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Invadopodia are dynamic protrusions 
in motile tumor cells whose function 

is to degrade extracellular matrix so that 
cells can enter into new environments. 
Invadopodia are specifically identified by 
microscopy as proteolytic invasive pro-
trusions containing TKS5 and cortactin. 
The increasing complexity in models 
for the study of invadopodia, including 
engineered 3D environments, explants, 
or animal models in vivo, entails a higher 
level of microenvironment complex-
ity as well as cancer cell heterogeneity. 
Such experimental setups are rich in 
information and offer the possibility of 
contextualizing invadopodia and other 
motility-related structures. That is, they 
hold the promise of revealing more realis-
tic microenvironmental conditions under 
which the invadopodium assembles and 
functions or in which tumor cells switch 
to a different cellular phenotype (focal 
adhesion, lamellipodia, proliferation, 
and apoptosis). For such an effort, we 
need a systemic approach to microscopy, 
which will integrate information from 
multiple modalities. While the individ-
ual technologies needed to achieve this 
are mostly available, data integration and 
standardization is not a trivial process. In 
a systems microscopy approach, micros-
copy is used to extract information on 
cell phenotypes and the microenviron-
ment while -omics technologies assess 
profiles of cancer cell and microenviron-
ment genetic, transcription, translation, 
and protein makeups. Data are classified 
and linked via in silico modeling (includ-
ing statistical and mathematical models 
and bioinformatics). Computational 
considerations create predictions to be 

validated experimentally by perturb-
ing the system through use of genetic 
manipulations and molecular biology. 
With such a holistic approach, a deeper 
understanding of function of invadopo-
dia in vivo will be reached, opening the 
potential for personalized diagnostics 
and therapies.

Introduction

Invadopodia are extracellular matrix 
(ECM)-degrading membrane protru-
sions1 present in invasive/motile cancer 
cells and used to degrade components of 
extracellular matrix in order to cross into 
new environments.2 Invadopodia were 
identified in a number of invasive (solid) 
cancer cell lines, such as breast, head and 
neck, gastric, prostate, fibrosarcoma, and 
melanoma.3 Recent evidence has dem-
onstrated direct molecular links between 
invadopodium assembly and metastasis 
in mouse models4 and human patients.5 
As metastasis is the primary reason for 
mortality of cancer patients and current 
chemotherapeutics primarily target pro-
liferation, research into possible ways of 
targeting invadopodium is of the essence. 
Signaling circuitry of the invadopodium 
involves >50 structural and regulatory 
proteins,1 many of them kinases and pro-
teases amenable for inhibition by clini-
cally approved drugs.

Under physiological conditions, a simi-
lar type of protrusion, podosomes, occur 
in monocytic cells2,6 (e.g., macrophages, 
osteoclasts), endothelial cells,7 and imma-
ture dendritic cells.8 In addition, using 
developmental models, protrusions similar 
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to invadopodia were recently characterized 
in motile cells of neural crest9 and intestine 
of zebrafish,10 as well as during organogen-
esis of C. elegans11 (in anchor cell) and in 
urochodates.12 While the general function 
of enabling migration across obstacles may 
arise in many species and under various 
conditions (development, inflammation, 
and cancer), there are clear differences in 
signaling and dynamics between invado-
podia, podosomes, and invasive protru-
sions present during development. As the 
level of evolutionary similarity is unclear 
for now, translating conclusions between 
models is challenging and a direct study of 
invadopodia in tumors is irreplaceable for 
the development of new treatments.

In this commentary we will identify 
some of the challenges of studying invado-
podium formation in the context of their 
natural environment and propose disci-
plinary integration as one of the needed 
directions for the future.

