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ABSTRACT

Cell invasion is associated with numerous patho-physiologic states including cell development
and metastatic dissemination. This process couples the activation of cell motility with the capacity
to degrade the extracellular matrix, thereby permitting cells to pass through basal membranes.
Invasion is sustained by the actions of invadosomes, an ensemble of subcellular structures with
high functional homology. Invadosomes are 3D acto-adhesive structures that can also mediate
local extracellular matrix degradation through the controlled delivery of proteases. Intracellular
RHO GTPases play a central role in the regulation of invadosomes where their complex interplay
regulates multiple invadosome functions. This review aims to provide an overview of the syner-
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gistic activities of the small GTPases in invadosome biology. This broad-based review also
reinforces the importance of the spatiotemporal regulation of small GTPases and the impact of

this process on invadosome dynamics.

1. Introduction

The discovery of oncogenes in the 1980s highlighted
the importance of cell signalling and its role in reg-
ulating physiologic and pathologic transitions.
Critical cell signalling events have been identified
that contribute to tumour progression. Taken
together, these events provide examples of how the
rewiring of multiple signalling pathways supports
proliferation, senescence, metabolic changes, and
metastatic dissemination of tumour cells. The discov-
ery of the small GTPase, RAS, highlighted the role of
this class of signalling molecules in the pathophysiol-
ogy of cancer[1]. In many cases, a primary tumour is
not the main cause of death; rather, death ensues as
a direct result of associated metastatic cellular spread.
Advances in in vivo imaging have highlighted differ-
ent dissemination strategies that are largely based on
the type of cancer and stage of tumour progression.
In most cases, cell dissemination is only possible
when the basal membrane surrounding the primary
tumour site is breached. This activity is promoted by
F-actin-dependent subcellular structures known as
invadosomes, which are critical for adhesion, protru-
sion, and local degradation of the extracellular mem-
brane (ECM). Since cytoskeletal remodelling is an
essential component of invadosome formation and
function, these structures are also regulated by the

members of the small GTPases superfamily. Our
review aims to summarize the most recent develop-
ments that focus on the role of small GTPases and
their capacity to regulate the formation and function
of invadosomes. We also aim to provide a general
overview of the complex downstream signalling path-
ways that involve several of the small GTPases as well
as their role in induction and coordination of inva-
dosome function.

2. The invadosome superfamily

The invadosome superfamily is a group of distinct
subcellular structures that include podosomes, invado-
podia, and linear invadosomes. Each of the invada-
somes presents different morphological features and
varying patterns of formation depending on the cell
type of origin [2]. Podosomes have been identified in
cells that constitutively overexpress active SRC muta-
tions and in non-transformed cells including dendritic
cells, macrophages, endothelial cells, vascular smooth
muscle cells, megakaryocytes, and osteoclasts [3].
Invadopodia have been identified in cancer cells and
can promote tissue degradation [4]. Linear invado-
somes are subcellular structures that are formed in
direct association with thick bundles of collagen I in
both transformed and primary cells [5].

CONTACT Olivier Destaing @ olivier.destaing@univ-grenoble-alpes.fr @ Institute for Advanced Biosciences, Centre De Recherche UGA/Inserm U 1209/
CNRS UMR 5309, Site Santé - Allée Des Alpes 38700 La Tronche, France. Tel: +33 476 54 95 50

© 2021 Informa UK Limited, trading as Taylor & Francis Group


https://crossmark.crossref.org/dialog/?doi=10.1080/21541248.2021.1877081&domain=pdf&date_stamp=2021-11-06

430 P. RIVIER ET AL.

Invadosomes have been detected throughout the
biological spectrum, from species extending from the
nematode, Caenorhabditis elegans, to humans, and
serve to promote numerous functions in vivo, including
development [6], immune system scanning, vascular
reorganization, and bone remodelling [7,8].
Invadosomes have also been implicated in numerous
pathological states including in vivo extravasation in
the chick chorioallantoic membrane (CAM assay) and
breast cancer metastasis in the MMTV-PyMT mouse
model. Invadosomes have also been identified in
tumours from surgical specimens from the human
pancreas (i.e., pancreatic adenocarcinoma) as well as
from other organs [6,9].

