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Jestem z tych, którzy wierzą,
że nauka jest czymś bardzo pięknym.
Maria Skłodowska-Curie

I am among those who think
that science has great beauty.
Maria Skłodowska-Curie
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Introduction

Preface
To ask a question. To look for an answer. To study. To doubt. To understand. To
question this understanding. To study again. Finally, to share the new knowledge
with others. All these steps together create the fascinating process of scientific
discovery. Steps in this process are random more often than we are willing to
admit. Yet, one thing is certain. Scientific discoveries almost never appear out of
context of their times. They are inevitably based not only on the contemporary
understanding of the field but also on the technology that is available at that time.
The available technology also defines cell biology. Cell biology aspires to understand the internal architecture and function of cells, the smallest self-contained
bricks of life that either exist as unicellular organisms or combine to build multicellular ones. To study cells we use a plethora of different techniques. Yet, one of
these techniques stands out among the others. It enables us to see, literally and
figuratively, the internal life of a cell. This technique is light microscopy.
Light microscopy is a very old invention. Lens-shaped pieces of glass were used
already in antiquity and their properties were formally described around 1000AD
[1, 2]. The first compound microscope was built by a Dutch family of spectaclemakers, Hans and Zacharias Jansen at the end of the sixteenth century. Although
we can assume that they observed details smaller than anything that had been seen
before, we do not know if they pointed their microscopes towards objects that are
of interest to biology. A few decades later, Antoni van Leeuwenhoek, Dutch cloth
merchant and Robert Hooke, English natural philosopher used their much simpler
microscopes to study, for the first time, the microscopic features of life. They both
published their studies in the seventeenth century [3–5].
The term ‘cell’ was coined by Robert Hook while looking through a microscope
at the structure of cork. Although the compartments or pores that he observed
were no single cells, the term was adopted by biologists and that is how the story
of cell biology began. In the twenty first century the wealth of information that can
be extracted from a single cell by microscopy is staggering. Yet, we are still far from
understanding the complexity of behavior of cells, the origins of their immensely
variable responses, their constant struggle to preserve inner homeostasis and the
consequences of their failure in this quest.
As much as light microscopy empowered biological discoveries, cell biology
shaped microscopy by providing new challenges and directing the development of
microscopy techniques. Microscopy and cell biology shaped each other reciprocally
and are now inseparable. As our knowledge of cells is defined by a mixture of
biological ideas and concepts together with microscopy techniques, so is this thesis.
It tells a story of developing microscopy and image analysis algorithms to study
the intricate structure and function of invadosomes.
11
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Chapter 1

Invadosomes - a perfect challenge for microscopy

1

Why do we study invadosomes?
Cells in a multicellular organism interact not only with each other but also with
extracellular matrix (ECM), a complex mixture of fibrous proteins and gel-like
polysaccharides. The interaction with extracellular matrix is now recognized as
crucial for the function of normal cells as well as for their transformation into malignant ones [6, 7]. One of the tools that cells use to interact with their immediate
physical and chemical environment, the ECM, are invadosomes.
Invadosomes are column-like cellular protrusions that are created by the actin
cytoskeleton and its supportive proteins. Before we can take a closer look at them,
a short explanation is necessary. The name invadosomes is an umbrella term that
encompasses podosomes in non-transformed cells and invadopodia in cancer cells
[8–10]. For an overview in historical perspective, please see Box: Invadopodia, podosomes and rosettes in Chapter 2. In order to avoid any confusion, we will primarily refer to these structures as ’invadosomes’ but the terms ’invadopodia’ and
’podosomes’ may appear in the specific context of cancer cells and non-transformed
cells respectively.
Invadosomes are now receiving widespread attention as they can remodel extracellular matrix in a unique way. Remodeling of ECM is possible due to focal
release of matrix degrading enzymes, and to the invadosome’s ability to exert force.
Therefore, invadosomes are indispensable for many cell types that are involved in
rearranging and maintaining extracellular matrix. For example, osteoclasts, which
specialize in absorbing bone, form prominent podosomes to seal the space where
absorption takes place [11]. Furthermore, it has been shown recently that endothelial cells use circular arrays of invadosomes to sprout new blood vessels [12].
Invadosomes are also important in cell migration. Cells can migrate in many
different ways. They can move either as individuals or collectively. Moreover, they
can also choose between a low-adhesive amoeboid migration mode and a polarized
protrusion-driven mesenchymal mode [13, 14]. Amoeboid migration, which is based
on formation of round protrusive blebs and a highly contractile uropod, is possible
within the extracellular matrix when pores are bigger than ∼10% of the diameter
of the nucleus [15]. However, when tightly-interwoven obstacles, like basement
membrane (a layer of fibrous extracellular matrix that separates endothelial (for
example in blood vessels) or epithelial cells (for example in gastrointestinal tract)
from underlying connective tissue) appear on their way, the cells switch to the
degradative mode of migration and use their invadosomes. The crucial role of
invadosomes in the mesenchymal type of migration has been shown in both normal
and pathological processes. Migrating anchor cells use invadosomes to breach the
12
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basement membrane during development of C. elegans [16, 17]. Moreover, the
capacity of invadosomes to facilitate migration by breakdown of ECM barriers can
by hijacked by metastasizing cancer cells. For example, invadosomes have been
observed in intravasating cancer cells [18].
Defective formation and improper function of invadosomes have been observed
in several inherited disorders [19]. For example, in Wiskott-Aldrich syndrome patients, impaired polymerization of actin leads to a lack of podosomes in macrophages
and subsequent immunodeficiency [20, 21]. Lack of podosomes on macrophages is
also observed in PAPA syndrome patients [22], who suffer from skin and joints
problems [23]. Furthermore, Frank-ter Haar patients suffer from skeletal, eye, and
cardiac abnormalities caused by a mutation in the podosome adaptor protein Tks4
[24, 25].
From these observations a clear picture emerges of the importance of invadosomes for a range of cellular functions. The efforts to understand and control
invadosomes aim to ultimately control degradative capacities of cells in health and
disease. Achieving this goal would, among other benefits, enable us to slow down
and stop cancer from spreading throughout the body. However, the complexity of
the emerging picture would suggest that our expectations need to be tempered.
Although, the presence and the role of invadosomes has been documented in vivo
[17, 26, 27], we now understand that many cells show enormous plasticity in their
modes of movement [13, 28]. Therefore, just blocking the mesenchymal type of
migration, which involves invadosomes, often does not suffice to prevent migration completely, but merely changes the mode of movement. This observation is
in line with the failure of clinical trials with more than fifty inhibitors for metalloproteases, the ECM degrading enzymes [29]. Moreover, although our knowledge
about the molecular makeup of invadosomes steadily increases, our possibilities to
selectively manipulate these structures remain limited. Many proteins are known
to be indispensable for invadosomes, but even marker proteins such as Tks4 and
Tks5 [30] are not fully specific for these structures. There is still a lot to be learned
about invadosomes, their regulation, signaling and internal architecture. It turns
out that we need to understand them better before we can control them.

