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nanoscale organization of mechanosensory 
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ABSTRACT Podosomes are multimolecular mechanosensory assemblies that coordinate 
mesenchymal migration of tissue-resident dendritic cells. They have a protrusive actin core 
and an adhesive ring of integrins and adaptor proteins, such as talin and vinculin. We re-
cently demonstrated that core actin oscillations correlate with intensity fluctuations of vin-
culin but not talin, suggesting different molecular rearrangements for these components. 
Detailed information on the mutual localization of core and ring components at the nano-
scale is lacking. By dual-color direct stochastic optical reconstruction microscopy, we for the 
first time determined the nanoscale organization of individual podosomes and their spatial 
arrangement within large clusters formed at the cell–substrate interface. Superresolution 
imaging of three ring components with respect to actin revealed that the cores are intercon-
nected and linked to the ventral membrane by radiating actin filaments. In core-free areas, 
αMβ2 integrin and talin islets are homogeneously distributed, whereas vinculin preferen-
tially localizes proximal to the core and along the radiating actin filaments. Podosome clus-
ters appear as self-organized contact areas, where mechanical cues might be efficiently 
transduced and redistributed. Our findings call for a reevaluation of the current “core–ring” 
model and provide a novel structural framework for further understanding the collective 
behavior of podosome clusters.

INTRODUCTION
Cell–cell and cell–extracellular matrix (ECM) interactions are tightly 
coordinated by supramolecular assemblies that form at the cellular 
plasma membrane. Well-known cell–ECM interfaces include focal 
adhesions, which are integrin-based contacts linked to stress fibers 

(Geiger et al., 2009). Cells specialized in crossing cellular boundar-
ies and basement membranes also form other types of adhesion 
structures known as podosomes—dynamic, dot-shaped adhesion 
complexes that mediate sensing of extracellular topographical cues 
and are involved in adhesion to and protrusion in the ECM (Linder 
et al., 2011; Murphy and Courtneidge, 2011; van den Dries et al., 
2012). Unraveling the nanoscale organization of podosome assem-
blies will provide essential mechanistic insight into their structure–
function relationship.

Podosomes have been observed at the contact area between 
the ECM and various cells of myeloid origin, including dendritic cells 
(DCs; Trotter, 1981; Marchisio et al., 1984; Gaidano et al., 1990; van 
Helden et al., 2006). They arrange into higher-ordered structures, 
such as large clusters in macrophages and DCs or circular belts in 
osteoclasts (Lakkakorpi et al., 1989; Evans et al., 2003; Burns et al., 
2004), suggesting the existence of concerted communication 
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ously visualize actin with αMβ2 integrin, talin, or vinculin by confocal 
microscopy (Figure 1, A–C). Although all the investigated proteins 
are enriched in podosome clusters compared with nonpodosome 
areas (Figure 1, A–C, green and orange insets) and are completely 
excluded from the cores, their staining patterns at the podosome 
rings differ, with αMβ2 and talin appearing more diffuse than vincu-
lin. To quantify this observation, we analyzed confocal microscopy 
images by a custom-written quantitative image analysis algorithm 
(Meddens et al., 2013) and measured the mean fluorescence profile 
of each component in areas at increasing distance from the core 
(Figure 1D). As expected, αMβ2, talin, and vinculin are all present in 
the ring (Figure 1, A–C). Whereas the intensity profiles of αMβ2 and 
talin display no significant changes at increasing distances from the 
core, occupying the entire core-free area of the podosome cluster 
as a carpet, vinculin intensity peaks very close to the core and quickly 
decays at increasing distances from the core (Figure 1E). Note that 
the general appearance of podosomes is independent of the sur-
face used to attach the DCs. In fact, podosome formation and com-
position in cells seeded on uncoated glass coverslips do not differ 
from podosomes of cells adhered onto polymeric substrates with 
near–in vivo stiffness (Supplemental Figure S1) or coated with differ-
ent integrin ligands (Supplemental Figure S2).

Together these results indicate that whereas αMβ2 and talin are 
homogeneously distributed throughout the podosome cluster, the 
distribution of vinculin at the core-free area within the podosome 
cluster is restricted to the most proximal region around the actin 
core. Together these observations suggest the existence of sub-
structures within the podosome cluster that appear to be differen-
tially populated by various components.

F-actin network as major determinant for differential 
localization of vinculin and talin
We recently showed that the localization of ring components such 
as vinculin and talin is differentially affected by the integrity of the 
F-actin network that interconnects the podosome cores (van den 
Dries et al., 2013). To investigate the simultaneous localization of 
vinculin and talin within the same podosome cluster, we visualized 
both proteins, as well as actin, in DCs before and after addition of 
low concentration of cytochalasin D (cytoD), which is reported to 
specifically disrupt the F-actin network (Labernadie et al., 2010; van 
den Dries et al., 2013). To prevent antibody cross-reactivity, we 
transfected DCs with vinculin–green fluorescent protein (GFP) and 
subsequently fixed and stained them with an anti-talin antibody fol-
lowed by a fluorescent secondary antibody, and with Alexa Fluor 
546–conjugated phalloidin to visualize actin. Subsequent confocal 
microscopy analysis revealed that both proteins are excluded from 
the podosome cores and confirmed that vinculin and talin differen-
tially localize with respect to the actin cores throughout the entire 
cluster (Figure 2A). Of importance, after the disruption of the F-actin 
network, only the localization of talin remains unaffected within the 
podosome cluster (Figure 2A).