The Importance of Microscopy in 
the Study of Invadopodia

Accumulating knowledge on molecu-
lar mechanisms of invadopodium assem-
bly continuously adds to its complexity, as 
well as its challenging identification. We 
now know that invadopodia are not nec-
essarily unique in their ECM-degrading 
function or enrichment in structural 
proteins compared with other motility-
related compartments. Cortactin, a 
structural protein enriched in invadopo-
dia, is also enriched within lamellipodia 
and within endosomal vesicles,13 making 
it essential but not a specific marker for 
invadopodia. In addition, ECM degrada-
tion cannot be used as a unique marker 
either, as focal adhesions in cancer cells 
also degrade ECM, though to a smaller 
extent.14 The importance of using multiple 
markers in invadopodium identification 
was heightened with the shift from 2D to 
3D experiments15 and studies in complex 
environments,16 due to the heterogeneity 
of cell shapes and the lack of ventral ori-
entation of invadopodia standardly seen in 
2D, whereas invadopodia are seen at the 
tips of leading edge protrusions in 3D.17 In 
summary, only a combination of morphol-
ogy, structure, and functionality confirms 

invadopodia, and this can only be done by 
including direct visualization of cells via 
multicolor microscopy.

Another reason for using microscopy 
in the study of invadopodia is the need for 
time-resolved measurements. Such a need 
exists due to the fact that the invadopo-
dium is a dynamic structure. It was shown 
that assembly of invadopodia is a revers-
ible process, and even when all initial 
structural components are in place, not 
all invadopodia will have the same life-
time or reach the fully functional stage.18 
As a result, not all invadopodia fully 
mature to degrade ECM. To make a dis-
tinction between mature, fully functional 
invadopodia and those that disassemble 
prior to reaching the functional stage, the 
latter were termed invadopodium precur-
sors.1,18 Details of reversibility and con-
ditions under which reversibility of the 
invadopodium precursors takes place in 
vivo are not clear as of yet and they may 
be determined by local concentrations of 
ligands in the microenvironment outside 
the cell, neighboring cells, or even sto-
chastic noise in gene expression within 
the cell. In contrast, invadopodia, which 
do reach maturity and degrade ECM, 
are likely to disassemble following the 
degradation. In either of these cases, the 
invadopodium is under a constant change 
and it is not a permanent phenotype 
within a cell. Examples of changes among 
motility-related cellular phenotypes, or 
“phenotypic switches,” were previously 
shown by artificially inducing permanent 
changes in gene expression, although it 
is likely such changes occur dynamically 
within a cell throughout its life cycle. One 
such study demonstrated that FAK lev-
els could switch between focal adhesion 
and invadopodium production in motile 
breast cancer cells.19 Further, depletion 
of individual WASP-family proteins, 
which can activate actin polymerization, 
WAVE2, or N-WASP, selectively elimi-
nates lamellipodia or invadopodia.20 To 
take such thinking further, phenotype 
switching may also lead the cell to exit 
motility altogether and enter phenotypes 
of mitosis, apoptosis, or senescence, an 
example of which may be found in go-or-
grow model, which suggests an existence 
of a switch between cell proliferation and 
migration.21

Challenges of Spatial and 
Temporal Heterogeneity

As mentioned above, directed by the 
growing amount of evidence that cell 
microenvironments can dominate cell 
behavior, many studies of motility in can-
cer are now based on more complex, 3D 
environments, which contain multiple 
ECM components and multiple cell types 
or they utilize in vivo animal models. The 
main challenge of such approaches is the 
introduction of new levels of heterogene-
ity, such as heterogeneity of microenviron-
ments surrounding cancer cells and (epi)
genetic heterogeneity of cancer cells.

Heterogeneity and complexity of 
microenvironments

Use of purified ECM components, 
such as collagen I or fibronectin, and 
abundance of growth factors in the cell 
culture medium, offers simple and mostly 
homogeneous environment for cancer 
cells but cannot always emulate all the 
intricacies or behaviors detected in tissues. 
The introduction of more complex experi-
mental models, including cell spheroids,22 
co-cultures, organotypic cultures,23 tis-
sue explants, engineered complex envi-
ronments,24 and in vivo models, assumes 
a spatial and temporal heterogeneity of 
cell environment, and hence, may lead to 
variable cell behaviors. Spatially, the local 
concentrations of growth factors, chemo-
kines, and ECM-components that each 
tumor cell encounters are different, and 
temporally, they change as cells move or 
degrade the ECM. For example, tumor 
cells in a necrotic center, where microen-
vironment is more hypoxic, behave dif-
ferently than those in the proliferating 
edge.22 Next, direct contact with micro-
enviroment components such as macro-
phages25 or ECM26 can change tumor cell 
behavior.

