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ABSTRACT Cell migration and cell-cell communication involve the protrusion of actin-rich
cell surface projections such as lamellipodia and filopodia. Lamellipodia are networks of actin
filaments generated and turned over by filament branching through the Arp2/3 complex.
Inhibition of branching is commonly agreed to eliminate formation and maintenance of lamel-
lipodial actin networks, but the regulation of nucleation or elongation of Arp2/3-independent
filament populations within the network by, for example, formins or Ena/VASP family mem-
bers and its influence on the effectiveness of protrusion have been unclear. Here we analyzed
the effects of a set of distinct formin fragments and VASP on site-specific, lamellipodial versus
cytosolic actin assembly and resulting consequences on protrusion. Surprisingly, expression
of formin variants but not VASP reduced lamellipodial protrusion in B16-F1 cells, albeit to
variable extents. The rates of actin network polymerization followed a similar trend. Unex-
pectedly, the degree of inhibition of both parameters depended on the extent of cytosolic
but not lamellipodial actin assembly. Indeed, excess cytosolic actin assembly prevented actin
monomer from rapid translocation to and efficient incorporation into lamellipodia. Thus, as
opposed to sole regulation by actin polymerases operating at their tips, the protrusion effi-
ciency of lamellipodia is determined by a finely tuned balance between lamellipodial and
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cytosolic actin assembly.

INTRODUCTION

Actin polymerization can generate force, for example, through
stochastic insertion of actin monomers onto the barbed ends of
filament bundles or networks as found at the tips of lamellipodia
and filopodia (Small et al., 2002). Much progress has been made
in recent years concerning description and analysis of essential
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regulators of actin filament assembly and disassembly in cell edge
protrusions such as lamellipodia, including the branching activity of
actin-related protein (Arp2/3) complex, its regulation in lamellipo-
dia by suppressor of the cAMP receptor (Scar)/WASP-family verpro-
lin-homologous (WAVE) complex, and regulation of the latter by
ras-related C3 botulinum toxin substrate (Rac) subfamily GTPases (for
reviews, see Campellone and Welch, 2010; Ridley, 2011; Steffen
et al., 2014). As opposed to actin turnover in the lamellipodium
(Watanabe and Mitchison, 2002; lwasa and Mullins, 2007; Lai et al.,
2008), the homeostasis of actin assembly and disassembly in the
entire cell, including more-proximal, cytoplasmic regions, and its
effect on protrusion has received little attention, although it has
become increasingly clear that distinct subcellular actin domains
can influence each other. This is illustrated by the apparent compe-
tition between actin structures formed by two main actin assembly
factors, Arp2/3 complex and formins (Rotty et al., 2015; Suarez
et al., 2015). In two dimensions, lamellipodia are flat networks of
actin filaments, frequently associated with the substratum but ca-
pable as well of protruding while lifting upward and backward in a
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process termed ruffling. Lamellipodia protruding from apical cell
surfaces or at the surface of round cells in three dimensions or in
suspension are also called ruffles. Actin filament generation in
lamellipodia, for example, through branching mediated by the
Arp2/3 complex, is believed to occur at the interface of the actin
network and plasma membrane (Wang, 1985; Iwasa and Mullins,
2007; Lai et al., 2008) at sites enriched for various actin assembly
factors, including the Arp2/3 activator WAVE and associated
WAVE-complex subunits (Innocenti et al., 2004; Steffen et al.,
2004), formins, such as formin-like family member 2 (FMNL2) and 3
(Block et al., 2012; Kage et al., 2017), and enabled/vasodilator-
stimulated phosphoprotein (Ena/VASP) family members (Rottner
et al., 1999; Svitkina et al., 2003). Arp2/3 complex and its continu-
ous activation is considered essential for both initiation and mainte-
nance of lamellipodial actin networks (Suraneni et al., 2012; Wu
et al., 2012; Koestler et al., 2013), but the contributions of each
regulator to nucleation or elongation of actin filaments remains
poorly defined. According to the dendritic nucleation model of
branched actin network formation and turnover (Mullins et al.,
1998; Pollard and Borisy, 2003), filaments are generated and grow
until capped, but relative filament numbers growing and pushing at
any given time in the lamellipodium as compared with capped and/
or depolymerizing filaments within the network are unknown. Simi-
larly, the relevance of the ratio of actively growing filaments to non-
productive filaments within lamellipodia or elsewhere in the cell for
protrusion efficiency has so far been unclear.

Additional outstanding questions include the precise extent of
cooperation between different actin assembly factors within lamel-
lipodia, in particular the Arp2/3 complex and Ena/VASP or formin-
family polymerases. Formin family members have been proposed to
operate both upstream—as generators of mother filaments for
Arp2/3-dependent branching exemplified by mDia1 and 2 (Yang
et al., 2007; Isogai et al., 2015)—and downstream or in parallel to
Arp2/3 complex—dependent branching (Block et al., 2012; Krause
and Gautreau, 2014; Kage et al., 2017). Of course, distinct formins
or Ena/VASP family members could be endowed with various differ-
ent functions, but we are just at the beginning of precisely dissect-
ing the specific activities of all of these factors in lamellipodia rela-
tive to branching and/or filament capping.

Finally, protrusion efficiency also might be regulated by avail-
ability of actin monomer, although actin concentrations (Koestler
et al., 2009) and diffusion rates (McGrath et al., 1998; Lai et al.,
2008) in vivo have appeared surprisingly high. Ideas for spatiotem-
poral control of actin monomers at sites of polymerization range
from biased forward translocation (Zicha et al., 2003) and cell edge
accumulation (Vitriol et al., 2013), as in a sink, to intralamellipodial
recycling, on the possibility that short traveling distances could
optimize the repolymerization of monomers after disassembly
(Cramer, 1999; Vitriol et al., 2015). Although not mutually exclu-
sive, the respective relevance of each mechanism for optimal pro-
trusion in different conditions and/or cell types is incompletely
understood.

Here we used a straightforward gain-of-function approach in mi-
grating B16-F1 melanoma cells and fibroblasts to explore effects of
formin variant or VASP overexpression on various parameters of la-
mellipodium formation, including protrusion speed and rates of ac-
tin network polymerization, as well as Arp2/3 complex incorpora-
tion. To our surprise, we found little correlation between amount of
lamellipodial actin filaments at any given time and protrusion effi-
ciency, but we established the extent of cytosolic filamentous actin
(F-actin) assembly as a prime determinant of effective lamellipodium
protrusion.
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RESULTS

Modulation of lamellipodium protrusion by overexpression
of formin fragments or the Ena/VASP family member VASP
We previously found that knockdown of the FMNL formin subfamily
member FMNL2 in B16-F1 cells reduces average protrusion rates
of lamellipodia (Block et al., 2012), which suggested that FMNL2-
mediated actin assembly might promote protrusion rates of lamel-
lipodial actin networks by accelerating actin network polymeriza-
tion (Krause and Gautreau, 2014). We showed more recently that
reduced protrusion upon FMNL2 or combined FMNL2 and 3 loss of
function does not result from a decrease in rates of actin network
polymerization but instead from significant filament loss and com-
promised force development of lamellipodial actin networks (Kage
et al., 2017). To test whether the rate of lamellipodium protrusion
can at least be enhanced by experimentally increasing FMNL2 ac-
tivity at the lamellipodium tip, we explored effects on protrusion by
overexpression of full-length FMNL2 (isoform B; Block et al., 2012)
and a construct designated as FMNL2(8P)-C, which lacks regulatory
domains dispensable for lamellipodial accumulation. Indeed,
FMNL2 accumulation at lamellipodia tips required neither its N-
terminal myristoylation nor an interaction with its requlatory GTPase
cell division cycle 42 (Cdc42), consistent with previous data ob-
tained using myristoylation-defective variants and/or Cdc42-defi-
cient cells (Block et al., 2012), but it was mediated in the case of
FMNL2(8P)-C by the presence of sequences within the proline-rich
FH1 and the actin-binding FH2 domain (for design of all constructs
used in this study, see Figure 1A). More specifically, a detailed trun-
cation analysis revealed that whereas the FH2 domain alone was
insufficient for accumulation at the lamellipodium tip (Supplemen-
tal Figure S1A), the minimal construct allowing such a localization
required both the FH2 domain and as few as 40 residues N-termi-
nal to the FH2 domain (Supplemental Figure S1B). In contrast, nei-
ther full-length FMNL1 (unpublished data) nor FMNL1-FH1-FH2
(Figure 1B) localized to lamellipodia in B16-F1 cells. Hence, domain
swap experiments between FMNL1 and 2 established that lamelli-
podial targeting of FMNL2 was a specific feature of its FH2 domain
but also required the presence of proline-rich sequence stretches
that could derive from either FMNL1 or FMNL2 (Supplemental
Figure S1, C and D). Given that the domain swap variant harboring
the FMNL1-FH2 completely failed to accumulate at the lamellipo-
dium tip although it was readily expressed at its expected mole-
cular weight (Supplemental Figure S1E), we concluded that actin
binding alone in these formins mediated by each of their FH2 do-
mains cannot explain the differences in localization between
FMNL2(8P)-C and FMNL1-FH1-FH2, in particular because FMNL1
was previously established to potently assemble actin filaments
(Harris et al., 2006). Of interest, however, and in analogy to the dif-
ferential behavior observed for FMNL1 and FMNL2 constructs in
lamellipodia (Figure 1B), filopodia induction in Jurkat T-cells was
also stimulated by FH1-FH2 of the FMNL2 relative FMNL3 but not
of FMNL1 (Harris et al., 2010). Apart from this, a fragment used
here and encompassing the FH1 and FH2 domains of mDia1 also
did not accumulate in lamellipodia (Figure 1, A and B). These ob-
servations provided a foundation for examining the effects exerted
on lamellipodial dynamics either by enhanced green fluorescent
protein (EGFP)-tagged formin variants capable of full regulation
(FMNL2 full-length) compared with constitutively active constructs
capable (FMNL2(8P)-C) or incapable (FMNL1-FH1-FH2 and
mDia1-FH1-FH2) of accumulation at lamellipodia tips, or by the
Ena/VASP family member VASP. Figure 1A summarizes a panel of
constructs all capable in principle of actin assembly but displaying
differential and only partially overlapping localizations (Figure 1B).
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FIGURE 1: Rates of lamellipodium protrusion are differentially affected by overexpression of different actin-binding
proteins. (A) The five constructs overexpressed in cells. The regulatory domains present in each construct, as well as the
first (N-terminal) and last (C-terminal) amino acid residue positions are indicated. (B) Representative images of the
subcellular localization of each construct expressed as EGFP-tagged version in migrating B16-F1 mouse melanoma cells.
Green asterisks, lamellipodial localization; red asterisks, cytosolic localization. (C) Average lamellipodial protrusion rates
of B16-F1 cells after overexpression of each of the five different constructs compared with EGFP-alone—expressing
controls. Data are displayed as arbitrary units (A.U.) and arithmetic means + SEM, as the value obtained for each
construct was individually normalized and represented as fold change to its respective control (EGFP). The average
protrusion speed of nonnormalized CTRL cells is 1.29 pm/min. (D) Average protrusion (as percentage of control), sample
size (N) for each construct versus control, and p values from statistical comparisons of each construct with its individual