To investigate whether the specific localization of vinculin de-
pends on its actin binding capacity, we coexpressed GFP-tagged 
wild-type vinculin (VinWT) and the mCherry-tagged tail-less mutant 
(VinTL) in DCs and examined their localization with respect to actin 
before and after mild cytoD treatment. As shown in Figure 2B, we 
observed that VinTL, which has a talin-binding site but lacks the ac-
tin-binding site (Bakolitsa et al., 2004), exhibits diffuse localization 
throughout the entire podosome cluster that is clearly different from 
that of VinWT but very reminiscent to the talin (and integrin) organi-
zation. Furthermore, unlike VinWT, VinTL localization was largely 
unaffected by the disruption of the actin network (Figure 2B), 

among podosomes at the mesoscale for which no clear mechanism 
has been proposed. Individual podosomes comprise two functional 
modules: a central actin core associated with protrusion, surrounded 
by a ring of integrins and cytoskeletal adaptor proteins, such as talin 
and vinculin, associated with adhesion. The core and the ring are 
believed to be connected by a filamentous actin network (F-actin), 
where also myosin IIA is found (Gawden-Bone et al., 2010; van den 
Dries et al., 2013). This actomyosin network has been shown to criti-
cally control podosome stiffness oscillations (Labernadie et al., 
2010). More recently, our group demonstrated that the interplay be-
tween myosin contractility and actin network integrity is also respon-
sible for the concerted intensity oscillations of the actin core and the 
mechanosensitive zyxin and vinculin in the ring, leaving talin and 
paxillin levels unaffected. Furthermore, we showed that the intact 
actin network provided an essential molecular infrastructure for 
maintaining podosome integrity (van den Dries et al., 2013). 
Although these data suggest important differences in the molecular 
arrangements that could further our understanding of podosome 
function, detailed information on the mutual localization of core and 
ring components at the nanoscale is lacking.

Podosomal architecture has mainly been investigated by con-
ventional microscopy techniques. Confocal microscopy revealed 
the distinctive core–ring organization (Marchisio et al., 1984; Pfaff 
and Jurdic, 2001), and transmission electron microscopy (TEM) 
showed that podosome cores are characterized by an electron-
dense area (Gawden-Bone et al., 2010; Labernadie et al., 2010). 
Confocal microscopy further revealed a diffuse actin staining, a so-
called cloud, that surrounds the cores in osteoclasts (Destaing et al., 
2003), and scanning electron microscopy (SEM) later suggested that 
this cloud comprises a network of actin filaments (Luxenburg et al., 
2007; Schmidt et al., 2011). Although TEM and SEM provide nano-
scale spatial resolution, the extensive sample treatment is prone to 
artifacts, and simultaneous labeling of multiple protein species re-
mains challenging. More recently, Bayesian localization microscopy 
revealed that the podosome rings are highly dynamic on a second 
time scale (Cox et al., 2012), but the nanoscale organization of the 
ring components with respect to the actin core and the network of 
actin filaments has not been investigated.

Direct stochastic optical reconstruction microscopy (dSTORM) 
belongs to the family of superresolution techniques that exploits the 
sequential readout of emitters in a sample to achieve a lateral local-
ization accuracy of typically 20 nm (Betzig et al., 2006; Hess et al., 
2006; Rust et al., 2006; Heilemann et al., 2008). Here we exploit 
dSTORM to determine the nanoscale organization of individual po-
dosomes and their spatial arrangement within large clusters formed 
by primary human monocyte-derived DCs. We determine the local-
ization of actin, αMβ2, which is the predominant integrin at podo-
somes in DCs (Burns et al., 2004), and the adaptor proteins talin and 
vinculin. Together the novel structural insights presented here call 
for a reevaluation of the current core–ring model for podosomes 
and represent a major step toward a better understanding of podo-
some adhesive and protrusive machinery. Moreover, our results pro-
vide a structural framework for understanding podosome cluster 
function as a mesoscale mechanosensing apparatus essential for 
environment probing while crossing cellular boundaries and base-
ment membranes.

RESULTS
Differential localization of ring-associated proteins
To determine the two-dimensional localization of podosome ring 
components with respect to the core, we seeded DCs onto glass 
coverslips and subsequently fixed and stained them to simultane-
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demonstrating that the actin-binding capac-
ity of vinculin is essential for its specific well-
defined localization close to the podosome 
core. Together these results demonstrate 
that the actin network is the major determi-
nant for the differential localization of vincu-
lin and talin within the podosome cluster 
and that talin and vinculin localization is 
regulated by different mechanisms. These 
data also suggest the existence of substruc-
tures of ring components differentially pop-
ulating the podosome cluster.

Podosome clusters comprise dense 
actin cores with radiating actin 
filaments
To gain better insight into the nanoscale or-
ganization and mutual localization of αMβ2, 
talin, and vinculin, we performed dSTORM at 
sites of podosome clusters. First, we analyzed 
the localization of F-actin, the most promi-
nent component of the podosome cluster 
and widely used to identify podosomes in 
cells. Owing to the very high emitter density 
within the samples, we successfully used a 
multifitting algorithm (Huang et al., 2011) to 
resolve the actin structures within the podo-
some cluster (Supplemental Figure S3).

As expected, actin is highly enriched at 
the podosome cores (Figure 3A). By calcu-
lating the perimeter and diameter of the 
cores, we found them to be very heteroge-
neous (Figure 3E and Supplemental Figure 
S4A). The core perimeter values spread be-
tween a minimum of ∼600 nm and a maxi-
mum of 4 μm (Figure 3E), whereas the mini-
mum and maximum diameter values 
measured were ∼200 and 800 nm, respec-
tively. Of importance, cross-correlating the 
perimeter with diameter values revealed 
that the two parameters are directly corre-
lated (Supplemental Figure S4B). Further-
more, by fitting the size value distributions 
with a bimodal Gaussian function, we were 
able to identify two main podosome popu-
lations. The smallest population had an av-
erage perimeter of 1.75 ± 0.71 μm and an 
average diameter of 303 ± 81.5 nm, 
whereas the largest podosome population 
had an average perimeter of 2.11 ± 
0.19 μm and an average diameter of 549 ± 
94.6 nm (Figure 3E and Supplemental 
Figure S4A). Of interest, we also identified 
two different podosome populations based 
on circularity (Figure 3F) and found a nega-
tive correlation between perimeter and 
circularity (Figure 3G), indicating that the 
small podosomes are circular (Figure 3G, 
inset 1), whereas the large podosomes are 
more elongated (Figure 3G, inset 2). The 

