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Podosomes are dynamic degrading devices present in myeloid cells among other cell types. They consist of an
actin core with associated regulators, surrounded by an adhesive ring. Both fascin and cortactin are known con-
stituents but the role of fascin actin bundling is still unclear and cortactin research rather focuses on its homo-
logue hematopoietic lineage cell-specific protein-1 (HS1). A fascin nanobody (FASNb5) that inhibits actin
bundling and a cortactin nanobody (CORNb2) specifically targeting its Src-homology 3 (SH3) domain were
used as unique tools to study the function of these regulators in podosome dynamics in both THP-1macrophages
and dendritic cells (DC). Upon intracellular FASNb5 expression, the few podosomes present were aberrantly sta-
ble, long-living and large, suggesting a role for fascin actin bundling in podosome turnover and disassembly.
Fascin modulates this by balancing the equilibrium between branched and bundled actin networks. In the pres-
ence of CORNb2, the few podosomes formed showdisrupted structures but their dynamics were unaffected. This
suggests a role of the cortactin SH3 domain in podosome assembly. Remarkably, both nanobody-induced
podosome-losses were compensated for by focal adhesion structures. Furthermore, matrix degradation capaci-
ties were altered and migratory phenotypes were lost. In conclusion, the cortactin SH3 domain contributes to
podosome assembly while fascin actin bundling is a master regulator of podosome disassembly in THP-1 macro-
phages and DC.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Podosomes are cell-matrix contacts present at the ventral side of
myeloid, smooth muscle and endothelial cells. They consist of an F-
actin core with actin regulators such as Wiskott–Aldrich syndrome
protein (WASP) and actin-related protein (Arp2/3), and an adhesive
ring rich in vinculin and talin, among others [1]. Podosomes differ
from invadopodia, their counterparts in cancer cells, in lifetime, pro-
trusive dimensions and actin network arrangement [2]. Functionally,
podosomes are involved in adhesion [1], matrix degradation [3],
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mechanosensing [4] and directional migration [5]. Furthermore,
they contribute to invasive cell migration in vivo [6,7]. Pathological-
ly, podosome loss is linked to defects in immune cell migration in pa-
tients carryingWASPmutations [8] and to defects in bone resorption
by failure of osteoclast sealing zone formation [9].

The actin-bundling protein fascin is aberrantly expressed in nu-
merous cancer types and is considered ametastatic marker and ther-
apeutic target [10]. Fascin has been detected in invadopodia where it
stabilizes actin and contributes to turnover, matrix degradation and
invasion [11,12]. Podosomes also contain fascin, although its precise
function remains unclear as both an assembling and disassembling
role were previously reported [13,14]. In dendritic cells (DC), fascin
levels are induced upon maturation [15] thereby contributing to mi-
gration [14] and antigen presentation [16].

Cortactin and hematopoietic lineage cell-specific protein-1
(HS1) are multidomain proteins consisting of an NTA acidic Arp2/
3-binding domain, actin binding repeats, a helical domain, a
proline-rich regulatory domain and an Src-homology 3 (SH3) do-
main interacting with (neural)-Wiskott Aldrich syndrome protein
(N)-WASP, WASP-interacting protein (WIP) or dynaminII among
others [17]. Cortactin is upregulated in many cancers and contrib-
utes to invadopodium formation, matrix degradation and cell
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invasion, in part through its SH3 domain [18,19,12]. HS1 on the
other hand is expressed in hematopoietic cells where it regulates
lamellipodial dynamics, directional migration, antigen uptake and
presentation [20,21]. However, the role of cortactin next to HS1 in
macrophages or DC is still unclear.

Nanobodies represent the antigen-binding fragments of Camelid
heavy-chain antibodies [22]. Due to their size (15 kDa), stability,
specificity and affinity they have become an emerging tool in re-
search, diagnostics and therapeutics [23]. Their target-modulating
activity in combination with their intracellular functionality makes
them useful for knockout of endogenous protein functions or do-
mains [24–27,12].

In this study we applied nanobodies against fascin and cortactin
to gain insight into their specific contributions in podosome forma-
tion, dynamics and function. The fascin nanobody (FASNb5) inhibits
actin bundling activity. The cortactin-targeting nanobody (CORNb2)
binds the SH3 domain but does not cross-react with its homologue
HS1 [12]. With these tools, we unravel a podosome disassembling
role dependent on fascin actin bundling activity and an assembling
role relying on the cortactin SH3 domain in THP-1 macrophages
and DC. Fascin activity modifies the network from branched towards
bundled actin filaments resulting in podosome turnover, disassem-
bly and recycling of constituents. The cortactin SH3 domain on the
other hand contributes to proper podosome assembly without af-
fecting dynamics. Both functional knockouts lead to a switch from
podosomes to focal adhesions and eventually affect the degrading
and migratory phenotype.

