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as if they were not able to resist compression. Structurally, indi-
vidual filaments in these filopodia were not tightly packed, sug-
gesting a correlation between bundling and rigidity.

Role of fascin phosphorylation

in filopodia formation

Phosphorylation at serine39 regulates actin-binding and bun-
dling abilities of fascin. Phosphorylation of fascin by protein
kinase Ca in vitro reduced its actin-binding constant from
3.5 X 10° M ™! to <0.5 X 10° M™! (Ono et al., 1997). In vivo,
C2C12 cells expressing S39D fascin were able to attach to
thrombospondin-1, but did not form microspikes (Adams et al.,
1999). In our study, expression of a similar S39E mutant inhib-
ited formation of filopodia and microspikes. This dominant-
negative activity of inactive fascin mutants could be explained
by competition with endogenous fascin for actin filaments.
Indeed, the S39E mutation compromised only the one actin-
binding site, while another site located in the C-terminal half
(Ono et al., 1997) is presumably intact. However, our EM anal-
ysis suggests additional mechanism of the S39E dominant-
negative effect because S39E-expressing cells displayed even
more severe phenotype compared with knockdown cells.
Although shRNA-expressing cells formed long, although
morphologically unusual, bundles, S39E-expressing cells had
abundant oversized A-precursors at their leading edges. This
observation suggests that in S39E-expressing cells the process
of filopodia initiation occurred normally up to the stage of for-
mation of A-precursors, but then failed because of the cell’s in-
ability to bundle actin filaments. A possible explanation for this
phenomenon is that S39E, for some reason, may compete not
only with endogenous fascin, but also with other cross-linkers,
potentially T-fimbrin. In contrast to the inactive S39E mutant,
the active S39A fascin positively regulated filopodia and in-
creased their length and number. Interestingly, targeting of pro-
tein phosphatase I to the actin cytoskeleton in neurons by
neurabin I promoted filopodia formation (Oliver et al., 2002).
It is tempting to speculate that this effect may be caused by fas-
cin dephosphorylation, although it remains unknown whether
fascin is a substrate of this phosphatase. S39A fascin may in-
crease the stiffness per diameter of filopodia. If this is the case,
newly formed filopodia will be able to start protrusion with

Figure 8. Dynamics of WT and mutant fas-
cins in living cells. (A) Fluorescence images of
cells expressing both CFP-Te-shRNA (left) and
one of YFP-tagged fascins refractory to shRNA
(right). Active S39A fascin mutant (S39A*) in-
duces numerous filopodia and shows localiza-
g fion along their length, whereas inactive S39E
fascin mutant (S39E*) fails to increase the
frequency of filopodia even at high levels of
expression and shows mostly diffuse localiza-
tion throughout the cytoplasm with slight en-
richment in occasional filopodia. Bar, 10 um.
(B) Filopodial dynamics of WT or mutant fas-
cins. Asterisks mark specific filopodia over
time. Time is shown in seconds.

fewer actin filaments, as was observed by EM. Such filopodia
need fewer actin monomers per length of filopodial extension.
That would explain excessive elongation of the external part of
S39A-induced filopodia, where the availability of actin mono-
mers is likely a limiting factor (Mogilner and Rubinstein, 2005).
Considering the opposite phenotype produced by S39E and
S39A fascins, we propose that the level of active fascin in cells
determines the number and thickness of filopodia by converting
A-precursors to genuine filopodia through initiation of bundling
at different stages of precursor maturation.

Fascin dynamics in filopodia

An important and unexpected finding in this work comes from
the FRAP experiments, which demonstrate that fascin in filopo-
dial bundles undergoes frequent cycles of association and dis-
sociation rather than remaining stably bound to actin filaments.
Importantly, fast dynamics was also observed for the constitu-
tively active S39A mutant, suggesting that fast fascin turnover
is not coupled to cycles of phosphorylation and dephosphoryla-
tion. Such behavior of active dephosphorylated fascin may seem
counterintuitive if one assumes that rapid dynamics is not con-
sistent with the rigidity of actin bundles. However, a high disso-
ciation rate does not necessarily imply a weak binding affinity.
If the association constant is fast as well, the affinity can be
sufficiently strong. Also, actin filaments in filopodia are very
densely packed and many fascin molecules participate in the
formation of actin bundles.