Finally, the phenotype of each cancer 
cell is a combined effect of several fluc-
tuating signals from the surroundings,27 
including signals from other cancer cells. 
Hence, to understand spatio-temporal 
context of invadopodia and other motil-
ity-related structures in complex environ-
ments, it is important to study in concert 
multiple microenvironment parameters 
and link these to invadopodia and/or 
other present phenotypes. For such a study 
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to be successful, a large amount of data 
from different modalities needs to be col-
lected, simultaneously or sequentially, and 
in turn, processed using machine-learning 
and statistical modeling techniques. In 
in vitro models, standard imaging tech-
nologies such as confocal microscopy 
can be used while microenvironmental 
conditions are easily controlled, mak-
ing the systematic analysis of multiple 
parameters straight forward. In in vivo 
models, recent advances in multiparamet-
ric monitoring of microenvironment at 
high-resolution28-30 are paving the way for 
direct observations. While it is very chal-
lenging to control the in vivo experimen-
tal conditions, a natural heterogeneity of 
animal models can be used to our benefit, 
as it inherently provides a wide range of 
micronvironmental conditions.

Heterogeneity of cancer cells and the 
use of -omics

Depending on the experimental model 
and the scale of the question (molecu-
lar, cellular, tissue, whole animal, and 
population), researchers are also chal-
lenged with cancer cells’ heterogeneity, 
either genetically encoded or epigenetic 
(in response to the microenvironment). 
Genetic and epigenetic heterogeneity 
translate to phenotypic and functional 
heterogeneities. In cell cultures, we can 
create homogeneous environments and 
avoid epigenetic heterogeneity, but due 
to the high genomic instability (ie. high 
mutation rate) in cancer, even clonal cell 
lines slowly change their genetic profiles 
over time, causing inter-cellular hetero-
geneity. When the cell lines are injected 
into animals to create xenograft tumors, 
additional epigenetic heterogeneity is 
unavoidable. Cell–cell and cell–ECM 
interactions create unique microenviron-
ments, which are also highly heteroge-
neous, inducing additional fluctuations 
in gene expression and modifications in 
(post-)transcriptional or translational 
profiles. Many imaging studies nowa-
days use transgenic mouse models, which 
have a full repertoire of immune cells and 
form spontaneous tumors, exhibiting 
all tumor progression stages.28,30 Use of 
transgenic animals introduces additional 
intra-tumor (subclonal) heterogeneity as 
a result of branched tumor evolution.31 
Finally, heterotransplants of primary cell 

lines or patient tissue in animals exhibit 
yet another level of heterogeneity, intra-
tumoral, originating in diverse genetic 
backgrounds of the patients. The build-
up of different levels of heterogeneity may 
lead to experimental outcomes different or 
opposite from intuition, sometimes even 
cases where all major components of the 
system are well-described.32

Interestingly, even with all the levels of 
heterogeneity that we observe in cancer, 
the number of cell phenotypes we detect, 
both in culture models and primary 
tumors, is limited, and the underlying 
mechanisms of cell motility and prolifera-
tion are conserved. This means that even 
with infinite combinations of chemical 
and mechanical signals at different lev-
els, there are only a few phenotypes that 
cancer cells will assume throughout their 
life cycle. In a similar fashion, functions 
of all known driver genes (~140 altered 
by mutations)33 funnel into 12 signaling 
pathways, which control cell fate, cell sur-
vival, and genome maintenance.33 In sum-
mary, these observations suggest that the 
vast complexity has an underlying order 
and rules we are yet to discover.

