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The Arp2/3 complex generates branched actin filament networks operating in cell edge

protrusion and vesicle trafficking. Here we employ a conditional knockout mouse model

permitting tissue- or cell-type specific deletion of the murine Actr3 gene (encoding Arp3).

A functional Actr3 gene appeared essential for fibroblast viability and growth. Thus, we

developed cell lines for exploring the consequences of acute, tamoxifen-induced Actr3

deletion causing near-complete loss of functional Arp2/3 complex expression as well

as abolished lamellipodia formation and membrane ruffling, as expected. Interestingly,

Arp3-depleted cells displayed enhanced rather than reduced cell spreading, employing

numerous filopodia, and showed little defects in the rates of random cell migration.

However, both exploration of new space by individual cells and collective migration were

clearly compromised by the incapability to efficiently maintain directionality of migration,

while the principal ability to chemotax was only moderately affected. Examination

of actin remodeling at the cell periphery revealed reduced actin turnover rates in

Arp2/3-deficient cells, clearly deviating from previous sequestration approaches. Most

surprisingly, induced removal of Arp2/3 complexes reproducibly increased FMNL formin

expression, which correlated with the explosive induction of filopodia formation. Our

results thus highlight both direct and indirect effects of acute Arp2/3 complex removal

on actin cytoskeleton regulation.

Keywords: F-actin branching, lamellipodium, filopodium, migration, chemotaxis, F-actin turnover, cell division,

nuclear envelope breakdown

INTRODUCTION

Actin filament (F-actin) assembly and turnover in cells is tightly regulated by various actin
monomer and filament binding proteins, with diverse functions. The generation of actin filaments
de novo is referred to as nucleation, a complex process that received increasing attention over
the past two decades (Campellone and Welch, 2010; Dominguez, 2010; Rottner et al., 2017).
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FIGURE 7 | Arp2/3 complex contributes to, but is not essential for chemotaxis. (A) Trajectory plots of control (DMSO/EtOH)- and tamoxifen-treated MEFs (Actr3fl/fl

clone Arp3.19) migrating toward a gradient of 2.5% serum and 100 ng/ml HGF. Data obtained from time-lapse microscopy (20 h) followed by manual tracking of cells

in three independent experiments. (B) Rose plots with each 10◦ segment showing the frequency of migratory tracks in that particular direction. Note that both

DMSO/EtOH- and tamoxifen-treated fibroblasts migrate toward the given gradient with increased frequencies. (C) Forward migration index (FMI) obtained from the

two experimental conditions. The FMI is defined as displacement of the cell in the direction of the gradient divided by the total distance migrated. Again,

Arp3-depleted fibroblasts display a slightly impaired directional persistence. (D) Quantification of rates of chemotactic migration. Velocity of chemotactic migration of

Arp3-depleted cells is reduced to an extent similar to that observed in directed, wound healing migration assays. Box and whiskers plots in (C,D) were as described

for Figure 4B. Statistics: Non-parametric Mann-Whitney rank sum test (***p < 0.001).

these experiments, active FMNL3, which can promote actin
filament nucleation independent of Arp2/3 complex in vitro,
prominently induced the formation of filopodia with club-shaped

appearance (Kage et al., 2017), a feature that had previously
also been attributed to active actin filament nucleation in cells
(Yang et al., 2007; Block et al., 2008). Interestingly, FMNL3
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FIGURE 8 | Arp2/3 complex removal alters focal adhesion patterns. (A) Representative images of fibroblasts (clone Arp3.19) with or without tamoxifen treatment and

stained with anti-vinculin antibodies. A binarized threshold was applied to these stainings in order to facilitate automated analysis of adhesion numbers and sizes

within distinct regions of interest (yellow outlines, defined manually). Note the exclusion of the cell center and perinuclear area due to the lack of staining resolution in

these areas. (B) Calculation of adhesion number/cell, (C) adhesion number/cell area and (D) adhesion size were all based on data obtained from three independent

experiments as described in (A). Box and whiskers plots were as described for Figure 4B. n = total number of cells analyzed. Statistics were performed utilizing the

non-parametric Mann-Whitney rank sum test (***p < 0.001). Note that Arp3-deficient cells display more adhesions that are also bigger in size than Arp3-expressing

controls. However, the adhesion number per cell area is reduced upon acute Arp2/3 complex removal as compared to control cells.