A brief introduction to invadosomes
Eukariotic cells are capable of producing a whole range of actin-based protrusions,
depending on their mode of movement and surroundings (2D or 3D environment,
chemical composition of extracellular matrix, mechanical properties of the substrate, etc.), which create possibilities for cells to build specific adhesions. As far
as the actin organization is concerned, invadosomes can be placed between lamellipodia, that are often employed in mesenchymal migration on flat surfaces,
13
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Chapter 1

Src and invadosomes
The non-receptor tyrosine kinase Src (vSH2
Src) was identified as transforming factor
SH2
of Rous Sarcoma Virus (RSV) more than
45 years ago [31, 32]. A few years later, its
kinase
SH3
cellular counterpart, c-Src was discovered
SH3
P
to be a proto-oncogene [33]. The link of Src
527
with progression of cancer and creation of
distant metastases has been firmly estabP
lished since then. However, despite being
kinase
the oldest and probably most studied oncogene, the role of Src in cell biology is still
extensively studied nowadays.
527
One of the earliest observed Srcmediated phenotypes was the dramatic re- Figure 1.1 – Domain structure of Src.
arrangement of cell adhesions in fibroblasts Left, inactive Src is kept in tightly bound
transformed with RSV [34]. Transformed conformation primarily by the interaction of
phosphorylated tyrosine 527 with SH3 dofibroblasts stopped producing focal adhe- main. Right, activated Src has an open consions and created rosettes of invadosomes formation and is autophosphorylated within
instead (see lowest panel in Figure 1.2). its kinase domain (tyrosine 416). SrcY527F
mutant cannot be phosphorylated on its inSince then, we have learned that Src ac- hibitory site and is primed for activation.
tivity is necessary for formation of both Similarly, v-Src is a truncated mutant that
invadopodia in cancer cells as well as po- lacks its C-terminal inhibitory phosphorylation site.
dosomes and their higher order structures
in non-transformed cells [35–37]. Interestingly, besides potently inducing invadosomes,
Src also plays an important role in all phases of their lifetime, being necessary for both
their assembly and maturation as well as disassembly [19]. For example osteoclasts from
Src(-/-) mice form less podosomes which show increased lifetime and slower turnover [37].
Along the same line, v-Src induces the formation of short-lived invadopodia precursors
in MTLn3 cells [38]. As Src activity may be involved in opposing functions, the challenge
remains to understand its spatio-temporal regulation in invadosomes and to identify its
targets at different stages in invadosome lifespan and in different cell types.
Src becomes activated following the stimulation of receptor tyrosine kinases (for example EGFR) and adhesion receptors such as integrins and E-cadherin (reviewed in [39],
see Figure 1.1). The activity of Src is also regulated by redox potential [40]. Moreover,
increased Src activity has been observed in hypoxic conditions in melanoma cells [41].
Finally, Src activation has been observed as resistance mechanism of cell treated with
anti-cancer drugs, for example in melanoma cell treated with BRAF inhibitor, vemurafenib [42]. Most importantly, the increased Src activity upon EGF stimulation [43],
ROS production [44] or hypoxia [41] is accompanied by creation of invadosomes. Overexpression of active Src mutants (v-Src or SrcYF, see Figure 1.1) bypasses the need for
these Src activating mechanisms and creates useful model cell lines to study invadosomes.
However, the phenotype of active Src may vary between different cell types (Figure 1.2).
Overexpression of SrcYF may induce formation of invadosomes in cells that do not
otherwise show any invadopodia (e.g. in HeLa cervical cancer cells). In contrast, some
other cell lines including osteosarcoma U2OS cells display prominent rearrangement of
actin cytoskeleton upon SrcYF expression but fail to produce invadosomes. Upon expression of SrcYF, cells that normally produce invadopodia (most often beneath the area of
the nucleus when cultured on flat surface), will show prominent peripheral invadosomes
(breast cancer cells, MDA-MB-231) or clusters of invadosomes (melanoma, A375M and
MDA-MB-435 cells).Finally, SrcYF expression in fibroblasts stimulates production of
massive invadosome rosettes (see MEF cells).