So far, we were focusing on studies 
of individual signals or phenotypes, in a 
reductionist manner. But what if we were 
to look at cell phenotypes in the context 
of their immediate microenvironments 
in a holistic manner? That is, determin-
ing the combined effect of all observed 
microenvironmental parameters on cell 
phenotypic fate. What are the micro-
environmental conditions under which 
invadopodia assemble and function in 
complex environments and/or in vivo? 
Ability to link cell phenotypes, including 
invadopodia, to the cell’s microenviron-
ment as well as to the genetic profile, tran-
scriptome, and proteome using RNA and 
DNA sequencing or mass spectrometry, all 
on small samples or single cells, will bring 
us closer to the understanding of context-
specificity of cellular phenotypes, and 
possibly, to the rules of cellular decision-
making. Inclusion of advanced statistical 
models for data analysis or mathematical 
modeling has a great potential to offer us 
with more mechanistic insights and many 
holistic/systemic approaches are quickly 
becoming standard in the fields of devel-
opment and neuroscience. With such 

insights, we may be able to predict and 
potentially control invadopodium assem-
bly and function. Based on the evidence 
we have so far on the link of invadopodia 
to metastasis,1,4,5 identifying new targets 
in invadopodium assembly or targeting 
their switch into other cellular phenotypes 
(adhesion, migration, cell division, and 
apoptosis) may be an ideal strategy of pre-
venting cancer progression.

Next we will explore how systems-level 
approaches can be integrated with the 
imaging studies of tumor cell motility and 
invasion.

Systems Microscopy—A Holistic 
Approach to Invadopodium 

Function, Motility, and Invasion

As portrayed in Figure 1, “systems 
microscopy” of motile cells is defined here 
as the intersection of four different fields 
of research with overlapping roles in creat-
ing hypotheses, constructing experimen-
tal design and data interpretation. Initial 
observations that initiate research com-
monly come from the classical molecular 
and cell biology. As previously described, 
microscopy is essential for phenotype 
characterization in motile cells and its 
development continuously yields new 
breakthroughs in cell phenotype research. 
Images gathered in vivo provide both 
phenomenology which leads to engineer-
ing more precise, complex in vitro mod-
els as well as offers medium-throughput 

Figure  1. Proposed workflow for systems 
microscopy of invadopodia, cell motility, and 
invasion.
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acquisition at single-cell resolution. 
Sequencing and other -omics technolo-
gies provide (epi)genetic cell profiles and 
the link between tumor cells phenotype 
and microenvironment characteristics. 
Finally, in silico modeling offers integra-
tion of different levels of information. 
Statistical modeling and bioinformatics 
handles analysis of high-throughput data, 
while mathematical modeling (multiscale, 
dynamical systems, etc.) are an ideal tool 
for abstracting fundamental processes and 
developing predictions of cellular behav-
ior. The computational and theoretical 
considerations can further be used to cre-
ate and support new hypotheses that are 
further validated experimentally.

Although the emergence of systems 
microscopy has been predicted a few years 
ago,34 due to the numerous challenges in 
data standardization and integration, and 
the need for work in large teams, creat-
ing a modular platform encompassing 
four disciplines may take another decade. 
However, the process is underway and the 
advantages can be demonstrated by several 
studies, which incorporate systems-level 
approaches to imaging and cell biology of 
invadopodia and motility:
•	 In	 the	 last	 decade,	 Condeelis	 group	

has published a series of studies estab-
lishing the link between in vivo tumor 
cell phenotypes present in metastatic 
tumors and the underlying genotypes, 
making the first steps toward the 
molecular mechanism of tumor cell 
motility in vivo.35-38 This was done by 
a combination of intravital multipho-
ton microscopy, in vivo collection of 
migratory cells, as well as genomics 
to dissect phenotypes of directional 
migration in single cells35-37 and mul-
ticellular streams.38 Gene expression 
signatures of migratory cells which 
accompanied the changes in cell phe-
notypes were conserved in a number of 
animal models, including xenografts 
and patient transplants, and were fur-
ther demonstrated to be predictors of 
clinical outcome.37

•	 The	Courtneidge	group	has	devised	a	
high-content screening assay for acti-
vators and inhibitors of invadopodium 
formation.39 They labeled and imaged 
actin and nuclei in cancer cells; images 
were then processed automatically for 

a series of parameters, including size, 
morphology, and number of nuclei 
and invadopodia. Compounds that 
modify invadopodium number with-
out inducing cytotoxicity were chosen 
and validated, leading to the discovery 
of Cdk family role in invadopodium 
and adhesion formation.