2. Material and methods

2.1. Antibodies and reagents

Rabbit polyclonal anti-fascin (FSCN1), mouse monoclonal anti-
vinculin (hVIN-1) and V5-agarose (V5–10) were obtained from Sigma
(St. Louis, MO, USA). Mouse monoclonal anti-fascin (55K-2) and rabbit
polyclonal anti-Arp2 were obtained from Abcam (Cambridge, UK).
Rabbit polyclonal anti-GFP, rabbit polyclonal anti-cortactin (H-222)
and rabbit monoclonal anti-HS1 (D83A8) were obtained from Cell
Signaling (Danvers, MA, USA). Mouse monoclonal anti-cortactin
was obtained fromMillipore (Watford, UK). Alexa Fluor-labeled sec-
ondary goat anti-rabbit or anti-mouse IgG antibodies were obtained
from Molecular Probes (Eugene, OR, USA). Mouse monoclonal anti-
V5 antibody and Alexa Fluor 594-labeled phalloidin were purchased
from Invitrogen (Merelbeke, Belgium). Acti-stain 670 phalloidin was
purchased from Cytoskeleton (Denver, CO, USA). Protein G Sepha-
rose was obtained from GE Healthcare (Little Chalfont, UK).
Cortactin and fascin cDNA were obtained from Origene (Rockville,
MD, USA).

2.2. Generation of nanobodies, cDNA cloning and recombinant production

Fascin and cortactin nanobodieswere obtained in collaborationwith
the VIB nanobody service facility and cloned and produced as described
earlier [12].

2.3. Cell culture, transduction and transfection

THP-1 monocytic cells (ATCC TIB-202™) and primary DC were
maintained at 37 °C in a humified 5% CO2 incubator and grown in
RPMI. MDA-MB-231 cells were grown in DMEM and PC-3 cells in
RPMI, both at 10% CO2. All media were supplemented with 10% FBS
(heat-inactivated for DC), 100 μg/mL streptomycin and 100 IU/mL
penicillin. For THP-1 cells, also 0.05 mM β-mercaptoethanol was
supplemented. Cell culture media were obtained from Gibco Life
Technologies (Grand Island, NY, USA). Differentiation of THP-1 cells
into macrophages was achieved by stimulation with 350 nM phorbol
12-myristate 13-acetate (PMA) for 2–4 days. Stable and inducible
expression of EGFP-tagged (enhanced green fluorescent protein)
nanobodies in THP-1 cells was achieved by the Lenti-X Tet-On Ad-
vanced system of Clontech (Mountain View, CA, USA) as described
earlier [24,12]. Expression was induced with 500 ng/mL doxycycline
for 24–48 h. Cells were additionally transduced with LifeAct–Cherry
for live cell imaging. For DC generation, human peripheral blood
mononuclear cells (PBMC) were isolated by Lymphoprep density
centrifugation (Stemcell technologies, Grenoble, France) from
whole blood samples of healthy donors with informed consent as
approved by the local ethical committee (EC UZGhent 2013/467).
Adhesion selection was performed to enrich for monocytes and dif-
ferentiation into DC was induced by addition of 20 ng/mL
interleukin-4 (IL-4) and 50 ng/mL granulocyte macrophage colony-
stimulating factor (GM-CSF) for 6 days (both from Peprotech,
Rocky Hill, NJ, USA). DC were matured by overnight incubation
with 0.1 μg/mL lipopolysaccharide (LPS) (Sigma). Transfection of
DC was performed with a Neon nucleofection device (Lonza,
Cologne, Germany) according to themanufacturer's protocol. Briefly,
700,000 differentiated DC in 100 μL R buffer were added to 3.5 μg
DNA and pulsed two times (1000 V, 40 mA).

2.4. Immunostaining and microscopy

Immunostaining was performed as described before [12]. THP-1
cells were seeded onto uncoated coverslips; DC coverslips were coated
with Poly-L-lysine (Sigma). Imaging was performed at room tempera-
ture with a Zeiss Axiovert 200M Apotome epifluorescence microscope
equipped with a cooled CCD Axiocam camera (Zeiss ×63 1.4-NA
Oil Plan-Apochromat objective, Carl Zeiss, Oberkochen Germany)
and Axiovision 4.5 software (Zeiss) or an Olympus IX81 FluoView
1000 confocal laser scanning microscope (Olympus ×60 1.35-NA
Oil UplanSApo objective, Olympus, Tokyo, Japan) with FluoView
FV1000 software (Olympus). Z-stacks were taken each 0.5 μm and
reconstructed into side views with FluoView FV1000 software
(Olympus).

2.5. Live cell imaging of podosomes

THP-1 cells were prepared as described earlier [24]. Time-lapse
images were generated using the Olympus confocal microscope (ac-
quisition every 30 s over a period of 30 min in one z plane) and fur-
ther analyzed with ImageJ. For turnover measurements, podosomes
were manually tracked and LifeAct intensity values in the podosome
were determined over time. All intensities were normalized to the
average LifeAct intensity per podosome over time, which was set as
100%. For lifetime measurements, podosomes were categorized ac-
cording to the time between first appearance and complete disap-
pearance. For determination of podosome size, podosomes were
manually encircled and their area was measured.