FIGURE 1: Differential distribution of αMβ2, talin, and vinculin within the podosome cluster. 
Immature DCs were seeded onto glass coverslips, fixed, and stained with Texas red–conjugated 
phalloidin and specific monoclonal antibodies to visualize actin with (A) αMβ2, (B) talin, and 
(C) vinculin. Insets depict enlargements of a podosome (orange) and a nonpodosome area 
(green). (D) A custom-written quantitative image analysis algorithm was used to segment the 
podosome cores in confocal microscopy images. The segmented cores were subsequently 
dilated with 1-pixel steps using a distance transform. These segmentations were used to 
calculate the average fluorescence intensity of the ring components at increasing distances from 
the core. (E) Average fluorescence intensity levels of αMβ2, talin, and vinculin at increasing 
distances from the podosome core center calculated for at least 1000 individual podosomes in 
multiple cells as described in D. The data were normalized to the maximum fluorescence 
intensity, and error bars indicate SEM.
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neous in both length and thickness. Typically, 5–10 actin filaments 
with a thickness ranging between 0.1 and 0.2 μm radiate from single 
podosome cores (Figure 3, B and C). The length of the filaments 
ranges between 0.1 and 0.8 μm, with an average of 0.43 ± 0.19 μm. 
Of importance and in contrast to previous observations in osteo-
clasts (Luxenburg et al., 2007), we found that virtually all podosome 
cores were interconnected with one or more neighboring cores via 
actin filaments (Figure 3D). These interconnecting filaments ap-
peared to be much thicker (0.35 μm), suggesting that they are rein-
forced to provide stability to the connected podosome cores. Alter-
natively, these thicker filaments could be formed by multiple filaments 
so intimately bundled that they cannot be spatially resolved. The 
high level of interconnection between individual cores supports a 
hypothesis in which clusters of podosomes act as a mesoscale mech-
anosensing apparatus in which mechanical forces are continuously 

observed heterogeneity of the core parameters presumably re-
flects the dynamic nature of podosomes (Evans et al., 2003; Kopp 
et al., 2006). Continuous formation and dissolution within the clus-
ter are most likely the major determinants of the observed large 
range in core perimeter and diameter. The large, elongated popu-
lation of podosomes could be ascribed to podosomes that were 
undergoing fusion or fission at the moment of sample fixation.

Previous studies in osteoclasts and macrophages indicated the 
existence of a poorly defined actin cloud in between podosome 
cores (Destaing et al., 2003; Saltel et al., 2008). The extremely bright 
signal originating from the dense actin core overruled the weaker 
signal coming from the actin cloud, preventing a detailed character-
ization of this region by conventional fluorescence microscopy. By 
dSTORM, we clearly distinguished an F-actin network in between 
the podosomes, which consists of filaments that are highly heteroge-

FIGURE 2: F-actin network major determinant for differential localization of vinculin and talin. (A) Immature DCs were 
transfected with vinculin-GFP and left untreated or stimulated with cytoD for 2 min. Cells were subsequently stained 
with a talin antibody and Alexa Fluor 546–conjugated phalloidin to visualize talin and actin, respectively. Representative 
images for both conditions are depicted. (B) Immature DCs were transfected with VinWT-GFP and VinTL-mCherry and 
left untreated or stimulated with cytoD for 2 min. Cells were subsequently stained with Alexa Fluor 633–conjugated 
phalloidin to visualize actin. Representative images for both conditions are depicted.
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transmitted and redistributed. Moreover, communication between 
podosome cores could efficiently facilitate the simultaneous forma-
tion of contiguous podosomes that we often observe at the edge of 
a cluster (Supplemental Figure S5 and Supplemental Video S1).

To better characterize the organization of the podosome cores in 
relation to the actin filaments we calculated the nearest-neighbor 
distance for >700 podosomes in multiple cells. We found that the 
distance between podosomes is distributed around 1.02 ± 0.37 μm 
(Figure 3H), which is about twice the average length of the radiating 
actin filaments. Thus, the average interpodosome distance seems to 
be directly correlated with the length of the actin filaments that radi-
ate from the podosome cores, suggesting that the F-actin network 
may play an important role in spacing the podosomes within the 
cluster.

Nanoscale topography of integrin αMβ2 and talin within 
the podosome cluster
The αMβ2 integrin is the predominant adhesion receptor present in 
podosomes within DCs, and its specific recruitment to podosomes 
has been shown to be essential for the binding of DCs to its main 
counterreceptor, ICAM-1 (Burns et al., 2004). Although αMβ2 is sup-
posed to be localized at the podosome ring (Figure 1A), its spatial 
organization pattern within podosome clusters is poorly defined. 
Here we determined the two-dimensional localization of αMβ2 with 
respect to the actin core by dual-color dSTORM. We performed 
double staining of actin and αMβ2 in adherent and fixed DCs and 
collected the image series for the two channels to reconstruct the 
dSTORM images. We found that αMβ2 organizes in small islets that 
have a seemingly random distribution within the podosome cluster 
but are completely excluded from the podosome core area, as indi-
cated by the dark regions within the cluster (Figure 4, A–C). Besides 
αMβ2, β1 integrins have also been documented at sites of podo-
somes in DCs (van Helden et al., 2006), and although they are not 
specifically enriched in the podosome cluster like αMβ2 (Supple-
mental Figure S7A), their presence suggests that multiple classes of 
integrins provide the podosome cluster with a large and dense ad-
hesive plaque to strongly connect the cell to the underlying 
substrate.