Invadosome acto-adhesive and mechanosensitive
functions

The invadosome unit is a three-dimensional acto-
adhesive structure (since higher than large) that is
comprised of a dense F-actin core surrounded by
a ring of adhesion molecules that colocalize with radial
F-actin filaments extending from the actin core and
positioned parallel to the substratum (i.e., the actin
cloud) [10-12]. The term ‘acto-adhesive function’
implies the capacity to recognize specific components
of the ECM; this is supported by the observed aggrega-
tion of numerous ECM receptors including CD44,
integrins (B1, B2, B3, and P5), and discoidin domain
receptors (DDRs). The specific three-dimensional orga-
nization of the invadosome acto-adhesive components
suggests the existence of original underlying molecular
mechanisms that are specific to invadosomes and not
shared with other adhesive structures such as those
promoting focal adhesion or cell-cell contacts. In con-
trast to focal adhesions, invadosomes develop contrac-
tile mechanisms, although these are currently not well
understood. For example, invadosomes can be formed
independently of the Myosin II, but do require other
contractile components, such as atypical Myosin I [13].
Invadosomes develop in response to the mechanical
properties of their local environments, thereby defining
their mechanosensitivity [14,15].

Invadosomes are also characterized by their collec-
tive behaviour, as individual units can assemble into
large and dynamic meta-structures such as rings or
large shafts along collagen fibres. Large invadosome
meta structures, including rings (also known as
rosettes), can expand in diameter, fuse with one
another, and ultimately disappear due to continuous
remodelling; the latter feature involves the coordinated
assembly of new invadosome units at the outer rim and
disassembly of older ones at the inner rim [10,16,17].

By contrast, the precise ultrastructure of the functional
unit of linear invadosomes has not yet been character-
ized, although this structure also depends on the three-
dimensional organization of actin organization and is
associated with adhesion (both DDR-dependent or
independent) and degradative properties [5,18].

The degradative function of invadosomes at the
ECM

Invadosomes promote tissue degradation via their
capacity for localized secretion of matrix metalloprotei-
nases (MMPs). Two specific types of MMPs have been
described in association with invadosomes, including
membrane-anchored MMPs (MT1-MMP/MMP14 to
MT6-MMP) that are released directly during intracel-
lular trafficking and activation of secretory pathways,
and proenzyme MMPs (pro-MMPs; MMP2, MMP9,
and others) that are secreted in the pericellular envir-
onment and are subsequently activated by a feed-back
loop triggered by membrane-anchored MMPs [19].
Thus, control of the MMP exocytosis in the immediate
vicinity of an invadosome is a critical step underlying
coupling between acto-adhesion and ECM degradation.
This overall process has been characterized as degrada-
tion-on-demand (DOD) or acto-adhesion and degrada-
tion coupling (ADC) [20,21]. Adaptor proteins,
including the calmodulin (CaM)-dependent GTPase
protein, IQGAPI, are particularly important factors
underlying the formation of exocyst complexes that
transport MT1-MMP from intracellular vesicles to the
plasma membrane. Hic-5, a member of the paxillin
adaptor family, can bind IQGAPI as well as to other
regulatory GTPases to form a bridge between the exo-
cyst complexes involved in regulating MT1-MMP
release and critical adhesive structures [22,23].