2.6. Actin branching assays

Actin branching assays were performed as described earlier [28,
29]. For fascin, reaction mixtures contained 2 μM monomeric actin,
60 nM Arp2/3, 100 nM GST–VCA (verprolin, cofilin, acidic homology
domain) of WASP, 2 μM fascin and 4 μM FASNb2-His6-STREP or un-
tagged FASNb5. For cortactin, reaction mixtures contained 2 μMmo-
nomeric actin, 8 nM Arp2/3, 30 nM GST–VCA of WASP, 30 nM
cortactin and 60 nM GELNb11-V5-His6 (anti-gelsolin nanobody)
[30] or CORNb2-V5-His6. Nanobodies and their antigens were first
pre-incubated for 30 min on ice before addition of the other compo-
nents. Samples were further diluted in polymerization buffer
(10 mM HEPES pH = 7.0, 100 mM KCl, 1 mM MgCl2 and 0.1 mM
EDTA, 1 mM DTT) and the reaction was started by addition of
0.2 mM ATP. Polymerization was performed at room temperature
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for 3/15 min (fascin) or 10 min/1 h (cortactin). 5% Alexa-Fluor 594-
labeled phalloidin was added for 15min, followed by 20min incuba-
tion of the sample onto poly-L-lysine coated coverslips and mount-
ing. Pictures were manually scored for actin branching after
thresholding and particle analysis with ImageJ.
Fig. 1. THP-1macrophages contain cortactin in the podosome core and fascin in the cap. a. THP-
surrounded by a vinculin ring) as visualized by vinculin and phalloidin. Colocalization of b. cort
10 μm. e–f. MDA-MB-231 invadopodia or THP-1 podosomes represented as cellular 2D views (u
zoomed side views (lower panels, Scale bar = 0.5 μm). e. Cortactin and actin colocalize over t
white arrows). f. Comparison of colocalization of fascin with cortactin or Arp2 in invadopodia
2.7. Statistical analysis

Statistical analysis was performed with SigmaPlot (Systat Software
Inc., San Jose, CA, USA) using unpaired student T-tests, one way
ANOVA or Mann–Whitney U tests as indicated, both with p = 0.05.
1macrophages carry both focal adhesions (streak-like pattern) and podosomes (actin dots
actin with vinculin, c. cortactin with HS1 and d. fascin with vinculin is shown. Scale bar =
pper panels, Scale bar= 10 μm), 3D Z-stack reconstructed side views (middle panels) and
he podosome core (left), while fascin is additionally present in a cap-like structure (right,
versus podosomes. Fascin localization is completely opposite.
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3. Results

3.1. THP-1 macrophages carry podosomes with cortactin in the actin-rich
core and fascin in the cap structure

To study podosome formation, we used humanmonocytic leukemia
THP-1 cells [31]. Treatment with PMA induces differentiation into
macrophages coinciding with the formation of adhesion struc-
tures [32]. Vinculin immunofluorescence enables discrimination be-
tween streak-like focal adhesion patterns at the end of stress fibers
and the ring-like podosome patterns surrounding an actin center
(Fig. 1a). Cortactin localizes barely at focal adhesions but is a promi-
nent marker of podosomes (Fig. 1b). Although mostly HS1 is linked
to hematopoietic cells [33], THP-1 podosomes contain both cortactin
and HS1 (Fig. 1c).

Fascin localizes both at focal adhesions and podosomes (Fig. 1d).
In contrast to cortactin, which is present in the actin-rich podosome
core, fascin localizes in an upper cap structure (Fig. 1e). This is in
striking contrast with its localization in invadopodia, representing
similar structures of proteolytic cell invasion typically present in
cancer cells. An invadopodium core is composed of branched actin
(presence of Arp2 and cortactin) while the protrusive tip is enriched
in fascin. In podosomes however, the fascin-rich cap covers the un-
derlying branched actin region (Fig. 1f).
3.2. Disturbance of fascin actin bundling or the cortactin SH3 domain leads
to podosome loss and compensation by focal adhesions in THP-1
macrophages

To study fascin and cortactin function, stable inducible cell lines
expressing EGFP-tagged fascin or cortactin nanobodies (Kd ~ nM)
were generated. EGFP-only expressing cells serve as negative con-
trol. Fascin nanobody 5 (FASNb5) specifically inhibits fascin actin
bundling both in vitro and intracellular, while fascin nanobody 2
(FASNb2) has no effect [12]. Cortactin nanobody 2 (CORNb2) specif-
ically binds the regulatory SH3-domain of cortactin [12]. Also in the
THP-1 cell line, FASNb2/5 bind endogenous fascin and CORNb2
binds endogenous cortactin, but not HS1 (Supplementary Fig. 1a,
b). Colocalization studies in LifeAct–Cherry-expressingmacrophages
further reveal that fascin nanobodies are often not enriched in
podosomes, while the cortactin nanobody intensity mostly coincides
with actin profiles (Supplementary Fig. 1c).

