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ARF1 at the crossroads of podosome construction
and function
Elisabeth Genot

Podosomes are actin-based proteolytic microdomains of
the plasma membrane found in cells that travel across
tissues. In this issue, Rafiq et al. (2017. J. Cell Biol.
https://doi.org/10.1083/jcb.201605104) reveal that
the small guanosine triphosphatase ARF1, a well-known
orchestrator of membrane traffic at the Golgi, regulates
podosome formation, maintenance, and function.
Cells constantly interact with their environment through contact
structures, and those traveling across tissues are equipped with
podosomes. This process is essential for cells such as macrophages and dendritic cells that patrol and protect the body from
pathogens. However, during cancer, this process can also facilitate the migration of tumor cells during metastasis. In fact, only
professional migratory cells display podosomes constitutively;
other cells form podosomes in response to an inducing, cell
type–dependent signal. For cancer cells, the stimulus is an oncogene, and the structures, which morphologically differ from
podosomes, are named invadopodia.
The role of podosomes in supporting cell invasiveness
originates from their multiple capabilities, of which adhesion
to the extracellular matrix and proteolysis of its components
are essential. They feature a complex molecular composition
that forms the basis for their extensive repertoire of sensory and
effector functions. Despite the complexity of the structure, podosomes are easily recognizable owing to their dot-like shape,
small diameter (∼1 µm), and their typical bipartite architecture consisting of a central F-actin–rich core and a concentric
ring structure gathering focal adhesion proteins (Linder et al.,
2011). Another intriguing feature of podosomes is their dynamics, which form and disassemble within minutes. They undergo
lateral mobility, fuse together into larger structures, and then
split into smaller entities (Linder et al., 2011). The structures
are interconnected by actomyosin cables that are also connected
to the plasma membrane. Within the network, podosomes exhibit collective behavior and synchronized dynamics (van
den Dries et al., 2013).
Understanding the signaling mechanisms and functional
components of podosome formation and turnover has been a
key focus for podosome research and has implications for developing drug targets that control cell invasion. As cytoskeletal
elements, podosome formation involves the regulation of small
GTPases of the Rho family. Cdc42 is recognized as a master
regulator of their formation, and a constitutively active form of
the GTPase is sufficient to induce their formation (Moreau et
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al., 2003). In many models, the antagonistic action of RhoA was
highlighted (Moreau et al., 2003; van Helden et al., 2008), yet
RhoA plays an important role in orchestrating podosome stability, dynamics, and patterning (Spuul et al., 2014). The functioning of podosomes depends on members of another family of
small GTPases. Rab5a, Rab8a, and Rab14 have been identified
as crucial regulators of MT1–matrix metalloproteinase (MMP)
trafficking along microtubules and delivery at podosome sites
in macrophages (Wiesner et al., 2013). In the particular case of
invadopodia, MT1-MMP exocytosis was found to be regulated
by the small GTPase ARF6 (Marchesin et al., 2015). In this
issue, Rafiq et al. introduce a novel player into these dynamic
interactions: the small GTPase ARF1, best known for its functions at the Golgi, is now shown to impact podosome formation and dynamics and to regulate events at both the podosome
core and ring moieties.
Rafiq et al. (2017) first show a specific role of ARF1 in
podosome induction in stimulated cells, which was unexpected
considering its canonical function at the Golgi. In THP1-monocytic cells and using classical inhibitory approaches, they observed that podosomes will not be induced if ARF1 expression
or function is impaired, whereas ARF6 silencing did not show
this effect. ARF1 plays a critical role in membrane traffic by
initiating the recruitment of the COPI coat proteins to the Golgi
membrane. However, siRNA-mediated ARF1 silencing left the
integrity of the Golgi unaffected, suggesting that ARF1 perturbation must operate in another subcellular compartment.
Live imaging of a fluorescently tagged ARF1 protein provided evidence that ARF1-containing, Rab11-positive vesicles
traveled along microtubules and transiently contacted podosomes at their ring domain.
How do these events connect with ARF1 regulation?
