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ABSTRACT Filopodia are long plasma membrane extensions involved in the formation of
adhesive, contractile, and protrusive actin-based structures in spreading and migrating cells.
Whether filopodia formed by different molecular mechanisms equally support these cellular
functions is unresolved. We used Enabled/vasodilator-stimulated phosphoprotein (Ena/
VASP)-deficient MVP? fibroblasts, which are also devoid of endogenous mDia2, as a model
system to investigate how these different actin regulatory proteins affect filopodia morphol-
ogy and dynamics independently of one another. Filopodia initiated by either Ena/VASP or
mDia2 contained similar molecular inventory but differed significantly in parameters such as
number, length, F-actin organization, lifetime, and protrusive persistence. Moreover, in the
absence of Ena/VASP, filopodia generated by mDia2 did not support initiation of integrin-
dependent signaling cascades required for adhesion and subsequent lamellipodial extension,
thereby causing a defect in early cell spreading. Coexpression of VASP with constitutively
active mDia2WA rescued these early adhesion defects. We conclude that Ena/VASP and
mDia2 support the formation of filopodia with significantly distinct properties and that Ena/
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VASP regulates mDia2-initiated filopodial morphology, dynamics, and function.

INTRODUCTION

Cell migration requires the coordination of a variety of processes
such as substrate sensing, dynamic remodeling of cell-substrate ad-
hesions, and generation of contractile forces and protrusive struc-
tures (Lauffenburger and Horwitz, 1996; Small et al., 2002; Parsons
et al., 2010). Regulated actin polymerization at the leading edge
drives the protrusion of veil-like lamellipodia and thin, finger-like
filopodia (Small et al., 2002). Lamellipodia contain a meshwork of
short, branched actin filaments nucleated by the Arp2/3 complex
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and provide the driving force required for cell motility and migra-
tion. Filopodia are composed of long, unbranched and tightly cross-
linked parallel actin filaments that are oriented with their fast-grow-
ing barbed ends toward the filopodium tip (Pollard and Borisy, 2003;
Chhabra and Higgs, 2007). During cell migration, filopodia probe
the environment for guidance cues, serve as “sticky fingers” to pro-
mote the initial attachment to the substrate, and trigger signal trans-
duction cascades to regulate the formation and maturation of stable
focal adhesions (Davenport et al., 1993; Partridge and Marcantonio,
2006; Galbraith et al., 2007; Schéfer et al., 2010).

Whereas the individual key regulators that control the actin cy-
toskeleton architecture are well studied, it is unclear how cells orches-
trate an assortment of different actin regulatory proteins to fine tune
the spatiotemporal formation of actin protrusions. In particular, it is
unclear how proteins with seemingly similar functions can produce
structurally and functionally distinct protrusions and how individual
components within the system of actin regulators are interconnected
to promote coordinated actin dynamics and protrusions. We sought
to explore these open questions by investigating filopodia assembly
downstream of two F-actin polymerases, mammalian Diaphanous 2
(mDia2) and vasodilator-stimulated phosphoprotein (VASP).

Proteins of the Enabled (Ena)/VASP family (mammalian Ena
[Mena], EVL, and VASP in vertebrates; Ena in Drosophila) promote

Supplemental Material can be found at:
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filopodia formation in different cell types (Han et al., 2002; Lebrand
et al, 2004; Mejillano et al., 2004; Schirenbeck et al., 2006;
Applewhite et al., 2007; Gates et al., 2007; Homem and Peifer,
2009). They regulate actin filament architecture to favor formation of
actin networks with longer, less-branched filaments by protecting
filament barbed ends from capping protein (CP; Bear et al., 2002;
Barzik et al., 2005; Pasic et al., 2008). By binding processively at
barbed ends, Ena/VASP proteins also promote actin monomer ad-
dition to increase the rate of actin polymerization (Breitsprecher
et al., 2008; Hansen and Mullins, 2010; Winkelman et al., 2014). In
addition, Ena/VASP may reduce Arp2/3-induced branching (Skoble
et al., 2001) and has been shown to induce formation of parallel
actin bundles in vitro (HUttelmaier et al., 1999; Barzik et al., 2005;
Winkelman et al., 2014). However, because filament bundling by
VASP occurs only in the absence of G-actin (Hansen and Mullins,
2010), and VASP localizes to filopodia tips rather than their sides
(Svitkina et al., 2003; Applewhite et al., 2007; Schafer et al., 2009),
its side bundling activity is likely an in vitro epiphenomenon and is
therefore unlikely required for filopodia formation. Because Ena/
VASP proteins do not nucleate F-actin filaments under physiological
conditions (Bear et al., 2000; Pistor et al., 2000; Barzik et al., 2005),
they act on filaments produced by nucleation by the Arp2/3 com-
plex or other mechanisms (Winkelman et al., 2014).

Filopodia can also be generated by members of the formin fam-
ily, proteins that create unbranched filaments via de novo actin nu-
cleation (Pruyne et al., 2002). Accordingly, the Diaphanous-related
formin (DRF) mDia2 nucleates linear actin filaments and opposes CP
while associating processively with the growing filament barbed end
and promoting rapid insertion of new actin subunits (Kovar et al.,
2006; Paul and Pollard, 2009). mDia2-driven filopodia formation can
be activated by the small GTPases Cdc42 and Rif (Peng et al., 2003;
Pellegrin and Mellor, 2005). Constitutively active mDia2 induces
filopodia assembly in numerous cell types (Schirenbeck et al., 2005b;
Wallar et al., 2006; Yang et al., 2007; Block et al., 2008). Of note, the
levels of Drosophila Ena and Dia affect the morphology and dynam-
ics of actin-driven protrusions (Homem and Peifer, 2009; Bilancia
et al., 2014). However, it is unclear how the balance between these
two actin regulators affects filopodia function. In addition, whereas
the process of filopodia initiation has received considerable atten-
tion, knowledge about the physiology and regulation of mature
filopodia is limited.

In this study, we used mouse embryonic fibroblasts (MEFs) that
are genetically deficient for Ena/VASP and lack detectable levels of
mDia2 (MVP7 cells) to explore the contribution of Ena/VASP and
mDia2 to filopodia assembly, dynamics, and physiology in mamma-
lian cells. Our results show that filopodia formed through pathways
regulated by Ena/VASP or mDia2 have distinct properties and that
both proteins have nonredundant roles in filopodia assembly and
dynamics.

RESULTS
VASP and mDia2 support filopodia formation independently
of one another
MVP7 cells were derived from mice with null alleles for endogenous
Mena and VASP and selected for the absence of EVL (Bear et al.,
2000). MVP7 cells lack detectable levels of mDia1 or mDia2 but ex-
press low levels of mDia3 (Figure 1A). Thus MV®7 cells are a suitable
model system for investigating the specific roles of Ena/VASP and
mDia2 in filopodia dynamics and function.

First, we analyzed filopodia formation mediated by mDia2 in
MVP7 cells. When expressed ectopically, green fluorescent protein
(GFP)-mDia2 displayed a primarily cytoplasmic localization and did
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not induce filopodia formation in MVP7 cells (Figure 1, B, top, and
C), as previously reported for other cell types (Peng et al., 2003;
Pellegrin and Mellor, 2005; Dent et al., 2007). Given that mDia2 is
regulated by an autoinhibitory mechanism (Watanabe et al., 1999;
Alberts, 2001; Li and Higgs, 2003, 2005), we hypothesized that
MVP7 cells lacked the signaling pathway(s) that activate GFP-mDia2.
Auto-inhibition of mDia2 is mediated by interaction between the
amino (N)-terminal diaphanous inhibitory domain (DID) and the car-
boxy (C)-terminal diaphanous autoregulatory domain (DAD; Wallar
and Alberts, 2003; Higgs, 2005; Goode and Eck, 2007; Paul and
Pollard, 2009; Aspenstrém, 2010; Campellone and Welch, 2010;
Chesarone et al., 2010). We used several methods to activate ecto-
pic mDia2 in MVP7 cells. Coexpression of GFP-DAD with mCherry-
mDia2 in MV® cells resulted in filopodia formation, whereas GFP-
DAD alone did not (Supplemental Figure S1A). Similarly, numerous
filopodia were generated in MV’ cells coexpressing the mDia2 ac-
tivator GFP-Rif along with mCherry-mDia2 (Supplemental Figure
S1B). Of note, GFP-Rif induced the formation of numerous filopodia
in MVP7 cells by an unknown, mDia2-independent mechanism (Sup-
plemental Figure S1B, top). Complex formation with Arp2/3 and its
nucleation promoting factor (NPF) WAVE inhibits mDia2 activity, and
disruption of this ternary complex induces filopodia formation (Beli
et al., 2008). To determine whether preventing the association of
Arp2/3 with its NPFs and mDia2 would promote the formation of
mDia2-dependent filopodia, we expressed the CA domain of N-
WASP (Rohatgi et al., 1999; Supplemental Figure S1C). The N-WASP
CA region is an Arp2/3-binding sequence that is a conserved ele-
ment found in all NPFs. A peptide consisting of the C-terminal CA
region of N-WASP can robustly inhibit the ability of NPFs to activate
Arp2/3-driven actin nucleation, presumably by blocking the interac-
tion between Arp2/3 and its activators (Rohatgi et al., 1999; Hufner
etal., 2001). Coexpression of GFP-N-WASP CA and mCherry-mDia2
increased filopodia formation almost threefold compared with ex-
pression of GFP-N-WASP CA or mCherry-mDia2 alone (28.1 + 2.2
vs. 9.3£0.8 and 10.0 + 1.0 filopodia/cell, respectively; Supplemen-
tal Figure S1D). Furthermore, filopodia formed under these condi-
tions were longer than those for cells producing GFP-N-WASP CA
or mCherry-mDia2 alone (4.4 £ 0.1 vs. 2.8 £ 0.1 and 3.4 £ 0.2 ym,
respectively; Supplemental Figure STE).