3. Small RHO GTPases and invadosomes

Actin organization and the precise coupling between
acto-adhesive and ECM degradative functions suggest
that the invadosome is a dynamic structure with the
capacity to respond to a finely-tuned and coordinated
series of signalling events. There is particular interest in
the potential role for small GTPases, as these signalling
proteins have been implicated in the regulation of
adhesion, intracellular trafficking, and modulation of
the cytoskeleton. As such, we will summarize the find-
ings from studies that have highlighted the importance
of various small GTPases specifically with respect to the
structure and function of invadosomes. There are 20
RHO family proteins under the control of guanine
nucleotide exchange factors (GEFS) and GTPase-



activating proteins (GAPS) that have been divided into
8 groups; these proteins include RHOA, RAC, and
CDC42 as well as atypical family members that are
regulated instead by kinases or proteasome-based
degradation [24-27].

CDC42

Mutations in a CDC42-binding WAS protein (WASP)
result in Wiskott-Aldrich syndrome (WAS), which is
a disorder characterized by the phenotypic triad known
as  ‘immunodeficiency-eczema-thrombopenia’;  this
finding highlighted the importance of CDC42 and the
larger family of RHO GTPases in regulation of invado-
some function. WASP includes a small-GTPase binding
Domain (GBD) that facilitates interactions with the
GTPases, Rac, and CDC42%®. Actions of Rac and
CDC42 result in two characteristic actin structures,
including one that is largely spread with thin protru-
sions forming lamellipodia, and another with rigid
microspikes that form filopodia, respectively. The sub-
stantial morphologic homology between filopodia and
invadosomes has provided impetus towards identifying
a role for CDC42 in invadosomes formation.
Interestingly, expression of the constitutively active
mutant of CDC42, V12Cdc42, was sufficient stimulus
for activation of invasive processes in cancer cells and
the formation of invadosomes in endothelial cells [28--
28-30]. Moreover, inhibition of CDC42 activation
blocked invadosomes that form in response to phorbol
ester or to the administration of transforming growth
factor-beta (TGF-beta), that classicaly induces epithe-
lial-mesenchymal transition (EMT); remarkably,
CDC42 blockade also prevented the formation of phy-
siologic invadosomes in myeloid cell targets [31-34].
Constitutively active mutants of the other CDC42 sub-
family members, including RHOJ (TCL) and RHOQ
(TC10) induced invadosome formation in endothelial
cells [28,35-37].

As detailed above, there is a strong link between
CDC42 and invadosome formation. CDC42 is one of
the few molecules (including mutant forms of the tyr-
osine kinases, v-SRC and v-Fes) that induce the rapid
formation of invadosomes in any cells when mutated
into its active form [3]. In contrast to results observed
with other GTPases, this observation defines CDC42 as
one of the few drivers of invadosome formation [38].
CDC42 may also regulate various types of invado-
somes, including podosomes, invadopodia, and even
linear invadosomes [38,39]. However, the expression
of the active mutant of CDC42, V12CDC42, in myeloid
cells forming invadosomes resulted in structural disor-
ganization; specifically, expression of VI12CDC42
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altered the distribution of invadosomes in both dendri-
tic cells and macrophages [33,40]. These findings stand
in clear support of hypotheses pointing to the need for
optimal or precise control of CDC42 signalling activity
to maintain organized invadosome function. Moreover,
overexpression of CDC42 can induce degradative func-
tions, but only if the level of expression of the scaffold-
ing regulator, Tks5, remains sufficient [38]. The Tks5/
Fish adaptor protein is required to promote the forma-
tion and function of all types of invadosomes, as it is
involved in the generation of specific protein complexes
implicated in ECM degradation and has been asso-
ciated with the regulation of reactive oxygen species
(ROS) [41,42]. Taken together, these results reveal
that, while CDC42 is important and notably essential
for acto-adhesive activity, it is not the sole critical factor
involved in invadosome formation and function.