control group by Mann-Whitney rank sum test.

The localization of both EGFP-tagged full-length FMNL2 and
FMNL2(8P)-C was largely restricted to the lamellipodium tip,
whereas VASP accumulated at the lamellipodium tip plus a rim of
focal complexes or nascent adhesions shortly behind as well as in
bona fide focal adhesions (Figure 1B), as expected (Rottner et al.,
1999; Svitkina et al., 2003). In contrast, FMNL1-FH1-FH2 and
mDial-FH1-FH2 failed to accumulate at the lamellipodium tip,
similarly to EGFP alone (Figure 1B), as confirmed by line-scan anal-
ysis (Supplemental Figure S2, A and B).

To our surprise, however, expression of none of these constructs
increased lamellipodial protrusion rate significantly. Instead, all for-
min variants suppressed protrusion, albeit to various extents (Figure
1, C and D). Of interest, there was little correlation in B16 cells be-
tween the ability to accumulate at lamellipodia tips and the induced
suppression of protrusion rate, as illustrated, for instance, by com-
paring the constructs corresponding to the FH1-FH2 domains of
FMNL1 versus FMNL2. On average, suppression of protrusion was
strongest on expression of mDia1-FH1-FH2 (down to 42% of EGFP-
expressing controls), and no or at best very moderate suppression
was observed on overexpression of VASP (103% of controls) and
FMNL2 full-length (94% of controls), respectively. Of importance,
plotting fluorescence of expressed constructs in individual cells
against protrusion rate revealed that individual differences in ex-
pression level for each construct were by far less relevant than differ-
ences between distinct constructs. This is particularly evident when

Volume 28 May 15, 2017

considering that a negative correlation between expression level
and protrusion rate was statistically significant in the case of only
one construct (FMNL1-FH1-FH2; Supplemental Figure S3). More-
over, expression levels of those constructs inhibiting protrusion
most effectively—FMNL2(8P)-C and mDia1-FH1-FH2—were much
less abundant than VASP, for example, at the other end of effective-
ness, which was expressed far better, in spite of its modest effects
(Supplemental Figure S3).

Thus, although overexpression of neither construct caused la-
mellipodia to disappear or to collapse in the process of protrusion
(Supplemental Movie S1), as observed previously on sequestration,
for example, of Arp2/3 complex by excess amounts of the C-termi-
nus of Scar/WAVE (Machesky and Insall, 1998; Koestler et al., 2013),
none of the constructs used here was capable of stimulating actin
assembly for promoting protrusion rates in this experimental set-
ting. Thus not even those actin assembly factors capable of accu-
mulating at the lamellipodium tip increased protrusion rates, but
instead they suppressed or at best did not change them (VASP),
which came as a surprise, given the correlations previously observed
between protrusion rates and the amounts of endogenous FMNL
formins present in cells (Block et al., 2012) or of VASP at the lamel-
lipodium tip (Rottner et al., 1999). The fact that FMNL1-FH1-FH2
and mDia1 FH1-FH2, which fail to accumulate at the lamellipodium
tip (Figure 1B), reduced protrusion at least as effectively as formin
variants capable of accumulating there suggested that suppression
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Effects of VASP or formin construct overexpression on lamellipodial and cytosolic F-actin distributions in
B16-F1 cells. (A) Representative images of B16-F1 cells transfected with various constructs and stained for F-actin with
phalloidin. Note increased F-actin staining in cells ectopically expressing the respective EGFP-tagged construct (red
asterisks). (B) Average values of different F-actin intensity ratios for each of the five overexpressed constructs and
control (pEGFP-C1). (C) Ratios of average cytosolic F-actin intensities of EGFP-positive to EGFP-negative cells within the
same microscopic field of view for each indicated construct. (D) Average ratios of lamellipodial to cytosolic F-actin
intensities in EGFP-positive cells expressing each construct. Data in C and D are arithmetic means + SEM.

of protrusion by all these formin variants does not occur through
their action at this site.

Formin variants and VASP distinctly affect actin filament
generation in cytoplasm versus lamellipodium

To shed light on the mechanistic reasons for aforementioned obser-
vations, we explored the extent of actin filament generation by dis-
tinct constructs in both lamellipodium and cytoplasm.

Initially, F-actin staining using phalloidin was performed on
cells overexpressing EGFP-tagged versions of each construct
(Figure 2A) and lamellipodial F-actin intensities measured in EGFP-
positive compared with EGFP-negative cells (nonexpressors)
within the same microscopic field of view as controls. The ratios
obtained between lamellipodial F-actin intensities in EGFP-posi-
tive versus EGFP-negative cells indicated that lamellipodial actin
filament mass increased on average by more than two times after
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overexpression of any one of the five constructs but not on overex-
pression of EGFP alone as control (Figure 2B, column 3). However,
no significant differences of lamellipodial F-actin intensities were
observed on overexpression between the five experimental con-
structs (Figure 2B), irrespective of whether they were capable of
localizing to lamellipodial tips or not (Figure 1B, Supplemental
Figure S2, A and B). Thus differential generation of lamellipodial
F-actin by distinct constructs could not account for the differences
in protrusion rates observed (Figure 1, C and D).

Next we investigated the specificity of lamellipodial actin ac-
cumulation in each experimental scenario. We considered two pa-
rameters: 1) cytosolic F-actin amounts in cells overexpressing each
given construct (EGFP(+) cells) compared with nonexpressing
neighbors within the same microscopic field of view (EGFP(-) cells;
Figure 2, B and C), and 2) the ratio of lamellipodial to cytosolic F-
actin in construct overexpressing cells (EGFP(+) cells; Figure 2, B

Molecular Biology of the Cell



and D). This analysis revealed that overexpression of both VASP
and FMNL2 full-length induced more F-actin accumulation in lamel-
lipodia relative to the cytosol than overexpression of the remaining
formin fragments used. This indicates that the truncated FH1-FH2
constructs lacking important regulatory features present in full-
length molecules likely trigger nonspecific F-actin accumulation, in
particular in the cytosol. Moreover, the ratio of lamellipodial to cy-
tosolic F-actin was significantly higher in VASP and FMNL2 full-
length expressors than EGFP-alone—expressing controls (1.66) and
significantly lower than the latter in cells overexpressing mDia1-FH1-
FH2 (1.01). Ratios of lamellipodial to cytosolic F-actin in cells over-
expressing FMNL1-FH1-FH2 and FMNL2(8P)-C were roughly in
between (Figure 2B, column 2). Of interest, comparison of cellular
F-actin intensities with the results from lamellipodial protrusion
rates (Figure 1, C and D) revealed a positive correlation between
the specificity of lamellipodial F-actin accumulation relative to the
cytosol and lamellipodial protrusion rate, as well as a negative cor-
relation between induced cytosolic F-actin levels and lamellipodial
protrusion rates. For instance, mDia1-FH1-FH2 overexpression in-
duced a nearly threefold (2.9) increase of cytosolic F-actin levels
compared with EGFP-expressing control cells (1.03; Figure 2B,
column 4) and caused the most dramatic reduction in lamellipodial
protrusion speed observed with the panel of constructs used here
(Figure 1, C and D). In contrast, cells overexpressing VASP dis-
played a much more moderate increase in cytosolic F-actin levels
than nontransfected neighbors (1.29 times; Figure 2, B and C),
which coincided with the absence of a significant change in protru-
sion rate (Figure 1, C and D).