Even though autoinhibited GFP-mDia2 did not increase filopo-
dia numbers, filopodia length was subtly but significantly increased
compared with control cells (Figure 1D). We conclude that although
full activity of autoinhibited GFP-mDia2 required coexpression of an
activator to initiate filopodia formation, it retained residual activity,
resulting in slightly longer filopodia. Of importance, mDia2 activa-
tion in MV®7 cells does not require Ena/VASP proteins.

To simplify our analysis of mDia2-driven filopodia assembly in
Ena/VASP-deficient cells, we used a previously described constitu-
tively active mDia2 mutant, mDia2'%4' (referred to as mDia2\A
throughout this article; Wallar et al., 2006). Intramolecular autoinhi-
bition of mDia2"4 is neutralized by a single amino acid substitution
at position 1041 in DAD (methionine to alanine). When expressed in
MVP7 cells, GFP-mDia2™A induced the formation of abundant, long
filopodia and localized to the filopodia tips (Figure 1B, middle, ar-
rowheads). In contrast, the closely related DRF paralogue mDiaft,
which shows 41.9% identity to mDia2, did not induce filopodia in
MVP7 cells independently of its activation status (Supplemental
Figure S2). Of note, constitutively active mDiaTAN3 induced bleb-
like structures where it colocalized with F-actin (Supplemental Figure
S2, bottom). Thus only mDia2, but not mDia1, was capable of driv-
ing filopodia formation in MV cells, and we used constitutively
active mDia2" for all subsequent experiments.
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Active mDia2 induces abundant long filopodia in the absence of VASP. (A) MV®7 cells lack endogenous
mDial and mDia2. Cell extract from MV®’ cells was analyzed by SDS-PAGE and immunoblot using antibodies specific
for mDia1, mDia2, or mDia3. Controls: extracts of wild-type MEFs and HelLa cells (which endogenously express mDia
proteins); loading control: a-tubulin. (B) Effect of VASP and mDia2 on filopodia formation. MVP7 cells or MV cells stably
expressing GFP-VASP were transiently transfected with the mDia2 constructs as indicated and were chemically fixed
after 24 h and probed with phalloidin to label F-actin. As expected, GFP-VASP localization to focal adhesions,
lamellipodia, and filopodia tips was observed. Boxed regions represent magnified area; red arrows/arrowheads indicate
filopodia magnified on the right. (C-E) Quantification of B showing mean filopodia number (C), mean length of filopodia
(D), and percentage of VASP and mDia2\A colocalization at filopodia tips in cells coexpressing GFP-VASP and mCherry-
mDia2"4 (E). Data in C-E represent at least two repetitions. ***p < 0.001, **p < 0.01; n = 33-59 cells. Scale bars, 15 um;

magnified regions, 5 pm; single filopodia, 1 pm.

GFP-mDia2WA expression increased filopodia numbers >13-fold
compared with nontransfected cells or to those expressing GFP-
VASP or autoinhibited GFP-mDia2 (Figure 1C), and the filopodia
were significantly longer (Figure 1D). Similar to GFP-mDia2"A ex-
pression, coexpression of mCherry-mDia2™A with GFP-VASP in
MVP7 cells induced large numbers of filopodia that were primarily
labeled by mCherry-mDia2"A at the tip (91.6 £ 0.9%; Figure 1E).
Filopodia numbers in cells coexpressing both proteins were not fur-
ther increased compared with expression of GFP-mDia2™ alone,
arguing against additive effects of VASP and mDia2%4 on actin fila-
ment assembly during filopodium formation. In 7.7 £ 0.9% of filopo-
dia (Figure 1E), VASP and mDia2" colocalized to filopodium tips
(Figure 1B, bottom, arrows), consistent with their ability to bind actin
filament barbed ends (Bear et al., 2002; Zigmond et al., 2003; Kovar
and Pollard, 2004; Moseley et al., 2004; Pasic et al., 2008; Hansen
and Mullins, 2010). Of note, filopodia containing both GFP-VASP
and mCherry-mDia2"A assembled in cells coexpressing both pro-
teins were significantly shorter and comparable in length to filopo-
dia formed in control cells or cells expressing GFP-VASP (Figure 1D).
Thus VASP expression may restrain the length of filopodia formed
by mDia2WA,

2606 | M. Barzik et al.

We next investigated the molecular composition of filopodia
formed in mDia2%A- or VASP-expressing cells. Filopodia in MV®?
cells expressing either GFP-VASP or GFP-mDia2™ contained ac-
tin filaments (Figure 1B, middle) cross-linked by the actin bundler
fascin, a canonical marker of the filopodium/microspike shaft
(Kureishy et al., 2002; Svitkina et al., 2003; Figure 2A). Similarly,
lamellipodin (Lpd), a marker that localizes to the tips of lamellipo-
dia and filopodia (Krause et al., 2004; Figure 2B), and the filopo-
dia tip markers myosin X (MyoX) (Bohil et al., 2006) and phospho-
tyrosine (pTyr; Wu and Goldberg, 1993) were detectable in all
filopodia (Supplemental Figure S3, A and B). Thus, although
GFP-mDia2MA-assembled filopodia are longer and more numer-
ous than those formed in GFP-VASP-expressing cells, their mole-
cular composition was similar. Of interest, Lpd labeling revealed
that GFP-mDia2WA expression reduced the percentage of the
cell perimeter composed of lamellipodium-like structures by
~50% (Lpd-labeled cell edge [%]: GFP-mDia2MA-expressing cells,
13.2 £ 2.4 vs. control cells, 26.0 £ 2.8, or GFP-VASP-expressing
cells, 25.1 £ 1.2; Figure 2, B and C). Staining for a second lamel-
lipodial marker, cortactin, yielded similar results (Supplemental
Figure S3C). Thus, in the absence of Ena/VASP proteins, mDia2MA

Molecular Biology of the Cell
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MVP7 cells expressing mDia2"A have smaller lamellipodia. (A) MV cells expressing mDia2"A contain the
normal filopodia inventory. MVP7 cells producing the indicated proteins were chemically fixed and stained for the actin
cross-linking protein fascin. (B) Lpd antibody labels filopodia tips (arrows) and the actively protruding leading edge of
lamellipodia. Right, magnification of boxed regions. Red arrows indicate filopodia magnified in insets. (C) Quantification
of Lpd-labeled cell edge from experiments shown in B. Cells were transiently transfected, fixed, and stained with Lpd
antibody. Data in C represent at least two repetitions. *p < 0.05, **p < 0.01; n= 10-13 cells. Scale bars, 15 pm;

magnified images, 5 pm; single-filopodium insets, 1 pm.

appears to promote extensive filopodia assembly at the expense
of lamellipodium formation.