The fast dynamics of fascin in vivo seems to conflict with
the results of cell lysis experiments that gave much slower dis-
sociation rates for S39A and WT fascin. However, the in vitro
dissociation experiments were performed after detergent extrac-
tion in stabilizing buffer containing polyethyleneglycol, which
significantly slows down the dissociation of fascin. This delayed
dissociation allowed us to perform more reliable comparison
of WT, S39A, and S39E fascins. In the absence of polyethy-
leneglycol, fascin dissociation from actin filaments was faster
(unpublished data).

What might be an advantage of the dynamic cross-links
compared with stable ones? We propose that dynamic binding
would enhance the availability of fascin molecules for newly
polymerized actin filaments at the filopodial tips by decreasing
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the diffusion distance. This would ensure timely filament bun-
dling during filopodia elongation. If fascin was stably bound to
actin filaments in filopodia and released only with filament dis-
assembly at the rear, free fascin would need to diffuse through
the whole filopodial length, which is on the order of micro-
meters, to reach sites of growth. Another possible advantage
of dynamic cross-links is to allow for transport of other mole-
cules. For instance, myosin X is proposed to deliver its cargo
toward the tip of filopodia (Berg and Cheney, 2002). The lo-
cal debundling and rebundling may transiently generate space
for passage of such cargos. Finally, local stresses constantly
generated inside filopodial bundles during motility, such as un-
even tension, torque, bends, etc., can be more easily relieved
by dynamic cross-links. Therefore, although dynamic associa-
tion/dissociation cycles of fascin seem counterintuitive, such a
property may be advantageous for rapid growth and integrity
of filopodia.

The mechanism of fascin targeting

to filopodia

As a potent actin filament cross-linker, expressed fascin might
be able to associate with actin filaments throughout a cell. Yet,
it specifically localized to filopodia, but not, for example, to
stress fibers. This targeting specificity was also displayed by the
constitutively active S39A fascin, suggesting that dephosphory-
lation and phosphorylation of fascin are not necessary for regu-
lating its specific targeting. One possible mechanism of fascin
targeting to filopodia is that it specifically recognizes closely
opposed parallel actin filaments. During normal filopodia for-
mation, accumulation of closely spaced parallel filaments at the
tips of A-precursors may serve as sites for fascin recruitment.
Additional mechanisms may contribute to fascin exclusion from
other bundles, for example, through competition with tropo-
myosin (Ishikawa et al., 1998; DesMarais et al., 2002).

Even if parallel-aligned filaments are sufficient to recruit
fascin, our data suggest an additional mechanism that coordi-
nates filament elongation and bundling in growing filopodia in
B16F1 cells. We found that the inactive S39E fascin was fre-
quently enriched at the filopodia tips, suggesting a recruitment
mechanism independent of actin bundling. As we previously
showed, the filopodial tips are associated with a large protein
complex. The composition of the tip complex is poorly charac-
terized, but some components are known, including Ena/VASP
proteins (Lanier et al., 1999; Rottner et al., 1999), myosin X
(Berg and Cheney, 2002), Vav 1 (Kranewitter et al., 2001), Abi
(Stradal et al., 2001), and formins (Peng et al., 2003; Pellegrin
and Mellor, 2005; Schirenbeck et al., 2005). Some of these or
unknown components of the filopodial tip complex might be re-
sponsible for recruiting inactive fascin to filopodial tips. Inter-
estingly, it was shown that neurotrophin receptor p75 specifically
binds fascin in human melanoma cells (Shonukan et al., 2003)
and thus is a candidate for recruiting fascin to the membrane.
However, it is not known whether this protein is specifically en-
riched at filopodial tips. Another possibility for fascin targeting
to filopodial tips is that fascin could preferably bind ATP-actin
near the growing barbed ends. Concentration of fascin at
the filopodia tips, which may also be coupled to activation by
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Figure 9.  Model of fascin role in filopodia formation. (1) Uncapped actin
filaments elongate and form A-precursors. (2) Fascin becomes recruited to
the tip complex, through low-affinity interaction. (3) Elongation of filaments
is closely followed by fascin recruitment and cross-linking, which allows the
bundling process to keep up with elongation and guarantees efficient pushing.
(4) Filopodia is formed. (5 and é) Fascin molecules undergo fast dis-
sociation/association from the shaft of filopodia, ensuring its concentration
is high enough, which is necessary for coordination of actin elongation
and bundling at the filopodia tips. Different shades of fascin are used to
illustrate the dynamic character of the bundling process.

dephosphorylation, would enhance the availability of the cross-
linker for actin bundling. Although we were unable to detect
enrichment of S39E fascin at the filopodial tips in all tested cell
lines, such a mechanism of fascin targeting may be important
for some specialized cells.

