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Cell-to-extracellular matrix (ECM) adhesion plays important 
roles in various biological events, such as proliferation, differ-
entiation and migration. Distinct from other types of adhesion 
structures (focal complexes, focal adhesions and so on), podo-
somes and invadopodia are thought to have additional functions 
beyond attachment, possibly including invasion into the ECM. 
For podosomes and invadopodia to invade into the ECM, 
molecules involved in adhesion, actin polymerization and ECM 
degradation must be recruited to sites of action. Our recent study 
demonstrated that podosomes form near newly formed focal adhe-
sions via the minimally expressed phosphoinositide PtdIns(3,4)
P2-mediated recruitment of the Tks5-Grb2 scaffold, followed by 
the accumulation of N-WASP. Although this study demonstrated 
details of molecular interplay during the transformation of focal 
adhesion, its regulation in the in vivo invasion process remains 
to be clarified. Here, we discuss the molecular bases of the trans-
formation of focal adhesions to podosomes/invadopodia based on 
current understanding.

Extra View

Podosomes/invadopodia are dynamic membrane protrusions 
found in cells with high motility. They are responsible for focal peri-
cellular proteolysis of the extracellular matrix (ECM), which leads 
to cellular invasion and metastasis under both physiological and 
pathological conditions.1 Podosomes were initially discovered in cells 
transformed with the Rous sarcoma virus2 and in monocyte-derived 
cells, such as osteoclasts3 and macrophages.4 Research on podosomes 
gained momentum in the late 1990s when they were found to be 
associated with the gene responsible for Wiskott-Aldrich syndrome 
(WAS). The product of the gene (i.e., WASP) and its ectopic 
analogue, N-WASP, were necessary for actin polymerization at podo-
somes.5,6 Invadopodia were initially found to be precisely localized 
at sites of ECM degradation.7 Subsequent discoveries that revealed 
the localization of a number of matrix metalloproteases (MMPs) 
at invadopodia/podosomes are consistent with this observation. In 
addition, interference with podosome/invadopodium formation was 

found to directly affect ECM degradation.6,8,9 A particularly impor-
tant finding was that membrane type 1 MMP (MT1-MMP) localizes 
to podosomes/invadopodia. In fact, MT1-MMP plays a pivotal role 
in physiological and pathological cell invasion,10 skeletal embryogen-
esis11 and cell migration.12 On the basis of these facts, podosomes/
invadopodia have been recognized as appendages with both physi-
ological and pathological roles for invading substrates. Although 
podosomes are proposed to be precursor structures that mature into 
invadopodia under appropriate physiological conditions,9,13 no direct 
experimental evidence is available to support this hypothesis. Based 
on current knowledge, podosomes and invadopodia are thought to 
have nearly indistinguishable structure and function. Nevertheless, 
genetic/epigenetic mutations might uncontrollably promote gain-
of-function alterations for immobile epithelial cells, endowing these 
cells with properties of highly motile cells such as monocyte-derived 
cells. Indeed, Tks5, a scaffold protein that is known to play an essen-
tial role in podosome/invadopodium formation, has been shown to 
be upregulated in invasive cancer,14 macrophages and mesenchymal 
cells compared with relatively less-invasive cancer cells (unpublished 
data). Thus, Tks5 expression might be one acquisition of epithelial 
cells that make them highly motile, although the physiological role 
of Tks5 and its mechanism of regulation are uncertain.