1
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Src and invadosomes
Many seminal discoveries on invadosome structure, signaling and function were made
in Src-expressing model cell lines. We also used Src-transformed melanoma cell lines
which produce invadosome clusters to study the (re-)organization of higher order structures of invadosomes (see Chapter 3 and 5). However, one must remember that although
these models are informative and convenient to use, the presence of active Src may change
cells in many ways. Therefore, as with all models we need to formulate our conclusions
cautiously.
cortactin

actin / cortactin

HeLa

U2OS

actin

SrcYF

MDA MB 231

SrcYF

SrcYF

WT

WT

MDA MB 435

WT

SrcYF
A375M

SrcYF
MEF

SrcYF

WT

WT

SrcYF

WT

SrcYF

WT

WT

SrcYF

WT

Figure 1.2 –

Production of invadosomes upon introduction of SrcYF in different
cell lines.
U2OS, HeLa and MDA-MB-435 cells were transiently transfected (anti-pY staining was used
to identify SrcYF expressing cells (data not shown), transfected cells are marked with white
arrows), while the remaining cell lines stably expressed SrcYF. Scale bar, 20 µm.
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Chapter 1

1
Figure 1.3 – Different arrangements of invadosomes.
Starting from left; individual invadopodia, cancer cells usually produce only a few individual
invadopodia, most often in the basal area below the nucleus; clusters, invadosomes cluster most
often at the periphery of the cells as happens for example in dendritic cells; rosettes, circular arrays of invadosomes can be very dynamic as in maturing osteoclasts; belts, a layer of invadosomes
arranged at the periphery of the cell is characteristic for mature osteoclasts.

and the environment-probing filopodia. Lamellipodia are thin, parallel to the substrate and depend on branched actin networks while filopodia are long, slender and
built by actin bundled into parallel fibers. Invadosomes contain both dendritic and
parallel actin networks [45, 46]. In contrast to lamellipodia and filopodia, invadosomes always protrude perpendicular to the substrate and they are capable of
exerting a significant amount of force on its immediate environment [47].
Apart from protrusion, invadosomes also function to adhere to and degrade extracellular matrix [8]. Therefore, in the classical model invadosomes can be divided
into functional domains. The central, stiff core of actin is responsible for protrusion into the ECM. This central actin column is surrounded by an adhesive ring,
which is composed of integrins and adaptor proteins, such as talin and vinculin.
The degradation process is possible thanks to polarized delivery and secretion
of ECM-degrading enzymes, metalloproteases. Although it has been observed that
other adhesive structures like focal adhesions (FA) are also capable of limited ECM
degradation [48], invadosomes are considered to be the major cellular structures
involved in breakdown and remodeling of ECM.
The invadosome lifecycle is divided into three major stages including assembly,
maturation and disassembly (reviewed in [49, 50]). Briefly, in the assembly stage
initially non-degradive precursors are formed that contain a set of proteins typical
for invadosomes, including actin, cortactin, cofilin, N-WASP and Tks5. Then adhesive molecules, such as integrin β1, are recruited together with kinases. In the
maturation phase, potent actin polymerization is activated, for example by stimulation of the NHE1-cofilin pathway [51]. In this phase, intermediate filaments are
recruited to the elongating invadosomes and matrix metaloproteases are secreted
to degrade ECM. Ideally, the structure is disassembled only when the ECM barrier
has been removed.
Invadosomes can organize into higher-order structures, tight cluters, circular
16

Introduction

rosettes or peripheral belts (Figure 1.3). These structures have properties not
present in individual invadosomes. For example, belts of podosomes in osteoclasts
tightly enclose a space between the cell and its substrate, creating a lytic lacuna
into which osteoclast can secrete protons together with bone degrading enzymes.
Within invadosome arrays, the cores of individual invadosomes are tightly interconnected by radial actin fibers (see Figure 2.2). Therefore, each invadosome obtains
information on the behavior of its immediate neighbors and the whole structure
can act in an orchestrated manner. For example, the circular arrays of invadosomes
in rosettes can respond to the mechanical features of the substrate at a scale that
is not available for individual invadosomes [52].

Microscopy techniques to study invadosomes
Invadosomes are ideal structures to study with a range of different microscopy
techniques. They are localized at the basement membrane of cells attached to flat
surfaces, which conveniently can be a glass coverslip traditionally used to prepare
specimens for observations at high resolution with light microscopes (See Box:
Invadosomes in 2D – were we opportunistic or lucky? in Chapter 2). The actin
cores of podosomes have a diameter of around 1 µm while invadopodia are often
smaller, ∼200 nm. Invadosomes can protrude up to several microns into the cellular
environment, depending on how permissive the extracellular matrix is [10, 47].
With this geometry, invadosomes are situated at the border of what can be detected
with classical microscopy techniques. Therefore, to study their localization and
dynamics, as well as their organization into higher order structures, confocal live
cell imaging or TIRF imaging (Total Internal Reflection Microscopy) are the first
methods of choice.
However, with the available optical resolution of around 250 nm confocal microscopy does not provide enough resolution to gain much insight into the spatial
organization of invadosome actin cytoskeleton and its supportive proteins, except
perhaps in the biggest podosomes. Invadosomes have an intricate molecular architecture that changes during their lifetime. Within an invadosome, proteins have
established localizations that define the molecular interactions with neighbors and
enable the proteins to fulfill their unique functions (for details see Chapter 2).
Fortunately, the field of Super Resolution Imaging matured sufficiently in the past
decade to be the method of choice for studying the internal structure of invadosomes. For example, Stochastic Localization Imaging techniques provide us now
routinely with two- or even three-color images with details resolved up to 20 nm.
To gather information about molecular interactions within invadosomes, even
20 nm resolution as provided by Super Resolution Techniques is not enough. Therefore we can turn to functional imaging and use FRET (Förster Resonance Energy
17
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Chapter 1

GPCR signaling, invadosomes
and glimpse into Chapter 3

1

G Protein-Coupled Receptors (GPCRs) signaling is an ancient evolutionary mechanism
(Figure 1.4) through which all eukaryotic cells sense their environment [53]. Out of 22000
genes in the human genome, more than 1000 encode GPCRs [54].

agonist

γ
α
GDP

β

α
GTP

γ
β

signal

Figure 1.4 – Mechanism of propagation of signals by GPCRs.
GPCRs are seven- transmembrane proteins that couple to heterotrimeric G proteins. Heterotrimeric G proteins consist of Gα , Gβ , and Gγ subunits localized on the intracellular side
of the membrane. In rest, an inactive Gα subunit is bound to GDP and may associate with
its cognate receptor (left). Upon activation of the receptor by its ligand, GDP is exchanged
for GTP on the Gα subunit, which then dissociates from the other subunits and propagates
the signal downstream to its effectors (right).