In summary, we propose the following model for the role
of fascin in filopodia formation (Fig. 9). Fascin is present in the
cytoplasm as a mixture of inactive phosphorylated and active
dephosphorylated forms. Active fascin is recruited to sites
where actin filaments are parallel and nearly aligned, like at the
tips of A-precursors. Concentration of active fascin in the cyto-
plasm determines the frequency of transformation of A-precursors
to filopodia. Recruitment of fascin to filopodia tips may be en-
hanced by some component(s) of the filopodial tip complex.
When bound, fascin increases the stiffness of filopodial bundles
and, thus, promotes extension of filopodia beyond the leading
edge. Fast dynamics of fascin, while bound to actin filaments,
is important for extension and maintenance of filopodia.

Materials and methods

Plasmids

The pEGFP-fascin construct was provided by J. Adams (Cleveland Clinic
Foundation, Cleveland, OH). A site-directed mutagenesis kit (QuikChangell;
Stratagene) was used to create point mutations. YFP/CFP/mCherry-fascin
constructs (WT and mutants) were obtained by transferring the fascin
cDNA from pEGFP-fascin to pEYFP/pECFP-C1 (CLONTECH Laboratories,
Inc.) and pmCherry-C1 with BsrGl-BamHI sites. pmCherry-C1 was con-
structed by replacing EGFP ¢cDNA in pEGFP-C1 with a PCR-amplified
mCherry sequence. The original mCherry construct was provided by
R. Tsien (University of California, San Diego, CA). An expression construct



of EGFP—a-actinin was obtained from C. Otey (University of North Caro-
lina, Chapel Hill, NC). The a-actinin—coding sequence was transferred to
Hindlll gaps of pEYFP/pECFP-N1 to prepare pEYFP/pECFP-a-actinin.
pEGFP-Tfimbrin and pEGFP-espin2B were provided by J. Bartles (North-
western University Medical School, Chicago, IL). pG-SUPER was previously
described elsewhere (Kojima et al., 2004). pG-SUPER-Fascin-Th, -Tm, and
-Tc were constructed as previously described (Brummelkamp et al., 2002).
The selected target sequences were as follows: for Th, nt 741-759 of
human fascinl (NM_003088); for Tm, nt 741-759 of mouse fascinl
(NM_007984); and for Tc, nt 393-411 of human/mouse fascin1 (conserved).
The selected sequences did not have significant homology to any other
known genes in the mouse database, as determined using the Basic Local
Alignment Search Tool (National Center for Biotechnology Information).
Th and Tm had two base mismatches, in that Th served as a negative
control of Tm (Fig. 2 A). pC-SUPER-Fascin-Tm and -Tc were constructed
by replacing EGFP cDNA of pG-SUPER with ECFP ¢<DNA from pECFP-N1
(CLONTECH Laboratories, Inc.) using Sacll-Notl. The rescue construct,
pEYFP-fascin* contained three silent point mutations in two codons, S133S
(AGC-TCC) and A137A (GCC-GCT), and was refractory to Te-siRNA.

Cell culture and microscopy

B16F1 mouse melanoma and Neuro2a mouse neuroblastoma lines were
provided by C. Ballestrem (Weizmann Institute of Science, Rehovot, Israel)
and A. Ferreira (Northwestern University, Chicago, IL), respectively, and
maintained in MEM supplemented with 10% FBS at 37°C. NIH 3T3 and
Hela lines were obtained from American Type Culture Collection and cul-
tured according to their instruction. For microscopy experiments, cells were
plated onto coverslips, which were coated with 20 j.g/ml mouse laminin
(Invitrogen or Sigma-Aldrich) for 1 h, and then incubated with 1% bovine
serum albumin for 20 min. Transfection was performed by FUGENE6
(Roche) according to the manufacturer’s instructions.