RHO

Studies that revealed the link between the formation of
specific actin structures (filopodia, lamellipodia, stress
fibres) and the activity of specific small GTPases [43]
and others that focused on the essential role of CDC42
in processes associated with invadosome formation
raised questions regarding the relative importance of
the other small GTPases. Results from ongoing studies
indicate that invadosomes were sites of both local and
extended interplay among numerous RHO-family
GTPases. Among these findings, invadosome rings
formed in cells transformed with the tyrosine kinase,
v-Src, accumulated RHOs proteins, as detected by tar-
geting the glutathione-S-transferase (GST)-tagged
RHO-specific GTPase binding domain (GST-RBD)
[44]. In primary myeloid cells, silencing or inhibition
of RHO proteins via specific ribosylation by the exoen-
zyme C3 induced loss of invadosomes; these results
confirmed the functional importance of RHOs in this
setting [33,45-47]. Interestingly, mouse macrophages
that are capable of forming physiologic invadosomes
express mostly RHOA and RHOB. Studies in RHOB™"
cells with exoenzyme C3 (i.e., introduction into the cell
via TAT-C3, an enzyme that specifically ribosylates and
inactivates RHOs proteins) revealed a specific role for
RHOA in both formation and regulation of invado-
somes [48]. The overall importance of RHO activity
with respect to invadosome formation was confirmed
in various cell models in which exoenzyme C3 used to
inactivate RHO proteins also prevented the induction
of invadosome formation [49,50].

As in the case of CDC42, precise and optimal reg-
ulation of RHOA activity is critical for appropriate
invadosome dynamics. For example, a constitutively-
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active RHOA mutant, V14RHOA, cannot induce inva-
dosome formation but can serve to inhibit this response
[28,45,51]. Indeed, RHOA activation at the whole-cell
level induces an overall increase in Myosin II-
dependent cell contractility and induction of stress
fibres that serve to negatively regulate invadosome for-
mation. Control of RHO activation is essential for the
regulation of the F-actin content and size of activated
invadosomes. Treatment with exoenzyme C3 will
induce the morphological transition of the invado-
some-based structure formed on bone matrix, includ-
ing the sealing zone and the thinner invadosome belt,
in experiments performed in osteoclasts in vitro
[52-54].

RHO U activity was associated with invadosome
formation in fibroblasts and osteoclasts transformed
with v-Src [55,56]. Expression of RHO U is upregulated
during the formation of the sealing zone during osteo-
clast maturation [55,56].

RAC

In addition to RHO and CDC42, invadosomes are also
affected by the activity of RAC proteins. Among these
findings, cytokine-mediated induction of invadosomes
in endothelial cells was more profoundly altered in
response to expression of the dominant-negative
N17Racl mutant than in response to expression of
dominant-negative = mutants, NI19RHOA  and
N17CDC42[49,50]. Moreover, studies performed in
gene-deleted animal models revealed that RAC2 was
essential for invadosome formation in myeloid cells
while RAC1 was more important with respect to their
meta-structural organization as rings [57]. RAC-
mediated regulation of invadosome function was sup-
ported by results of experiments in which the domi-
nant-positive mutant VI2RACI stabilized invadosomes
and increased invadosome-mediated degradation of the
ECM by tumour cells [29,58].

In other studies, silencing of RAC3 and associated
modulation of B1 integrin activation was found to have
a more profound impact on invadosome-mediated
ECM degradation than on their formation in cancer
cells [59]. As described above, expression of over-
activated RAC mutants also resulted in invadosome
disorganization; these results also suggest the impor-
tance of an ideal degree of RAC activation required to
support the initiation and maturation of invadosomes
[33,45]. It is also important to consider the possibility
of competition between two RAC proteins and the
potential for antagonistic effects. In this light, silencing
of the RAC family member, RHOG, promotes disorga-
nization and inhibition of invadosome formation and

reveals an essential role for this protein as a negative
regulator of invasion of breast cancer cell lines [60].
Taken together, these results suggest the possibility of
a functional and dynamic equilibrium between RAC2,
a protein that promotes invadosome formation, and
RHOG, RACI, and potentially RAC3 that serve to
promote ECM degradation.