Again, the amount of individual expressed construct was less rel-
evant than the type of construct used because the majority of con-
structs did not display a statistically significant positive correlation
between expression levels (expressed as fold fluorescence over
background) and induction of cytosolic F-actin (Supplemental
Figure S4).

Together these data suggested that instead of absolute changes
of F-actin levels within the lamellipodium, both the ratio of induc-
tion in lamellipodium over cytosol and the total amount of F-actin
induced in the cytosol appeared decisive for the effectiveness of
protrusion. Moreover, the highest ratio of lamellipodial over cyto-
solic F-actin assembly, induced by VASP overexpression, eliminated
adverse effects on protrusion in B16-F1 cells but was unable to
significantly increase protrusion over control rates (103%; Figure 1),
indicating that 1) induction of F-actin assembly by actin-binding
proteins in these cells and experimental conditions (2.27 times in la-
mellipodia of VASP-overexpressing cells; Figure 2B) can be clearly
uncoupled from protrusion efficiency, and, in more general terms,
2) protrusion efficiency in these cells plateaus at a level indepen-
dent of expression of an individual protrusion regulator such as
VASP.

Finally, observed changes in relative F-actin intensities were in-
dependent of overall changes in actin expression for most experi-
mental conditions, except for FMNL2(8P)-C and mDial1-FH1-FH2,
which increased actin expression moderately but statistically signifi-
cantly by ~25% (Supplemental Figure S5). It is intuitive to assume
that this was mediated by serum response factor—stimulated gene
transcription being switched on in conditions of decreased actin
monomer concentrations upon increased cytosolic F-actin (Rajakyla
and Vartiainen, 2014), which, if correct, might have slightly alleviated
effects obtained with these constructs and indeed constituted the
first hint that the strong effects observed with these constructs may
be caused by reduction of cytosolic actin monomer concentrations
(see later discussion).
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Experimentally induced suppression of protrusion correlates
with reduced rates of actin network polymerization

Next we sought to determine the mechanistic reasons for the re-
duced rates of protrusion observed on overexpression of formin
fragments. Reduced protrusion could be caused in theory by re-
duced rates of actin network polymerization but also by increase of
rearward flow with unchanged levels of actin network polymeriza-
tion, as observed for FMNL2/3 knockdown or knockout (Kage et al.,
2017), or by both. However, the evident negative correlation be-
tween extent of protrusion reduction and stimulated amount of cy-
tosolic actin filaments (Figure 2B) led us to hypothesize that reduc-
tion of protrusion might reflect direct changes in lamellipodial actin
network polymerization.

Rates of actin network polymerization can be determined in prin-
ciple by fluorescence recovery of photobleaching (FRAP) of ex-
pressed EGFP-tagged actin (Lai et al., 2008) or tracking of fluores-
cence inhomogeneities (speckle-like structures) in lamellipodia of
cells expressing EGFP-tagged Lifeact (Ried! et al., 2008), as illus-
trated in Supplemental Movie S2. Indeed, actin network polymeriza-
tion rates of B16-F1 wild-type lamellipodia were virtually identical
when determined by both methods (Kage et al., 2017). However,
because overexpression of EGFP-tagged B-actin increased protru-
sion rates (Kage et al., 2017), in accordance with previously pub-
lished data (Peckham et al., 2001), we chose to analyze Lifeact
speckle flow here.

We tracked fluorescent Lifeact speckles in cells co-overexpress-
ing fluorescently tagged VASP, FMNL2 full-length, or truncated for-
min versions as before (Figure 1A). Formin constructs were routinely
used as mCherry-tagged versions in these experiments and thus
combined with EGFP-Lifeact, except for full-length FMNL2, which
could only be discerned at the lamellipodium tip as an EGFP-tagged
version, combined then with mCherry-tagged Lifeact. Control ex-
periments revealed that FMNL2(8P)-C suppressed protrusion irre-
spective of the type of fluorescent tag used (Supplemental Figure
S6), and cells overexpressing EGFP- or mCherry-tagged Lifeact had
identical rates of protrusion (Supplemental Figure S7A) and actin
network polymerization (Supplemental Figure S7B).

The determined rates of Lifeact speckle translocation showed
that overexpressed actin assembly factors suppressed relative actin
polymerization rates in lamellipodia in @ manner highly similar to the
suppression of protrusion (Figure 3, A and B). One difference was
that rates of lamellipodial actin network polymerization seemed
modestly decreased, as opposed to the protrusion rates observed
on overexpression of VASP and FMNL2 full-length, which were
largely unchanged (Figure 1, C and D). However, this difference was
rather small and not statistically significant (Figure 3B).

Live-cell imaging of fluorescently tagged Lifeact in these experi-
ments also enabled determination of lamellipodium width in each
experimental condition (Figure 3C), which was again gradually sup-
pressed, depending on expressed actin assembly construct and
nicely following the pattern of effects on protrusion (compare with
Figure 1, C and D). Of interest, plotting lamellipodial protrusion
rates against widths of lamellipodia formed in all of these experi-
mental scenarios revealed a clear correlation between these two
parameters, with a statistically significant Spearman rank order r of
0.83 (p < 0.0001), confirming that rapid actin assembly and thus
protrusion increase the size of the respective actin structure—in this
case, the lamellipodium—at least when assuming actin disassembly
pathways in these conditions to remain constant (Figure 3E). The
robust correlation between protrusion rate and lamellipodium width
was of course independent of construct overexpression, as can be
seen from r values obtained for data sets after individual construct
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FIGURE 3: Effects on actin polymerization rate and lamellipodium width on VASP and formin variant overexpression.
(A) Average actin polymerization rates in cells overexpressing the constructs. Data are displayed as arbitrary units
(A.U.) and arithmetic means + SEM, as the value obtained for each construct was individually normalized and
represented as fold change to its respective control (mCherry, except for FMNL2 full-length, which was used as
EGFP-tagged variant and compared and normalized to cells overexpressing EGFP control). The average actin
polymerization rate of nonnormalized CTRL cells is 4.02 ym/min. (B) Average rate of actin network polymerization

(as percentage of control [CTRL]), sample size (N) for each construct vs. that of control (mCherry in all experiments,
except for EGFP in the case of comparison with FMNL2 full-length; see description of A), and p values from statistical
comparisons of each construct with its individual control group by Mann-Whitney rank sum test. (C) Representative
Lifeact images derived from time-lapse movies of B16-F1 cells after co-overexpression of EGFP-tagged Lifeact with
mCherry-tagged constructs or mCherry alone as control (CTRL; except for swapped fluorescent proteins in the case
of FMNL2-full length, as before). Red line marks respective dimension of the lamellipodium. (D) Average values of
lamellipodial width measured in live B16-F1 cells after co-overexpression of fluorescent protein-tagged Lifeact as
before, with each of the five constructs and control. (E) Correlation analysis of lamellipodial protrusion rate vs.
lamellipodial width indicates a statistically significant positive correlation between the parameters. For statistical
analysis, values from all overexpressing constructs were combined and color-coded as indicated on the right.

(F) Correlation coefficients (r) and p values from Spearman rank order correlation tests, as well as number of data

points (N) for each individual construct.

overexpression (Figure 3F and Supplemental Figure S8). Moreover,
the correlation was equally evident in cells overexpressing just
mCherry as control. The only exception is that the correlation was
not statistically significant for mDia1-FH1-FH2 (Supplemental Figure
S8), the reason for which is unclear but should not be overrated be-
cause both parameters were comparably small and thus increasingly
difficult to measure precisely on mDia1-FH1-FH2 overexpression.
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Taken together, our data indicate a clear relationship between the
spatial distribution and accumulation of cellular F-actin, lamellipodial
actin polymerization rate, protrusion rate, and width. We propose
that the disturbed balance of actin accumulating in cytosol versus
lamellipodium can cause a reduction in filament polymerization rates
at the lamellipodium tip, leading to reduced filament lengths, subse-
quent reduction of lamellipodial width, and protrusion.

Molecular Biology of the Cell
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FIGURE 4: Quantification of Arp2/3 complex intensities in lamellipodia of B16-F1 cells
overexpressing VASP and various formin fragments. (A) Representative images of B16-F1 cells
immunostained for the Arp2/3 complex subunit p16A (ArpC5A) after overexpression of each of
the five EGFP-tagged constructs or EGFP alone (CTRL). (B) Average intensity values of the
Arp2/3 complex subunit p16A in lamellipodia of B16-F1 cells in experimental conditions as
before and expressed as percentage of Arp2/3 intensity of EGFP-negative (i.e., nontransfected)
cells within the same respective microscopic field of view for each cell. Data are arithmetic

means = SEM.