In the presence of FASNb5 or CORNb2, less cells are capable of
forming podosomes (Fig. 2a) and podosome numbers per cell are
significantly reduced (Fig. 2b). Note that cell areas were not
significantly different (median values: control: 873 μm2, FASNb5:
951 μm2, CORNb2: 914 μm2). Complementary with these observa-
tions, more FASNb5 and CORNb2-expressing cells generated focal
adhesions (Fig. 2c) and focal adhesion numbers per cell were signif-
icantly increased (Fig. 2d, e). When observing podosome patterns in
more detail, it further appeared that CORNb2-expressing cells often
suffered from disrupted vinculin rings in combination with less dis-
crete, rather ‘fuzzy’ actin centers (Fig. 2f, g). In conclusion, both
Fig. 2. Both fascin actin bundling and the cortactin SH3 domain contribute to podosome forma
tification of cells with podosomes represented as normalizedmeanswith SEM (n=3, 100 cells
Boxplot of podosome numbers (whiskers from 10 to 90%) as determined in at least 100 cells ob
resented as normalized means with SEM (n = 3, 100 cells per repeat). Actual percentages: co
(whiskers from 10 to 90%) as determined in at least 100 cells obtained over 3 independent ex
EGFP-tagged nanobodies and visualized with vinculin and phalloidin as used for the quantificat
nofluorescence patterns as shown in Fig. 1a. Control and FASNb2-expressing cellsmainly carry p
form focal adhesions instead. Scale bar = 10 μm. f. Representative picture of a CORNb2-expres
‘fuzzy’ actin centers visualized by phalloidin. Scale bar= 10 μm. g. Quantification of cells with d
cells per repeat). Actual percentages: control: 13%, FASNb2: 12%, FASNb5: 10%, CORNb2: 20%. P
p b 0.05, ** p b 0.01, *** p b 0.001).
FASNb5 and CORNb2 switch the cell adhesion phenotype from
podosomes to focal adhesions with CORNb2 additionally disrupting
podosome patterns in THP-1 macrophages.
3.3. Fascin actin bundling is essential for podosome turnover and
disassembly in THP-1 macrophages

As podosomes are highly dynamic structures [33,3], we per-
formed live cell imaging on LifeAct–Cherry-transduced nanobody-
expressing cells. F-actin core turnover occurs several times in indi-
vidual podosomes of control, FASNb2 and CORNb2-expressing cells
(Fig. 3a) [34]. In control cells, podosome actin levels fluctuate from
approximately 70% to 130% of the average podosome intensity
(which is set at 100%) (Fig. 3b; Videos 1a, 2a). While this is also
true for FASNb2 (Videos 1b, 2b) and CORNb2-expressing cells
(Videos 1d, 2d), FASNb5 restricts this variation resulting in continu-
ously persisting podosomes (Videos 1c, 2c). Thus, the actin intensity
variation in podosomes of FASNb5-expressing cells is significantly
limited (Fig. 3c).

We further determined podosome lifetime, which was reported
before to be 2–12 min [3]. The most abundant podosome fractions
indeed remain maximally 2 min (short-living) or 10 min, while
only a slight fraction is really long-living (N30 min) (Fig. 4a). While
FASNb2 and CORNb2-dependent distributions are similar to the con-
trol, FASNb5 clearly shifts podosome lifetimes, with a significantly
decreased short-living podosome fraction and increased long-living
podosome fraction. This further results in boosted podosome dimen-
sions (Fig. 4b, c).

In conclusion, inhibiting fascin actin bundling by means of FASNb5
reduces podosome turnover and disassembly and increases podosome
sizes in THP-1 macrophages. The cortactin SH3 domain on the other
hand does not contribute to dynamics in THP-1 macrophages.
3.4. Fascin actin bundling influences the Arp2/3-mediated actin branching
process

To gain more insight into the mechanism by which fascin pro-
motes podosome turnover and disassembly, we performed actin
branching assays. In the absence of fascin, Arp2/3 and the WASP-
VCA domain mediate branching. Upon fascin addition, actin bun-
dling occurs as showed before by sedimentation assays and electron
microscopy [12]. This actin bundling activity significantly inhibits
branching (Fig. 5a). FASNb2 has no effect on this phenomenon,
while FASNb5 significantly restores the Arp2/3 branching ability.
This is in agreement with the inhibitory activity of FASNb5 on fascin
actin bundling [12]. For cortactin, its role in branch stabilization was
shown before [29]. Indeed, more Arp2/3 and VCA-mediated
branches form in the presence of cortactin (Fig. 5b). CORNb2 howev-
er has no effect on this stabilizing property.

This observation suggests that FASNb5 counteracts the fascin
inhibiting potential on Arp2/3-mediated branching while CORNb2
does not affect cortactin-aided branching activity.
tion and complementary affect focal adhesion formation in THP-1 macrophages. a. Quan-
per repeat). Actual percentages: control: 85%, FASNb2: 79%, FASNb5: 66%, CORNb2: 64%. b.
tained over 3 independent experiments. c. Quantification of cells with focal adhesions rep-
ntrol: 8%, FASNb2: 9%, FASNb5: 23%, CORNb2: 25%. d. Boxplot of focal adhesion numbers
periments. e. Representative pictures of THP-1 macrophages expressing EGFP (control) or
ions in a–d. Podosomes can be distinguished from focal adhesions by their specific immu-
odosomes,whilemore FASNb5 and CORNb2-expressing cells are devoid of podosomes and
sing cell with a disrupted podosome pattern characterized by disturbed vinculin rings and
isrupted podosomes as shown in f represented as normalizedmeanswith SEM (n=3, 100
-values were determined with b and d Mann–Whitney U or a, c, and g Student T-tests (*