Others small GTPases implicated in invadosome

RABs

The important relationships that connect RHO
GTPases, the regulation of actin, and the specific
ECM degradative activity observed in invadosomes
suggested that other small GTPases may play roles in
membrane trafficking associated with invadosome
function. The RABs represent the largest family of
small GTPases. These proteins have been implicated
in multiple steps associated with endosomes and mem-
brane trafficking. One major function of RABs involves
providing direction to endosomes and introduction
into a ‘cell sorting pathway’ via their association with
the specific intracellular cargoes. Some studies have
highlighted the potential for important interactions
with metalloproteases, notably MT1-MMP, which are
found in the vicinity of podosomes. As such, RABs
could modulate invadosome function via their capacity
to regulate intracellular trafficking and to direct specific
components and their associated-metalloproteases.
Endosomes containing RAB5a, RAB8a, RABI4,
RAB21, and RAB22a have been found to contain vari-
able amounts of MT1-MMP at their membranes.
Moreover, silencing or expression of dominant-
negative mutant forms of these RABs (except for
RAB21) results in drastically decreased MT1-MMP
exposure of the basement membrane of myeloid cells;
as such, these cells are rendered less capable of degrad-
ing the ECM [61]. Metalloproteases MMP2 and MMP9
are also involved in invadosome-mediated matrix
degradation. RAB40 promotes the extracellular secre-
tion of these enzymes; silencing of this protein reduces
the number and size of invadosome rings in breast
cancer cells [62]. Likewise, binding interactions
between RAB40 and Tks5 (a specific Src substrate that
is also a driver of invadosome functions) promote
RAB40 accumulation in invadosome.

Other RABs are direct regulators of cell invasion
into the ECM; these proteins might also serve to reg-
ulate invadosome functions. RAB27 silencing leads to
the diminished extracellular release of the protease,
cathepsin D. By contrast, RAB27 overexpression facil-
itates invasion of invasive glioma cells in three-
dimensional matrices [63]. In other experiments,



RAB27 silencing results in diminished cell proliferation
in tumour spheroids and limits their ability to invade
a three-dimensional ECM [64]. These findings might
explain the successful results of a screening procedure
for anti-RAB27 drugs for those that would limit the
invasive capacity of breast carcinoma cells [65]. Finally,
RABI silencing also results in diminished invasiveness
of highly invasive MDA-MB-231 cells; conversely,
RABI overexpression promotes invasive behaviour in
otherwise poorly-invasive MCF7 cells [66]. Taken
together, these findings suggest that RABs play
a major role in directing vesicle-bound factors that
promote ECM degradation to sites of developing inva-
dosomes. These actions serve to reinforce invadosome-
mediated protrusive and degradative functions.

ARF

The ADP-ribosylation factors (ARFs) are members of
another family of small GTPases that have been impli-
cated in the regulation of membrane trafficking via
their impact on membrane lipid composition, the
recruitment of coat proteins, and their capacity to pro-
mote local reorganization of the actin cytoskeleton. The
three classes of ARF proteins include Class I (ARFI,
ARF2, and ARF3), Class II (ARF4 and ARF5), and
Class III (ARF6) [67]. While there is no clear overview
of the importance of all ARFs with respect to invado-
some regulation, both ARF1 and ARF6 appear to play
roles in this process, as modulation of their expression
and activity serves to regulate the three-dimensional
invasion and ECM degradative activity of invasive
cells [68]. Moreover, ARF6 activity has been identified
as important for invadosome formation and ECM
degradative activity via its control of MT1-MMP traf-
ficking [69-71].

Regulation of GTPases in the invadosome

Regulation of small GTPases by GEFs, GAPs, and
guanine nucleotide dissociation

Inhibitors (GDIs)