Lysophosphatidic acid (LPA) is the agonist for a class of GPCRs. LPA is a bioactive
phospholipid with a wide spectrum of biological functions, ranging from cell survival and
proliferation to migration and blood clotting. LPA is a major constituent of serum [55]
and acts through at least six different LPA-specific receptors, LPA1−6 [56]. These receptors differentially couple to a range of G proteins and therefore show both overlapping
and distinct signaling properties (Figure 1.5).
LPA is produced extracellularly from another serum-abundant lipid, lysophosphatidylcholine by a secreted enzyme, autotaxin (ATX) [57, 58]. Interestingly, ATX was discovered as an ’autocrine motility factor’ for melanoma cells [59]. Since then it has been
shown that besides melanoma many other cancer cells, like carcinoma, lymphoma and
glioma cells, show increased migration towards LPA [60–62]. However, depending on the
set of expressed LPA receptors, cells can also be repelled by LPA [63]. It has also been
shown recently that melanoma cells themselves create local gradient of LPA, which facilitates their dispersal [64]. Given that such a strong link between LPA and cell migration
has been established, it is surprising that reports linking LPA with invadosomes are very
limited. Harper and colleagues showed that overexpression of autotaxin promotes formation of invadopodia in fibrosarcoma cell through LPA4 - Gs - cAMP - EPAC - Rac1
pathway [65]. Furthermore, it was observed that LPA signaling causes the translocation
of Gαi2 to invadopodia, which is linked to Src localization in these structures [66].
Other GPCR agonists that play important roles in migration are endothelins. The
endothelin family comprises three vasoactive peptides, with ET1 being the best characterized. Endothelins are recognized by two receptors, the endothelin A and B receptors
(ETA R) and ETB R), the signaling of which is linked to progression of various tumors
[67]. Endothelin receptors in cancer cells can be activated either in an autocrine or in a
paracrine manner by endothelins produced by stromal cells [68, 69]. It has been shown
recently, that ET1 facilitates migration of ovarian cancer cells by stimulating creation of
invadopodia through activation of PDZ-RhoGEF and RhoC [70].

18

Introduction

GPCR signaling, invadosomes
and glimpse into Chapter 3

1
LPA

Gαs

Gαq
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CA

Gαi

Ras

Gα12/13
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RHO-GEF

Raf
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PIP2 hydrolysis

RhoA
MEK

IP3

DAG

Ca2+
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PKC

AKT

ROCK

ERK
proliferation

Rac

survival

migration

Figure 1.5 – Overview of LPA signalling.
LPA signals through four distinct G proteins, Gi , Gq ,G12/13 , and Gs , and their respective
downstream effectors.
In Chapter 3 we show that both LPA and ET1 potently induce transformation of
invadosome clusters into rosettes. To study this process, we use Src-transformed A375M
melanoma cells (see Box: Src and invadosomes) that produce distinct peripheral clusters
of invadosomes. Upon stimulation with LPA or ET1 these clusters rearrange themselves
into dynamic rosettes of invadosomes. Creation of rosettes is mediated by activation of
the Gi signaling axis with no role for cAMP, Ca2+ or MAPK signaling. Interestingly,
this response remains specific for GPCR agonists, as stimulation with RTKs agonists,
VEGF or PDGF, fails to trigger creation of rosettes.

Transfer) based techniques that report proximity of proteins of interest in the
distance range below 10 nm.
Importantly, light can be used not only to observe dynamics, structure and
molecular interactions within invadosomes, but also as a tool to manipulate invadosome function and signaling. For example, caged compounds are biomolecules
which are inactivated by covalent modification of their interacting surfaces with
light-sensitive protective groups. UV-stimulation of caged compounds can deliver
a well-defined amount of stimulus to a selected spot in the cell so as to locally
19
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perturb invadosomes. In this way it provides information about the role of their
individual components or local signaling events.
Below, I will elaborate on each of these techniques with a special emphasis on
what type of questions relevant to invadosome biology can be answered with each
of them.