Arp2/3 complex accumulation is largely uncoupled from
lamellipodial actin filament generation by formin fragment
overexpression

Expression of the panel of actin-binding proteins used here induced
a strong, more-than-twofold increase of lamellipodial actin filament
levels in B16-F1 cells (Figure 2), with variable effects on rates of la-
mellipodial protrusion and actin network polymerization (see earlier
discussion). Lamellipodial actin filament networks are well estab-
lished as requiring the branching activity of the Arp2/3 complex
(Suraneni et al., 2012; Wu et al.,, 2012). To examine whether the
stimulated increase of lamellipodial F-actin generation correlated
with or was independent of Arp2/3 complex incorporation, we
quantified endogenous Arp2/3 complex intensity on being stained
with an antibody specific for ArpC5A (Millard et al., 2003), which
readily labeled protruding lamellipodia in these migrating cells
(Block et al., 2012).
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Of interest, cells expressing our panel of
constructs had lamellipodial Arp2/3 com-
plex intensities distinct from the pattern of
F-actin increase in lamellipodia (Figure 4).
More specifically, Arp2/3 complex intensi-
ties were virtually identical in control cells
and those overexpressing FMNL1-FH1-
FH2, FMNL2(8P)-C, and mDia1-FH1-FH2,
indicating that Arp2/3-dependent branch-
ing was completely uncoupled from the in-
crease of actin filaments caused by expres-
sion of these constructs in lamellipodia and
cytosol (Figure 2B). In the case of FMNL2
full-length, we observed a slight increase in
Arp2/3 complexintensity (~20%; Figure 4B),
which might suggest that a fraction of the
FMNL2 full-length-generated filaments
serve as mother filaments for Arp2/3-medi-
ated branching at the lamellipodium tip.
This scenario would be consistent with the
accumulation of FMNL2 at lamellipodia
tips (Figure 1B) and the notion that Arp2/3
complex is incorporated at these sites
(Miyoshi et al., 2006; lwasa and Mullins,
2007; Lai et al., 2008). The lack of this effect
observed with truncated FMNL2(8P)-C
might suggest the requirement for addi-
tional regulatory domains flanking FH1-
FH2 to coordinate FMNL2-induced fila-
ment generation with Arp2/3-dependent
branching. If this is correct, however, such a
function cannot be restricted to FMNL2
and/or its close FMNL family member
FMNL3 also expressed in B16-F1 cells, as
knockdown or knockout of both did not
significantly reduce Arp2/3 complex stain-
ing of lamellipodia in spite of significant
loss of average filament mass (Kage et al.,
2017). As opposed to FMNL2, VASP over-
expression clearly decreased Arp2/3 com-
plex intensities though not in a statistically
significant manner (Figure 4B), consistent
with the observation that Ena/VASP fam-
ily members can increase the branch spac-
ing of filaments in Arp2/3-dependent actin
tails in vitro (Samarin et al., 2003; Pernier
et al., 2016). Notwithstanding all this, we conclude that overexpres-
sion of the panel of actin-binding proteins used here had differential
effects on protrusion and rates of lamellipodial actin network polym-
erization that were mostly uncoupled from Arp2/3 complex activa-
tion and integration.

Excess cytosolic actin polymerization coincides with capture
in the cytosol and delayed translocation of actin monomers
to the leading edge

We previously used bleaching of EGFP-tagged actin in the cytosol
to directly visualize the rapid translocation of actin monomers to the
protruding front, which was estimated to occur with a diffusion coef-
ficient of ~5.5 um?/s (McGrath et al., 1998; Lai et al., 2008). More
recently, we and others (Vitriol et al., 2015) routinely used activation
of photoactivatable (PA)-GFP-actin in the cytosol to directly visualize
the translocation to and continuous incorporation of PA-GFP-actin
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Analysis of actin diffusion and transport using photoactivation of PA-GFP-actin.
(A) Migrating B16-F1 melanoma cell coexpressing mRuby-Lifeact (red) to visualize the actin
cytoskeleton and PA-GFP-actin (green) to visualize translocation to and incorporation of actin
monomers at the lamellipodium tip. PA, time point of photoactivation (0 s); the region of
activation is marked with a white polygon at the time of activation. Note the rapid incorporation
of PA-GFP-actin at the lamellipodium tip membrane (white arrow) soon after activation, as
expected (Lai et al., 2008; Vitriol et al., 2015). (B) B16-F1 cell as in A, but displaying the
PA-GFP-channel only, to illustrate the mobility of PA-GFP-actin throughout the cytosol of the
photoactivated cell. Aside from incorporation of PA-GFP-actin into the lamellipodium (white
arrows), rapidly moving photoactivated GFP-actin also illuminates the lamellipodium distal to
the activation spot and the proximal cytoplasm as time after activation is progressing.
(C) Fluorescence intensities measured as illustrated on the left vs. time after activation in
distinct, color-coded cytosolic regions. Note the gradual reduction of average intensities with
distance from the activation spot soon after activation (e.g., 5-10 s after activation) and the
convergence of average fluorescence intensities, presumably due to cytoplasmic mixing by the
end of the measurement (55 s).
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at the lamellipodium tip (white arrow in
Figure 5A). Note that incorporation from
the lamellipodium tip is continuous be-
cause this treatment cannot distinguish
whether actin resides as monomer or fila-
ment within the area of activation, and so
incorporation over time first constitutes ac-
tin initially activated as monomer, followed
by actin originally activated as filament and
then continuously depolymerizing over
time. The merged images show lamellipo-
dium and proximal lamella of a migrating
B16-F1 melanoma cell before and after ac-
tivation of PA-GFP-actin. Coexpression of
Ruby-tagged Lifeact in this case allowed
following actin cytoskeleton dynamics be-
fore and after activation of PA-GFP-actin
(red; see also Supplemental Movie S4).
Aside from documenting the incorporation
of PA-GFP-actin into the lamellipodium, we
extended this approach to analyzing the
mobility of PA-GFP-actin on activation
within the cytoplasm, which is possible by
combining photomanipulation with fast

wide-field imaging (see Materials and
Methods).
Again, photoactivation of PA-GFP-

tagged actin over a short time period (<1s;
see Materials and Methods) in a region
close to the lamellipodium generates an
instantaneous flush of monomeric actin
composed of both activated monomers
diffusing through the region during activa-
tion and monomers depolymerizing from
activated filaments within the same region.
In the example shown, rapid highlighting of
the lamellipodium close to the activation
region by this monomer flush is followed by
slower incorporation of activated mono-
mers into the network (Figure 5B, arrows,
and Supplemental Movie S5). However, the
nondirectional flush of monomeric actin
also causes its continuous propagation
through the cytoplasm, roughly opposite
to the direction of protrusion in this case
(Figure 5, B and C). This type of nondirec-
tional movement is of course independent
of the activation site, and hence occurs in a
manner indistinguishable at leading and
trailing edges of the cell (unpublished
data). Of interest, the observed “wave” of
actin monomer was also delayed in time
with increased distance of analyzed regions
from the spot of activation and markedly
reduced in intensity, presumably caused by
continuously increased cytoplasmic mixing
(Fakhri et al., 2014) and thus dilution of
photoactivated actin monomers (Figure 5C
and Supplemental Movie S5).

The ability to directly visualize this type
of actin transport made it possible to ask
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FIGURE 6: Differential translocation of PA-GFP-actin from cytosol to lamellipodium in B16-F1
cells overexpressing VASP vs. mDia1-FH1-FH2. (A) Representative images of B16-F1 cells
overexpressing PA-GFP-actin and mCherry-tagged versions of either VASP or mDia1-FH1-FH2,
with cytosolic regions photoactivated at time 0 (PA). Consecutive time-lapse frames recorded
for the two experimental conditions showing subcellular kinetics of photoactivated GFP-actin
over a time of 60 s. Regions of interest are as follows: region of photoactivation, turquoise;
lamellipodial region measured (see later description) as specified in Materials and Methods,
yellow. (B) Average fluorescence intensities of PA-GFP-actin in lamellipodial regions as
exemplified in A (yellow area) and provided as percentage of intensities in respective
photoactivation regions at time 0 (left). Experimental conditions are color-coded as indicated,
and data are arithmetic means = SEM. Note the lack of peak PA-GFP-actin incorporation in cells
overexpressing mDial-FH1-FH2 15-20 s after activation. The observed peak in cells
overexpressing VASP (left) corresponds well with the positive correlation between protrusion
rate and lamellipodial PA-GFP-actin intensity 15 s after activation (right; statistical significance
confirmed by Spearman rank order correlation). On average, the shortest distance between
lamellipodium tip and photoactivated region was 8.52 + 2.18 pm for mDia1-FH1-FH2 and 8.41 £
1.87 um for VASP. (C) Left, analysis of dispersal of cytosolically photoactivated PA-GFP-actin
from the activation spot in VASP- and mDia1-FH1-FH2-overexpressing B16-F1 cells. Right,
correlation analysis as before, between dispersion of cytosolically photoactivated PA-GFP-actin
from activation region at 15 s postactivation and lamellipodial protrusion rate. For correlation
analyses in B and C, values from cells overexpressing VASP and mDia1-FH1-FH2 constructs were
combined and color-coded as indicated. Area of the photoactivated region was 189 + 60 um? for
mDia1-FH1-FH2 overexpressors and 127 + 23 pm? for VASP overexpressors.

whether the decrease observed in rates of lamellipodial actin po-
lymerization and protrusion on expression of the actin-binding pro-
teins used here coincided not only with decreased incorporation, as
would be expected if actin assembly is reduced, but also with re-
duced cytoplasmic actin mobility.
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Figure 6 compares the fate of cyto-
plasmic actin in two extreme experimen-
tal scenarios—overexpression of VASP,
which had little effect on rates of protru-
sion and lamellipodial actin network po-
lymerization (see earlier discussion), and
mDia1-FH1-FH2, which had the strongest
effect on both parameters of lamellipo-
dium protrusion.