Signalling activity of small GTPases is associated with
cycling between GDP-bound and GTP-bound forms.
The GDP-loaded form is generally considered to be
inactive, while the GTP-loaded form can interact with
a specific set of effectors, thereby leading to activation
of downstream signalling pathways. Based on their high
affinity for GDP and comparatively slow hydrolysis of
GTP, the cycling between GDP-GTP-bound forms of
these proteins is regulated by GEFs, which are proteins
that promote GDP dissociation, and GAPs, which are
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proteins that stimulate GTP hydrolysis [72]. Moreover,
the activities of lipid-anchored small GTPases are also
dependent on direct interactions with GDIs, which are
proteins that inhibit ligand dissociation. These interac-
tions promote shielding of their lipid-associated com-
ponent that lead to membrane extrusion and long term
inactivation [73]. As discussed above, invadosome
functions are regulated by the activities of various
small GTPases, including CDC42, RHO, RAC, RABs,
and ARFs. Given the large number of GEFs, GAPs, and
GDIs that have been characterized to date, we will limit
the discussion to those that have been implicated in
invadosome regulation (see Figure 1).

Guanine nucleotide exchange factors (GEFs)
GEFs are mainly regulated by transmembrane receptors
and can be activated by phosphorylation. This has been
described specifically for the CDC42-GEF proteins
known as VAVs that are activated by the invadosome
driver, SRC. This interaction leads to the activation of
CDC42 and the formation of degradative invadosomes
[74,75]. Similarly, the CDC42-GEF known as FGD1
binds to Tks5 and is thus recruited to degradative
invadosome sites where it promotes local activation of
CDC42 and invadosome formation [76,77]. The GEF
protein TUBA also sustains CDC42 activation, thereby
promoting the formation of linear invadosomes and the
organization of invadosome meta structures in breast
cancer cell lines [39]. However, it is not yet clear how
GEFs regulate CDC42 activity in space and over time.

As discussed previously, regulation of the activation
of other GTPases is also important with respect to
invadosome function. The regulation of cell contracti-
lity by RHO proteins was identified as critical for the
formation and maturation of invadosomes. Towards
this end, rPDZ-RhoGEF could interact with microtu-
bule-associated proteins such as LC2 through a type
I PDZ motif domain; inhibition of this interaction or
the disorganization of the microtubule network
induced a RhoA-dependent hypercontractile morphol-
ogy switch within neurons [78]. PDZ-RHOGEF prefer-
entially activates RHOA [79]; expression of
a dominant-negative mutant of PDZ-RHOGEF
decreases the activity of RHOA and RHOC and thereby
promotes the formation of degradative invadosomes
[80,81]. Similarly, the microtubule-associated GEF,
GEFH], directly regulates RHOA activation; silencing
of RHOA results in the diminished formation of stress
fibres and a concomitant increase in the number of
invadosomes formed [82,83].

Regulation of RAC sub-family members is also
important with respect to the functional regulation of
invadosome.  Indeed, = SH3-containing  Guanine
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Nucleotide Exchange Factor (SGEF) directly controls
activation of RHOG in response to phosphorylation of
paxillin, thereby promoting the disassembly of invado-
somes in breast cancer cells [60]. By contrast, invado-
some function and integrity in macrophages is
sustained by the activation of Racl by the GEF, SOS1,
a factor that is recruited by the invadosome driver,
Tks5 [84]. Indeed, SOSI silencing resulted in the dis-
assembly of the invadosomes and diminished macro-
phage invasiveness in experiments carried out in vitro
[85]. Finally, the GEF known as TRIO also regulated
RAC-mediated activity in invadosomes and thereby
controlled the coupling between acto-adhesion and
degradative activities [86].

The GEF, ARNO, can control ARF1 activation spe-
cifically in invadosomes to sustain their formation and
to promote their degradative activity [87]. Inactivation
of ARF1 activity results in increased RHOA activation
and Myosin II-dependent cell contractility.