•	 Weaver	 and	 colleagues	 have	 recently	
found that PI3K and PICα, interact-
ing regulators of cytoskeleton, control 
focal adhesion transition to inva-
dopodia. To reach this conclusion, 
they have used integration of cluster 
analysis of primary tumors, literature-
mining-based network analysis, and 
microscopy of cancer cell lines with 
different PI3K mutants.40

•	 In	 collaboration	 with	 Quaranta	 and	
Anderson groups, Weaver et al. have 
also made steps toward the integrated 
cell-decision model. In particular, 
they have combined microscopy-based 
measurements of ECM degradation, 
proliferation, and cell velocities with 
mathematical models of cell pheno-
typic changes and game theory mod-
eling, putting an evolutionary spin 
on tumor progression.41 Their study 
suggests that the invasiveness of can-
cer cells increases as their prolifera-
tion and migration evolves to be less 
dependent on perturbations in micro-
environmental parameters such as 
oxygen, nutrients, chemokines, free 
space, and ECM architecture.

•	 Lauffenburger’s	 group	 has	 published	
a series of systems-level studies on 
how the balance among multiple 
parameters, both internal (e.g., recep-
tor density) as well as environmental 
(matrix stiffness, composition, etc.) 
affects cell phenotype. Using compu-
tational modeling of cancer cell motil-
ity integrated with speed and force 
measurements, they have shown that 
migration speed is a balancing equa-
tion between drag force (dependent 
on matrix stiffness), adhesive forces 
(dependent on number of adhesion 
receptors), and protrusive forces, also 
unequivocally demonstrating differ-
ent mechanisms of migration in 2D 
and 3D environments.42,43

•	 Sahai’s	 lab	has	taken	the	approach	of	
mathematically modeling different 

modes (phenotypes) of migratory cells 
and how they are controlled by matrix 
geometry. They made use of agent-
based modeling to correctly predict 
the effect of different combinations of 
kinase inhibitors and integrin deple-
tion both in cell culture and in vivo, 
which was demonstrated using intra-
vital imaging in mouse model.44

These studies demonstrate feasibil-
ity of integration between microscopy 
and computational considerations, such 
as mathematical modeling or network 
analysis, demonstrating that systems-level 
studies hold promise to generating novel 
insights and hypotheses. For further read-
ing, a recent review covers use of engineer-
ing in developing novel biomaterials and 
in multi-scale modeling of invasion.24 In 
addition to these subjects, a number of 
technologies, platforms, and databases 
that were developed for both invasion and 
other applications (development, neu-
roscience) may in the future be essential 
for augmenting classical biology studies 
of invadopodia and motility into integra-
tive, systems-level research. For example, 
great effort has been invested to automate 
image acquisition, annotation, processing, 
and analysis in live cells or whole embryos. 
Some of the most notable work has been 
done on development of automated 
RNAi and drug screening techniques.45 
Technology for automated dynamic pro-
teomics includes fluorescent tagging of > 
1000 proteins from the library to asses het-
erogeneity and dynamics of drug response 
in individual cancer cells. Next, algo-
rithms such as Focal Adhesion Analysis 
Software (FAAS), for multi-parametric, 
high-throughput analysis, tracking, and 
quantification of focal adhesions46 or 
Cellcognition,47 for phenotypic classifica-
tion using machine-learning and Hidden 
Markov Models (HMM), were recently 
produced. The emerging field of Bioimage 
informatics (or image-based systems biol-
ogy), with overview of useful software 
tools and databases has been recently 
covered in Nature Methods.48 Intravital 
microscopy has taken steps toward higher 
imaging throughput,28 ability to image 
abdominal organs,49 and do immunofluo-
rescent procedures in vivo.50 Moreover, 
we can now relocate tumor microenvi-
ronments using internal landmarks,51 
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photo-tatooing,52 or photoconversion,53,54 
which allows for longitudinal studies, cor-
relative histology, and may be used to link 
genotype/transcriptome and phenotype in 
the future experimental pipelines. To that 
end, transcriptomics can now be done on 
single cell level.55