We coexpressed PA-GFP-actin with an
mCherry-tagged version of VASP or
mDia1-FH1-FH2 (unpublished data) and
photoactivated a region within the cytosol
(Figure 6A). To explore the fate of the cyto-
solic pool of PA-GFP-actin, we initially mea-
sured 1) the average change in PA-GFP-
actin intensity in the lamellipodium over
time (Figure 6B) and 2) the loss of fluores-
cence in the photoactivated region over
time (Figure 6C).

PA-GFP-actin incorporation allowed us
to estimate the amount and speed of incor-
poration of cytosolically derived mono-
meric actin at lamellipodial tips during pro-
trusion, which peaked at ~10-20 s on
average after PA-GFP-actin activation in
the cytosol of cells overexpressing
mCherry-tagged VASP, followed by its con-
tinuous loss from the lamellipodium due to
rapid turnover and distribution throughout
the cell (Figure 6B, left). In contrast, incor-
poration of PA-GFP-actin at the tips of pro-
truding lamellipodia was delayed and
strongly reduced in intensity (relative to the
intensity in the activation region) in cells
overexpressing mDia1-FH1-FH2. In princi-
ple, reduced intensity of PA-GFP-actin at
the lamellipodium tip could be caused
simply by its delayed incorporation due
to reduced rates of actin network polymer-
ization in these conditions (Figure 3A), re-
duced translocation through the cyto-
plasm, or both. Indeed, we found a clear
correlation between rates of lamellipodium
protrusion and lamellipodial PA-GFP-actin
incorporation (expressed as intensity rela-
tive to photoactivated region) 15 s after
cytosolic PA-GFP-actin activation, which
clearly depended on construct overexpres-
sion (Figure 6B, right). This indicated that
reduced actin translocation to lamellipodia
followed by reduced actin assembly at
these sites directly translates into dimin-
ished protrusion in these experimental con-
ditions, as expected (see earlier discussion).

However, to examine whether reduced
incorporation at lamellipodia tips was pre-

ceded by decreased translocation of PA-GFP-actin throughout the
cytosol, we also measured loss of fluorescence in the activation re-
gion in the case of VASP versus mDia1-FH1-FH2 overexpression. Of
interest, average loss of fluorescence over time in the cytosolic acti-
vation region was strongly delayed on average in mDia1-FH1-FH2
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overexpressors compared with the same cells expressing VASP. This
analysis demonstrated that PA-GFP-actin is captured in the cyto-
plasm more efficiently in cells expressing mDia1-FH1-FH2, likely in
the form of filaments, which are 2.25 times more abundant in these
cells than in cells overexpressing VASP (Figure 2). Of most impor-
tance, a clear negative correlation was observed between extent of
actin immobilization in the activation region 15 s postactivation and
rate of lamellipodium protrusion (Figure 6C, right), showing that ef-
fects on protrusion can be deduced by the amount of actin remain-
ing associated with the cytosolic compartments and suggesting that
its delayed transport directly affects the efficiency of protrusion.

Note that in this set of experiments, activation regions in cells
expressing mDia1-FH1-FH2 were chosen to be larger on average
than in VASP-overexpressing cells to ensure that the strong reduc-
tion in actin incorporation in the lamellipodium (Figure 6B) is not
caused by reduced generation of activated actin monomer. How-
ever, repeating these experiments with activation regions compa-
rable in size and with all five overexpression constructs used here
plus mCherry alone as control confirmed three important points.
First, the differences observed between VASP and mDial-FH1-
FH2 in Figure 6 were largely independent of the activation region
used (Supplemental Figure S9). Second, both kinetics of actin
monomer incorporation at the lamellipodium tip and loss from the
activation region followed a pattern that nicely correlated with ac-
tin-based protrusion and rates of actin network polymerization.
Finally, both kinetic parameters of photoactivated actin were highly
similar for cells overexpressing mCherry-tagged VASP or mCherry
as control (Supplemental Figure S9). Average sizes and distances
of activation regions to the lamellipodium tip for each construct
are given in Supplemental Figure S9C.

Finally, we measured diffusion of PA-GFP-actin through cytosolic
regions outside the spot of activation and at variable distances from
it (Supplemental Figure S10, left). Consistently, VASP-overexpress-
ing cells had a much higher mobility of PA-GFP-actin in cytoplasm
than mDia1-FH1-FH2 overexpressors (Supplemental Figure S10,
right). In regions close to the activation spot, PA-GFP-actin intensi-
ties were high at early time points after activation in VASP overex-
pressors but declined rapidly with time, whereas mDia-FH1-FH2
overexpressors displayed a much more homogeneous intensity of
PA-GFP-actin during the time course after activation, with lower in-
tensities than in VASP overexpressors at earlier time points after ac-
tivation and higher intensities at later time points, likely because
PA-GFP-actin was captured more efficiently in these cells. Of inter-
est, in regions fairly distant from the activation region, PA-GFP-actin
intensities in mDia1-FH1-FH2 overexpressors did not exceed those
observed in VASP overexpressors, at least during the time course of
analysis (Supplemental Figure S10, bottom right), indicating that, as
opposed to a region close to the activation spot, actin monomer
was less likely to reach those distantly located regions and incorpo-
rate into the actin structures at these sites before being distributed
throughout the entire cell.

Collectively the data confirm reduced average diffusion and mo-
bility of actin in cells overexpressing mDia1-FH1-FH2 compared
with controls or to cells overexpressing VASP (Figure 6 and Supple-
mental Figure S9) and show clear correlations at the individual cell
level between cytosolic actin mobility and effectiveness of protru-
sion, which strictly depended on actin network polymerization in
these experiments. That reduced mobility in the cytosol directly af-
fected the incorporation of PA-GFP-actin into the lamellipodium
was confirmed again by correlation analysis (Supplemental Figure
S11), as expected, strongly suggesting that excess cytosolic F-actin
content generated by mDia1-FH1-FH2 overexpression captures and
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thus immobilizes actin monomer required at the cell periphery for
effective protrusion.

Effects of formin construct and VASP overexpression
in 3T3 fibroblasts
To confirm the general relevance of our results obtained in B16 cells,
we performed a number of experiments in the commonly used and
generally available cell line NIH-3T3. In these fibroblasts, overex-
pression of all constructs reduced rates of lamellipodial protrusion
(Supplemental Figure S12A) and actin network polymerization (Sup-
plemental Figure S12B) compared with EGFP-alone—overexpressing
controls, with VASP being the least effective and mDia1-FH1-FH2
being the most effective of the panel of constructs (Figure 1A and
Supplemental Figure $12), as observed in B16-F1 cells. Moreover,
these effects correlated well with induction of actin polymerization
in lamellipodium versus cytoplasm (Supplemental Figure S13, Aand
B). Consistent with observations in B16-F1 melanoma cells, we
found clear induction of cytosolic actin filaments in particular with
those constructs reducing protrusion most efficiently (Supplemental
Figure S13). Induction of actin assembly in the lamellipodium by
overexpression of each construct was generally less strong in NIH-
3T3 fibroblasts than in B16-F1 cells (compare Figure 2B and Supple-
mental Figure S13B, column 3), and less homogeneous, but again,
we found a reasonably consistent correlation between reduction of
protrusion induced by each construct and reduction of the ratio of
lamellipodial to cytoplasmic F-actin (Supplemental Figure S13D).
We thus conclude that effects on actin dynamics observed by the
panel of overexpression constructs are largely conserved mechanis-
tically between mouse melanoma and NIH-3T3 fibroblasts.