Treatments that induce podosome formation increased the fraction of active ARF1. In addition, by inhibiting various guanine
nucleotide exchange factors (GEFs), the authors were able to
show that ARF1-mediated podosome formation was regulated
by a SecinH3-sensitive (but not a Brefeldin A sensitive) Arf
GEF. Structured-illumination microscopy (SIM) showed that
the actin filaments interconnecting individual podosomes were
the first targets of SecinH3-mediated inhibition and that both
podosome cores and rings subsequently collapsed. Podosome
turnover is fast, and the kinetics of podosome disappearance
was too slow to reflect a direct inhibition of podosome reformation. The authors thus favored the hypothesis that inactivation of
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Figure 1. Schematic illustration of the two signaling pathways regulated
by ARF1. The two pathways are described in two distinct cell types and
dissected with distinct tools. (A) In podosome-forming cells, inhibition of
ARF1 activity raises Rho-GTP levels and thereby prevents podosome formation. The target of the inhibitory signal is the actomyosin network interconnecting individual podosomes (spiraling line between podosomes), and
podosomes gradually disappear over time. (B) In cells that do not normally
assemble podosomes, constitutively active ARF1 induces the formation of
actin-rich puncta, endowed with matrix-degrading activities but devoid of
the adhesive ring. Such structures display unusual lateral, oscillation-like
mobility (curved lines surrounding the podosome core). (C) ARF1 activity positively regulates actin polymerization and restricts Rho activity to
enable podosome assembly.

destabilize podosome cores and rings. It also shows that the dynamic cycle of ARF1 plays a key role in podosome formation
and maintenance. What coordinates the actions of ARF1 and
RhoA is a key question. The ring is known to be the privileged
location for GEF and GTPase-activating proteins (GAPs; Spuul
et al., 2014). Interestingly, the Arf GAP ASAP1 was previously
shown to localize at the podosome ring, where it functionally
interacts with GEFH1, a GEF for RhoA and a mediator of microtubule–actin cross talk (Shiba and Randazzo, 2011). In this
scenario, ARF1 appears to be a hub connecting two well-identified regulators of podosome stability.
How does CA-ARF1 initiate the formation of podosomes,
and why do they form incompletely? The authors characterized
these structures as hypothetical podosome precursors because
they were incomplete: the actin core was built and the degrading enzymes were in place, but the adhesive ring that anchors
the structure to the extracellular matrix was missing. In fact,
“precursors” is already an accepted term for the podosome subpopulation at the leading edge (which are fully assembled but
highly dynamic podosomes; Bhuwania et al., 2012). In their
model, the authors suggest that formation of the ring is part of
a maturation process. However, because it is a matter of debate
whether the podosome core or ring appears first, this interpretation may be controversial. In osteoclasts, Luxenburg et al.
(2012) found that the first visible component to accumulate at
sites where podosomes subsequently build up is the ring protein
paxillin. In this respect, it is intriguing to note that ARNO is a
binding partner of paxillin (Torii et al., 2010). In addition, Liu
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ARF1 impacted the balance between podosome assembly and
disassembly. As ARF1 knockdown prevented podosome induction, podosome reformation after disassembly more likely represents the vulnerable step. Using siRNAs, the Arf GEF ARNO
was subsequently identified as the SecinH3 target and a specific
upstream regulator of ARF1 for podosome formation. ARNO
was found to localize around the actin core and persisted at this
location for the lifetime of the podosome.
How does ARF1 inhibition mediate podosome disruption? It turned out that regardless of the strategy used, such as
targeting the small GTPase or the identified GEF, Rho-GTP
levels increased when ARF1 activation was impaired. Myosin
IIA filament assembly, visualized by live SIM imaging of a
fluorescent version of the regulatory light chain Rho effector
(GFP-RLC), also attested to the restoration of activity. Strikingly, podosome disappearance occurred precisely in the subcellular regions enriched in myosin IIA filaments, suggesting
that podosome disassembly was triggered by local activation
of myosin IIA–driven contractility and confirmed earlier livecell data from macrophages (Bhuwania et al., 2012). Consistent with this, neutralizing the activation of the Rho pathway at
various levels restored podosome formation in ARF1-inhibited
cells. These findings highlight that low levels of Rho activity
have a permissive role in podosome formation and that the inhibitory effect caused by silencing ARF1 can be accounted for
by the sole rise of RhoA activity.
To further explore how ARF1 influences podosome formation, the authors sought to overdrive the system by expressing a constitutively active form of ARF1 (CA-ARF1) in cells
that do not normally assemble podosomes. In mouse embryonic
fibroblasts, CA-ARF1 stimulated actin polymerization, giving
rise to the formation of actin-rich, matrix-degrading puncta that
strikingly differed from bona fide podosomes by the lack of the
adhesive ring. Despite this, ARF1 trafficking still occurred, but
the structures displayed unusual lateral mobility consistent with
the lack of the adhesive domain. Although Rho activity was not
directly assessed, the concomitant loss of stress fibers suggested
reduced cellular contractility.