Fig. 3. Fascin actin bundling is crucial for podosome turnover in THP-1 macrophages. Turnover was studied by live cell imaging of LifeAct and EGFP-tagged nanobody-expressing THP-1
cells and further analyzedwith ImageJ. a. Actin turnover of a representative podosome per condition. LifeAct (actin) intensity at a podosomewas determined each 30 s during 30minwith
ImageJ and plotted in function of time. Valueswere normalized to the average actin intensity per podosome over the time course, whichwas set as 100%. Intensity peaks higher than 100%
represent ‘presence’ or appearance of podosomes, while intensity drops lower than 100% indicate podosome disappearance. Zoomed LifeAct stills of the corresponding analyzed cells on
selected time points are displayed in the bottom panels. Arrowheads indicate ‘presence’ or appearance of podosomes. b. Actin intensity boxplot (whiskers from 10 to 90%) of 34 to 40
podosomes in 21 to 26 cells obtained over 5 independent experiments and analyzed over time as in a. Podosome actin intensity values of all data points (1400–2500 values over
34–40 curves)were combined to represent overall actin intensity variability and thus podosome turnover. c. Boxplot of intensity variations per podosome (whiskers from10 to 90%). Stan-
dard deviations of actin turnover (as represented in a)were determined per podosome/curve (34–40) and used as ameasure for intensity variation and thus podosome turnover. P-values
were determined with Mann–Whitney U tests (* p b 0.05).
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3.5. Disrupting fascin actin bundling or the cortactin SH3 domain switches
degradation from podosome- to focal adhesion-dependent and affects
migratory phenotypes in THP-1 macrophages

As it is assumed that podosomes contribute to proteolytic matrix
degradation for invasion [3], we seeded THP-1 macrophages onto a
fluorescently labeled gelatin matrix to analyze degradation (Fig. 6a).
From this assay, it was clear that especially cells with disrupted vincu-
lin–actin patterns fail in degradation (Fig. 6b). Importantly, this assay
further revealed that both podosomes and focal adhesions can execute
matrix degradation (Fig. 6c). Most of the podosome-dependent
degradation is therefore compensated by focal adhesion-dependent
degradation in FASNb5 and CORNb2-expressing cells (Fig. 6d).

To contribute to the immune response,macrophagesmust develop a
migratory phenotype which is characterized by cell elongation, polari-
zation and podosome presence at the leading lamella [35]. In the pres-
ence of FASNb5 or CORNb2, fewer cells are elongated and they
maintain a round morphology (Fig. 6e, f). In FASNb5-expressing cells
we also noticed that podosomes were often homogenously or centrally
distributed rather than specifically enriched at the edge of cells (Fig. 6g),
which can be linked to podosome immobility through perturbing their
dynamics.



Fig. 4. Fascin actin bundling regulates podosome lifetime and size in THP-1 macrophages. a. Podosome lifetime distributions represented as mean podosome fractions per cell with SEM,
determined in 25 cells per condition (328–529 podosomes) obtained over 5 independent experiments. Lifetime was manually determined with ImageJ on the basis of live cell imaging
movies (frames each 30 s during 30 min) by tracking frames of podosome appearance and complete disappearance. Long-living podosomes (N30 min) were already present by the
start and were still present at the end of imagingwithout performing fission or fusion events. b. Boxplot of podosomes sizes (whiskers from 10 to 90%) as determined in 25 cells per con-
dition (250 podosomes) obtained over 5 independent experiments. ImageJwas used to compute sizes of 10podosomesper cell after encircling actin cores. c. Representative LifeAct images
of control or nanobody-expressing THP-1 cells, showing differences in podosome size. Scale bar= 10 μm. P-values were determined withMann–Whitney U-tests (** p b 0.01, *** p b 0.001).
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In summary, the podosome-loss caused by FASNb5 and CORNb2
switches the degradation-type from podosome- to focal adhesion-
dependent and impairs the onset of a migratory phenotype in THP-1
macrophages.

3.6. Primary DC also depend on fascin actin bundling and the cortactin SH3
domain for podosome formation and the generation of a migratory
phenotype

To check the relevance of our THP-1macrophagemodel, we verified
our observations in human blood PBMC-derived dendritic cells (DC).
Primary DC also form focal adhesions as well as podosomes (Supple-
mentary Fig. 2a) which contain both cortactin and HS1 and the typical
fascin-cap (Supplementary Fig. 2b, c). Western blot analysis confirmed
that cortactin levels are lower in immune cells in comparison to cancer
cellswhile the opposite is true forHS1 (Supplementary Fig. 2d). The blot
further revealed comparable fascin levels in THP-1 cells and immature
DC.