Finally, RAB activity is also finely-tuned by the
actions of various GEFs. This is particularly evident in
the case of ARHGEFI10, a factor that promotes reloca-
lization of RAB8 to exocytic vesicles. ARHGEF10 silen-
cing in breast cancer cells induced the formation of
large vesicles containing both RAB6 and RABS8 and
diminished invasive potential [88]. RABEX-5, a GEF
that regulates RAB5, is overexpressed in breast cancer
cells. Silencing of RABEX-5 results in the diminished
invasion of cancer cells, an observation that was linked
to a decrease in MMP9 expression [89,90].
Furthermore, FAM116, a GEF of RAB14, FAMI116,
promotes intermediate recycling of ADAMIO.
Depletion of RAB14 and/or FAM116 resulted in dimin-
ished explore of this protease at the plasma membrane
[91]. Finally, MADD, the GEF that interacts with
RAB27, may also be necessary for cell invasion as
shown by the results of silencing experiments [92].
Despite these observations, no clear results are available
that demonstrate the impact and implication of these
GEFs on invadosome formation and function.
Additional systemic studies will be needed to evaluate
the precise functions and dynamic localization of all the
GEFs in one or more of the various invadosome
models.

GTPase-activating proteins (GAPs)

Similar to what has been observed for GEFs, the
specific functions of several GAPs have been high-
lighted with respect to regulation of invadosome struc-
ture and function. As previously indicated, the
formation of invadosome is balanced with the internal
contractility of their cellular components via mechan-
isms that are controlled by the members of the RHO
protein sub-family. An increase in RHOA-GDP has

been associated with a concomitant increase in invado-
some numbers [93]. Numerous studies have high-
lighted the importance of p190RHO GAP and its role
in controlling of RHOA activation and the functions of
invadosomes. Silencing of RHOA activity via the intro-
duction of 190RHOGap promotes invadosome loss
[53,94]; these results highlight the importance of
RHOA with respect to contractility and invadosome
function. The RHO-GAP activity of MYOIXB couples
local regulation of RHO with the acto-myosins machin-
ery, thereby regulating invadosome-dependent motility
and bone degradative activity of osteoclasts [95].
Moreover, deactivation of RHOGap7 increases RHOA
activity in osteoclasts unable to generate invadosomes
[51]. Finally, the RHO-GAP protein, ARAP3, is loca-
lized in invadosomes; its activity is essential for their
formation [96]. As such, fine-tuned control of RHO
activity in space and time is essential for the coordina-
tion of the invadosomes functions.

GAPs for ARF proteins implicated in invadosome
formation have been also identified. The GAP, ASAPI,
that regulates ARF1 was identified as essential for inva-
dosome formation and degradative activity [82,97].
This is also the case for ARAP1 (a GAP for ARF1)
and ARAP3 (a GAP for ARF6) that both serve as
regulators of invadosome formation and functions
[96,98]. The GAPs GIT1 and GIT2 that negatively
regulate both ARF1 and ARF6 activities are also essen-
tial towards sustaining normal invadosome functions
[69,99,100].

Guanine nucleotide dissociation inhibitors (GDlIs)
GDIs orchestrate regulation by controlling the level of
GTPases in the membrane surrounding an invadosome.
Specifically, GDIs associate with and retain membrane-
associated GTPases in the cytosolic compartment by
shielding their conjugated lipids [101]. The protein,
GDla, serves in this role by directing the localization
of CDC42 within an invadosome site during cell inva-
sion in vivo [102,103].

As we discussed above, the complex dynamics that
regulate the interplay among the multiple invadosome
functions are regulated by the optimal activation of
a series of GTPase-based switches. As such, and in
addition to our inherent interest in this critical subcel-
lular structure, the invadosome may be useful as
a model to study basic signalling mechanisms and the
interplay between these GTPases and their regulatory
factors.

Spatiotemporal coordination of GTPases
The development of biosensors with the capacity to
monitor spatiotemporal modulations of RHO GTPase
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Figure 1. Scheme depicting the actions of various small GTPases and their regulators (GEFs, GAPs, and GDIs) and their role in
promoting invadosome formation as well as coupling of its acto-adhesive and ECM degradative activities.

activities has been a key step towards an improved
understanding of these highly dynamic signalling
nodes. These types of methods have been applied to
a limited extent in the study of invadosome biology.
Results obtained thus far document spatial confinement
and interactions among small RHO GTPases as critical
features in the regulation of the acto-adhesive and ECM
degradative functions of invadosomes.