Overall, the authors conclude that active ARF1 regulates
two distinct signaling pathways, one leading to Rho inhibition
that affects the balance of podosome assembly and disassembly, and the other inducing the formation of incomplete but matrix-degrading podosomes (Fig. 1).
Gain and loss of function mutants are powerful tools.
By exposing cells to extreme situations, they reveal regulations that may go unnoticed under baseline conditions. Aided
by complementary approaches based on the use of siRNA and
pharmacological tools, Rafiq et al. (2017) show that inhibiting
ARF1 raises active RhoA levels and thereby prevents podosome
formation, whereas active ARF1 initiates actin polymerization
that builds the podosome core structure. The hard task that follows is to validate these findings in the physiological context
of the intact cell and to identify the operators and effectors of
ARF1 in these two pathways.
If the integrity of the Golgi apparatus is not affected,
where do ARF1 inhibitory strategies exert their action? The
actin filaments interconnecting individual podosomes are the
first targets of SecinH3 inhibition, followed by the collapse of
both podosome cores and rings. This argues that the primary
effect of abrupt GEF inhibition, most presumably ARNO, is
an excessive assembly of myosin IIA filaments that disrupt the
tightly balanced interactions within the network and eventually
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et al. (2005) reported that the recruitment of paxillin to focal
adhesion sites requires dynamic GTP/GDP turnover of ARF1.
This may also explain the lack of an adhesive ring surrounding
podosome-like core structures induced by CA-ARF1. It should
also be kept in mind that CA-ARF1 is locked in its GTP-bound
state: because it is uncoupled from GEF-catalyzed activation,
CA-ARF1 is spatially independent. Small GTPases are signaling platforms, and CA-ARF1 is more likely to signal to other
effectors than the ones engaged in a cross talk with Rho. Although CA-ARF1–induced structures gather actin-binding and
actin-regulatory proteins and display matrix-degrading activity,
further characterization, notably the investigation of podosome
markers such as Tks5, remains an important issue. Finally, the
adhesive ring may not be the only podosome part missing; the
scattered distribution of podosomes in CA-ARF1–transfected
cells suggests that the interconnecting network is also absent.
Intriguingly, neither of the two pathways seem to involve the activity of Cdc42. CA-ARF1 was previously shown
to promote Cdc42-mediated actin polymerization in HeLa
cells (Dubois et al., 2005), and given its key role in podosome
formation, Cdc42 appeared both as a logical target for ARF1
inhibition and as a plausible effector of CA-ARF1 for the
induction of actin-rich puncta. On the one hand, CA-Cdc42
expression enables full podosome construction in contrast
to CA-ARF1 (Moreau et al., 2003). On the other hand, CACdc42 did not prevent or overcome the disruption of podosomes seen upon ARF1 inhibition, and ARF1 inhibition did
not induce any changes in GTP-Cdc42 levels. This argues that
a Cdc42-independent mechanism is targeted by ARF1. However, a contribution of Cdc42 cannot yet be completely ruled
out, as its activity is spatially restricted and modulated locally
at podosomes during their formation. In this respect, it will
be informative to examine whether Cdc42 can be detected at
CA-ARF1–induced actin puncta and whether the formation of
such puncta is sensitive to Cdc42 inhibition.
Collectively, Rafiq et al. (2017) introduce the ARNO–
ARF1 axis as a novel pathway contributing to podosome
formation and demonstrate for the first time a cross talk between ARF1 and RhoA during this process. The study further
extends the increasing number of roles of ARF1 functions at
the plasma membrane, and once again illustrates the nonredundant functions of ARF1 and ARF6 at this location. It may
also provide a new hint to address the regulation of the actin
network interconnecting individual podosomes and its cross
talk with microtubules.
Of course, many issues remain to be clarified: How is
ARNO targeted and localized to podosomes in the first place,
and is its binding partner paxillin involved? The Rab11-positive
ARF1-containing vesicles do not transport essential podosome
components (WIP, N-WASP, cortactin, Arp3, and dynamin
were investigated), so what do they deliver to podosomes?
Does ARF1 signal to other effectors and, more importantly, is
the ARF1 regulatory activity of lipid-modifying enzymes involved? Does the overexpression of ARF1 that occurs in aggressive breast cancer (Schlienger et al., 2016) play a role in
cancer invasion through the formation of the invasive structures
described in fibroblasts overexpressing CA-ARF1?
Regardless of these unanswered questions, Rafiq et al.
(2017) provide novel insights into the mechanisms controlling
podosome formation and stability and open up exciting avenues
that suggest that ARF1 may regulate cell invasion and extracellular matrix remodeling via podosomes.
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