Podosomes/invadopodia are F-actin-rich contact regions that 
appear as small (diameter, 1–2 μm; depth, 200–400 nm), round 
plasma membrane extensions when observed under an electron 
microscope and assemble at an early stage during cell adhesion to a 
substrate. The core of actin filaments within each podosome/inva-
dopodium is enriched with integrin, vinculin, talin, α-actinin, Src 
and tyrosine-phosphorylated proteins.13 Because the family of focal 
adhesion molecules has many members and shares many similarities 
with podosomes and invadopodia, relationships between them have 
been extensively discussed. By analyzing the molecular components, 
architecture and spatio-temporal regulation of them, podosomes 
and invadopodia are believed to be distinct from normal adhesion 
regulators, such as focal contacts and focal adhesions based on the 
following properties. First, podosomes/invadopodia contain proteins 
that regulate actin polymerization, such as the Arp2/3 complex and 
N-WASP,3,15 whereas focal adhesions do not. Second, although 
podosomes/invadopodia exhibit de novo assembly to some extent, 
they are more frequently formed from rapid and dynamic turnover of 
preexisting podosomes/invadopodia.16,17 In contrast, focal adhesions 
are substantially less dynamic, and their formation appears to require 
ongoing protein synthesis. Finally, podosomes/invadopodia appear 
to shape and remodel the ventral plasma membrane, which might 
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be related to exocytosis of proteases at these sites.18 This process 
is considered to occur through the action of membrane-deforming 
proteins, such as dynamin and cortactin, although the precise 
mechanism and the physiological significance are yet to be eluci-
dated. In addition, a recent review19 summarizes the similarities and 
differences between focal adhesions and podosomes/invadopodia. 
However, identifying the functional relationship between these enti-
ties in the context of cell invasion/migration remains a challenge.

Our study20 demonstrated that a minimally expressed phos-
phoinositide, PtdIns(3,4)P2, is synthesized by PI3-kinase and 
synaptojanin2 near focal adhesions and that this phosphoinositide 
triggers the recruitment of a protein complex that includes Tks5, 
Grb2 and N-WASP. Tks5 is an adaptor protein originally identified 
as an Src substrate21 and later was shown to be essential for podosome 
formation, matrix degradation and tumor growth in vivo.14,22,23 
Using phosphoinositide-specific binding domains, we have previ-
ously shown that PtdIns(3,4)P2, but not PtdIns(4,5)P2, accumulates 
at podosomes of NIH-src cells. Furthermore, in NIH-src cells with 
reduced Tks5 expression, PtdIns(3,4)P2 still localized to adhesion 
sites. Live-cell imaging and protein interaction analysis revealed that 
PtdIns(3,4)P2 production and Tks5-Grb2 complex formation at 
focal adhesions are Src dependent. Thus, these molecules are thought 
to be responsible for Src-induced podosome formation at focal adhe-
sions (i.e., transformation of adhesions). Although we found that Src 
stimulated PtdIns(3,4)P2 production at newly formed focal adhesions 
and subsequent actin polymerization at podosomes, it is unlikely that 
a pre-existing focal adhesion gradually modified into podosome. 
Instead, actin dots that assembled de novo were arranged in a circular 
pattern around the focal adhesion and then fused together, resulting 
in a mature circular podosome with another adhesion (this structure 
is also termed rosette). Once formed, the circular podosome exhibits 
dynamic turnover, as shown in many previous studies. At that point, 
the original focal adhesion loses integrity. Although the interaction 
of Tks5 and N-WASP seems to be important in ring-shape mature 
podosome formation, the precise molecular mechanism underlying 
the arrangement and fusion of each actin dot remains to be explored. 
One intriguing possibility is that Tks5 serves as a more potent acti-
vator of the N-WASP-Arp2/3 pathway than other adaptors, such as 
Nck. Our study demonstrated that Nck is not involved in podosome 
formation per se, although it seems to be necessary for matrix degra-
dation. Nck has previously been shown to be an important adaptor 
in the EGF-stimulated N-WASP-Arp2/3 pathway, whereas the resul-
tant invadopodia are dot-shaped and appear to be laterally motile.24 
In light of this finding, Tks5 could be thought of as an analogue of 
EspFu, which is found in enterohemorrhagic Escherichia coli (EHEC) 
and plays a key role in pedestal formation in response to invading 
pathogens by effectively recruiting and activating N-WASP inde-
pendent of Nck.25 These differences in the adaptor molecules may 
explain the appearance and dynamics of podosomes/invadopodia in 
many cell types. The ring-shape architecture of mature podosomes 
is consistent with the localization of N-WASPΔVCA in NIH-src 
cells, which was shown to inhibit actin polymerization at podosomes 
but localize at focal adhesions as rings when moderately expressed. 
These rings of N-WASPΔVCA co-localized with endogenous Tks5, 
which implies that these molecules serve as podosome precursors.20 
Furthermore, dynamin was found to interact with Tks5, play an 
essential role in podosome formation, and co-localize with the rings 