Imaging of invadosomes in living cells
and automated image analysis of acquired data
Although invadosomes were first detected and described in fixed cells using both
electron and interference reflection microscopy [34, 71], the observation of these
structures in living cells provided superior information on their behavior and function. Invadosomes are easily accessible for studies with confocal and TIRF microscopy, as they remain in contact with the substrate at the ventral membrane of
the cells. TIRF imaging often provides superior contrast for observation of structures in the area of ventral membrane, as it selectively collects light from a thin
layer of 70 - 150 nm close to the glass coverslip. In contrast, the thickness of the
optical slice in confocal microscopy is around 750 nm. Therefore, confocal microscopy is convenient to study invadosomes when actin and associated proteins
are visualized because the actin cores of invadosomes can extend even more than
1 µm into the cytoplasm.
The high actin content in the cores of invadosomes is a convenient marker.
However, to unequivocally identify invadosomes, often other invadosome building
blocks are used, including markers such as cortactin, vinculin, Tks4 and Tks5.
Finally, the colocalization of actin-rich puncta with spots of ECM degradation
also suffices to identify invadosomes [72].
As manual detection of invadosomes based on the presence of their specific
markers is time-consuming and may lead to selection bias, several attempts have
been reported to automate segmentation of invadosomes. Segmentation of invadosomes is a problem of automatic spot extraction and it poses many challenges due
to limited resolution, close proximity of the spots, variable content of markers, the
presence of structured background, etc. Several general approaches can be applied
to address this problem, such as morphological image filtering [73], wavelet-based
methods [74] or machine learning [75]. Some invadosome-specific algorithms have
also been presented, among them sequential local and global thresholding to detect podosome cores [76] or the use of seed-based region-growing and colocalization
with degradation spots in time-lapse experiments [77].
Detection and analysis of invadosomes in time-lapse experiments provide a
wealth of information about their life cycle and the dynamics of ECM degradation. Interestingly, the lateral movement of individual invadosmes is actually
20
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very limited. Despite that fact, some invadosome-specific tracking algorithms have
been developed [78]. The rosettes of invadosomes can show much more dynamic
behavior. However, their lateral movement and expansion are based on continuous
formation of new invadosomes at the outer rim of a rosette and disassembly of
invadosomes inside the rings [79, 80].
The fact that individual invadosomes do not exhibit significant lateral movement, does not mean that these structures are not dynamic. For example, individual invadosomes, organized into groups in macrophages and dendritic cells show
significant oscillations in actin content, stiffness and abundance of ring proteins
[81–83]. To accurately describe this kind of dynamic behavior dedicated image
analysis procedures have been developed [76, 84]. Interestingly, the algorithms
that allow detection and analysis of invadosomes in images acquired with light
microscopes can be adapted to analyze data of mechanical protrusion obtained
with AFM (Atomic Force Microscopy) [84].

Super resolution imaging of invadosomes
Super Resolution imaging of invadosomes is an emerging field but it has already
provided new insights into intricate internal architecture of these structures (for
a brief introduction to Super Resolution techniques please see Box: Principles of
Super Resolution Imaging). Firstly, the fine organization of actin fibers in which
cores of invadosomes are embedded and by means of which they are connected
with each other can be readily observed with Super Resolution techniques [85, 86].
These studies not only confirm the old observations from EM experiments [71] but
also add new details.
Yet, it was our understanding of the organization of invadosome rings that was
most profoundly challenged by Super Resolution studies. New observations suggest
that thinking of invadosomes as cores surrounded by rings is an oversimplification.
Instead, a picture of a highly organized carpet-like structure of traditional ring
components around the cores emerges from these fascinating studies [87]. It has
been reported that vinculin, a classical ring component in the old invadosome
model, is organized in the form of straight strands surrounding the invadosome
core. These strands build together a distinct polygonal structure that is not possible to detect in confocal pictures [88, 89]. Polygonal arrangement of vinculin has
been reported using both SIM and STED techniques and confirmed later in 3B experiments [90]. Moreover, vinculin not only localizes close to the invadosome cores
but also aligns with the actin fibers radiating from the cores [85]. This pattern
was resolved by using a SMLM technique, dSTORM. The arrangement of other
ring components has also been reevaluated and they were found to be organized
differently from vinculin. For example, Van den Dries and colleagues showed that
21
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Principles of Super Resolution Imaging
The finite wavelength of light limits the resolution available in light microscopy. This
most fundamental limitation has been described by Ernst Abbe at the end of the nineteenth century [91] and despite development in technology remained unchallenged for
more than one hundred years. It is only in the past twenty years that a set of techniques has been developed, which each circumvent Abbe’s law to provide images with a
resolution in the nanometer range (Super Resolution Microscopy or Nanoscopy). Several
approaches have been implemented to achieve improved resolution: SIM (Structured Illumination Microscopy), STED (Stimulated Emission Depletion), SMLM (Single-Molecule
Localization Microscopy) and 3B (Bayesian analysis of the Blinking and Bleaching).
The development of STED and SMLM techniques was recognized by the Nobel Prize in
Chemistry in 2014 [92–94].

1

Figure 1.6 – Principle of SIM [95].
A. Two superimposed patterns show appearance of moiré fringes in the form of vertical stripes.
B. A set of frequencies in a reciprocal space that are transmitted by a light microscope. The
radius of a circle is defined by Abbe limit. Low frequencies are represented in the middle, while
high frequencies at the edge of the circle. C. SIM shifts observable frequencies to higher values.
D. Final SIM image is reconstructed from a sequence of images with different grid orientation.

SIM can be considered a technique placed in between standard and Super Resolution
imaging as it offers doubling of normally available resolution. In this technique a sample
is illuminated using a series of known excitation patterns which results in images that
encode the information of both illumination pattern and observed sample in a form of
moiré fringes (Figure 1.6). Such moiré fringes contain lower frequencies than the ones
present in the sample itself and therefore are easy to capture in a microscopy image. Postacquisition processing allows reconstruction of the image of the sample with twice the
standard resolution [95, 96]. Moreover, this technique is photon efficient and compatible
with live cell imaging.

Figure 1.7 – Principle of STED.
In contrast to conventional confocal microscopy in STED emission (blue) is limited to a small
central spot by depletion of excited fluorophores with a donut-shaped STED beam (orange)
resulting in much improved resolution of acquired pictures.