Talin directly binds to integrins and is implicated in the initiation 
of adhesion formation, either by activating integrins or by binding to 
already activated integrins (Nayal et al., 2004; Moser et al., 2009). In 
contrast to integrins, talin has the ability to directly bind to F-actin 
and is therefore essential for linking integrins to the actin cytoskel-
eton. Of interest, dSTORM analysis showed that talin localization 
very much resembles αMβ2 localization. Islets of talin were homo-
geneously distributed within the podosome cluster but completely 
excluded from the podosome cores (Figure 4, D–F).

Together these results indicate that the podosome adhesive ap-
paratus is not restricted to a small, ring-like area directly surrounding 
the podosome core but instead spreads through the entire podo-
some cluster as a carpet. Of importance, αMβ2 and talin are com-
pletely excluded from the protrusive podosome core areas, indicat-
ing that the adhesive and protrusive apparatus of podosomes are 
spatially well separated. Moreover, the carpet could also facilitate 
the anchoring of new actin fibers radiating from an existing podo-
some and assisting the simultaneous formation of new contiguous 
podosomes (Supplemental Figure S5 and Supplemental Video S1).

Vinculin localizes to the direct vicinity of podosome actin 
cores and along the radiating actin filaments
Vinculin is a mechanosensitive molecule that reinforces the link be-
tween the integrins and the actin cytoskeleton by binding to talin 

FIGURE 3: The podosome cluster comprises of dense actin cores and 
an interconnecting F-actin network. (A) Immature DCs were seeded 
on glass coverslips for 3 h, fixed, and stained for Alexa Fluor 
488–conjugated phalloidin to visualize actin. Shown is the dSTORM 
reconstruction of a part of a representative podosome cluster with 
podosome cores and associated network. Details on the 
representation of the dSTORM reconstruction images are given in 
Supplemental Figure S1. (B) Magnification of individual podosomes 
within a cluster to show the actin filaments that radiate from the 
podosome cores. (C) Three-dimensional projection of a dSTORM 
image that displays a central podosome core and radiating actin 
filaments. The upper right podosome in Figure 1B is used for this 
projection. (D) Magnification of actin filaments that interconnect 
multiple podosomes. (E, F) The podosome core perimeter (E) and 
circularity (F) were determined for ∼700 individual podosomes. The 
distributions were fitted with a sum of two Gaussians formula using 
GraphPad Prism software. Shown are the frequency distributions and 
the fit of the data (solid line). The two individual Gaussians are also 
shown (dashed line). (G) Correlation of the podosome core circularity 
and perimeter. (H) The podosome nearest-neighbor distance (NND) 
was determined using the center of mass of >700 individual 
podosomes. Shown are the frequency distribution and the Gaussian 
fit of the data (solid red line).
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Although the localization density of talin appeared higher in 
areas directly surrounding the podosome core, they displayed only 
a minor decrease at more distant sites from the core center (Figure 
6D). Moreover, we observed that talin, like αMβ2, also did not 
display a different distribution at regions close to the core or re-
gions with or without actin filaments more distant from the cores 
(Figure 6, B and E).

By contrast, vinculin is highly concentrated within the direct vicin-
ity of the podosome core, and its levels sharply decrease at increas-
ing distances from the podosome core (Figures 5, B and C, and 6D). 
However, we observed a remarkable difference in the vinculin distri-
bution in areas with or without radiating actin filaments. In fact, the 
steep decay in vinculin levels at increasing distances from the core 
was observed selectively in areas where actin filaments were absent 
(Figure 6C, area 2). Vinculin levels decrease only gradually at sites 
containing actin filaments radiating from the core (Figure 6C, area 
1). By quantifying the islet density within the podosome cluster, we 
found that the highest percentage of vinculin islets in the podosome 
core vicinity (Figure 6E). Of greater importance, the vinculin mole-
cules that are more distant from the podosome core are significantly 
enriched in areas with actin filaments radiating from the cores com-
pared with actin-free areas (Figures 5, D and E, and 6E). Together 
these data reveal that vinculin exhibits a heterogeneous localization 
within the podosome cluster that is guided by the actin network fila-
ments. Together with the notion that vinculin recruitment to talin is 
tension mediated (del Rio et al., 2009; Kanchanawong et al., 2010; 
Margadant et al., 2011), our results strongly suggest that within the 

with its head domain and to actin with its tail domain (Humphries 
et al., 2007; Kanchanawong et al., 2010). Talin contains many vincu-
lin-binding domains to ensure signal amplification during adhesion 
formation (Gingras et al., 2005; Patel et al., 2006), and it is generally 
believed that only stretched talin is capable of binding vinculin (del 
Rio et al., 2009; Margadant et al., 2011). Inspection of the nanoscale 
localization of vinculin with respect to podosome actin by dual-color 
dSTORM revealed that in sharp contrast to αMβ2 and talin, vinculin 
molecules are not homogeneously distributed within the podosome 
cluster (Figure 5, A–E).

To better quantify these differences, we calculated the average 
localization density of the three ring components at increasing dis-
tances from the podosome core (Figure 6). We found that the levels 
of αMβ2 are relatively constant throughout the cluster, with a minor 
enrichment close to the actin core (Figure 6, A and D). Of impor-
tance, similar αMβ2 localization density profiles were found in areas 
with and without radiating actin filaments (Figure 6A, areas 1 and 2, 
respectively). To better quantify the distribution of the αMβ2 islets, 
we subdivided the podosome cluster into three different areas 
(Supplemental Figure S6) and calculated the average islet density 
per area. This revealed that the αMβ2 islets within the cluster are 
equally distributed over areas close to the core or areas with or with-
out actin filaments more distant from the core (Figure 6E). Together 
these data indicate that the distribution of αMβ2 islets is not guided 
by the actin network filaments and suggest that the podosome clus-
ter is a well-defined area in the cell marked by a homogeneous en-
richment of αMβ2 at the plasma membrane.