To verify our nanobody-induced effects, immature DC were
transfectedwith V5-tagged intrabodies, with GFPNb as negative control
(Fig. 7a). FASNb5 and CORNb2 significantly decreased podosome num-
bers (Fig. 7b), which coincidewith a decline in polarized DC (Fig. 7c). Of
note, CORNb2-expressing cells were significantly smaller (median
values: control: 345 μm2, FASNb5: 359 μm2, CORNb2⁎⁎⁎: 270 μm2, ⁎⁎⁎

p b 0.001 Mann–Whitney U test). This is due to a lack of spreading ca-
pacity on the poly-L-lysine coating used, which will also contribute to
the decline in podosome and polarized DC numbers. Indeed, podosome
numbers normalized to the cell areas are still significantly but less re-
duced in the case of CORNb2 (⁎ p b 0.05, Mann–Whitney U test).

In conclusion, FASNb5 and CORNb2 also disturb podosome forma-
tion in primary DC, which are comparable to THP-1 cells concerning
their antigen features.

Furthermore, an interesting feature of primary DC is that uponmat-
uration, achieved by addition of LPS, fascine levels increase four-fold
(Supplementary Fig. 2e). Fascin is therefore a useful maturation marker
for DC [15]. Immature DC are nicely polarizedwith podosomes enriched
at the front (Fig. 7d). In striking contrast, mature DC with high fascin
levels are often devoid of podosomes, rounded and not polarized
(Fig. 7e, f). So, also elevated fascin levels are related to podosome loss
and a lack of migratory phenotype.

4. Discussion

4.1. Role of fascin actin bundling in podosome dynamics and disassembly

Our experiments with FASNb5 unravel a mechanism as represented
in Fig. 8. Podosome building blocks are in a constant equilibrium be-
tween Arp2/3-mediated actin branching and fascin-mediated actin
bundling. Emphasis is on branching upon assembly, enabling podosome
growth. Fascin activity results in loss of branches in the protrusive tip
and force generation by bundles on top, permitting turnover and disas-
sembly. This process generates building blocks for new podosomes.



Fig. 5. FASNb5 counteracts fascin actin bundling-mediated inhibition of Arp2/3 branching activity. Actinwas allowed to polymerize in the presence of Arp2/3 and the VCA domain ofWASP
a.with (out) fascin and fascin nanobodies or b. with (out) cortactin and gelsolin/cortactin nanobodies. GELNb11 targets the actin-binding protein gelsolin and is used as a negative control.
Representative phalloidin-stained actin filaments after 3 min (fascin) or 10 min (cortactin) polymerization representing the onset of branching are shown in the left panels. Scale bar =
10 μm. The bar charts in the right panels represent normalized means of branched filaments with SEM from 3 independent experiments with 10 replicates each (851–2024 filaments in
total). For this quantification, polymerization was performed for 15min (fascin) or 1 h (cortactin) and 10 random frameswere analyzed per experiment. Filamentsweremanually scored
for branching in ImageJ after thresholding (pixels 50–255) and particle selection (N20 pixel2). Actual percentages: No Fascin: 59%, Fascin: 39%, FASNb2: 38%, FASNb5: 50%, No cortactin:
46%, Cortactin: 62%, GELNb11: 62%, CORNb2: 64%. P-values were determined with one way ANOVA (ns non-significant, * p b 0.05).
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However, some FASNb5-expressing cells completely fail in develop-
ing podosomes. Lack of constituents and/or initiation points may be the
cause. Indeed, podosomes are believed to arise from focal adhesion dis-
assembly [36] and it was recently reported that fascin-depleted focal
adhesions have prolonged lifetime and less dynamics [37]. This may
also explain why an assembling role of fascin was suggested before
[13], although the broad targeting technique (microRNA) has to be
considered also.

Our results are in line with the observation that high fascin levels
are responsible for podosome disassembly upon DC maturation [14],
which we propose to extend into a more general fascin function in
podosome dynamics dependent on its expression levels. In imma-
ture DC and THP-1 cells with comparably low fascin levels, bundling
inhibition disturbs its regulatory activity in podosome dynamics.
Mature DC on the other hand, having high fascin levels, lose the
Fig. 6. Fascin actin bundling and the cortactin SH3 domain regulate degrading and migratory p
normal or disrupted podosome patterns, seeded for 6 h on a fluorescently labeled gelatin mat
disturbed vinculin rings and ‘fuzzy’ actin centers and is most common in CORNb2-expressin
THP-1 cells with normal or disrupted podosomes as distinguished in a. Bars represent norm
disrupted: 26%. c. Representative images of podosome- or focal adhesion type-degradation of
and phalloidin. Scale bar=10 μm. d. Quantification of the degradation type as distinguished in c
of phalloidin-labeled control or nanobody-expressing cells showingdifferences inmigratory phe
particular cell side. Scale bar= 10 μm. f. Boxplot of the circularity index (whiskers from 10 to 90
was measured on phalloidin-labeled cells (as represented in e) by means of ImageJ. The index
fication of cells with podosomes localized at a particular cell side and not homogenously or cent
podosomes were enriched at a specific side of the cell. Bars represent normalizedmeanswith SE
20%, CORNb2: 25%. P-values were determined with f. Mann–Whitney U or b, d, and g student
ability to form podosomes [38,39]. The exaggerated fascin bundling
potential limits branching to the extent that podosome onset can
simply not occur, possibly also by preventing binding of other actin
regulators. Lowering fascin levels in mature DC would therefore pro-
mote podosome formation [14].