STED is based on the modification of the shape of the effective point spread function
(Figure 1.7). A sample is illuminated by two synchronized laser beams - an excitation
laser beam and red-shifted depletion beam (STED beam). The depletion laser beam
is shaped as a donut with its zero-intensity center coinciding with the focus spot of
the excitation laser. The depletion donut rapidly brings excited fluorophores to their
nonfluorescent ground state by stimulated emission, leaving only the fluorophores at the

22

Introduction

Principles of Super Resolution Imaging
center of the donut to contribute to the image. In this manner, lateral resolution of
down to ∼ 45 nm may be obtained [97]. STED can be used for live cell imaging [98].
However, the amount of light required to achieve optimal resolution in STED can easily
be phototoxic. This problem can be alleviated by using special dyes that combine low
phototoxicity with high photostability [99].
SMLM is an umbrella term for a range of techniques that share a common fundamental principle but differ in technical details (PALM - Photo-activated Localization
Microscopy, STORM - Stochastic Optical Reconstruction Microscopy, GSDIM - Ground
State Depletion Microscopy Followed by Individual Molecule Return, etc.). All above
techniques are based on using special fluorescent probes that can be selectively switched
between bright (’on’) and dark (’off ’) states. Therefore, SMLM techniques utilize sequential activation followed by localization of individual fluorophores to create an images.
This approach circumvents the fundamental limitation of light microscopy, as isolating
individual emitters of a densely labeled sample in time (by detecting them in subsequent
frames) prevents their respective point spread functions (PSF) from overlapping. Spatial
resolution achieved by SMLM techniques reaches down to ∼ 20 nm and is no longer
limited by Abbe theory but depends on the photophysical properties of individual fluorophores. Specifically, the number of photons emitted by a single fluorophore while in
the ’on’ state (blink intensity) and the switching behavior between on- and off-states are
the properties that define the precision of localization of individual emitters and ultimately the quality of the image. Interestingly, SMLM technique can be applied to 3D
imaging by using optical astigmatism. In this approach the PSF is modified in such a
way that it encodes not only x, y, but also z positions of a fluorophore from a samples up
to several microns thick [100]. It provides axial resolution down to ∼ 50 nm. The need
for multiple cycles of activation, excitation and de-activation/bleaching typically means
that extended periods of time are required for imaging and SMLM is therefore not compatible with imaging fast processes in live cells. Moreover, the required high laser power
to push molecules into their dark states is detrimental for living cells. However, a number
of attempts to image live cells using SMLM techniques have been made [101, 102].

Figure 1.8 – Principle of SMLM.
In SMLM only few fluorophores are detected in every single frame (single localizations are
visualized in yellow with a black mark showing their centers). Large series of frames are
collected and the final picture is constructed by plotting together all the center positions of
fluorophores detected in individual frames. The resolution of the final image is not limited by
diffraction but is defined by the precision of each localization. The quality of the SR image
also depends on the density of labeling.

Bayesian microscopy is an interesting technique that depends solely on analysis of a
series of wide field images collected from a sample expressing standard fluorescent proteins. It assumes that every pixel in a picture reports on many overlapping fluorophores
and uses the information from bleaching and blinking events of each of these fluorophores
in subsequent modeling step (3B - Bayesian analysis of the Blinking and Bleaching). High
density fluorescence images are modeled using Bayesian technique to find most probable
localization of all fluorophores present in a sample. In this way it is possible to achieve
resolution of 50 nm in space and 4 s in time [90].
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αMβ2 integrin and talin form homogeneously distributed islets between clustered
cores of invadosomes [85].
SIM microscopy provided us with an insight into invadosome organization in
tissues, for example, their formation in growth cones of neurons [86]. Interestingly,
the architecture of a growth cone is the same for neurons cultured on glass and
those developing in a tissue. The planar architecture is preserved in a 3D environment while filopodia remain aligned with the axis of growth and invadosomes
protrude perpendicular to this axis [86].

What did functional imaging teach us about invadosomes?
Functional imaging aspires to shed light not only on the localization of cellular
components but also on their physical properties, dynamics, interactions and ultimately, their functions within a cell. Functional imaging can be performed with
probes that respond to physicochemical properties of their immediate environment
(e.g., those that change their fluorescent properties in response to changes in pH,
[Ca2+ ], ROS, etc.) or with probes that translocate within a cell when a new binding site becomes available (for example probes that translocate from cytoplasm to
plasma membrane upon creation of specific phospholipids, see Box: PIP3 imaging
and glimpse into Chapter 5.). Other functional imaging techniques include FRAP
(Fluorescence Recovery After Photobleaching), FCCS (Fluorescence Cross Correlation Spectroscopy), FRET (Fluorescence or Forster Resonance Energy Transfer)
and FLIM (Fluorescence Lifetime Imaging).
Various Pleckstrin Homology (PH) domains can be used as translocation probes
to monitor the presence of specific forms of phosphoinositide lipids (PIPs) on
the plasma membrane (Figure 1.9). PIPs are important in the transduction of
various signaling events as they recruit and promote activation of proteins with
specific PIP-binding domains [103]. Selectivity of these domains is based on recognition of number and position of phosphates on the inositol ring. Signaling through
PIPs is very important in formation of invadosomes and their higher order structures. Oikawa and colleagues used a set of specific phosphoinositide-binding domains to show that invadosomes in Src-transformed fibroblasts are enriched in
PtdIns(3,4)P2 and its presence appears to be necessary for the formation of these
structures [104].
FRAP is very useful to look at the dynamics of proteins. In this technique
fluorophores attached to the proteins of interest are bleached in a defined spot in a
cell by a high dose of light. By following the fluorescence recovery in the bleached
spot, the dynamic behavior of the tagged proteins can be retrieved. Thanks to
FRAP studies, we learned that actin shows high turnover within invadosome cores
[79]. Interestingly, actin molecules turn over about 2.5 times in the podosome lifes24
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pan (∼2 min in osteoclasts) whereas cortactin, another invadosome core-building
protein, remains stable within this time frame [79].