FIGURE 4: αMβ2 and talin are localized in homogeneously distributed islets within the podosome cluster. (A) dSTORM 
image of αMβ2 within the podosome cluster of DCs. (B) Dual-color dSTORM images of αMβ2 and F-actin. Shown are 
two representative podosomes within a cluster. (C) Three-dimensional projection of a dual-color dSTORM image that 
displays a central core of F-actin surrounded by many αMβ2 islets. The upper image in B was used for this projection. 
(D) dSTORM image of talin within the podosome cluster of DCs. (E) Dual-color dSTORM images of talin and F-actin. 
Shown are two representative podosomes within a cluster. (F) Three-dimensional projection of a dual-color dSTORM 
image that displays a central core of F-actin surrounded by many talin islets. The lower image in E was used for this 
projection.
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ing. We propose a revised model (Figure 6F) of the podosome ar-
chitecture incorporating the novel information obtained by 
superresolution microscopy, in which the adhesive apparatus of po-
dosomes consists of numerous integrin islets. These islets are dif-
ferentially populated by cytoskeletal adaptor proteins, depending 
on their association with tensed actin filaments that radiate from and 
interconnect the protrusive podosome cores. Our model highlights 
the role of the actin network in organizing the podosome cluster as 
a mesoscale mechanosensing apparatus and emphasizes the im-
pressive plasticity of actin and actin-binding proteins to ensure the 
assembly and function of cellular structures that are both adhesive 
and protrusive.

podosome cluster, tension is specifically generated close to the po-
dosome core and along the radiating filaments of the actin 
network.

DISCUSSION
By applying dual-color dSTORM on adherent human DCs, we dem-
onstrated that podosomes comprise a dense actin core supported 
by radiating actin filaments that are reinforced by vinculin and an-
chored onto a layer of homogeneously distributed islets of integrin-
bound talin. Of importance, our findings indicate that the “closed” 
ring structure attributed to podosomes in images obtained by con-
ventional diffraction-limited fluorescence microscopy is in fact lack-

FIGURE 5: Vinculin is found within close proximity of the actin core and aligned with actin filaments. (A) Dual-color 
dSTORM image of vinculin and F-actin within the podosome cluster of DCs. (B) Magnification of two individual 
podosomes within the cluster to show the specific localization of vinculin close to the podosome core. (C) Three-
dimensional projection of a dual-color dSTORM image that displays a central core of F-actin surrounded by many 
vinculin islets. The lower image in B is used for this projection. (D) Magnification of two individual podosomes within the 
cluster to show the colocalization of the vinculin islets with the F-actin network. (E) Three-dimensional projection of a 
dual-color dSTORM image to show to show the colocalization of vinculin islets with the F-actin network. The lower 
image in D is used for this projection.
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van den Dries et al., 2013). Adhesion is mediated by αMβ2 islets, 
which constitute a homogeneously distributed layer within the po-
dosome cluster and are specifically excluded from the core. Of im-
portance, we observed a similar distribution for αMβ2 and talin 
within the podosome cluster, suggesting that the integrins are con-
stitutively bound to talin and therefore primed to bind ligands on 
the extracellular face and recruit adaptor proteins from the cyto-
plasm (Tadokoro et al., 2003). Similar to the belts in osteoclasts, this 
adhesive zone appears to be in extremely close contact with the 
underlying substrate, as indicated by the necessity to permeabilize 
DCs before integrin staining with antibodies (Supplemental Figure 
S7B). Finally, mechanotransduction most likely relies on the F-actin 
network to provide the molecular link between the protrusive actin 
pillars and the adhesive integrin-talin islets. We here show that this 
F-actin network is the major determinant for the differential localiza-
tion of vinculin and talin within the podosome ring. Recently we 

Podosomes arrange into higher-ordered structures in many cell 
types, such as endothelial cells (Tatin et al., 2006) and macrophages 
(Linder et al., 1999) but most notably in osteoclasts, where they 
form tightly adhesive belts that constitute the sealing zone and fa-
cilitate bone degradation (Jurdic et al., 2006). Here we provide a 
novel structural framework to further investigate the collective func-
tion of podosome clusters. Our work demonstrates that in DCs, the 
podosome cluster should be regarded as one multifunctional zone 
consisting of three main substructures: actin-dense cores, integrin 
islets differentially populated by adaptor proteins, and a well-orga-
nized network of filamentous actin radiating from the cores dedi-
cated to protrusion, adhesion, and mechanotransduction, respec-
tively. Protrusion is mediated by the extremely dense podosome 
cores, most likely driven by continuous actin polymerization at the 
base of the core and concomitant actomyosin contraction in the 
F-actin network (Destaing et al., 2003; Gawden-Bone et al., 2010; 