Light microscopy was performed using a microscope (Eclipse
TE2000; Nikon) equipped with a Plan 100x, 1.3 NA, objective (Nikon)
and a back-illuminated cooled charge-coupled device camera (model
CH250; Roper Scientific). The MetaMorph Imaging software (Universal
Imaging Corp.) was used for image acquisition and analysis. For live cell
imaging, cells were kept in a COz-independent culture medium (L-15; Invit-
rogen) at 37°C.

Immunofluorescence

For actin staining of FACS-purified cells, the procedures are described
elsewhere (Mejillano et al., 2004). For actin staining of cells expressing
GFP fusion proteins, cells were fixed with 4% formaldehyde for 20 min,
extracted with 1% Triton X-100 for 2 min, and stained with 33 nM Texas
red-X phalloidin (Invitrogen) for 10-30 min. For Tfimbrin staining, cells
were fixed with 4% formaldehyde, extracted with 1% Triton X-100, and
reacted to rabbit antifimbrin antibodies (a gift from M. Arpain, Institut
Curie, Paris, France). For simultaneous fascin and actin staining, the form-
aldehydefixed samples were stained for F-actin with Texas red-X phalloi-
din and the first set of images was taken. The specimens were treated with
methanol at —20°C for 5 min, incubated by mouse monoclonal anti-fascin
antibody (clone 55K-2; DakoCytomation) for 30 min, and subsequently
reacted with Cy5-conjugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories). The second set of images was aligned with the first set of
actin staining by locators on etched grid coverslips (Bellco Glass, Inc.).
Secondary antibodies were obtained from Jackson ImmunoResearch Lab-
oratories and Invitrogen.

EM

Transfectants of pG-SUPERfascin and pEGFPfascin were collected by
FACS. The procedures of platinum replica EM were previously described
(Svitkina and Borisy, 1998, 2006). Quantification of the projected area of
A-precursors was performed on scanned negatives by measuring the base
and the height of triangles approximating the shape of A-precursors.

Fascin dissociation assay

Cells expressing EGFP-fascin were incubated on a microscope stage with
the extraction solution (1% Triton X-100, 4% polyethylene glycol [40,000 kD],
100 mM PIPES, pH 6.9, 1 mM MgCly, and 1 mM EGTA) supplemented
with 2 uM Texas red-X phalloidin. GFP images were taken immediately
before and after addition of the extraction solution (within 15-30 s),
and then at 5-min intervals. 10-20 cells were analyzed for each group
(WT, S39A, or S39E). The total GFP intensity of each filopodium was mea-
sured at every time point. After subtraction of the background level, the rel-
ative fluorescence intensities were calculated by normalization to the initial

infensity in the first image after adding the exiraction solution. The decay
of the relative intensity was plotted to a single exponential function, as fol-
lows: loexp(—koff), where ko is the dissociation rate constant, tis time, and
lo is the initial fluorescence immediately after extraction. 1, was calculated

as hyo = In2/keg.

Quantification of filopodia frequency and length

Transfectants of pG-SUPERfascin and pEGFPfascin were collected by
FACS. Spread cells containing prominent lamella with convex-shaped lead-
ing edges were chosen from phalloidin-stained samples. The contour
lengths of the lamellipodia were measured by the MetaMorph Imaging
software. The number of filopodial bundles touching or crossing the edge
was counted. Only bundles having fluorescence intensity of at least 1.2
times above the background were considered. For each filopodium, the
lengths of the internal and protruding parts were also measured. Two re-
searchers performed quantification independently. Statistical analysis was
done using SigmaPlot software (Systat Software, Inc.). 50-150 cells were
quantified for each sample. Analysis of variance, the Holm-Sidak method,
was used as a significance test, with P < 0.001 and an overall signifi-
cance level of 0.05. For the rescue experiments, the number of filopodia

analyzed was from cells expressing YFP-fascin.

Immunoblotting

12 h after transfection with pG-SUPER-Tm, -Th, or -Tc, GFP-positive cells
were collected by FACS and cultured for an additional 3—-4 d in the culture
medium. The detailed procedures of immunoblotting were previously de-
scribed elsewhere (Kojima et al., 2004). The protein samples (40 ug per
lane) were assayed with mouse antifascin (clone 55K-2). The blots were
analyzed with Image 1.6 software (National Institutes of Health). The lin-

earity of the signals was confirmed by dilution series of purified fascin.