Ena/VASP and mDia2 interact directly through Ena/VASP
homology 1-formin homology 2 interactions

Given that 1) mDia2"” and VASP colocalize to filopodium tips
(Figure 1B), 2) the Dictyostelium VASP and Dia2 orthologues inter-
act directly in vitro (Schirenbeck et al., 2006), and 3) the Drosophila
orthologues interact in fly embryos (Homem and Peifer, 2009), we
tested whether Ena/VASP forms a complex with mDia2 in mamma-
lian cells. The N-terminal Ena/VASP homology (EVH) 1 domain rec-
ognizes four FPPPP (FP4) motifs from Listeria monocytogenes ActA
(Niebuhr et al., 1997), and transiently expressed mitochondrial-tar-
geted FP4 motifs (FP4-mito) can relocalize Ena/VASP to the mito-
chondrial surface (Bear et al., 2000). As expected, FP4-mito seques-
tered endogenous Ena/VASP proteins to mitochondrial membranes
in NIH3T3 cells (Figure 3A). Without FP4-mito expression, Mena and
GFP-mDia2 localized normally (Figure 3A, top). In cells producing
FP4-mito, Mena and constitutively active GFP-mDia2%A (Figure 3A,
bottom), but not autoinhibited GFP-mDia2, were recruited to mito-
chondria (Figure 3A, middle). Quantification of the colocalization
between Mena and GFP-mDia2 by Pearson’s r confirmed a signifi-
cant (p < 0.01) decrease of Mena’s colocalization with autoinhibited
GFP-mDia2, as Mena was sequestered to mitochondria by FP4-
mito, whereas GFP-mDia2 remained in the cytoplasm. Such a de-
crease was not seen in cells expressing GFP-mDia2"A, as both pro-
teins were corecruited to mitochondria (Figure 3B). Together these
data indicate that Ena/VASP exists in a complex with active but not
autoinhibited mDia2 in living cells.
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Because ectopic expression of wild-type mDia2 drives filopodia
formation in Ena/VASP-deficient neurons (Dent et al., 2007), we hy-
pothesized that neurons contain all signaling components to acti-
vate mDia2. Indeed, expression of FP4-mito in wild-type cortical
neurons efficiently recruited both autoinhibited GFP-mDia2 and ac-
tivated GFP-mDia2™ to mitochondria, and this sequestration most
likely occurred through endogenous Ena/VASP proteins (Supple-
mental Figure S4). Thus certain specialized cells such as neurons
may facilitate association of mDia2 with Ena/VASP by enabling
mDia2 activation. However, in fibroblasts (such as NIH3T3 and MVP7
cells), the interaction between Ena/VASP and mDia2 is tightly regu-
lated by mDia2’s activation status and is precluded when mDia2 is
autoinhibited.

Next we explored whether Ena/VASP binds directly to mDia2VWA.
Using purified recombinant proteins, we found that the immobilized
glutathione-S-transferase (GST) formin homology (FH) 2 domain of
mDia2 retained purified hexahistidine (Hisg)-VASP on glutathione
Sepharose (GS) beads (Figure 3C), whereas immobilized GST did
not. Because binding to the N-terminal EVH1 domain in Ena/VASP
typically occurs through a proline-rich consensus motif FPPPP
(Niebuhr et al., 1997; Carl et al., 1999; Ball et al., 2000), we tested
whether a similar FPPP motif in the FH2 domain of mDia2 (amino
acids 918-921) was required for interaction with the VASP EVH1
domain. Deletion of the VASP EVH1 domain (Figure 3D) or substitu-
tion of a single side chain within the canonical EVH1-binding motif
in mDia2 FH2 (F?18D; Figure 3E) abrogated interactions between
Ena/VASP and mDia2WA. Together our data strongly suggest that
the mDia2 FH2 domain binds directly to the EVH1 domain of Ena/
VASP proteins through the FPPP motif.

VASP controls mDia2-driven filopodia | 2607
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in GFP-mDia2MA-expressing cells was highly
a4 iregular: these filopodia frequently col-
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than with VASP-containing filopodia (Figure
4B). We next investigated whether the incon-

] sistent directionality of mDia2"A-assembled

g filopodia affected their protrusive persis-
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o Because VASP reduced filopodium length
in mDia2WA-expressing cells (Figure 1D), we
tested whether VASP coexpression rescued
the aberrant dynamics of mDia2"A-induced

B c 4 c Solhe Gol contl filopodia. In cells expressing both proteins,
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é % - —37 and 1.6-fold-reduced lifetime, and 2) filopo-
g a4 VASP dia containing both GFP-VASP and mCherry-
a6 AEVH1 | "= _—3 mDia2"A, which extended steadily in a con-
-g S 6 sup. PD PD sistent direction, with protrusive persistence
8’% and lifetime comparable to filopodia con-
-g:“j 25 E GST-FH2 GFSJ{EBZ GST control taining VASP alone (Figure 4, A, arrowheads,
x [, | B, and C). Thus directionality of filopodial tip

10 J control FP4-mito + FP4-mito + VASP —b_, - - - :2(7) rpovem.ent, requwed.for sta.ble.z protruslon of
mDia2  mDia2¥A filopodia, as well as filopodia lifetime, is con-

VASP directly interacts with mDia2. (A) Mitochondria-targeting assay. Transiently
transfected NIH3T3 cells producing the indicated GFP- or mCherry-tagged proteins were
chemically fixed and probed with a marker for F-actin (phalloidin) or antibody directed against
Mena. Arrowheads indicate mitochondria labeled with mCherry-FP4-mito. Scale bar, 15 pm.

(B) Quantification of A showing percentage change in Pearson’s colocalization coefficient
between Mena and GFP-mDia2. (C-E) Pull-down studies analyzing complex formation between
mDia2 and VASP. Bead-immobilized GST-FH2 domain was incubated with purified VASP or
VASPAEVH1, and protein retained on beads was detected by SDS-PAGE and immunoblot. sup.,
supernatant; PD, pull down; M, molecular weight marker. (C) VASP interacts with the mDia2 FH2
domain. (D) VASP binds mDia2 through its EVH1 domain. (E) The FPPP motif in mDia2 FH2
mediates interaction with VASP. All data are from at least three independent experiments.

Filopodia formed in MVP7 cells expressing VASP and mDia2
display distinct dynamics

Given the dynamic nature of actin-based protrusions, we performed
live-cell time-lapse microscopy of VASP- or mDia2"A-containing
filopodia. GFP-VASP and GFP-mDia2"4 localized to protruding tips
of filopodia (Figure 4A and Supplemental Movies S1 and S2), consis-
tent with their continuous association with elongating filament
barbed ends (Svitkina et al., 2003; Yang et al., 2007). Nascent filopo-
dia in GFP-VASP-expressing cells protruded unidirectionally from the
extending lamellipodium edge (Figure 4A, top, and Supplemental
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sup. PD M sup. PD sup. PD

ferred by VASP but not by mDia2\WA.
Cytoskeletal reorganization has to be
coupled to cell-matrix adhesions to gener-
ate the traction forces that promote protru-
sion and cell motility (Schiller and Fassler,
2013). Nascent focal complexes have been
observed to assemble at both the tip
(Schéfer et al., 2009) and base of emerging
filopodia (Steketee et al., 2001), whereas
filopodia lacking proper adhesion tend to
retract (Mallavarapu and Mitchison, 1999).
We used the focal adhesion core protein
GFP-zyxin to test whether cells coexpressing mCherry-mDia2™A or
mCherry-VASP formed stable cell-matrix contacts during filopodia
extension (Figure 4E and Supplemental Movies S4 and S5). Coexpres-
sion of GFP-zyxin did not alter protrusive persistence, confirming
that the construct had no effect on filopodia dynamics (Figure 4F). In
the presence of mCherry-VASP, filopodia appeared to mark sites of
nascent focal contact formation (Figure 4E, top, arrows, Supplemen-
tal Figure S5, and Supplemental Movie S6) with an average of
1.2+ 0.1 de novo focal adhesions/filopodium being formed (Figure
4Q). In cells coexpressing mCherry-mDia2”, GFP-zyxin-labeled
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VASP is essential for persistent protrusion of mDia2-generated filopodia. (A) VASP restores protrusive
behavior of mDia2"A-induced filopodia. MV®7 cells were transfected as indicated and plated on fibronectin-coated glass
bottom dishes for 24 h before live-cell imaging. Montages of single frames from 3:00 min of live-cell microscopy time
series. (B, C) Quantification of protrusive persistence (B) and lifetime (C) of filopodia from experiments shown in A.
Filopodia tips in cells expressing GFP-VASP, GFP-mDia2"4, or GFP-VASP plus mCherry-mDia2"A were tracked in
individual frames of 5-min movies, and so were filopodia that were in the same coexpressing cells but that contained
only mCherry-mDia2™A. Data represent at least two repetitions. n = 7-16 cells. (D) Distinct filopodia dynamics results in
variable protrusive persistence. Protrusive persistence of filopodia was calculated by measuring the total distance (d)
traveled by the filopodium tip divided by the sum of the change in directionality (Ax, Ay) of the filopodium tip between
individual frames (see Materials and Methods). (E-H) VASP- but not mDia2™A-containing filopodia (arrowheads) induce
de novo assembly of GFP-zyxin—labeled focal adhesions at their base or in the shaft while actively protruding (arrows).
MVP7 cells were transfected as indicated and plated on fibronectin-coated glass-bottom dishes for 24 h before live-cell
imaging. (E) Montages of single frames from 2 min of live-cell microscopy time series. (F) GFP-zyxin expression does not
change filopodia dynamics. (G) Quantification of de novo focal adhesion formation in protruding filopodia from
experiments shown in E. (H) Percentage of zyxin-associated filopodia/cell. Data in F-H represent at least two
repetitions. N = 8-11 cells, n = 41-60 filopodia in F and G; n = 58 (VASP) and 1426 (mDia24) filopodia in H.