FIGURE 6: Differential distribution of αMβ2, talin, and vinculin within podosome clusters. (A–C) The fluorescence 
intensity profiles of individual podosomes for actin (red) and (A) αMβ2 (blue), (B) talin (blue), and (C) vinculin (blue) at 
increasing distance from the podosome center at a site with (1) and without (2) a radiating actin filament. (D) The 
localization density was measured radially at increasing distances from the podosome core for at least 10 individual 
podosomes. Shown are the average localization density profiles of αMβ2 (black), talin (red), and vinculin (blue) relative 
to actin (dotted dark red line). (E) Islet density (islets/square micrometer) within the core vicinity, actin filaments, and 
actin free areas for αMβ2, talin, and vinculin. (F) Proposed model of a podosome cluster based on dual-color dSTORM 
superresolution microscopy. Podosome cores are characterized by enormously dense F-actin. The integrin αMβ2 and 
talin are localized in small islets homogeneously distributed within a podosome cluster but completely excluded from 
the podosome core areas. This carpet of presumably primed αMβ2 islets is ready to bind to the extracellular matrix, as 
well as to interacting proteins on the cytosolic side of the membrane. Furthermore, vinculin is selectively localized within 
close vicinity of the podosome F-actin core and along the interconnecting actin filaments. Because vinculin is known to 
simultaneously bind to actin and talin, we propose that these vinculin molecules bind to active, stretched talin that is 
bound to the integrins and is under tension. The tension is generated by podosome core growth within the actin 
filaments that radiate from the cores and attach to the ventral plasma membrane, potentially functioning as core 
stabilizers. Actin filaments also interconnect neighboring cores indicating that forces can be transmitted and 
redistributed over a large range among the podosomes within the cluster. This model combines the protrusive and 
adhesive properties of individual podosomes, as well as the mechanosensing abilities of the clusters at the mesoscale. 
Tension-dependent adjustment of the adaptor protein levels within the αMβ2 and talin islets represents a dynamic and 
highly efficient mechanism for the coordination and feedback regulation of mesenchymal migration within DCs.
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Antibodies and reagents
The following antibodies were used: mouse anti-vinculin, mouse 
anti-talin (Sigma-Aldrich, St. Louis, MO), and mouse anti-αM integ-
rin (clone Bear-1). Alexa Fluor 488–, Alexa Fluor 546–, Alexa Fluor 
633–, and Texas red–conjugated phalloidin (Invitrogen, Carlsbad, 
CA) were used to stain F-actin. For superresolution experiments, 
antibodies were conjugated with the amine-reactive Alexa Fluor 647 
carboxylic acid, succinimidyl ester dye (Invitrogen). Final antibody:dye 
ratios varied between 1:1 and 1:2.

Labeling
For Figure 2A, vinculin-GFP–transfected cells were treated with 
2.5 μg/ml cytochalasin D or left untreated and fixed in 3.7% (wt/vol) 
formaldehyde in phosphate-buffered saline (PBS) for 10 min. Cells 
were permeabilized in 0.1% (vol/vol) Triton X-100 in PBS for 5 min 
and blocked with 2% (wt/vol) BSA in PBS. Subsequently cells were 
washed with PBS and stained with anti-talin antibody, followed by 
an Alexa Fluor 647–conjugated monoclonal secondary antibody 
and Alexa Fluor 546–phalloidin. Finally, the cells were washed five 
times with PBS and stored in phosphate buffer (PB) at 4°C until im-
aging. For Figure 2B, VinWT-GFP/vinTL-mCherry double-transfected 
cells were treated with 2.5 μg/ml cytochalasin D or left untreated 
and fixed in 2% (wt/vol) formaldehyde in PBS for 15 min. Cells were 
permeabilized in 0.1% (vol/vol) Triton X-100 in PBS for 5 min and 
blocked with 2% (wt/vol) BSA in PBS. Subsequently cells were 
washed with PBS and stained with Alexa Fluor 633–phalloidin. 
Finally, the cells were washed five times with PBS and stored in PB at 
4°C until imaging. Cells were imaged on an FV1000 confocal laser 
scanning microscope (Olympus, Tokyo, Japan) equipped with argon 
(488 nm) 559- and 635-nm diode lasers using a PlanApochromatic 
63×/1.4 numerical aperture (NA) oil immersion objective.

For superresolution experiments, cells were allowed to adhere 
for 4 h and fixed in 3.7% (wt/vol) formaldehyde in PBS for 10 min. 
Cells were permeabilized and stained with an Alexa Fluor 488–con-
jugated phalloidin and, in the case of double labeling, followed by 
an Alexa Fluor 647–conjugated monoclonal antibody. Cells were 
permeabilized in 0.1% (vol/vol) Triton X-100 in PBS for 5 min and 
blocked with 2% (wt/vol) BSA in PBS. The cells were incubated with 
Alexa Fluor 647–conjugated monoclonal antibodies for 60 min. For 
double labeling, cells were subsequently washed three times with 
PBS and incubated with Alexa Fluor 488–conjugated phalloidin for 
15 min. Finally, the cells were washed five times with PBS and stored 
in PBS at 4°C until imaging. Cells were imaged in the presence of an 
oxygen-scavenging system including 50 mM β-mercaptoethylamine 
(MEA; Heilemann et al., 2008) as a reducing agent.

Transfection and live-cell imaging
Transient transfections were carried out with the Neon Transfection 
System (Invitrogen). Cells were washed with PBS and resuspended 
in 115 μl of resuspension buffer per 0.5 × 106 cells. Subsequently 
cells were mixed with 5 μg per 1 × 106 cells per transfection and 
electroporated. Directly after, cells were transferred to WillCo dishes 
(WillCo Wells, Amsterdam, Netherlands) with prewarmed medium 
without antibiotics or serum. After 3 h, medium was replaced by 
medium supplemented with 10% (vol/vol) fetal calf serum and anti-
biotics. For live-cell imaging (Supplemental Figure S5), cells were 
washed with PBS, and imaging was performed in RPMI without phe-
nol red to avoid autofluorescence. Transiently transfected cells were 
imaged on a Zeiss LSM 510 microscope (Carl Zeiss, Jena, Germany) 
equipped with a PlanApochromatic 63×/1.4 NA oil immersion ob-
jective. The samples were excited with a 488-nm (GFP) argon laser, 
and images were acquired every 15 s at 37°C.

demonstrated that the levels of tension-dependent vinculin but not 
talin oscillate in harmony with the podosome core (van den Dries 
et al., 2013). The model presented here integrates the novel super-
resolution findings and highlights how core growth can generate 
tension on the radiating actin filaments, driving the specific recruit-
ment of the mechanosensitive protein vinculin to the integrin–talin 
islets associated with these actin filaments. Besides reinforcing the 
actin filaments of protruding podosomes, vinculin could be directly 
involved in organizing and shaping the actin structures at the podo-
some site in a talin-independent manner, as recently suggested by 
Wen et al. (2009). By adapting the levels of vinculin at the islets to 
the tension generated within the radiating actin filaments, the po-
dosomal architecture may facilitate a continuous feedback loop for 
the cells’ local protrusive activity. At the mesoscale level, the net-
work would allow the transmission of mechanical stimuli within and 
among podosomes throughout a large cluster most likely to coordi-
nate the cells’ protrusive and adhesive activity during mesenchymal 
migration.