Another fascinating consideration is that fascin actin bundling has a
contrasting role in podosomes versus invadopodia. Cancer cells express-
ing FASNb5 showed reduced invadopodium lifetimes while formation
itself was not affected [12]. This may be explained by the different
actin arrangements in invadopodia versus podosomes (Fig. 1f).
Invadopodia are generated by a dendritic actin network at the base,
while elongation occurs upon extension of bundled actin fibers at the
tip, partly by fascin [40,11]. As podosomes are less protrusive, they
just grow by expanding their branching-based core, with bundling ac-
tivity controlling on top of the structure [41,4]. Therefore, potent
henotypes in THP-1 macrophages. a. Representative images of parental THP-1 cells with
rix and visualized with vinculin and phalloidin. The disrupted pattern is characterized by
g cells as shown in Fig. 2f, g. Scale bar = 10 μm. b. Quantification of degrading parental
alized means with SEM (n = 3, 100 cells per repeat). Actual percentages: normal: 87%,
a fluorescently labeled gelatin matrix by parental THP-1 cells and visualized by vinculin
. represented asmeanswith SEM (n=4, N100 cells per repeat). e. Representative pictures
notypes.More FASNb5and CORNb2 cells are rounded and not enriched for podosomes at a
%) of at least 100 cells per condition obtained over 3 independent experiments. Circularity
is defined as 4*π*(area/perimeter2), with a value of 1 indicating a perfect circle. g. Quanti-
rally distributed. Phalloidin-labeled cells (as represented in e.) were scored ‘positive’when
M (n=3, N100 cells per repeat). Actual percentages: control: 29%, FASNb2: 26%, FASNb5:
T-tests (* p b 0.05, ** p b 0.01).
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Fig. 7. Fascin actin bundling and the cortactin SH3 domain also mediate podosome formation and a migratory phenotype in primary blood-derived DC. a. Representative pictures of V5-
tagged GFPNb (control, anti-GFP nanobody) or fascin/cortactin Nb-transfected DC visualizedwith anti-V5 antibody and phalloidin. Arrows indicate migratory directions based on cell po-
larization. Recruitment of podosomes is characteristic for the leading edge, while the trailing edge is devoid of podosomes and often carries filopodia/dendritic protrusions. Scale bar =
10 μm. b. Boxplot of podosome numbers (whiskers from 10–90%) and c. graphs of normalized polarized DC means with SEM as determined in 57–83 cells obtained over 3 independent
experiments. Cellswere scored ‘positive’ for polarizationwhen a clear podosome-rich leading edge and a trailing edgedevoid of podosomes are present. Cellswith no podosomes or equal-
ly distributed podosomes along the cell and thus no distinction between leading and trailing edges are scored ‘negative’. Actual percentages: control: 54%, FASNb2: 54%, FASNb5: 37%,
CORNb2: 8%. d. Representative picture of a mature (M) an immature (IM) DC with the arrow indicating the migratory direction as defined in a. Immunofluorescence of fascin was per-
formed to distinguish mature (high fascin) from immature (low fascin) DC. Cortactin visualizes podosomes. Scale bar = 10 μm. e. Quantification of normalized means (with SEM) of
DCwith podosomes as determined in 1000 immature and 200mature DC over 3 independent experiments. Actual percentages: immature: 86%, mature: 16%. f. Quantification of normal-
izedmeans (with SEM) of polarized DC (as defined in c) as determined in 240 immature and 109mature DCover 3 independent experiments. Actual percentages: immature: 58%,mature:
4%. Quantification in e and f was done on the basis of images as shown in d, with fascin enabling distinction between mature and immature DC and cortactin enabling podosome visual-
ization. P-values were determined with b Mann–Whitney U or c, e, and f student T-tests (* p b 0.05, ** p b 0.01, ***p b 0.001).
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Fig. 8. Scheme of the elucidated role of fascin actin bundling in THP-1macrophage podosome dynamics bymeans of a fascin nanobody. a. Podosome life starts with assembly by podosome
constituents followed by several rounds of turnover (growth and shrinkage) and finally podosome disassembly delivering constituents for the build-up of new podosomes. Fascin regu-
lates this process from its specific cap-like location by its actin bundling activity (fascin stars). b. While initial assembly and podosome growth occurs due to Arp2/3-dependent actin po-
lymerization, the fascin signal shifts actinmodifications from branching towards bundling. This enables shrinkage and final disassembly of the podosome due to loss of branched actin at
the tip and formation of bundled actin at the top. c. Due to the bundling-inhibiting capacity of FASNb5, the podosome gets stuck in the ‘branching’modus and keeps growing due to the lack
of a turnover signal. Therefore, lifetime and size are increased and final disassembly is impeded. This further limits availability of podosome constituents and accounts for reduced
podosome numbers.
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bundling contributes to invadopodium stability while it regulates turn-
over and termination of podosomes.