***p < 0.001. Scale bars, 5 pm.

focal adhesions often localized immediately behind the cell periph-  of the lamellipodium (Figure 2C), where matrix adhesions usually as-
ery and appeared to coincide with the base of filopodia (Figure 4E, semble and mature (Zaidel-Bar et al., 2003; Alexandrova et al., 2008).
bottom). This arrangement was most likely caused by the reduction =~ However, de novo assembly of GFP-zyxin-labeled focal adhesions
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FIGURE 5: Actin bundles in filopodia initiated by mDia2"* are not anchored in the
lamellipodium actin network. Representative platinum-replica electron micrographs of actin
cytoskeletons from MVP7 cells. Filopodium F-actin bundles from control cells (A) and cells
complemented with GFP-VASP (B) are deeply embedded in the actin network of the
lamellipodium (arrowheads) and splay apart at the filopodium root. In contrast, filopodia actin
bundles of cells producing GFP-mDia2\4 (C) display poor connection to the underlying cortical
cytoskeleton and do not have splayed roots (arrows), indicating that they may have formed via a
different mechanism. Electron micrographs are representative images from at least three

independent experiments. Scale bars, 0.5 pm.

at the base or along the shaft of actively elongating filopodia
was significantly reduced in mCherry-mDia2"A-expressing cells
(0.3 £0.1 focal adhesions/filopodium; Figure 4G). Consequently the
percentage of GFP-zyxin-labeled puncta associated with filopodia
was almost fourfold reduced in MV®” cells expressing mCherry-
mDia2WA (16.8 £ 1.8%) compared with mCherry-VASP-expressing
cells (65.5 + 7.9%,; Figure 4H). Thus assembly of nascent adhesion
sites in mDia2WA-generated filopodia may be impaired, which could
also result in reduced extensions of cell protrusions.

Accordingly, MVP7 cells expressing GFP-mDia2"* exhibited a
substantial reduction of lamellipodial area (Figure 2, B and C), a
phenotype that could arise from adhesion defects, aberrant actin
polymerization, or both. Analysis of the F-actin architecture of filopo-
dia by platinum-replica electron microscopy showed that filopodia
of control MVP7 cells, or cells expressing GFP-VASP, contained thick
bundles of long, parallel F-actin filaments embedded deeply within
the lamellipodial network (arrowheads in Figure 5, A and B). In con-
trast, actin bundles in GFP-mDia2"A-expressing cells arose directly
from the cortical cytoskeleton (arrows in Figure 5C) and did not ap-
pear to be connected to the underlying actin networks.

Taken together, our data suggest that actin filaments in GFP-
mDia2"A-assembled filopodia are insufficiently anchored within
the underlying cytoskeleton. This lack of structural support in com-
bination with increased filament length most likely resulted in dimin-
ished filopodial stability. This hypothesis is supported by our obser-
vations of irregular dynamics, reduced lifetime, and diminished
protrusive persistence of mDia2"A-initiated filopodia. We further
hypothesize that the structural instability and resulting irregular dy-
namics of mDia2"A-induced filopodia also caused a reduction of
filopodia-initiated substrate adhesion sites, which itself resulted in a
reduction of lamellipodium area and overall protrusion.

Microtubules exploring mDia2"A-induced filopodia increase
filopodium length but are not required for filopodium
assembly

Constitutively active deletion mutants of mDia2 stabilize microtu-
bules in cultured cells and bind directly to microtubules in vitro
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GFP-mDia2"A

(Palazzo et al., 2001; Wen et al., 2004;
Bartolini et al., 2008). We thus explored
whether association with microtubules con-
tributed to the dynamic properties of
mDia2“A-assembled filopodia in MVP?
cells. Indeed, 57.0 + 2.8% of GFP-
mDia2VA-labeled filopodia contained mi-
crotubules (Figure 6, A, arrows, and D).
Of note, these microtubules (MTs) were dy-
namic, tyrosinated (Tyr-MTs) but not stabi-
lized, detyrosinated microtubules (Glu-MTs;
Supplemental Figure S6A). Furthermore,
colocalization of dynamic microtubules
with F-actin bundles suggested an engage-
ment of the actomyosin cytoskeleton in
these GFP-mDia2"A-induced filopodia
(Supplemental Figure S6B). Microtubules
were rarely present in filopodia of MVP?
control or GFP-VASP cells (<4%) (Figure 6,
A, arrowheads, and D). Coexpression of
fluorescent microtubule plus end-binding
protein (+TIP) EB1 to mark actively growing
microtubule tips, followed by time-lapse
imaging, confirmed that dynamic microtu-
bules enter and then persist within GFP-
mDia2"A-assembled filopodia (Figure 6B, bottom, arrowheads,
and Supplemental Movie S7), indicating that microtubules actively
polymerize while protruding into filopodia of mDia2"A-expressing
cells. EB1 did not enter VASP-containing filopodia, demonstrating
that growing microtubules are not associated with the formation
or elongation of VASP-labeled filopodia in fibroblasts (Figure 6B,
top, and Supplemental Movie S8).

To assess whether mDia2MA-driven filopodia assembly is depen-
dent on microtubule dynamics, we incubated MV®7 cells with no-
codazole, which caused robust microtubule depolymerization
(Figure 6C, bottom, and D; <1% microtubule-containing filopodia).
Filopodia assembly was not inhibited by microtubule depolymeriza-
tion in cells expressing GFP-VASP (number of filopodia/cell:
nocodazole, 14.7 £ 1.1 vs. DMSO control, 11.6 £ 0.9; Figure 6E).
Although nocodazole treatment resulted in robust microtubule de-
polymerization in cells expressing GFP-mDia2™A, these cells contin-
ued to form abundant filopodia (nocodazole, 143.8 + 11.5 vs. DMSO
control, 120.2 £ 7.6; Figure 6, C-E). Thus microtubules are not re-
quired for assembly or maintenance of GFP-mDia2%A-initiated
filopodia. Of note, GFP-mDia2™A was still localized to filopodium
tips in nocadazole-treated cells, demonstrating that microtubules
are also not required to target GFP-mDia2 to filopodia tips
(Figure 6C). Of interest, in the absence of microtubules, GFP-
mDia2"A-initiated filopodia were almost twofold shorter (nocoda-
zole, 2.5 £ 0.1 pm vs. DMSO control, 4.7 £ 0.1 pm), whereas GFP-
VASP-initiated filopodia were slightly longer compared with control
cells (nocodazole, 2.7 £ 0.1 ym vs. DMSO control, 2.2 £ 0.1 pm;
Figure 6F). Thus, whereas microtubules affect elongation of GFP-
mDia2"A-initiated filopodia, they are required for neither mDia2"/A-
driven filopodia formation nor localization of GFP-mDia2” to
filopodial tips.

mDia2-assembled filopodia do not support early cell
spreading

Given that cell spreading occurs by assembly of initial focal contacts
between filopodia and the substrate (Partridge and Marcantonio,
2006) and that de novo formation of focal adhesions in filopodia of
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Microtubule targeting of mDia2"A-initiated filopodia. (A) mDia2™A-assembled filopodia contain
microtubules. MVP7 cells were transiently transfected, chemically fixed, and probed for microtubules (o-tubulin),
filopodia (Lpd), and F-actin (phalloidin). Arrows indicate microtubules extending into tips of mDia2\A-assembled
filopodia. Arrowheads show that microtubules do not extend into filopodia of control or GFP-VASP—expressing cells.

(B) Actively polymerizing microtubules perpetually protrude into mDia2\A-induced filopodia. Montages of single frames
from 3-min time series of cells coexpressing mCherry-EB1 and either GFP-VASP (top) or GFP-mDia2A (bottom).
Arrowheads indicate EB1-labeled microtubules actively entering mDia2\A-labeled filopodia. (C) Filopodia in GFP-VASP-
expressing (left) or GFP-mDia2\A-expressing (right) cells are unaffected by microtubule depolymerization. Transfected
cells were exposed to 100 ng/ml nocodazole for 15 h (DMSO control, top; nocodazole, bottom) and probed for
o-tubulin and F-actin (phalloidin). Nocodazole does not affect filopodia formation in GFP-VASP-expressing cells

(filled arrowheads). DMSO treatment does not prevent microtubules from entering GFP-mDia2"A-labeled filopodia
(arrows). Depolymerization of microtubules does not inhibit filopodia formation in cells expressing GFP-mDia2\A

but reduces filopodial length (open arrowheads). (D-F) Quantification of the experiments shown in A and C.

(D) mDia2WA-labeled filopodia do not contain microtubules in nocodazole-treated cells. (E) Microtubules are not
required for GFP-mDia2"A-driven filopodia formation. (F) Microtubule depolymerization dramatically reduces filopodia
length in cells expressing GFP-mDia2"4, whereas filopodial length in GFP-VASP-expressing cells is slightly increased.
Data in D-F represent at least two repetitions. *p < 0.05; ***p < 0.001. DMSO, vehicle control; nocod., nocodazole.

n = 39-55 cells. Scale bars, 5 pm.