Immature DCs reside in peripheral tissues in search of foreign 
material and exhibit a slow mesenchymal migration, which is char-
acterized by tight interactions with the ECM and active, protease-
mediated ECM degradation (Friedl and Weigelin, 2008; Friedl and 
Wolf, 2010). For mesenchymal migration in three-dimensional col-
lagen matrices, protease activity is concentrated specifically at 
sites of high physical stress (Wolf et al., 2007). Of interest, we have 
previously shown that podosomes preferentially form at places 
with high physical stress (van den Dries et al., 2012), and the trans-
membrane matrix metalloprotease MT1-MMP has been found at 
the site of podosomes (Wiesner et al., 2010). These observations, 
combined with the podosome nanoarchitecture presented here, 
indicate that podosomes are structures extremely suited to sense 
and palpate their environment to facilitate mesenchymal migra-
tion. On encountering ECM fibers, pressure-induced protease ac-
tivation at the site of podosomes could induce the focalized peri-
cellular proteolysis of the ECM to further allow the migration of 
immature DCs through peripheral tissues. The remarkable polar-
ization of many functions associated with migration that converge 
at the podosome cluster highlights the efficiency with which mes-
enchymal migration is coordinated in DCs. Future experiments 
combining high-resolution imaging and three-dimensional imag-
ing setups (Lidke and Lidke, 2012) are needed to further elucidate 
the role of podosomes in regulating the mesenchymal migration 
of DCs.

MATERIALS AND METHODS
Preparation of human DCs
DCs were generated from peripheral blood mononuclear cells as 
described previously (Thurner et al., 1999; de Vries et al., 2002). 
Monocytes were derived either from buffy coats or from a leuka-
pheresis product. Plastic-adherent monocytes were cultured in RPMI 
1640 medium (Life Technologies, Carlsbad, CA) supplemented with 
fetal bovine serum (FBS; Greiner Bio-One, Frickenhausen, Ger-
many), 1 mM Ultra-glutamine (BioWhittaker; Lonza, Basel, Switzer-
land), antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin, and 
0.25 μg/ml amphotericin B; Life Technologies), IL-4 (500 U/ml), and 
granulocyte-macrophage colony-stimulating factor (800 U/ml) in a 
humidified, 5% CO2–containing atmosphere. For experiments, cells 
were seeded on uncoated glass coverslips or, where indicated, on 
glass coverslips with fibronectin, collagen type I, or laminin. For 
substrate stiffness experiments, cells were seeded onto uncoated 
35-mm μ-dishes with an elastically supported surface (Ibidi, Munich, 
Germany).
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images revealed similar actin structures to those seen using Alexa 
647–phalloidin (data not shown). In contrast, labeling of the ring 
components vinculin, talin, and Mac1 using Alexa 488 antibodies 
resulted in drastically undersampled reconstructions when com-
pared with reconstructions seen using Alexa 647 antibodies (data 
not shown). This is a result of the difference in photophysical proper-
ties between Alexa 488 from Alexa 647 under our imaging condi-
tions. A large number of Alexa 488 molecules were lost during the 
acquisition due to photobleaching or improper fitting. However, the 
high labeling density of phalloidin, as well as the high concentration 
of actin within the podosomes, made the underlying resolution of 
the actin structural distribution robust to suboptimal blinking char-
acteristics. This was not the case for the ring component proteins, as 
they were not expressed at as high levels and the proteins within the 
structures were not as densely labeled, making the reconstructed 
structures more sensitive to any loss of fits. On the basis of these 
initial findings, we chose throughout the rest of the study to use 
Alexa 647 to label the ring components and Alexa 488–phalloidin to 
label the dense actin structures.

Dual-color image acquisitions were performed by imaging Alexa 
647 and Alexa 488 sequentially. Alexa 647 was imaged first to pre-
vent photobleaching of the Alexa 488. The same bead was used for 
both channel stabilizations. The extended imaging time needed for 
the full two-color acquisition necessitated use of the “giant” qdots 
for the stabilization because they were found most resistant to pho-
tobleaching. To correct for shifts due to chromatic aberrations, chan-
nels were aligned using multicolor beads (Tetraspek; Invitrogen). 
Using our piezostage, we placed a single Tetraspek bead at 225 lo-
cations (15 × 15) uniformly distributed across the image window. 
The emission position in both channels was fitted and recorded. A 
locally weighted transform between the channels across the image 
was determined as described in Churchman and Spudich (2008). 
This transform was then used to convert fits from the Alexa Fluor 
488 channel into the Alexa Fluor 647 channel. Registration error was 
calculated using the transform determined from a uniformly distrib-
uted subset of fit positions (8 × 8) to overlay the remaining fit posi-
tions (7 × 7). Registration error, calculated as the mean of the Carte-
sian distance between corresponding points in the two channels, 
was between 4.8 and 7.6 nm. A channel registration data set was 
always taken within 3.5 h of any data acquisition. We found this 
necessary to ensure that the registration transform was relevant and 
that no alignment drift occurred. Comparison of two registration 
data sets taken 3 h apart resulted in a cross-transformation error of 
13.2 and 43.5 nm when taken 12 h apart.