knockdown was recently also found to suppress filopodia
formation in U2OS osteocarcoma cells (Young et al., 2018).
In a screen for potentially compensatory upregulation of
prominent actin binding proteins, both FMNL2 and FMNL3
appeared significantly enhanced in expression upon induced
Arp3 suppression (Figures 9A,B). Since tamoxifen-induced
Arp3 depletion clearly increased cell edge complexity, with
numerous, small, concave-shaped regions at the cell periphery
(Figure 2A and Supplementary Figure 12A), and strongly-
increased filopodia numbers (Supplementary Figure 12B), we
asked whether RNAi-mediated depletion of induced FMNL
formins would revert these effects. First, we confirmed the
efficiency of combined FMNL2 and−3 knockdown with
and without tamoxifen treatment (Figure 9C). Knockdown
efficiencies appeared admittedly moderate in these conditions.
However, quantifications revealed a relative suppression of
expression by 56.5 and 22.7% for FMNL2 and−3, respectively,
in control cells, and by 45.3 and 36.6% upon Arp3-KO. For
filopodia quantification, we chose conditions in which filopodia
numbers were maximal, which was the case during spreading
(Figures 9D,E). Interestingly, filopodia numbers seen in the
presence of Arp2/3 complex in these conditions, were not affected
by FMNL2/3 knockdown (for quantification see Figure 9E), but
the increase in filopodia numbers effected by Arp3 removal

appeared abolished (Figure 9E). Significantly, FMNL2/3 RNAi
also strongly interfered with the spreading increase induced by
Arp3 removal in these experiments (Figure 9F), confirming the
conclusion that filopodia can indeed promote this process (see
above and Supplementary Video 1). We should emphasize that
additional actin polymerases have previously been implicated in
filopodia formation, foremost of all Ena/VASP family members
(Dent et al., 2007), although they are certainly not obligatory for
these structures (Damiano-Guercio et al., 2020). It is tempting
to speculate that during spreading in the presence of Arp2/3
complex, Ena/VASP proteins are more relevant for the formation
of the filopodia formed under these conditions than FMNL2/3
proteins. Interestingly, the Ena/VASP members VASP and Mena
were also found to be upregulated in expression in a previous
Arp2/3-KO model (Rotty et al., 2015), and we were able to
confirm this for VASP upon induced Arp3 removal here (data
not shown). Thus, the precise relative contributions of both
FMNL formin and Ena/VASP families to filopodia formation
in the presence or absence of Arp2/3 complex remains to
be established in the future. Notwithstanding this, we show
here that FMNL formin upregulation has clear effects on
the changes of features of protrusion and cell morphology
seen upon acute Arp3 removal (Figure 9). In spread cells of
regular cultures, filopodia formation was virtually absent in
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FIGURE 9 | Acute Arp3 removal up-regulates FMNL formin expression enhancing filopodia formation and cell spreading. (A) Representative Western blot of Arp3 as

well as FMNL2 and FMNL3 protein levels in Actr3fl/fl clones with and without tamoxifen treatment, as indicated. GAPDH served as loading control. (B) Quantification

of FMNL2 and FMNL3 protein levels from Western blots as shown in (A). Bar charts display arithmetic means of FMNL2 and−3 protein levels normalized to GAPDH,

with each FMNL variant (shades of red) being presented as fold-change relative to its respective control (blue). Error bars represent SEMs; data obtained from at least

five independently generated cell extracts. Statistics were performed utilizing non-parametric Mann-Whitney rank sum test (***p < 0.001; ** <0.01). Note the

significant elevation of FMNL2 and−3 protein levels upon Arp3 suppression in all three clones. (C) Representative Western blot analysis of FMNL2 and FMNL3 protein

amounts in detergent-soluble extracts from DMSO/EtOH- and tamoxifen-treated Actr3fl/fl cells (clone Arp3.19) after co-transfection with RNAi plasmids individually

downregulating FMNL2 and FMNL3 expression or mock-plasmid as control, as indicated. Note the moderate but consistent reduction of FMNL2 and−3 protein levels

with and without tamoxifen-induced Arp3 depletion, as indicated (for quantification results see main text). (D) Representative phalloidin stainings of Actr3fl/fl cells

(clone Arp3.19) control or tamoxifen-treated, and combined with mock- or FMNL2/3-RNAi after 15min of spreading on fibronectin-coated coverslips. (E,F)

Quantification of filopodia formation (E) and spreading area (F) of cells as presented in (D); box and whiskers plots as described for Figure 4B. n = total number of

cells analyzed from three independent experiments. Statistics were performed utilizing non-parametric, Mann-Whitney rank sum test (***p < 0.001; ** <0.01; n.s. not

significant). Note that Arp3 knockout is accompanied by a pronounced increase in filopodia numbers that are reduced even below Arp3-treatment control levels upon

FMNL2/3 RNAi. In addition, the increase in tamoxifen-induced cell area upon 15min of spreading is also suppressed significantly by FMNL2/3 knockdown.

the presence of Arp2/3-complex, but the increase effected by
Arp3 removal was again almost entirely eliminated through
additional FMNL2/3 knockdown (Supplementary Figure 12B).