DISCUSSION

In this study, we used a gain-of-function approach to explore func-
tional relationships between protrusion efficiency of the lamellipo-
dium and extent of actin polymerization stimulated at these sites, as
well as in ectopic cellular regions such as the cytoplasm. We were
fortunate to find a set of constructs that affected protrusion and ac-
tin polymerization rate to a highly distinctive extent, making it pos-
sible for the first time to directly address the relevance of lamellipo-
dial versus cytoplasmic actin assembly and specificity for the
efficiency of lamellipodia protrusion. It had been commonly as-
sumed that specific actin assembly factors such as Ena/VASP family
members or formins (e.g., FMNL2) promote elongation of specific
filaments within lamellipodia and thereby accelerate rates of lamel-
lipodial protrusion (Krause and Gautreau, 2014). In this simplified
but reasonably comprehensive scenario, protrusion rates would be
balanced by two main activities: Arp2/3-dependent branching,
which generates highly dense, stiff networks protruding slowly, and
actin filament elongation by Ena/VASP family members and/or
formins, promoting less branched, more loosely organized networks
protruding rapidly. This hypothesis is consistent, for instance, with
the previously observed linear dependence on protrusion rate of
EGFP-VASP accumulation at the lamellipodium tip (Rottner et al.,
1999) and the observation of highly ruffling and labile lamellipodia
in cells in which Ena/VASP family members were experimentally tar-
geted to the plasma membrane through CAAX targeting (Bear
et al., 2000). Note, however, that Ena/VASP sequestration at the
plasma membrane by CAAX targeting is not necessarily functionally
equivalent to the simple tuning of Ena/VASP levels by loss-of-func-
tion approaches or overexpression of wild-type Ena/VASP protein
(see later discussion). Moreover, loss of the formin FMNL2 reduced
protrusion efficiency (Block et al., 2012), but it was unclear whether
this was indeed due to reduced rates of actin network polymerization
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as proposed or to other reasons. Indeed, in a more recent, comple-
mentary study, we established that loss of FMNL2 and its close rela-
tive FMNL3 in migrating cells compromises protrusion and migra-
tion efficiency without affecting rates of lamellipodial actin network
polymerization (Kage et al., 2017). Moreover, none of the previous
experiments assessed the direct effects of Ena/VASP family or for-
min overexpression on protrusion efficiency and other parameters
of lamellipodia function, such as rates of actin network polymeriza-
tion or lamellipodial Arp2/3 complex incorporation, as performed
here.

Taking seriously the model of antagonizing activities of branch-
ing versus actin filament elongation promoting, respectively, stable
and slow versus labile and fast protrusion, one would propose that
shifting the balance of activities toward actin filament elongation by,
for example, overexpressing actin filament elongators should de-
crease branching and increase protrusion rate. However, none of
these assumptions turned out to be correct. In essence, the panel of
overexpression constructs analyzed here uncovered three major
surprises.

First, it appears to be impossible to increase protrusion efficiency
by increasing levels of actin filament assembly factors, irrespective
of whether these assembly factors harbor an intrinsic lamellipodial
localization activity or are “designed” to accumulate at the lamelli-
podium tip. Instead, overexpression of full-length VASP or FMNL2
formin, as well as of various truncated formin variants, invariably in-
creased lamellipodial F-actin content, at least in B16-F1 cells, with-
out increasing rates of lamellipodial protrusion, which by definition
depend on the rate of actin polymerization (Small et al., 2002;
Pollard and Borisy, 2003). In fibroblasts, induction of lamellipodial
actin filaments appeared more stringently connected to the princi-
pal capability of localization of the respective construct to the lamel-
lipodium tip (Figure 1B, Supplemental Figure S13B, and unpub-
lished data), with reasons for the modest differences in this context
between B16-F1 and fibroblasts being unclear. Of greater impor-
tance, however, and fully consistent in both cell types, none of the
constructs was capable of increasing the speed of protrusion or of
polymerization of the lamellipodial actin networks. Hence, in spite
of VASP levels linearly accumulating with protrusion and thus actin
polymerization rate and FMNL2 formin or FMNL2/3 double knock-
down reducing the speed of lamellipodium protrusion (Block et al.,
2012; Kage et al., 2017), increasing VASP or FMNL2 levels does not
cause an increase of protrusion of respective lamellipodial networks.
These data suggest that rates of lamellipodial protrusion and actin
network polymerization are less directly controlled by and perhaps
separable from the direct activities of actin assembly factors posi-
tioned at the interface between lamellipodium network and plasma
membrane. It is likely, for instance, that increase of actin assembly
factors at the lamellipodium tip increases actin nucleation and/or
elongation at the tip, but this alone is not sufficient to increase the
protrusion and rate of actin polymerization of the entire network.
Such a scenario would also be consistent again with FMNL2/3 loss-
of-function phenotypes, reflecting cells protruding more slowly and
less efficiently due to their harboring reduced quantities of lamelli-
podial actin filaments and bundles in spite of unchanged rates of
actin network polymerization (Kage et al., 2017).

Second, all constructs examined in the context of B16-F1 lamel-
lipodia had either no detectable effect on protrusion and lamellipo-
dial actin network polymerization or decreased these parameters to
variable extents. This was seen in spite of a significant but almost
invariable increase, for the constructs used, of lamellipodial actin
filament density (between 2.07- and 2.27-fold, depending on con-
struct, and compared with lamellipodia of nontransfected cells). In
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fibroblasts, results were slightly more variable in extent, in particular
concerning the induction of lamellipodial actin filaments by distinct
constructs (see earlier discussion), but followed the same trend of
reducing protrusion to an extent that depended on the construct
used, with VASP being least and mDia-FH1-FH2 most effective. In
both cell types, the amount of cytosolic actin filaments generated in
the various overexpression conditions was much more relevant for
protrusion than the extent of lamellipodial actin polymerization.

Third, in spite of previous data suggesting actin monomer con-
centrations in migrating B16-F1 melanoma cells to be in the 100 uM
range, appearing incompatible with actin concentrations being rate
limiting for assembly (Koestler et al., 2009), we show here that con-
ditions that favor excess cytosolic over lamellipodial actin assem-
bly—for example, by overexpressing mDia1-FH1-FH2—delay actin
monomer translocation to the cell periphery and coincide with actin
monomer being captured in nonprotrusive, cytosolic compart-
ments. We propose that this “nonproductive capture” is causative
for the experimentally induced reduction of actin assembly-depen-
dent protrusion at the cell periphery. In conclusion, the data pre-
sented here collectively suggest that productive protrusion requires
the coordination of both lamellipodial actin assembly and cytosolic
actin filament disassembly and that the availability of polymerizable
actin monomer in cells determines rates of lamellipodial actin net-
work polymerization rather than the biochemical activities of actin
assembly factors residing at lamellipodia tips. The latter factors, ex-
emplified by the activity of FMNL-subfamily formins, are crucial in-
stead for actin assembly at the individual filament level, because
their removal from lamellipodia reduced (Kage et al., 2017) and their
overexpression enhanced lamellipodial actin filament densities in a
way that was separable from the effects of both treatments on
protrusion.

MATERIALS AND METHODS
Cell culture, coverslips, and transfections
B16-F1 mouse melanoma cells (CRL-6323; American Type Culture
Collection, Manassas, VA) were grown in DMEM and 4.5 g/l glu-
cose (Life Technologies, Thermo Fisher Scientific, Germany) with
10% fetal calf serum (FCS; PAA Laboratories, Linz, Austria), 2 mM
glutamine (Life Technologies), and 5000 U/ml penicillin-strepto-
mycin (Life Technologies) at 37°C and 7% CO,. NIH-3T3 mouse
fibroblast cells were grown in DMEM and 4.5 g/l glucose (Life
Technologies) supplemented with 10% FBS (054M3396; Sigma-
Aldrich, Taufkirchen, Germany), 2 mM glutamine (Life Technolo-
gies), T mM sodium pyruvate (Life Technologies), 1% 100x Mini-
mum Essential amino acids (Life Technologies), and 5000 U/ml
penicillin-streptomycin (Life Technologies) at 37°C and 7% CO,.
Cells were transfected with 200 ng of vector DNA (as indicated)
using JetPei (Polyplus Transfection, lllkirch, France) or peqFECT
(Peglab, VWR Life Science, Germany) transfection reagents.
B16-F1 cells were plated onto acid (HCl)-washed glass coverslips
coated with 25 pg/ml laminin (L-2020; Sigma-Aldrich) in 50 mM Tris,
pH 7.4, and 150 mM NaCl before fixation or videomicroscopy. The
12-mm-diameter coverslips were coated with 150 pl of laminin solu-
tion for 1 h, followed by washing with phosphate-buffered saline
(PBS).

DNA constructs

pPUR vector mediating puromycin resistance for selection of trans-
fected B16-F1 cells was purchased from Clontech (Mountain View,
CA). EGFP-tagged, full-length VASP and mRFP-Ruby- or EGFP-
tagged Lifeact, kindly provided by Roland Wedlich-Séldner
(University of Munster, Minster, Germany) were described in
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Carl et al. (1999) and Ried| et al. (2008), respectively. FMNL2-EGFP
was prepared as follows: a DNA fragment of human FMNL2B
protein (encompassing amino acid residues 1-1092) was amplified
by PCR from cDNA and ligated into EGFP-N1 vector using the
following forward and reverse primers containing Nhel and Sacll
restriction sites, respectively: 5-GAGGCTAGCATGGGCAACGCA-
GGGAGC A-3’ (forward) and 5"-GAGACCGCGGCATTGTTATTTC-
GGCA-3’ (reverse). EGFP-tagged FMNL2(8P)-C insert was sub-
cloned into an EGFP-C1 vector from an FMNL2(8P)-C construct
encompassing amino acid residues 566-1092 of FMNL2-B (isoform
2) and described previously (Block et al., 2012), using the following
forward and reverse primers containing Sall and Sacll restriction
sites, respectively: 5-ATAGTCGACCCACCTCCCCCACCGCC-3’
(forward) and 5-GCTCCGCGGTCACATTGTTATTTCGG-3’ (reverse).