Quantification
Podosome core analysis for Figure 2, E–H. Ring analysis and core 
perimeter and area analysis were done with ImageJ 1.45b software 
(National Institutes of Health, Bethesda, MD). Podosome cores were 
selected on the basis of intensity. Podosome diameter was calculated 
using D = 2(sqrt[A/π]), where D is the diameter of the podosome 
core and A is the area. Podosome circularity was calculated using 
C = 4πA/P2, where C is the circularity, A is the area, and P is the 
perimeter of the podosome core. Nearest-neighbor distance was 
based on the position of the podosome core center. Size value 
distributions were fitted with a single Gaussian or with a sum of two 
Gaussians using Prism 5.03 for Windows software (GraphPad 
Software, La Jolla, CA).

Localization density in Figure 5D. Podosome cores were randomly 
selected and segmented in the F-actin image. Subsequently a 
distance transform was calculated for both the segmentation mask 

Superresolution imaging
dSTORM imaging was performed using an inverted microscope 
(IX71; Olympus America, Center Valley, PA) equipped with an oil-
immersion objective 1.45-NA total internal reflection fluorescence 
objective (U-APO 150×/NA 1.45; Olympus America). A 635-nm 
diode laser (Radius 635; Coherent, Santa Clara, CA) was used for 
Alexa 647 excitation, and a 488-nm frequency-doubled diode laser 
(Spectra-Physics Cyan Scientific; Newport, Irvine, CA) was used for 
Alexa 488. A quad-band dichroic and emission filter set 
(LF405/488/561/635-A; Semrock, Rochester, NY) set was used for 
sample illumination and emission. Emission light was separated 
onto different quadrants of an Ixon 897 electron-multiplying charge-
coupled device (EM CCD) camera (Andor Technologies, South 
Windsor, CT), using a QuadView imaging system (QV2; Photomet-
rics, Tucson, AZ) with additional emission filters (692/40 and 
525/30 nm; Semrock). The EM CCD gain was set to ∼200, and 
frames were 256 × 256 pixels with a pixel size of 0.106 μm. Images 
were acquired with 100-ms exposure and collected over 10,000–
20,000 frames. The sample chamber was mounted in a three-di-
mensional piezostage (Nano-LPS; Mad City Labs, Madison, WI) with 
a resolution along the xyz-axes of 0.2 nm. Sample drift was cor-
rected for throughout the imaging procedure using a custom-built 
stage stabilization routine. Before data acquisition, a reference 
bead, 0.2 um (535/575; Invitrogen), or a “giant” quantum dot (pro-
vided by J. Hollingsworth, Los Alamos, NM; Chen et al., 2008) was 
found using the MCL nanopositioning stage, and the location of the 
bead relative to the imaging frame was recorded. After each acqui-
sition of 1000 frames, the stage returned to the recorded bead posi-
tion, and an updated bead position was determined by fitting the 
bead position along x, y, and z. The updated bead location along 
the z-plane was determined by scanning a distance of 250 nm above 
and below the current plane in 10 sequential steps, fitting a two-di-
mensional Gaussian distribution to the intensity distribution at each 
plane, and then fitting a curve of the fit primary sigma factor (PSF) 
values at each plane to find the z plane for which PSF is minimized. 
The updated xy position of the bead was found by fitting the center 
of the two-dimensional Gaussian at the bead’s in-focus z position, 
and the stage was moved to the updated position with mean x, y, 
and z correction of 6.8, 7.5, and 47.9 nm, respectively, over all 
acquisitions.

Image reconstruction and data analysis
dSTORM images were analyzed and reconstructed with custom-
built MATLAB (MathWorks, Natick, MA) functions as described pre-
viously (Smith et al., 2010; Huang et al., 2011). Vinculin, talin, and 
αMβ2 images were reconstructed from between 930,000 and 
2,000,000 fit positions. Actin images were reconstructed from be-
tween 9,000,000 and 16,000,000 fit positions. For each image frame, 
subregions were selected based on local maximum intensity. Each 
subregion was then fitted to a pixelated Gaussian intensity distribu-
tion using a maximum likelihood estimator. Fitted results were re-
jected based on log-likelihood ratio and fit precision estimated using 
the Cramér–Rao lower bound values for each parameter fit, as well 
as intensity and background cut-offs. Multifluorophore analysis was 
used for fitting of the Alexa 488–phalloidin images, as the duty cycle 
of Alexa 488 and high density of labeled actin resulted in an active 
density not successfully fitted with a single-emitter model.

Two-color imaging and image alignment
The choice of Alexa 647 for labeling of ring components and Alexa 
488 for labeling of actin was made to ensure the most number of 
acquired fits. We found that Alexa 488–phalloidin superresolution 
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and its logical complement. From these distance transforms masks 
were created for pixels at each distance from the boundary of the 
segmented area, both within the segmented area and in the 
background. Finally, these masks were used to measure the average 
localization density in the corresponding image of the ring 
components vinculin, talin, and αMβ2.

Islet density in Figure 5E. For all three components, five regions of 
3 × 3 μm within a podosome cluster were randomly selected and 
subdivided into three areas: 1) a ring with a width of 0.28 μm 
surrounding the core of podosomes (Ring Area), 2) areas without 
actin cores or actin filaments (Actin Free Areas), and 3) areas 
containing radiating actin filaments but not within the podosome 
core or ring area (Radiating Actin Filaments). Next the image was 
thresholded and islets were identified on the basis of their intensity 
compared with the background. Subsequently islet density values 
were calculated for vinculin, talin, and αMβ2 for all three areas, 
presented as the number of islets/square micrometer.
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