been shown to induce
filopodia independently of N-WASP, Mena, and WAVE2 (9).
As such,mDia1 appears to be the only effector demonstrated to
be common between the Rif- and IRSp53-driven pathways for
filopodium formation. In NG108 neuroblastoma cells,WAVE2
was localized to the initiation sites ofmicrospikes at the leading
edge and also at the tips of filopodia (29). It has also been seen at
the tips of filopodia in B16melanoma cells (30) and at the edges
of microspikes in Jurkat T cells treated with Arp2 shRNA (52).
A study that attempted to recapitulate filopodium formation in
vitro has proposed that the initiation and elongation stages of
filopodial protrusion involve Arp2/3- and formin-mediated
actin polymerization, respectively (53). In view of this,WAVE2
could potentially play a role in Arp2/3 complex recruitment
and activation during the initiation of IRSp53 filopodia, while
mDia1 drives the elongation of the nascent structures into fully
formed filopodia.
We have shown that the three isoforms of mDia are capable

of inducing filopodia.However, onlymDia1was seenwithin the
structures. It was also the only isoform to synergizewith IRSp53
to form filopodia and to interact with IRSp53 within them. In
neuroblastoma cells, silencing mDia1 expression significantly
reduced IRSp53-induced filopodium formation, although
knockdown of mDia2 did not.We conclude that all three mDia
isoforms are able to play a role in filopodia, but only mDia1
appears to be important for the IRSp53-mediated pathway for
forming these protrusions. Like mDia1, WAVE2 was estab-
lished as a partner of IRSp53 in filopodium formation, based on
its interaction with IRSp53 within filopodia and the decrease in
IRSp53 filopodia in neuroblastoma cells depleted of WAVE2
protein. Taken together with previously published work, the
data suggest that at least five proteins (Mena, Eps8, N-WASP,
WAVE2, and mDia1) play a role controlling actin dynamics
associated with IRSp53-mediated filopodium formation (see
Table 4 for summary of data from different studies). Examining
the specific localization of IRSp53 and its targets within filopo-
dia (to the base, shaft, and/or tip) will aid in identifying their
functions in driving the initiation, extension, and retraction of
these structures. For example, we have foundToca-1 at the base
of filopodia, indicating that it could play a role (via N-WASP) in
forming short actin filaments that might develop further into
filopodia (36). This is in contrast to Mena and Eps8, which are

TABLE 3
Effect of mDia1, mDia2, and WAVE2 knockdown on IRSp53-driven
filopodium formation
N1E115 cells were transfected with GFP-IRSp53, mCherry-Abp140p, and RNAi
targeting the protein of interest or nontargeting control RNAi, and time-lapse imag-
ing was done on GFP- and mCherry-positive cells. The number of filopodia formed
per cell and the length and lifetime of such protrusions were measured (see “Exper-
imental Procedures” for details). Data are presented as mean � S.E. * denotes p �
0.05, and ** denotes p � 0.01 when compared with the respective controls; mDia1
siRNA n � 24; control siRNA n � 19; mDia2 siRNA n � 21; control siRNA n � 28;
WAVE2 siRNA n � 23; control siRNA n � 17.

Filopodia per cell Length Lifetime

�m s
mDia1 siRNA 4.5 � 1.05** 3.91 � 0.72 157 � 20
Control siRNA 9.9 � 1.33 5.01 � 0.67 186 � 10
mDia2 siRNA 8.8 � 1.02 5.38 � 0.64 150 � 16
Control siRNA 9.2 � 1.50 5.36 � 0.35 166 � 26
WAVE2 siRNA 6.1 � 1.19* 4.53 � 0.13 153 � 8b
Control siRNA 10.1 � 1.55 4.41 � 0.50 174 � 8
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located at filopodial tips (6).5 Although IRSp53 is sometimes
seen in the tips of filopodia, it is also distributed along the entire
length of the structures (5). However, mDia1 is not found in
filopodial tips.We are currently using super-resolutionmicros-
copy to reveal the detailed architecture of filopodia.
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