The contribution of bundling proteins (supervillin, formin, …) to
podosome disassembly has been suggested before. However, there
was no direct link with bundling activity, but rather with interaction
partners [42], other actin regulations [43] or phosphorylation [44]. Fur-
thermore, inhibition of L-plastin bundling decreased podosome lifetime
and led to structural defects [24]. Thus, fascin bundling-induced
podosome disassembly is quite unique. Indeed, L-plastin will rather
form bundles onto existing branches [45] and therefore contribute to
podosome assembly and stability. Additionally, cofilin may account for
the differences as its severing is enhanced in fascin-crosslinks [46], but
reduced in bundles generated by formins and villins [47,48].

Altogether our observations point to a unique role of fascin bundling
in podosomes of THP-1 macrophages and DC which is mechanistically
different from other bundling proteins or other protrusions such as
invadopodia.
4.2. Role of the cortactin SH3 domain in podosome assembly and structural
integrity

Our results point to a role of the cortactin SH3 domain in podosome
assembly. This is in agreement with previous reports on cortactin pres-
ence prior to actin at podosome initiation sites [36,49]. As cortactin,
lacking a functional SH3 domain, fails in being recruited towards those
sites [49], it is likely that CORNb2 affects this initial cluster formation
which is the scaffold for actin assembly and thus podosome formation.
Effects on podosome structure integrity were reported previously
in HS1 deficient [20] and WIP deficient DC [50,51]. Our results pin-
point this defect to the cortactin SH3 domain. More particular, we
showed before that WIP and cortactin recruitment towards the plas-
ma membrane of CORNb2-expressing breast cancer cells was re-
duced, while DynaminII and WASP remained unaffected [12]. This
suggests that disturbed cortactin-WIP recruitment and/or interac-
tion accounts for disrupted podosome structures. This is in agree-
ment with the observation that DC expressing WIP without the
cortactin interaction domain also carry disrupted podosomes [50].

The cortactin SH3 domain similarly contributes to assembly and
structure in cancer cell invadopodia [12]. However, CORNb2 there also
reduced matrix degradation activity. This may be masked in THP-1
cells due to the compensation by proteolytic focal adhesions.

Intriguing is the non-redundant role of cortactin next to HS1 inmac-
rophages and DC. It was shown before that both are expressed inmega-
karyocytes, platelets and osteoclasts [52–54]. In macrophages and DC
however, some report only the presence of HS1 [20,21], while we and
others observe expression of both proteins [50,51]. Functionally, HS1
is a weaker actin nucleator and branch mediator compared to cortactin
[29]. Furthermore, phosphorylation can occur at different sites, HS1 has
a nuclear localization signal while cortactin does not, and their SH3 do-
main can binddifferent proteins despite the amino acid similarity of 86%
[33]. Thus, our data confirms the idea that cortactin and HS1 expression
in myeloid cells is not redundant and that they may be functionally
more distinct than assumed. By comparison, hematopoietic WASP and
ubiquitous N-WASP are also both necessary in macrophage podosome
formation [55].
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In conclusion, the cortactin SH3 domain has an assembling role in
both invadopodia and podosomes of THP-1 macrophages and DC, inde-
pendent of the homologue HS1 andmost likely involvingWIP-cortactin
binding.

4.3. Effect of podosome-loss on focal adhesions, matrix degradation andmi-
gratory phenotype

For both fascin and cortactin nanobodies, podosome-loss was com-
pensated for by focal adhesions, which are less dynamic [56]. This
switch was observed before and is believed to help immune cells in
modulating adhesion and migratory potential [51,57]. In our case, the
focal adhesions also helped to retain degradation capacity in THP-1
macrophages. Although focal adhesions have long been considered as
non-proteolytic, recent data showed their extracellularmatrix degrada-
tion capacity next to proteolytic invadopodia [58,59]. Our data shows
that focal adhesion-dependent degradation can also occur next to
podosomal degradation in immune cells (Fig. 6c).

The focal adhesions could however not prevent an effect onmigrato-
ry phenotype development. Chemotaxis was shown before to be linked
to podosomes [8,5], which typically assemble at the leading edge [35].
Thus, both nanobodies might result in impaired migration, although
this is more likely for FASNb5, as we also observed reduced podosome
translocation towards the cell sides (Fig. 6g).

Thus, both nanobodies affect the adhesive, degrading and migratory
phenotype due to podosome-loss.

4.4. Conclusions

In summary, our study revealed thedisassembling role of fascin bun-
dling and the assembling role of the cortactin SH3 domain during
podosome lifetime in THP-1 macrophages and DC. We discovered the
particular cap-like localization of fascin and provided insight into a
strikingly opposite role in podosomes versus invadopodia. For cortactin,
we unveiled its non-redundant role next to HS1 in THP-1 macrophages
andDC. This study further sheds light on the intriguing balance between
podosomes and focal adhesions, whichmay also serve as degrading de-
vices. Our observations therefore contribute to a better understanding
of podosome architecture, regulation, dynamics and function in im-
mune cells.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.01.003.
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