Although specific biosensors have been developed
for small number of members of the small RHO
GTPase superfamily, it has been possible to follow the
activity of the members of the main sub-families. This
limited use of this experimental strategy has highlighted
the complexity of spatiotemporal control at specific
signalling nodes. For example, a CDC42-specific bio-
sensor revealed intense but apparently transient activity
within the invadosome core in myeloid cells, despite
the central role played by CDC42 in invadosome and
WASP activation [104]. This strategy also facilitated the
detection of active CDC42 in regions between the inva-
dosome core in the adhesion area. Interestingly, the

results of experiments performed with specific RHO
biosensors revealed a distinct spatial pattern of activa-
tion. Specifically, RHOA activity was detected in ran-
dom locations at the basal levels of cells during the
process of invadosome formation, while RHOC activity
was geometrically-confined to a region around the
invadosome core [105]. A similar, complex pattern of
activation was reported for the members of the RAC
superfamily. A biosensor detecting activation of RACI
revealed its potential for regulation of invadosome ring
via the promotion of invadosome disorganization. No
RACI activity was detected in the invadosome cores in
cancer cells; photoactivation induced invadosome dis-
organization [86]. By contrast, RAC3 activity was loca-
lized to the invadosome core or the adhesive ring,
suggesting a differential requirement that responds to
the need to couple acto-adhesion and ECM degradative
activity [59]. Further dynamic studies and the develop-
ment of additional biosensors will facilitate clarification
of the mechanisms underlying RHO signalling in
invadosomes.
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It is important to recognize that we lack a full
understanding of the roles of additional extracellular
factors even for those cell surface receptors known to
promote signal transduction via RHO GTPase activa-
tion (e.g., epithelial growth factor receptor [EGFR],
integrins, and G-protein coupled receptors [GPCRs]).
Among these factors, there is only a limited apprecia-
tion of the mechanical, concentration dependent, dif-
fusion, and co-detection properties of both growth
factors and the ECM. Furthermore, even small RHO
GTPases are strong mediators of phenotypic change;
they are also highly pleiotropic. This implies that
a single signalling node might have the capacity to
control several distinct cellular responses (e.g., actin
polymerization, membrane trafficking, and changes in
lipid composition to name a few). This also implies
that a single type of RHO GTPases might promote
different events via their capacity for diffusion
through membranes as well as changes in the local
concentration of their effectors and cycling rates
between active and inactive forms. Indeed, super-
resolution and modelling experiments have both high-
lighted the importance of nanoclusters of small
GTPases and their capacity to induce multiple, distinct
cellular responses in space and time in this form
[106,107]. Small GTPase activity might be considered
as controlling events via stable oscillations between
‘on’ and ‘off states. However, signalling can be also
described as an analog circuit that transmits contin-
uous information via output that is directly propor-
tional to the input stimulus. Theoretical models and in
silico simulations have focused on control of the size,
distribution, and numbers of RAS nanoclusters that
directly support high-fidelity analog signalling activity
[107]. As such, a full analysis of the different
nanoclusters formed from multiple small GTPases
implicated in invadosome biology might explain how
individual signalling nodes promote simultaneous
activation or antagonism of different pathways (ie.,
actin polymerization with adhesion activation and
ECM degradation) in response to the same signalling
molecule.

A global genetic analysis served to highlight the
specificity of action of the small GTPases in the multi-
ple models involving invadosomes in different cell
types. This initial effort highlighted future needs that
involve a further understanding of the spatiotemporal
interplay and the complex regulation of multiples inva-
dosome functions. Further studies will involve the
development of new and specific multiplex fluorescence
resonance energy transfer (FRET) probes as well as
optogenetic methods to facilitate dynamic control of
each small GTPase. These directions will be essential

towards future investigations and elucidation of the
molecular basis of each of these signalling pathways.
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