GFP-mDia2"A-expressing cells was impaired (Figure 4G), we asked
whether mDia2VA affects cell spreading, using a previously estab-
lished assay for cell spreading and filopodia formation in MV®? cells
plated on laminin (Applewhite et al., 2007). Spreading MV®” control
cells and those expressing GFP-VASP displayed isotropic extension
of a mostly smooth, circular lamellipodium with embedded short
filopodia and microspikes (Figure 7, A and B) and comparable
spreading efficiency after 30 min (cell area: control, 1297 + 60 ym?
vs. GFP-VASP, 1082 + 42 pm?; Figure 7F). In contrast, GFP-mDia2W4
expression severely impaired spreading efficiency, with a cell area
reduction by >50% (488 £ 37 pm?; Figure 7, C and F). We hypothe-
sized that either high numbers of filopodia interfered with cell
spreading or properties of GFP-mDia2"A-assembled filopodia
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impeded cell spreading. To differentiate between these possibili-
ties, we analyzed spreading of MVP7 cells expressing GFP-MyoX.
Similar to GFP-mDia2"A, GFP-MyoX induced increased numbers of
long filopodia and localizes to their tips (Supplemental Figure S7).
However, abundant filopodia did not compromise spreading of cells
expressing GFP-MyoX (1246 + 118 pm?; Figure 7, E and F), indicat-
ing that inherent properties of GFP-mDia2™A-initiated filopodia
impaired cell spreading. Consistent with this, coexpression of VASP
partially rescued the spreading defect of mDia2WA-expressing cells
(811 £ 62 pm?), despite the presence of numerous long
mDia2"A-containing (and GFP-VASP deficient) filopodia along with
the shorter, persistent filopodia containing both mDia2™ and VASP
(Figure 7, D and F). Comparable to our observations on steady-state
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Filopodia initiated by mDia24 do not support early cell spreading. (A-E) Cell
spreading assay. At 24 h after transfection, MVP7 control cells (A) or MVP7 cells producing
(B) GFP-VASP, (C) GFP-mDia2MA, (D) GFP-VASP + mCherry-mDia2\4, or (E) GFP-MyoX were
allowed to spread on laminin-coated coverslips for 30 min and fixed, and F-actin was labeled
with phalloidin. Control cells were also probed with antibody directed against Lpd. Box in D
shows localization of magnified region on the right, where small focal adhesions labeled by
GFP-VASP at the base of filopodia are indicated by arrowheads. (F) Quantification of cell area
from cell spreading assays as depicted in A-E. Data represent at least two independent
experiments. ***p < 0.001; **p < 0.01. n = 43-45 cells. Scale bar, 15 pm; magnified image, 5 pm.

cells, platinum-replica electron microscopy of actin cytoskeletons
from spreading cells showed that GFP-mDia2"A-assembled filopo-
dia arose directly from the cortical actin network and were often
bent (Supplemental Figure S8, E-G). In addition, these filopodia
were rarely connected to small lamellipodium-like protrusions,
whereas in control and GFP-VASP-expressing cells, filopodia origi-
nated deep within lamellipodia and extended straight from the
leading edge (Supplemental Figure S8, A-D).

Because filopodia can also serve as precursors for lamellipo-
dium formation during cell spreading (Guillou et al., 2008), and
lamellipodia formation in GFP-mDia2M”-expressing MVP7 cells is
significantly diminished under steady-state conditions (Figure 2, B
and C), we assessed whether lamellipodium formation was similarly
affected in spreading cells. Staining for Lpd showed a reduction of
the lamellipodium area in spreading GFP-mDia2" cells; however,
in spreading control and GFP-VASP cells, a ring-like Lpd localiza-
tion at the leading edge revealed a protrusive lamellipodium
spanning the entire circumference (Figure 8A). Thus abundant
GFP-mDia2VA-assembled filopodia appear to interfere with lamel-
lipodium formation and protrusion during spreading, further indi-
cating that they are functionally distinct from VASP-containing
filopodia.
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Consistent with a spreading defect,
phalloidin labeling of the actin cytoskeleton
revealed that MVP7 cells expressing GFP-
mDia2™A were almost completely devoid
of both contractile actin stress fibers and
the actin bundles parallel to the cell edge
typically generated by myosin Il activity,
known as actin arcs (Burnette et al., 2011;
Figure 7C). However, contractile F-actin
structures were observed in control and
GFP-VASP cells (Figure 7, A and B). Of im-
portance, coexpression of VASP rescued
formation of contractile F-actin structures
in mDia2A-expressing cells (Figure 7D).
Thus our data suggest that GFP-mDia2MA-
expressing MV cells fail to assemble con-
tractile F-actin networks during the early
spreading phase. This cytoskeletal contrac-
tility defect likely contributed to the
decreased formation of protrusive lamelli-
podia and compromised spreading of cells
lacking VASP.

GFP-mDia2VA-assembled filopodia

do not support formation of initial
focal contacts

Contractile forces must link to adhesion sites
for efficient membrane protrusion and cell
migration during spreading. Early in adhe-
sion, activation of integrin receptors estab-
lishes a physical link between the extracel-
lular matrix (ECM) and the actin cytoskeleton
(Tamkun et al., 1986; Huttenlocher et al.,
1996). During cell spreading, initial integrin-
containing adhesion sites are assembled in
filopodia (Partridge and Marcantonio, 2006).
The defect in formation of zyxin-labeled fo-
cal adhesions (Figure 4G) and reduction of
contractile actin stress fibers and myosin Il-
generated actin arcs in GFP-mDia2%WA cells
(Figure 7C) led us to examine whether mDia2"A-assembled filopo-
dia can initiate integrin-dependent cell-matrix contacts during early
spreading. Because most laminin-binding integrins contain B1 sub-
units (Hynes, 2002), we examined spreading cells by immunofluo-
rescence staining with conformation-state-sensitive anti-B1-
antibodies. Activated B1 integrin localized in a dot-like pattern in
the cell body but not to filopodia shafts or tips in GFP-mDia2%A
cells (Figure 8B, bottom). In contrast, GFP-VASP and activated 1
integrin were frequently colocalized at elongated focal adhesions
and at filopodia tips (Figure 8B, middle, arrows). Thus ECM en-
gagement leads to B1 integrin activation only at tips of GFP-VASP—
assembled filopodia but not at tips of GFP-mDia2"A-initiated
filopodia.

To assess whether integrin-dependent signaling pathways re-
quired for formation of focal contacts and adhesions are activated
during cell spreading, we tested for integrin-induced autophospho-
rylation on Tyr-397 of focal adhesion kinase (FAK), an initial step in
FAK activation (Katz et al., 2002; Parsons, 2003; Shi and Boettiger,
2003). Consistent with deficient integrin activation, pFAK3? |ocal-
ized diffusely to the cytoplasm of GFP-mDia2MA-expressing cells,
whereas it labeled focal contacts and focal adhesions in lamellipodia
of spreading control and GFP-VASP-expressing cells (Figure 8C).
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mDia2\A-initiated filopodia lack protrusive and adhesive structures. At 24 h
posttransfection, MVP7 cells were allowed to spread on laminin for 30 min, fixed, and
immunostained for (A) Lpd, (B) activated B1 integrin subunit, (C) activated FAK (pFAK), or
(D) paxillin. (A) Lamellipodium formation in spreading GFP-mDia2\A-expressing cells is
dramatically reduced (arrows). Right, magnification of boxed regions. (B) B1 integrin is not
activated in tips of mDia2A-containing filopodia. Activated B1 integrin colocalizes with
GFP-VASP to filopodia tips (arrows). Red arrowheads indicate individual filopodia magnified on
the right. (C) Activated FAK is not recruited to filopodia tips or focal adhesions in
GFP-mDia2WA-expressing cells. In contrast, pFAK and GFP-VASP colocalize at filopodia tips
(arrows) and in focal adhesions at the base of VASP-labeled filopodia (arrowheads). (D) Paxillin-
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Activation of Src, an immediate downstream
signaling kinase of FAK (Schaller et al., 1994;
Lietha et al., 2007), yielded comparable re-
sults (Supplemental Figure S9A). We thus
hypothesize that activation of integrin-de-
pendent signaling cascades needed for
substrate attachment is compromised in
GFP-mDia2"A-expressing cells, in turn im-
pairing focal contact and adhesion forma-
tion during early spreading. Accordingly,
the canonical focal adhesion markers vincu-
lin and paxillin localized mostly diffusely to
the cytoplasm in GFP-mDia2M*-expressing
cells, with paxillin also localizing in a punc-
tate pattern along the length of filopodia
(Figure 8D and Supplemental Figure S9B).
However, no focal adhesion-like staining of
endogenous vinculin or paxillin was detect-
able in spreading GFP-mDia2"A-expressing
MVP7 cells, indicating failure to support ad-
hesion maturation. In contrast, these mark-
ers labeled elongated focal adhesions in
spreading control and GFP-VASP cells
(Figure 8D and Supplemental Figure S9B),
showing that adhesions localized at the
base of actin bundles in VASP-containing
filopodia and microspikes. These findings
suggest a role for VASP-assembled filopo-
dia in initiating cellular attachment to the
ECM through B1 integrin signaling (Nem-
ethova et al., 2008; Geiger et al., 2009;
Schéfer et al., 2009). Accordingly, VASP res-
cued focal adhesion assembly in spreading
cells coexpressing mDia2" (Figure 8E), in-
dicating that VASP restores initiation of sig-
naling pathways that regulate the formation
of cell-matrix adhesions in the presence of
mDia2WA,

Hence our data indicate that impaired
spreading of MVP7 cells expressing GFP-
mDia2WA is caused by deficient activation
of integrin-dependent signaling cascades,
which results in a failure to form substrate
adhesion at filopodium tips, assembly of na-
scent focal complexes, and maturation of
focal adhesions in the lamellipodium. Of im-
portance, these defects were rescued in
cells simultaneously producing VASP, reveal-
ing a key role of this actin regulatory protein

containing focal adhesions are absent in
spreading GFP-mDia2MA-expressing MVP?
cells but are formed at the base of VASP-
labeled filopodia (arrowheads). (E) Formation
of elongated paxillin-containing focal
adhesions in spreading mDia2A-expressing
cells is rescued in the presence of VASP. All
images are from at least two independent
experiments. Scale bars, 10 pm; magnified
images, 5 pm; magnified images of single
filopodiain B, 1 pm.
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in coordinating the various dynamic facets that result in the forma-
tion of competent filopodia.