FRAP

FRAP experiments were performed on a confocal microscope (LSM510;
Carl Zeiss Microlmaging, Inc.) with a 110%, 1.3 NA, PlanApochromat oil
objective (Carl Zeiss Microlmaging, Inc.). Cells were maintained at 37°C
with a heated stage. GFP-tagged proteins in the midregions of protruding
filopodia were bleached with a rectangular region of area ranging from
6to 11 um? for ~1 s using the 488-nm laser line at 100% laser power
(25 mW). Thereafter, fluorescence recovery within the bleached region
was monitored every 0.5-1 s over a period of 30-60 s. For quantification,

MetaMorph software was used.

The fluorescence recovery was analyzed as follows: the average in-
tensity over the bleached zone at each time of imaging was measured. To
calculate the loss of fluorescence attributed to photofading during image
acquisition, the fluorescence intensity of a nonbleached protruding filopo-
dium was determined over time. The photofading constant, ke, was ob-
tained by curveditting the intensity of a nonbleached filopodium over time,
t, to the single exponential decay function, exp(—kqef). The intensity of the
bleached zone was corrected for photofading by multiplying a correction
factor, exp(kiqef), at each time point in the experiment. The equation I(f) =
lr + (lre—ljexp(—kecf) was used to curve fit the corrected recovery inten-
sities, where I(f) = intensity at a given time (f), It = intensity at final time,
l;s = intensity at photobleaching event, and k.. = fluorescence recovery
rate constant. Half recovery time was calculated as In2/k... Final recovery
was calculated by dividing It by the average intensity over the flanking re-
gions next to the bleached zone. Examples of fluorescence recovery curves

are presented in Fig. S4 B, with normalization to the flanking regions.

Microarray

RNA was purified from B16F1 cells using RNeasy kit (QIAGEN) and ana-
lyzed to Affymetrix MOE430A chips in triplicate. The microarray data can
be viewed in the National Center for Biotechnology Information’s Gene
Expression Omnibus (http://www.ncbi.nIm.nih.gov/geo) under the acces-

sion no. GSE4819.

Online supplemental material

Fig. S1 shows the localization of actin cross-linking proteins in B16F1 mel-
anoma cells. Fig. S2 shows fascin depletion by shRNA in Hela cells. Fig.
S3 shows actin-bundling activity of fascin WT and mutant proteins. Fig. S4
shows FRAP analysis of GFPfascin. Online supplemental material is avail-

able at http://www.icb.org/cgi/content/full /jcb.200603013/DC1.
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SUPPLEMENTAL MATERIAL
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Supplemental materials and methods

Fascin-binding assay

B16F1 cells were extracted in extraction solution (1% Triton X-100, 4% polyethylene glycol [40,000 kD], 100 mM PIPES, pH 6.9,
1 mM MgCl,, and 1 mM EGTA) supplemented with 2 wM Alexa Fluor 488—phalloidin (Invitrogen) for 2 h at room temperature.
Bacterially expressed fascin proteins (WT, S39A, and S39E) were purified as previously described (Vignjevic et al., 2003, 2006) and
applied to the extracted cells at a final concentration of 1.5 WM. After incubation for 1 min, the samples were fixed with 0.2% glutar-
aldehyde for 20 min and treated with NaBH,. The subsequent methanol treatment and antibody reaction were described in the Mate-
rials and methods section. TRITC-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories) was used as the secondary
antibody.

Fascin-bundling assay

12.5 uM F-actin was incubated with 1.2 uM of purified fascin in KME buffer (50 mM KCI, 10 mM imidazole-HCI, pH 7.0, 1 mM
MgCl,, and 1 mM EGTA) for 1 h at room temperature. For sedimentation assays, the reactions were centrifuged at 12,000 g for 10
min. The resulting supernatants and pellets were analyzed by SDS-PAGE. For fluorescence microscopic assay, tetramethylrhoda-
mine-labeled actin was incorporated into F-actin. The reaction was observed as previously described (Vignjevic et al., 2003).
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