For generation of EGFP-tagged FMNL1-FH1-FH2, a DNA frag-
ment of human FMNL1 protein (encompassing amino acid residues
525-1040, which lacked the unstable, proline-rich region corre-
sponding to residues 589-612) was amplified by PCR from cDNA
using primers 5-GAGGAATTCAGCCCTTCTCCTGATCTG-3" (for-
ward) and 5-GAGGGATCCGGTCGCTCTCGTAGATCA -3’ (reverse)
and ligated into EGFP-C2 vector with EcoRI and BamH| restriction
enzymes. For generation of mDia1-FH1-FH2, a DNA fragment en-
coding for amino acids 557-1166 of murine mDia1 but lacking the
repetitive sequence corresponding to residues 667-679 was ampli-
fied and cloned into EGFP-C1 vector using the following forward
and reverse primers containing Bglll and Sall restriction sites, respec-
tively: 5-GAGAGATCTGCTGTGGTTGTTGCACCTTC-3" (forward)
and 5-GAGGTCGACCGCTTCTGCTGCTTCTCCAG-3’ (reverse).

Constructs used in Supplemental Figure S2 were generated as
follows: for EGFP-FMNL2-FH2 construct, a DNA fragment of human
FMNL2 isoform 2 (encompassing amino acid residues 616-1026)
was amplified by PCR from cDNA using primers 5-GAGAGTCGA-
CATCAAAAAGCCCATC-3’ (forward) and 5-GAGACCGCGGCTA-
TTGCTGCTGCCTC-3’ (reverse) and ligated into EGFP-C1 vector
with Sall and Sacll restriction enzymes.

For the EGFP-FMNL2-L40aa-FH2 construct, a DNA fragment of
human FMNL2 isoform 2 (encompassing amino acid residues 576~
1026) was amplified by PCR from cDNA using primers 5-GAGA-
GTCGACGGGCCCGCAGCTGAG-3" (forward) and 5-GAGACC-
GCGGCTATTGCTGCTGCCTC-3" (reverse) and ligated into
EGFP-C1 vector with Sall and Sacll restriction enzymes.

For the EGFP-FMNL2-L40aa-FMNL1-FH2 construct, a DNA frag-
ment of human FMNL2 isoform 2 (encompassing amino acid
residues 576-615) was amplified by PCR from cDNA using primers
5"-GAGAGTCGACGGGCCCGCAGCTGAG-3’ (forward) and 5-GAT-
GGGCTTCTTGGCCTTCACGGCTGCCAGG-3" (reverse). A DNA
fragment of human FMNLT isoform 1 (encompassing amino acid
residues 632-1040) was amplified by PCR from cDNA using primers
5-CCTGGCAGCCGTGAAGGCCAAGAAGCCCATC-3"  (forward)
and 5-GAGACCGCGGCTACATCTGTGGCCGTCTGGC-3’ (reverse).
Both fragments were aligned by overlap extension PCR, and the
resulting larger fragment was ligated into EGFP-C1 vector with Sall
and Sacll restriction enzymes.

For the EGFP-FMNL1-L40aa-FMNL2-FH2 construct, a DNA frag-
ment of human FMNL1 isoform 1 (encompassing amino acid resi-
dues 592-631) was amplified by PCR from cDNA using primers
5-GAGAGTCGACCCACCTCCACCTGGC-3’ (forward) and 5-TGAT-
GGGCTTTTTGATCTTCACGCCTGGTCCCA-3" (reverse). A DNA
fragment of human FMNL2 isoform 2 (encompassing amino acid
residues 616-1026) was amplified by PCR from cDNA using primers
5-TGGGACCAGGCGTGAAGATCAAAAAGCCCATCA-3" (forward)
and 5-GAGACCGCGGCTATTGCTGCTGCCTC-3" (reverse). Both

1322 | G.Dimchevetal.

fragments were aligned by overlap extension PCR, and the resulting
larger fragment was ligated into EGFP-C1 vector with Sall and Sacll
restriction enzymes.

mCherry-tagged versions of the aforementioned constructs were
generated by replacing EGFP in EGFP-C backbone vectors (Clon-
tech) containing the respective inserts with mCherry using Nhel and
BsrGl restriction enzymes.

mCherry-Lifeact was made by PCR-amplifying the cDNA se-
quence of mCherry (236 amino acid residues) using primers 5’-AC-
GGGATCCATTAAGCTTGCCACCATGG-3" (forward) and 5-CGT-
TATGCGGCCGCTTGTACAGCTCGTCC-3"  (reverse) containing
BamHI and Notl restriction sites, respectively, and replacing it for
mRFPruby in Lifeact-EGFP-N1-mRFPruby vector (Riedl et al., 2008)
using BamHI and Notl restriction enzymes.

pEGFP-actin was purchased from Clontech, and PA-GFP-actin
was as described (Koestler et al., 2008).

Immunofluorescence and phalloidin staining

For all fixations, solutions were prewarmed to 37°C. For staining,
B16-F1 cells were washed with PBS, preextracted with 0.1% Triton
X-100 in PBS for 1 min, and fixed with 4% paraformaldehyde in PBS
for 20 min. For immunostaining, cells were blocked with 5% horse
serum in 1% bovine serum albumin/PBS and then stained with anti-
bodies and embedded into mounting medium following standard
procedures.

Fluorescence intensities of lamellipodial components such as ac-
tin and p16A/ArpC5A (Clone 323H3; Olazabal et al., 2002) were
determined by defining a region restricted to the lamellipodium
and a larger, extracellular region (defined as background). Average
pixel intensities in background regions were subtracted from aver-
age intensities in lamellipodial regions. Subtracted fluorescence in-
tensities in lamellipodial regions of cells overexpressing various
GFP-tagged constructs are presented as the percentage of the sub-
tracted lamellipodial fluorescence intensities of GFP-negative cells
within the same microscopic field of view. Obtained values from at
least three independent experiments are averaged and represented
as bar plots. Alexa Fluor 594-conjugated goat anti-mouse second-
ary antibody and Alexa Fluor 594—conjugated phalloidin were pur-
chased from Invitrogen (now Thermo Fisher Scientific, Germany).
For phalloidin staining, B16-F1 cells were transfected with constructs
as indicated and fixed 2 d posttransfection, and F-actin intensity
values were measured both in cytosol and lamellipodia with ImageJ
software v1.46ér (http://imagej.nih.gov/ij/).

Images of fluorescently labeled cells were generated essentially
as described (Steffen et al., 2013) using 40x/1.3 numerical aperture
(NA) Plan Apochromat, 63x/1.4 NA Plan Apochromat, or 63x/1.25
NA Plan Neofluor oil objectives.

Live-cell imaging (phase contrast and epifluorescence)
B16-F1 cells seeded on glass coverslips were observed in an open
heating chamber (Warner Instruments, Hamden, CT) with a heater
controller (TC-324 B, SN 1176) at 37°C. Cells were maintained in
microscopy medium (Ham's F-12  4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid-buffered medium; Sigma-Aldrich) including
10% FCS (PAA Laboratories), 2 mM glutamine, and 5000 U/ml pen-
icillin-streptomycin (both Life Technologies).

Time-lapse microscopy was performed on an inverted Axio
Observer (Carl Zeiss, Jena, Germany) equipped with an automated
stage, a DG4 light source (Sutter Instrument, Novato, CA) for epi-
fluorescence illumination, a VIS-LED for phase contrast imaging,
and a CoolSnap-HQ2 camera (Photometrics, Tucson, AZ), driven by
VisiView software (Visitron Systems, Puchheim, Germany). For some
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experiments, an inverted microscope (Axiovert 100 TV; Carl Zeiss)
was used, equipped with an HXP 120 lamp for epifluorescence illu-
mination, a halogen lamp for phase-contrast imaging, and a Cool-
Snap-HQ2 camera, as well as electronic shutters driven by Meta-
Morph software (Molecular Devices, Sunnyvale, CA) for image
acquisition. Verification of protein expression of EGFP or mCherry-
tagged overexpression constructs was done using standard epifluo-
rescence imaging.