Alongside with this, cell edge complexity was also severely
reduced upon FMNL2/3 knockdown in Arp3-depleted cells, as
evidenced by a strong reduction of the numbers of concave
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FIGURE 10 | Arp3 depletion causes an increase of centrosome and nucleus numbers as well as nuclear deformation. (A,B) Representative fluorescence microscopy

images of Actr3fl/fl cells (clone Arp3.19) stained for the F-actin cytoskeleton with phalloidin (a), nuclei using DAPI (b) and γ-tubulin for centrosomes (c). Merged

images (d) display actin filaments in red, nuclei in blue and centrosomes in green. White rectangles in (d) mark regions of interest enlarged in (e) displaying

centrosomes, the quantification of which is illustrated in (f). (C,D) Box and whiskers plots (as described for Figure 4B) displaying numbers of centrosomes (C) or of

nuclei (D). For statistics, non-parametric, Mann-Whitney rank sum tests were used (***p < 0.001). (E) Analysis of nuclear morphologies. Cells were categorized

according to the morphological integrity of their nuclei (intact nuclei in gray; deformed nuclei in green), represented as a fraction of all cells analyzed in individual cell

populations. Results are depicted as stacked columns representing arithmetic means and SEMs from three independent experiments; non-parametric, Mann-Whitney

rank sum test for statistics (***p < 0.001), n = total number of cells analyzed in (C–E).

edges (Supplementary Figure 12C), which of course correlated
with an increased size of remaining concave edges upon
additional FMNL2/3 knockdown (Supplementary Figure 12D).
Furthermore, the impact of FMNL2/3 knockdown on the Arp3-
KO-induced increase of cell area was much less pronounced
in these spread cells (Supplementary Figure 12E) than during
early spreading (compare with Figure 9F), which can well
be explained by this parameter in already spread cells
being mostly derived from the Arp3-KO-triggered increase
in cell size.

Finally, spreading cells (15min) suppressed in expression
of both, Arp2/3 complex and FMNL2/3 displayed
severe defects in overall cell shape and actin filament
distribution at the cell periphery (Figure 9D bottom
right), nicely illustrated by SIM superresolution imaging
(Supplementary Figure 13 bottom right panel). Aside from
the apparent, massive induction of small, bleb-like structures,
both epifluorescence (Supplementary Figure 14A) and SIM
imaging (Supplementary Figure 14B) of Arp3-KO/FMNL2/3
knockdown cells revealed the frequent formation of distinct,
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oval-shaped regions of very low F-actin content. These regions,
likely mediating cell-substratum adhesion, did not coincide
with the shape of the nucleus (Supplementary Figure 15).
Most strikingly, however, 3D-projections of SIM imaging
data of control (Supplementary Video 3) vs. Arp3/FMNL2/3-
depleted cells (for representative examples without and with
nuclear staining see Supplementary Videos 4–6, respectively)
clearly revealed a drastic change of overall cell shape upon
interference with expression of both Arp3 and FMNL2/3
formins. Representatives of the latter treatment frequently
adopted the shape of thick disks during spreading instead of the
flat, cone-shaped cells observed in the control situation. The
physics behind this phenomenon requires further, thorough
investigation, including potential effects on stability and nature
of the actin cortex in these conditions (Bovellan et al., 2014).
Notwithstanding this, our data unequivocally show that the
drastic changes in cell morphology effected by acute Arp3
removal, e.g., the observed increase of the numbers of filopodia
or of concave regions formed along the cell edge, are to large
extent mediated by the induced upregulation of FMNL2/3
formin expression.

Acute Arp3 Removal Increases
Centrosome and Nucleus Numbers and
Causes Nuclear Deformation
As described above, we have been unable to generate clones of
immortalized fibroblast cell lines lacking Arp3. This suggested
that expression of Arp3 was essential for cell division or
perhaps cytokinesis. Indeed, Arp2/3 complex function has
previously been linked to proper cell division and mitotic
spindle formation (Plessner et al., 2019), perhaps through
actin-dependent tuning of centrosomal microtubule nucleation
(Farina et al., 2019), although it is already clear that Arp2/3
complex cannot be obligatory for cell division in all cell types
and conditions (Graziano et al., 2019). Here we found that
induced, acute Arp3 removal in fibroblasts causes dramatic
increase in average centrosome numbers from roughly
2 to >5 on average in interphase cells (Figures 10A–C,
Supplementary Figures 15, 16). Severe problems with
cytokinesis were also suggested by the increase of average
nuclei numbers observed in all three cell clones after acute
Arp3 reduction (Figure 10D). Finally, many nuclei appeared
swollen, fragmented or deformed, with frequent “budshape-
like” protrusions, which were very rarely seen in control
DMSO/EtOH-treated cells. In contrast, the percentage of cells
displaying at least one deformed nucleus was increased to
roughly 70–80% upon tamoxifen treatment, dependent on the
clone treated (Figures 10B,E). To what extent Arp2/3-dependent
actin assembly might contribute to nuclear envelope rupture
as previously established in starfish oocytes (Wesolowska
et al., 2020) and as pre-requisite for cells to enter metaphase
of mitosis, remains to be established in future studies.
Clearly, a potential, specific function in nuclear envelope
rupture and breakdown would at least be consistent with the
deformed nucleus phenotype observed here (Figure 10B and

Supplementary Figures 15B, 16B). However, future research is
needed to dissect whether the obligatory function in cell division
and growth observed for the Actr3 gene studied here reflects a
cell type- or condition-dependent function in these processes for
Arp2/3 complex-dependent actin remodeling or a more general,
Arp2/3 complex-independent function of the Actr3 gene in all
cells and tissues (Vauti et al., 2007).
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