of N-WASPΔVCA (unpublished data). As shown in a previous 
report, dynamin is involved in microtubule-induced focal adhesion 
disassembly by interacting with FAK,26 and it is plausible that this 
precursor complex consisting of Tks5, dynamin and N-WASP is 
involved in focal adhesion remodeling. Because adhesion molecules, 
such as FAK and vinculin, were found to be enriched at the inner side 
of matured podosomes, the original focal adhesions might somehow 
be utilized for these ring-shape newly formed adhesions in podosomes 
by a currently unknown mechanism. Recent findings suggest that the 
dynamics of podosomes27 or the proteolytic activity of invadopodia28 
are influenced by the rigidity of the ECM. In fact, NIH-src cells 
cultured in Matrigel exhibited another distinct morphology, although 
N-WASP accumulation in F-actin-rich protrusions was commonly 
observed (Fig. 1, arrowheads). In addition, adhesion molecules were 
localized adjacent to these protrusions (Fig. 1, arrowheads). Because 
of the localization of these molecules, the protrusions are thought to 
represent podosomes in this three-dimensional environment. These 
results suggest that the types of integrins involved in adhesion and/
or the traction forces may also affect the formation, function and 
appearance of the adhesion-initiated podosomes/invadopodia. Thus, 
future studies are required to dissect the dynamics of focal adhesions 
and podosomes/invadopodia in a more physiological, three-dimen-
sional environment. These studies may provide new insight into 
podosomes/invadopodia in relation to other protrusions, such as 
membrane blebbing, which are thought to be important in protease-
independent migration in the three-dimensional environment.29,30 

Figure 1. NIH-src cells in Matrigel form protrusions enriched with N-WASP 
and F-actin. NIH-src cells cultured in Matrigel (BD bioscience) were fixed with 
2% paraformaldehyde in phosphate buffered saline for 10 min. Cells were 
then stained with anti-integrinβ1 (Chemicon, MAB1997) (red), anti-N-WASP 
(green) and Alexa647-phalloidin (Invitrogen) to visualize F-actin (blue). 
Arrowheads indicate protrusions with N-WASP and F-actin accumulation. 
The confocal images were sequentially taken between 16.52 μm and 41.46 
μm from the glass surface; therefore, the image represents a 29.42 μm sec-
tion (Olympus, FV1000 confocal microscopy system with 40x objective, NA 
0.60). Scale bar, 20 μm.
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Whereas the initiator of podosome formation, PtdIns(3,4)P2, is 
thought to be produced on the plasma membrane in response to 
several stimuli, including growth factors, normal NIH3T3 cells with 
Tks5 expression do not form podosomes. Thus, the localization of 
Tks5 to focal adhesions followed by PtdIns(3,4)P2 generation, and 
subsequent interaction with adhesion molecules, such as Grb2, and/
or modification of Tks5, including phosphorylation, are likely addi-
tional gating factors in allowing podosome assembly. Future works 
should attempt to validate this hypothesis. Increased knowledge on 
the mechanisms that underlie the adhesion-mediated formation and 
function of podosomes/invadopodia will provide insights into the 
biology and regulation of osteoporosis and cancer metastasis as well 
as aid in the development of potential therapeutic approaches for 
managing these diseases.
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