1
PIP3 imaging and glimpse into Chapter 5
Phosphatidylinositol (3,4,5)-trisphosphate (PIP3 ) is a signaling phospholipid that plays
a major role in processes like phagocytosis, exocytosis and in cytoskeletal organization.
It is produced exclusively in stimulated cells [105]. Although, many PH domains bind
PIP3 with high affinity, they tend to show low selectivity [106]. Fortunately, PH domain
of GRP1 protein is an exception, as it binds PIP3 with two to three orders of magnitude
higher affinity than PIP2 and have been used to create PIP3 -specific sensor [107]. The
high specificity towards PIP3 is extremely important because even in stimulated cells
PIP2 is much more abundant.

Figure 1.9 – Imaging of PIP3 .
The kinase PI3K produces PtdIns(3,4,5)P3 from the precursor PtdIns(4,5)P2. Once generated,
PIP3 is detected by FP-tagged PIP3 -specific PH domains that translocate from the cytoplasm
to decorate PIP3 at the plasma membrane. The tumor suppressor PTEN dephosphorylates
PIP3 which terminates signal transduction.
In Chapter 5 we use Super Resolution imaging to show that rosettes of invadosomes
consist not only a circular array of invadosomes cores interconnected with each other by
radial actin fibers, but also a lamellipodium-like actin veil, that in contrast to classical
lamellipodia is not restricted to the edge of a cell. We combine imaging of a PIP3 -specific,
GRP1-based translocation probe with image analysis to look at the cross-correlation
between actin and PIP3 signals. In this manner we demonstrate that the ventral lamellipodium is highly enriched in PIP3 and it precedes, in space, the actin-rich region of
invadosome cores. As a consequence, the ventral lamellipodium is not evenly distributed
around the invadosome belt within a rosette but it rather marks the regions of expansion
in moving rosettes.

FRET is most frequently used to report on molecular interactions. FRET is
the non-radiative energy transfer between two fluorophores, termed the donor and
acceptor. The efficiency of this transfer depends on spectral properties of the fluorophores, their distance and on their relative orientation. Therefore, for a well
selected pair of fluorophores, measurement of FRET efficiency readily provides
information about their relative spatial position. The energy transfer can be measured by following changes in fluorescence emission of donor and acceptor (intensity
based methods) or by following changes in the donor fluorescence lifetime (FLIM,
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see Section: Measuring FRET - let’s FLIM ).
Intermolecular FRET imaging detects interaction between two separate proteins and has been used in several studies to unravel molecular interactions within
invadosomes. It has e.g. demonstrated that activated β1 integrin interacts within
invadosomes with Arg kinase which leads to phosphorylation of cortactin and
changes in actin polymerization [108]. Moreover, FRET was used to show that
upon EGF stimulation cortactin releases actin severing protein, cofilin which ultimately leads to elongation of invadosomes [109].

Small Rho GTPases
Rho GTPases are a family of Ras-related proteins that act as molecular switches in
many cellular processes including migration, cytokinesis and gene expression [110, 111].
Analogous to the α subunit of heterotrimeric G proteins (see Box: GPCR signaling),
they are active in the GTP-bound form and inactive while bound to GDP (Figure 1.10).
They are attached to the plasma membranes by prenyl groups at their C-terminus. At the
plasma membrane they can become activated and subsequently stimulate their effectors.
Selected Rho GTPases can be regulated by GDI (GDP Dissociation Inhibitor) proteins
that bind their prenylated tails and sequester them in the cytoplasm in the inactive form
[112].

Figure 1.10 – The GTPase cycle.
Rho GTPases cycle between on (GTP-bound) and off (GDP-bound) states. The transitions
are regulated by GEFs (Guanine Exchange Factors), which activate Rho GTPases by loading
them with GTP, and GAPs (GTPase-Activating Proteins), which promote hydrolysis of bound
GTP and deactivate their targets. Some Rho GTPases, including Rho, can be sequestered in
their inactive form in the cytoplasm by GDI.

The family of Rho GTPases consists of 22 members with RhoA, Cdc42 and Rac1
among the most studied ones [113]. In the classical model, RhoA is responsible for cell
contraction and production of stress fibers [114], Cdc42 activation is necessary for production of filopodia [115], while Rac1 promotes formation of lamellipodia [116]. Although
the Rho genes were serendipitously discovered as early as 1985 [117], it is the development of biosensors for Rho family GTPases in the early 2000s [118, 119] that brought
a breakthrough in the understanding of their biology (see Box: Studying Rho GTPases
with FRET ).

Intramolecular FRET imaging, on the other hand, employs engineered protein biosensors that contain both a donor and an acceptor flurophore. Biosensors
can report on post-translational modifications, interactions with other proteins,
26

Introduction

binding of second messengers, etc. when these cause conformational changes in
the sensors. Studies using FRET-based biosensors provided a wealth of information on the functioning of invadosomes. For example, with FRET-based sensors
we learned about the activity of WASP and N-WASP, which control actin polymerization within invadosomes. It has been shown that N-WASP is activated in
elongating invadosomes [120], while WASP biosensors showed that surprisingly
activity of WASP is independent of its phosphorylation status [121]. Furthermore,
a FRET-based sensor was used to provide evidence that vinculin, a protein that
changes its conformation upon applied force, remains stretched within invadosomes. This observation is very important for possible mechanosensitivity of these
structures [82]. Studying small Rho-family GTPases in invadosomes with sufficient
spatio-temporal resolution is also possible thanks to FRET-based biosensors (see
Box: Small Rho GTPases and Box: Studying Rho GTPases with FRET ). Signaling of Rho GTPases is essential for the regulation of many aspects of the actin
cytoskeleton. Therefore it is not surprising that these small ’molecular switches’
also control functioning of invadosomes. For example, using FRET biosensors reporting on RhoC activity, Bravo-Corderro and his colleagues showed in an elegant
study that RhoC activity is enhanced in the areas surrounding invadopodia and
suppressed in invadopodia cores [122]. This spatial pattern of activation can be
maintained thanks to different distribution of RhoC GEF and GAP proteins and
allows for precise control of cofilin and subsequent actin polymerization restricted
to invadopodia cores. Moreover, a new Rac1 biosensor has been used recently to
show that Rac1 is deactivated during invadopodia formation and its subsequent
activation correlates with invadopodia disassembly [123].