DISCUSSION

The complex process of filopodia assembly requires the precise in-
terplay and balance of key mechanistic components. Clearly, numer-
ous molecules participate in filopodium formation; however, whether
filopodia initiated by distinct molecular mechanisms are dynami-
cally, structurally and functionally distinct is unresolved. The use of
Ena/VASP- and mDia2-deficient MV fibroblasts as a model system
has enabled us to tease apart the individual contributions of VASP
and mDia2 to filopodia assembly, structure, and function.

Filopodia formed via either VASP- or mDia2-driven mechanisms
are substantially different, despite the presence of several hallmark
molecules. In the absence of Ena/VASP, filopodia assembled by
constitutively active mDia2"A are 1.5-fold longer than in MVP?
control cells (Figure 1, B and D), probably because mDia2" pro-
motes extensive actin filament elongation within filopodia, sup-
ports increased elongation rates, or is more refractory to capping
that terminates filament elongation. In addition, ultrastructural
analyses failed to detect filopodial actin filament bundles with
splayed roots anchored in the lamellipodial cytoskeleton in GFP-
mDia2“A-expressing cells (Figure 5 and Supplemental Figure S8),
indicating that these filaments are unlikely to have formed by con-
vergent elongation of actin filaments from a dendritic network but
are likely generated by nucleation of linear F-actin filaments that
rapidly elongate. While the manuscript of this article was under
revision, Bilancia et al. (2014) published an elegant study combin-
ing in vitro and in vivo analyses to investigate the interplay between
Dia and Ena, the sole Drosophila orthologues of mDia2 and Ena/
VASP, respectively. Similar to our findings with VASP and mDia2"4,
they demonstrated that expression of activated Dia (DiaADAD) re-
sulted in filopodia that were significantly longer than those result-
ing from Ena expression in D16 cells. Furthermore, they found that
elevated levels of Ena or activated DiaADAD resulted in increased
numbers of filopodia with substantially different properties (Bilancia
et al., 2014). However, the Drosophila and mammalian systems
showed strikingly different effects on filopodia stability, with
DiaADAD-containing filopodia exhibiting an average lifetime of
~97 s versus an average of ~68 s for Ena-containing filopodia,
whereas we observed the opposite trend, with mDia2"” and VASP
filopodia lifetimes of ~150 and ~250 s, respectively. The similarity
in effects on length may be attributable to faster elongation rates
and longer barbed-end residence times of DiaADAD and mDia2M4
compared with those of Ena and VASP. It is less clear why the
trends in stability were reversed in the two systems, especially
given the differences in cell type and experimental conditions.
Thus, whereas both studies demonstrated clear differences in the
behavior of filopodia containing either one or both types of actin
regulator, the nature of the interplay differs in some respects, likely
reflecting species- and paralogue-specific differences that, pre-
sumably, evolved to support greater regulatory and functional di-
versity of actin-driven protrusion in vertebrate systems. Consistent
with this idea, the three vertebrate Ena/VASP proteins differ from
one another and differ even more substantially from the DdVASP
and Drosophila Ena proteins in their effects on F-actin elongation
rates and the average times they associate with elongating barbed
ends (Breitsprecher et al., 2011; Winkelman et al., 2014). It will be
particularly interesting to examine adhesion pathways in the two
model systems, given that the differential effects we observed be-
tween mDia24 and VASP on filopodia dynamics may arise from
variations in integrin-mediated adhesion.

2614 | M. Barzik et al.

mDia2WA-generated filopodia displayed irregular dynamics,
shorter lifetime, and diminished protrusive persistence, which ap-
peared to substantially impair initial cell-matrix contact formation at
their tips, a crucial step for integrin-dependent signaling events re-
quired for assembly of adhesion sites (Figure 4; DePasquale and
lzzard, 1987; Rinnerthaler et al., 1988; Partridge and Marcantonio,
2006). The Brownian ratchet model predicts that effective mem-
brane protrusion requires optimal actin filament length to overcome
bending rigidity, and filaments that exceed this length no longer
sustain the external membrane force and collapse (Mogilner and
Oster, 1996; Borisy and Svitkina, 2000; Pollard and Berro, 2009).
Only filopodia of an ideal length can carry a maximal axial load with-
out buckling (“Euler buckling length”). We propose that, without
Ena/VASP, rapid mDia2-driven actin nucleation in filopodium tips,
plus increased filament elongation rates and poor anchoring of fila-
ment bundles to the underlying cytoskeleton, results in long actin
filaments that most likely exceed the Euler buckling length and fail
to counteract membrane tension (Mogilner and Rubinstein, 2005).

We found that integrin-dependent signaling pathways that pro-
mote the assembly and maturation of cell-matrix contacts are de-
regulated at filopodia tips in GFP-mDia2"A-expressing MV’ cells,
resulting in impaired activation of the signaling-protein scaffolds
FAK and Src, which coordinate cytoskeletal dynamics downstream
of integrins (Figure 8 and Supplemental Figure S9; Parsons et al.,
2000; Arias-Salgado et al., 2003). In particular, FAK regulates the
assembly and maturation of focal adhesions (Mitra et al., 2005), and
mature focal adhesions are virtually absent in mDia2™A-expressing
cells, exceptwhen VASP is coexpressed. The failure of GFP-mDia2MA-
assembled filopodia to integrate signaling pathways at their tips
may be intensified by their structural instability and erratic dynamics
due to the absence of securely anchored filopodial actin bundles.
We hypothesize that the observed adhesion defect in
mDia2WA-expressing cells impedes the formation of protrusive
structures like lamellipodia, thereby interfering with coordinated cell
spreading (Figures 7 and 8).

Of importance, VASP compensates for the observed
mDia2"A-driven phenotypes of increased filopodial length, low
filopodia lifetime, low protrusive persistence of filopodia, dimin-
ished focal adhesion formation, and poor spreading (Figures 1D, 4,
B and C, 7, and 8E). Thus, although VASP and mDia2"A do not have
to synergize for filopodia formation (Figure 1), VASP activity trans-
forms filopodia that contain both proteins and makes them appear
morphologically and dynamically more “VASP”-like by reducing
their length and restoring lifetime, as well as their protrusive persis-
tence (Figures 1D and 4, A-C). This VASP dominance suggests that
additional, unknown factors are present in filopodia to support
VASP-mediated actin dynamics and that these additional factors
may be missing in experiments using purified proteins. We hypoth-
esize that VASP activity is essential for initiating integrin-dependent
matrix contacts at the filopodium tip, which triggers recruitment of
signaling components to regulate maturation of focal adhesions,
anchoring of actin stress fibers, and thus cell protrusion and spread-
ing (Partridge and Marcantonio, 2006). Accordingly, VASP-contain-
ing filopodium tip “spots” initiate formation of nascent focal con-
tacts (Figure 4, E-H, and Supplemental Figure S5; Schéfer et al.,
2009), whereas mDia2"A-generated filopodia cannot efficiently
support formation of cell-matrix contacts without Ena/VASP (Figure
4, E-H). In addition, Ena/VASP is required for integrin-dependent
endothelial barrier function in vivo (Furman et al., 2007), and B-
integrin-mediated adhesion is impaired in VASP-deficient endothe-
lial cells (Schlegel and Waschke, 2009), suggesting direct correlation
of VASP activity and integrin-mediated cell adhesion. We propose
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that this VASP-integrin signaling contributes critically to restore
filopodia tip adhesion in mDia2"A-expressing cells.