Finally, a data-mining approach 
directly applicable to the field of cell 
motility recently led to assembling the 
integrin adhesome network, revealing sep-
arate functional subnets in integrin con-
trol of cytoskeletal organization, adhesion, 
and migration.56

The biggest challenge for the future 
is to create a universal platform which 
can cover all sub-disciplines. One of the 
technical problems we are facing is how 
to standardize the interface between the 
fields of inquiry, allowing an easy connec-
tion between machine learning, stochastic 
modeling, agent-based modeling, as well 
as mathematical models at cellular, and 
population levels. While crossing modali-
ties and analyzing microscopy images has 
become pretty standard due to the efforts 
of Open Microscopy Consortium (OME, 
https://www.openmicroscopy.org/site), in 
analyzing -omics data, a special care needs 
to be taken that data are abstracted in a 
proper manner, preserving the informa-
tion for the potentially unknown, new 
ways to probe the source of data. Further 
challenges involve educating the next 
generation of young scientists in biol-
ogy, microscopy, as well as quantitative 
approaches, and building infrastructure, 
which houses both microscopy and -omics 
equipment.

All developments discussed lead us 
toward integration of molecular and cell 
biology and microscopy with the use of 
complex environments (both engineered 
and in vivo) and computational consider-
ations. We will next illustrate how systems 
microscopy approach may contribute to 
both the basic and translational research 
of invadopodia and cancer cell motility.

What the Future Might Bring

The spatio-temporal context of inva-
dopodia and other motility-related struc-
tures in complex environments is essential 
in order to deepen our understanding of 

cancer cell motility process. Information 
on microenvironmental parameters, 
which may catalyze or simply allow pres-
ence of different phenotypes or phenotypic 
switching, will allow us to move the focus 
from the differences (between lamellipo-
dia, invadopodia, podosomes, adhesions, 
etc.) to the universalities and common-
alities of motility-related structures. Due 
to the abundance of questions we have 
about motility, most studies tend to focus 
on individual compartments in the cell. 
However, all motility-related structures 
are a part of the same continuous motil-
ity cycle, and apparent differences actually 
originate from the momentary communi-
cation of the cell with the surrounding 
environment. Viewing the entire motil-
ity cycle holistically may help us to derive 
the underlying principles of cell decision-
making. This would open up the possibil-
ity of predicting cellular behavior for any 
range of local conditions, by data-fitting 
into statistical models and machine-learn-
ing classifications or abstracting essential 
components of the process into mechanis-
tic models. Ideally, such efforts may end in 
a unified cellular-decision model.

Another important avenue in which 
invadopodia contextualization is of 
essence is a direct application to early 
diagnosis of breast cancer metastasis, and 
in turn, development of new metastasis 
treatments. Due to the small size of inva-
dopodia and a lack of specific molecular 
markers, which would undoubtedly point 
to their location, screening for invado-
podia in complex environments such as 
the animal or human tissue sections is a 
challenging task. Monitoring and under-
standing the spatio-temporal contexts in 
which invadopodia are likely to be present 
will make invadopodium localization and 
quantification in vivo possible. Going fur-
ther, correlating invadopodium appear-
ance with metastatic potential in patients 
would allow for development of personal-
ized treatments. For example, based on the 
increasing counts of invadopodia in biop-
sies, we will be able to predict the timing 
of the peak counts and determine when is 
best to treat patients with invadopodium-
targeting drugs.57 Such an approach may 
greatly help in reducing off-target effects 
and immune system perturbations. On 
the more speculative side, our increased 

capacity to characterize tumor microenvi-
ronments and draw their limits may result 
in ability to target individual microenvi-
ronments in localized treatments.

To that end, systems microscopy will 
not only contribute to the understand-
ing of basic biological processes, but 
also brings us closer to individualized 
medicine.
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