Determination of rates of lamellipodium protrusion
Lamellipodium protrusion at 2 d posttransfection was determined
based on kymographs generated from time-lapse movies as fol-
lows: lamellipodia of B16-F1 cells were recorded over at least 5 min,
acquiring images every 15 s. Kymographs were generated using
MetaMorph software by manually drawing lines from inside the cell
and across the lamellipodium. Corresponding regions from each
time point of a time-lapse series were pasted next to each other
along the x-axis. Protrusion rates were determined by measuring
advance of lamellipodia tips (y-axis) over time (x-axis). Time-lapse
images for generation of kymographs for protrusion assays were
obtained with 63x/1.4 NA Apochromat or 63x/1.25 NA Neofluor
Plan oil objectives. Average values of lamellipodial protrusion rates,
as shown in Figure 1C, are represented as percentage of the aver-
age protrusion rate of control EGFP-C1 blank vector-overexpress-
ing cells, which were measured in parallel and used as a reference
for each experiment.

Determination of rates of lamellipodial width and actin
network polymerization

Actin assembly rate is defined as the sum of actin retrograde flow
and protrusion of the corresponding lamellipodium tip for a given
time period. Actin assembly rates in lamellipodia of B16-F1 cells
were determined after co-overexpression of various EGFP- or
mCherry-tagged constructs as indicated with either mCherry-Lifeact
or EGFP-Lifeact coexpression, respectively. Distances traveled by
fluorescence inhomogeneities within the actin meshwork over time
were measured as cells protruded, allowing for calculation of lamel-
lipodial actin polymerization rates. Live-cell images in these experi-
ments were acquired using 100x/1.4 NA Plan apochromatic or
100x/1.3 NA Plan Neofluar oil objectives.

Width of respective lamellipodia was measured in cells co-over-
expressing various EGFP- or mCherry-tagged constructs as indi-
cated, again with the respective other fluorescent marker tagged to
Lifeact, allowing for visualization of the lamellipodial actin mesh-
work. Lines crossing the width of lamellipodia from its tip to lamella
were manually drawn for each cell and measured in MetaMorph
software.

Photoactivation of fluorescently tagged actin

For photoactivation of actin, B16-F1 cells were cotransfected with
human B-actin tagged to PA-GFP (Patterson and Lippincott-
Schwartz, 2002) and either mRuby-Lifeact (for Figure 5; not shown in
Figure 5B) or mCherry-tagged versions of either VASP full-length or
mDia1-FH1-FH2 (for Figure 6 and Supplemental Figures S3 and S4).
FRAP experiments were carried out essentially as described (Steffen
et al., 2014) on an inverted Axio Observer equipped with DG4
light source (Sutter Instrument) for epifluorescence illumination, a
CoolSnap-HQ2 camera driven by VisiView software (2.1.0), and a
photomanipulation device (Visitron Systems). PA-GFP-actin was
photoactivated in selected regions with the 2D-VisiFRAP Realtime
Scanner, using ~3- to 15-mW output power of an acousto-optical
tunable filter—controlled 405-nm diode laser (settings: 10-pixel laser
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beam diameter, 1 ms FRAP time/pixel), estimated to give an activa-
tion time of between 300 and 600 ms. Activation was routinely initi-
ated by manual trigger immediately during image acquisition.
Frame rates were 0.33 Hz for the time-lapse recordings shown in
Figure 5 and 0.75 Hz in all other experiments. Red/green dual-chan-
nel imaging was performed in the experiment in Figure 5 (red chan-
nel not shown in Figure 5B) and PA-GFP-actin imaging alone in all
other experiments. Expression of mCherry-tagged VASP full-length
or mDia1-FH1-FH2 was confirmed by individual images before and
after time-lapse recordings for each cell. Images were acquired with
a 100x/1.4 NA Plan apochromatic oil immersion objective, except
for images in Figure 5, which were done with a 63x/1.4 NA Plan-
Apochromat objective.

To analyze the reduction of cytosolically photoactivated actin
within photoactivated regions over time, a region encompassing
the photoactivated cytosolic region was manually drawn on Meta-
Morph software, and fluorescence intensities in this region were
recorded for each frame. GFP-actin intensities over time were ex-
pressed as average percentage of the intensity of the same region
at time 0 of photoactivation, which corresponded to 100% for
each cell.

To analyze the incorporation of cytosolically photoactivated
actin into lamellipodia, average pixel intensities in two separate
regions were measured: 1) the cytosolically photoactivated region
and 2) a lamellipodial region of ~1 pm width and 10 pm length
constantly repositioned on the leading edge of lamellipodia dur-
ing protrusion. Incorporation of photoactivated GFP-actin over
time in the lamellipodium was expressed as percentage of the
intensity of the cytosolic activation region at time O of photoacti-
vation. For each cell, both lamellipodial fluorescence intensities
and those of cytosolically photoactivated regions were normal-
ized to their respective intensity values at the last frame before
photoactivation.

Analysis of cytosolic dispersion of photoactivated actin was per-
formed as follows: average pixel intensities were determined for the
cytosolic activation region and a panel of regions each measuring
13.15 pm? in area and consecutively positioned distally from the
activation region, collectively encompassing an average distance of
~10.5-11 pm in length (Supplemental Figure S3). Photoactivatable
actin incorporation in each of the three regions for each time point
is expressed as percentage of the intensity of the photoactivated
region at time 0 of photoactivation.

All average intensities were corrected for background regions
outside of the cell measured with MetaMorph 7.8.10 and processed
with Microsoft Excel 2010 (Microsoft, Redmond, WA).

Quantification of total actin protein levels in EGFP-tagged
constructs by Western blotting

Protein lysates for Western blots (shown in Supplemental Figure
S5) were prepared as follows: B16-F1 cells were transfected over-
night with the respective EGFP-tagged constructs or EGFP-C1
vector as control. Nontransfected cells were eliminated by incuba-
tion for 24 h in B16-F1 cell culture medium containing 2.5 pg/ml
puromycin (Sigma-Aldrich). At 24 h later, cells were washed three
times with ice-cold PBS and lysed with lysis buffer containing
50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
and Complete mini EDTA-free Protease Inhibitor Cocktail (Roche).
Lysates were mixed thoroughly and protein amounts quantified
(without prior centrifuging) using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Protein amounts were adjusted to 30 pg
for each sample before addition of 8x SDS loading buffer in a 1:1
volume ratio. Samples were syringed several times through a
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27-gauge needle and boiled for 10 min at 95°C. Western blotting
was done according to standard procedures and using the follow-
ing primary antibodies and concentrations: 1:10,000 mouse mono-
clonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
6C5; Calbiochem, Merck Millipore, Germany) and 1:1,000 mouse
monoclonal anti-actin (clone AC-40, A3853; Sigma-Aldrich). Pro-
teins from 10% acrylamide gels were transferred onto polyvinyli-
dene fluoride (PVDF) membranes and exposed using Intas ECL
Chemical imager (Intas Science Imaging, Gottingen, Germany).
Intensity quantifications of protein bands of exposed membranes
were performed on ImageJ v1.46r. Identical rectangular regions
were drawn around protein bands of interests, and actin protein
amounts were normalized to external background and respective
GAPDH controls.

Immunoprecipitations

Ectopically expressed EGFP-tagged FMNL2-FH2 (Supplemental
Figure S2) was immunoprecipitated using GFP-Trap_A (Chro-
moTek). After overnight transient transfection, confluent B16-F1
cells were lysed using IP buffer (140 mM KCI, 50 mM Tris-HClI,
pH 7.4, 50 mM NaF, 10 mM Na4P,07, 2 mM MgCly, 1% Triton
X-100, and a Mini Complete Protease Inhibitor Pill [Roche]). Ly-
sates were centrifuged at 20,000 x g for 15 min at 4°C and mixed
with SDS sample buffer. Bead slurry was washed with IP buffer
lacking Triton X-100 and centrifuged at 2500 x g for 2 min at 4°C.
Cell lysates were then added to the beads and incubated under
constant mixing for 1 h at 4°C. After another centrifugation
(2,500 x g, 2 min, 4°C), supernatants were incubated with sample
buffer and defined as control for unbound, EGFP-tagged pro-
teins. Beads were washed with IP before addition of SDS sample
buffer. All samples were boiled at 95°C for 5 min and proteins
blotted onto PVDF membranes (Immobilon). Anti-actin antibody
(clone AC-40, A3853; Sigma-Aldrich) was used to confirm coim-
munoprecipitation of actin with EGFP-tagged bait. Ponceau S
stain for general protein staining of membranes was purchased
from Sigma-Aldrich.

Data processing and statistical analyses

Brightness and contrast levels were adjusted using MetaMorph soft-
ware v7.7.8.0. Images were further processed for figure preparation
using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA). Line
scans in Supplemental Figure ST were generated using the line
scan function in MetaMorph software v7.7.8.0. Final figures were
assembled with Photoshop CS4 or Adobe lllustrator CS4 (Adobe
Systems). Data analyses were carried out in ImageJ and MetaMorph,
Microsoft Excel 2010, and Sigma plot 12.0 (Systat Software, Erkrath,
Germany). Data sets were compared using Mann-Whitney rank sum
test or Spearman rank order correlation test (Sigma plot 12.0). Prob-
ability of error of 5% or less (*p < 0.05) was considered statistically
significant.
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