VASP activity may further improve stability of mDia2"A-generated
filopodia by organizing actin filaments and controlling filopodial
length. Ena/VASP regulates the F-actin architecture in fibroblast
lamellipodia and neuronal growth cones by antagonizing CP and
promoting formation of long, unbranched filaments (Bear et al.,
2002; Lebrand et al., 2004). Filopodia containing VASP and mDia2"4
are shorter than those containing mDia2" alone, similar to filopo-
dia containing only VASP (Figure 1D). VASP could control filopodia
elongation by regulating mDia2-driven actin polymerization, either
directly, by entering into a complex with mDia2, or indirectly, by
modulating actin filament architecture at the filopodium tip to limit
mDia2 processivity. Of note, Drosophila Ena also appears to domi-
nate DiaADAD effects on filopodial behavior, presumably via nega-
tive regulation of Dia-mediated nucleation of linear F-actin filaments
(Bilancia et al., 2014). A direct interaction in vitro has been observed
between the Dictyostelium and Drosophila Ena/VASP and mDia2
orthologues and for mammalian VASP with mDial and mDia2
(Grosse et al., 2003; Schirenbeck et al., 2006; Homem and Peifer,
2009; Figure 3, C-E). Given that the EVH1 domains of VASP and Ena
mediate binding to the mDia2 FH2 domain and the Dia FH1 do-
main, respectively, it is possible that an inhibitory or other regulatory
effect of EVH1 on Dia (Bilancia et al., 2014) may be conserved in the
mammalian system. In addition, it is also possible that VASP binding
may trigger structural changes in mDia2 to slow processive filament
elongation, possibly by inducing mDia2’s self-inhibitory conforma-
tion. Alternatively, VASP could limit access of mDia2 to barbed ends
by partially overlapping with mDia2’s binding site on the barbed end
or changing the conformation of barbed ends upon filament cluster-
ing (Applewhite et al., 2007). A key function of tip-associated VASP
may be to tether filaments to the cell periphery (Breitsprecher et al.,
2008; Faix et al., 2009), in essence as a stabilizing linker between
filament barbed ends and the cell membrane to enable efficient
membrane tip protrusion. In agreement with this, Cdc42-dependent
activation of IRSp53 was shown to cluster VASP at the plasma mem-
brane to promote filopodia initiation (Disanza et al., 2013).

Intriguingly, the majority of mDia2A-assembled filopodia con-
tain microtubules that increase filopodia length (Figure 6). Such en-
gagement of dynamic microtubules with actin bundles is commonly
observed in filopodia of neuronal growth cones and contributes to
filopodia formation, neuritogenesis, and growth cone turning
(Challacombe et al., 1996; Williamson et al., 1996; Dent et al., 2007).
In contrast, microtubule exploration of filopodia in nonneuronal
cells is uncommon, and no reports exist of microtubules reaching
into filopodium tips of fibroblasts. mDia2 coordinates actin and mi-
crotubule dynamics, associates processively with barbed ends, and
also binds and stabilizes microtubules (Palazzo et al., 2001; Wen
et al., 2004; Bartolini et al., 2008; Chesarone et al., 2010). Thus
mDia2 could promote microtubule exploration of filopodia by link-
ing dynamic microtubule ends to rapidly polymerizing barbed ends
of actin filaments. Accordingly, dynamic microtubules and F-actin
colocalize with mDia2™ at filopodium tips (Figure 6A and Supple-
mental Figure S6); however, microtubules are not required to gener-
ate or maintain mDia2"A-dependent filopodia (Figure 6, C-E).
Given their higher resistance to bending forces (i.e., high flexural ri-
gidity) compared with actin filaments (Gittes et al., 1993), microtu-
bules may increase actin bundle stiffness in mDia2A-generated
filopodia, thereby overcoming the external membrane force at the
filopodium tip and allowing continuous filament protrusion. The re-
duced length of mDia2WA-assembled filopodia after microtubule
depolymerization supports this possibility (Figure 6F).
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Collectively our data underscore that excessive filament elonga-
tion generates filopodia that do not support persistent membrane
protrusion. This effect may be intensified in filopodial actin bundles
that are insufficiently connected to the underlying lamellipodial cy-
toskeleton (Figure 5 and Supplemental Figure S8). Moreover, signal-
ing cascades initiated at filopodia tips are critical for proper attach-
ment and effective protrusion of motile cells. Ofimportance, filopodia
assembled by distinct molecular pathways do not facilitate these
processes equally: in particular, VASP-containing filopodia efficiently
support surface probing, integrin activation, attachment, membrane
protrusion, and early cell spreading, whereas mDia2"A-initiated
filopodia fail to initiate these processes without Ena/VASP. Whereas
synergy between VASP activity and mDia2"A is not required for
filopodium formation as proposed (Schirenbeck et al., 2005a), VASP
activity alters key properties of mDia2"A-containing filopodia, en-
abling the initial focal contact formation and integrin-dependent sig-
naling processes required for proper cell attachment, membrane
protrusion, and subsequent cell area expansion. We propose that
along with opposing CP and clustering barbed ends at filopodium
tips, VASP initiates integrin-dependent cell-matrix contacts at the
filopodium tip and assists in molecular processes that provide stabil-
ity for mDia2-nucleated filopodium bundles. Future analyses will
need to determine the molecular mechanism underlying mDia2 reg-
ulation by VASP and how the lack of VASP might negatively affect cell
homeostasis.

MATERIALS AND METHODS

Expression plasmids, reagents, and antibodies

Subcloning and PCR were performed using standard methods. Full-
length cDNAs for mouse mdia2 and constitutively active mdia2"A
were gifts from A. Alberts (Van Andel Research Institute, Grand Rap-
ids, MI) and were subcloned into pEGFP-C1 vectors (Clontech,
Mountain View, CA) in frame with enhanced GFP (EGFP) or mCherry.
Vectors for expression of GST fusion proteins of mDia2 FH2 domain
(amino acid residues 614-1056) in Escherichia coli were generated
by subcloning PCR fragments into pGEX-6P-1 (GE Healthcare, Pis-
cataway, NJ). mDia2 FH2 mutant (FH2-F918D) was generated using
the QuikChange Site-Directed Mutagenesis Kit (Agilent Technolo-
gies, Santa Clara, CA). The expression construct for Hisg-VASP has
been described (Barzik et al., 2005). VASP AEVH1 (amino acid resi-
dues 113-376) was PCR amplified from mouse vasp cDNA and sub-
cloned into pQE8O vector (Qiagen, Valencia, CA). pC2-EGFP vector
containing bovine myoX cDNA was a gift from R. Cheney (University
of North Carolina, Chapel Hill, NC). pEFmEGFP mDia2 DAD vector
was a gift from G. Gundersen (Columbia University, New York, NY)
and has been described (Alberts, 2001). pEGFP-C2 Rif vector was a
gift from H. Mellor (University of Bristol, Bristol, United Kingdom).
pCAGGS/ES-EGFP vectors containing cDNA for full-length mouse
mDial and constitutively active mDia1AN3, respectively, were gifts
from F. Wang (Duke University, Durham, NC). pmCherry-N1 EB1
vector was a gift from T. Wittmann and C. Waterman (National
Institutes of Health, Bethesda, MD). Vectors for EGFP-tagged
N-WASP-CA (Strasser et al., 2004) and mCherry-tagged B-actin
(Dent et al., 2007) are described elsewhere.

Unless noted, all reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Rabbit anti-mDia antibodies were gifts from A. Alberts and were
used at 1:5000 (mDia1, mDia2) or 1:2000 (mDia3), respectively. Rab-
bit-anti-VASP antibody 2010 (Bear et al., 2002) was used at 1:10,000
in Western blots. Rabbit-anti-Mena antibody 2197 (1:500; Bear
et al., 2000) was used to label Ena/VASP proteins in cells, since this
antibody resulted in more robust detection of endogenous proteins
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compared with the VASP antibody, in particular in the FP4-mito re-
cruitment experiments. Mouse anti-a-tubulin at 1:4000 (DM1A), rat
anti-tyrosinated tubulin at 1:1000 (YL1/2; Millipore, Burlington, MA),
and rabbit anti-detyrosinated tubulin at 1:500 (Millipore) were used
to label microtubules. Mouse anti—a-tubulin antibody DM1A was
used at 1:40,000 to detect tubulin in Western blots. Immunostaining
for fascin was performed by methanol fixation of cells at —20°C and
then using mouse anti-human fascin (55K-2; DakoCytomation, Fort
Collins, CO) at 1:50. All other antibodies were used as follows: affin-
ity-purified rabbit anti-Lpd, 1:400 (Krause et al., 2004); mouse anti—
phospho-tyrosine antibody (4G10), 1:400 (Millipore); chicken anti-
MyoX antibody (a gift from R. Cheney), 1:500; rat anti—activated B1
integrin (CD29; clone 9EG7; BD Transduction Laboratories, San
Jose, CA), 1:50; mouse anti-paxillin (BD Transduction Laboratories),
1:200; mouse anti-vinculin, 1:400; rabbit anti-phospho-Src family
(Tyr-416; Cell Signaling Technology, Danvers, MA), 1:400; and
mouse-anti human pY397 FAK (BD Transduction Laboratories),
1:100. Alexa-conjugated secondary antibodies and Alexa-conju-
gated phalloidin were purchased from Invitrogen (Carlsbad, CA)
and used at 1:250-1:1000. Phalloidin conjugated to Alexa 350,
Alexa 488, Alexa 594, or Alexa 647 was used to label F-actin.

Recombinant protein expression and purification

The (Hisg)-tagged VASP and VASP AEVH1 proteins were purified as
described (Barzik et al., 2005). GST, recombinant GST-tagged mDia2
FH2 domain (amino acids 615-1013), and GST-FH2-F918D were ex-
pressed in E. coli BL21-CodonPlus(DE3)-RP strain (Agilent Technolo-
gies) and purified by chromatography on glutathione Sepharose
(GS) resin (GE Healthcare) in phosphate-buffered saline (PBS) buffer
plus 2 mM B-mercaptoethanol.

Assay for binding of purified proteins

For GST pull-down assays, purified His,-VASP proteins were incu-
bated with 50 ug of GST or GST-FH2 domain, immobilized on GS for
1 h at 4°C in binding buffer (PBS, 2% bovine serum albumin, 2 mM
B-mercaptoethanol, and protease inhibitor cocktail [Complete Mini;
Roche Applied Sciences, Indianapolis, IN]). GS was washed twice
with binding buffer and twice with binding buffer plus 1 M NaCl.
Proteins were eluted with 2x Laemmli sample buffer and subjected
to SDS-PAGE and Western blot analysis.

Cell and cortical neuron culture and transfection

MVP7 cells were cultured as described (Bear et al., 2000). MVP?
EGFP-VASP cells are stable cell lines that have been described,
and MVP7 RFP-VASP cells were generated using the same meth-
odology (Loureiro et al., 2002). For platinum-replica electron mi-
croscopy experiments, stable MVP” EGFP-mDia2MA cells were
generated as described (Loureiro et al., 2002). For all other ex-
periments, MVP’ cells were transiently transfected with mDia2 or
the expression constructs indicated using Amaxa Nucleofector
technology, using cell nucleofection solution MEF-2 and program
A-23, according to the manufacturer's recommendations (Lonza,
Cologne, Germany). Transfected cells were incubated at 32°C for
24-36 h before further experimentation. For immunofluores-
cence analysis, cells were plated on acid-washed coverslips
coated with fibronectin (10 pg/ml). For live-cell imaging, cells
were plated on fibronectin-coated glass-bottom dishes (MatTek,
Ashland, MA).

NIH3T3 cells and wild-type MEFs were cultured in DME supple-
mented with 10% fetal bovine serum and maintained at 37°C, 5%
CO;. Cortical neuron cultures were prepared from embryonic day
(E) 15.5 mice and transfected as described (Dent et al., 2007).
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Immunocytochemistry

Unless otherwise noted, cells were fixed with 4% (wt/vol) paraform-
aldehyde (PFA) in PHEM buffer (60 mM 1,4-piperazinediethanesul-
fonic acid, pH 7.0, 25 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, pH 7.0, 10 mM ethylene glycol tetraacetic acid, 2 mM
MgCly, 0.12 M sucrose) for 15 min at room temperature and per-
meabilized with 0.1% (vol/vol) Triton X-100 in TBS (50 mM Tris/HCI,
pH 7.4, 150 mM NaCl) for 2 min at room temperature. Coverslips
were rinsed in TBS and labeled with primary antibody in 10% serum
in TBS for 1 h at room temperature. Coverslips were washed twice
with TBS and incubated with fluorophore-conjugated secondary an-
tibody and/or phalloidin for 1 h at room temperature. Coverslips
were washed and mounted on glass slides using Fluoromount-G
(Electron Microscopy Sciences, Hatfield, PA). For certain experi-
ments, cells were fixed in —20°C methanol, omitting the permeabili-
zation step.

Image analysis and quantification
Live or fixed cells were imaged on a DeltaVision deconvolution mi-
croscopy system (Applied Precision, Issaquah, WA) consisting of a
CoolSnap camera attached to an Olympus [X71 microscope
equipped with a mercury light source; a 40x/numerical aperture
(NA) 1.0 Plan Apo or a 60x/NA 1.4 Plan Apo Nikon objective lens
was used, depending on the experiment. During time-lapse micros-
copy, cells were incubated at 32°C in 5% CO; (Solent, Segensworth,
United Kingdom). Nocodazole treatment was performed by ex-
changing half of the culture media with prewarmed drug-containing
culture media to yield a concentration of 100 ng/ml nocodazole.
All images were collected and processed using softWoRx soft-
ware (SGI, Mountain View, CA) and compiled using Photoshop
(Adobe, San Jose, CA). Further image analysis was performed using
MetaMorph software (Molecular Devices, Sunnyvale, CA).

Filopodia quantification. VASP or mDia2" tip localization was
used to identify and count filopodia manually using the Region
Measurements function in MetaMorph software. Immunostaining
for Lpd was used to identify filopodia in control and GFP-mDia2—
expressing cells. Filopodia length was determined by tracing
filopodia from their tip to the base (cell edge) in images of cells
labeled with phalloidin using either the line or the polyline tool in
MetaMorph software.

For measurement of Lpd-labeled leading edge, cells were trans-
fected as indicated, stained with antibody against Lpd, and F-actin
was labeled with phalloidin. The cell perimeter was traced manually
in MetaMorph software, and total circumference was calculated us-
ing the Region Measurement function. Next, the Lpd-positive frac-
tion of the cell perimeter was identified and traced. Only continuous
Lpd signal for at least 20 pixels (2.158 pm) was used for data analy-
sis. The sum of Lpd-positive distance along the cell edge was di-
vided by the total cell circumference to yield the percentage of Lpd-
labeled cell edge.

To quantify protrusive persistence of filopodia, individual GFP-
VASP- or GFP-mDia2"A-|abeled filopodium tips, or filopodial tips
colabeled with mCherry-VASP and GFP-mDia2™4, were tracked in
frames of live-cell image acquisitions using the Track Objects appli-
cation in MetaMorph software. Owing to irregular dynamics of GFP-
mDia2"A filopodia, filopodium tips were tracked manually in most
frames. Individual frames in which GFP-mDia2™”-|abeled filopo-
dium tips went out of focus were omitted from quantification.
Change in directionality (Ax, Ay) and straight-line distance from start
to finish points (d) traveled by the filopodium tip was measured. The
following formula was used to calculate protrusive persistence:
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Protrusive persistence =

Quantification of zyxin-labeled focal adhesions associated with
filopodia. Zyxin-labeled focal adhesions were considered to be
associated with a filopodium if they 1) assembled at the base of an
actively protruding filopodium in live-cell imaging experiments and
had a lifetime of at least three frames (=15 s) and/or 2) were clearly
detectable in the shaft of the filopodium.

Measurement of average cell area. Cells were transfected as
indicated and chemically fixed, and F-actin was labeled with
phalloidin. For each cell, the cell perimeter was traced manually
(using the signal from phalloidin-labeled F-actin), and area was
calculated using MetaMorph software.

Cell spreading assay

MVP7 cells were transfected with pEGFP-mDia2%A vector, using the
Amaxa nucleofection technique. Twenty-four hours posttransfec-
tion, transiently transfected cells, control MV® cells, and MVP7 cells
stably expressing GFP-VASP were trypsinized, allowed to recover in
medium suspension for 20-30 min, and replated on laminin-coated
coverslips (20 pg/ml). Cells were allowed to spread for 30 min and
fixed carefully with 4 % PFA in PHEM buffer for 15 min at room tem-
perature. Coverslips were then gently processed as described.

Platinum-replica electron microscopy

Platinum-replica electron microscopy was performed as described
(Bear et al., 2002) on nontransfected MVP” control cells and MV®?
cells stably expressing GFP-VASP or GFP-mDia2WA,

Immunoblotting

Protein lysates were prepared as described (Kovacs et al., 2006).
SDS-PAGE and immunoblot analyses were performed using stan-
dard procedures with horseradish peroxidase—conjugated second-
ary antibodies at 1:40,000. Signal was detected using the Amer-
sham ECL Prime Western Blotting Detection Reagent (GE Healthcare,
Pittsburgh, PA).

Statistical analysis

All statistical tests were performed with Prism 5.0c software
(GraphPad, La Jolla, CA). For each data set, the Shapiro-Wilk
normality test was performed to determine Gaussian distribution.
Parametric or nonparametric statistical tests and post hoc tests were
performed, depending on the variance of the data sets. Statistical
differences between two conditions were determined by Student's t
test. For multiple conditions, means were compared by analysis of
variance. All data found to be significant (p < 0.05) by analysis of
variance were compared with either Tukey’s honestly significant dif-
ference or Bonferroni-Dunn’s post hoc test to reveal statistically dif-
ferent groups. For all statistical analyses, the mean values + SEM are
given, unless indicated otherwise.
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