Measuring FRET - let’s FLIM
Above we discussed a set of examples, FRET-based experiments designed to study
invadosomes. These examples clearly demonstrate how important FRET technique
is for our understanding of the architecture and function of invadosomes. There
are several ways in which FRET signals can be measured. These are: by ratio
imaging or sensitized emission [124, 125], by acceptor photobleaching [126] and
by measurement of lifetime of the FRET donor, FLIM [127]. All of the above
techniques have their advantages and disadvantages (for in depth discussion please
see [128]).
Ratio imaging is based on using donor-specific excitation and monitoring the
emission signal of both donor and acceptor. This approach is very easy, suitable for
fast cellular processes and benefits from availability of the many FRET biosensors
that have been specifically designed for ratiometric studies (in particular, the single
chain probes which easily provide fixed stoichiometry). However, ratio imaging is
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Studying Rho GTPases with FRET
FRET is very powerful to follow dynamic and reversible transitions of Rho GTPases as
it provides spatially resolved, rapid and sensitive measurements in living cells. Indeed,
biosensors yielded many new insights into the biology of small GTPases. For example,
biosensors showed unexpected high activity of RhoA at the leading front of migrating
cells [129], while Rac1 activity lagged approximately 2 µm behind [130]. This observation
contradicts the classical model in which RhoA is responsible for contractile and not
protrusive activity of a cell.
Several generations of FRET-based Rho GTPase biosensors are available. For example,
in the first generation of RhoA sensors, the C terminus of the protein was attached to a
fluorophore. Unfortunately, this modification prevented RhoA from interacting with its
regulator, GDI. This lesson learned, in the newer generations of RhoA sensors , the Cterminus remains free (Figure 1.11). However, the underlying idea behind these sensors
remains the same. All Rho GTPases biosensors, both single or dual chain constructs,
contain Rho GTPase itself, a domain of one of its effector proteins that can bind when
Rho GTPase is activated and a FRET pair of fluorescent proteins. Reversible binding of
effector domain results in the change of orientation and proximity of fluorescent proteins
that in turn leads to changes in FRET efficiency. Further improvements in existing Rho
GTPases biosensors, as well as development of specific sensors for other isoforms of Rho
GTPases such as Rac2/3, can be foreseen [113].

Figure 1.11 – Schematic representation of selected designs for Rho GTPase biosensors.
A. Single-chain Raichu design [118, 131] can be used to create biosensors for RhoA, Rac1
and Cdc42. However, in this design, fluorescent proteins are placed at the N- and C-terminus
of the sensor, which abrogates negative control of RhoA by GDI. B. The RhoA single chain
biosensor with fluorescent proteins placed internally [129]. The native C-terminus of RhoA
allows interaction with GDI.

and its contrast suffers inevitably from leak-through and cross-excitation between
donor and acceptor channels. The sensitized emission method is a natural extension
of ratio imaging. In this approach one measures a set of control signals to correct for
the most common technical limitations of ratio imaging. This technique is labor
intensive and still may suffer from registration problems, chromatic aberrations
or photobleaching. Moreover sensitized emission remains semi-quantitative unless
additional measurements are taken to enable calculating FRET efficiency [125].
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Measuring FRET by acceptor depletion is based on comparing donor emission
before and after selective photodestruction of its acceptor. This technique is easy to
implement and is a method of choice when transfer efficiencies are high. However,
acceptor photobleaching is slow and destructive and therefore most suitable for
fixed samples.
Finally, measuring FRET is possible by following the lifetime of donor molecules.
The fluorescence lifetime is the average time excited molecules spend in the higher
energy state. Factors that affect transition from the excited to the ground state
lower the fluorescence lifetime. Therefore, the lifetime depends both on radiative
(emission) and non-radiative processes (e.g., FRET, collisional quenching). Measuring FRET by FLIM is fully quantitative, as changes in the lifetime directly
report on changes in energy transfer. Furthermore, FLIM is extremely robust in
that it is insensitive to the intensity of both excitation and emission and as a consequence to changes in light source brightness, uneven illumination (image shading),
molecule translocations and photobleaching.

siFLIM as a promise for invadosome studies
and glimpse into Chapter 6
In Chapter 5 we investigate the behavior of highly dynamic invadosome rosettes. In Srctransformed A375M cells, stimulation of selected GPCRs, induces formation of dynamic
rosettes that are reminiscent to those present in maturing osteoclasts [79]. Rosettes
can move and remodel at speeds of up to several µm/min, predominantly by creating
new invadsomes at the perimeter and disassembly of invadosomes at its internal rim
[80]. To study FRET changes in such dynamic structures quantitatively requires new
methods of FRET-FLIM imaging. In Chapter 6 we present development of such a new
method - Single Image FLIM (siFLIM). siFLIM uses a new phase-sensitive MEM-FLIM
camera that can simultaneously acquire two phase shifted images and makes it possible
to calculate lifetime values from just a single exposure (image). In this way we are able
not only to minimize excitation, thereby minimizing photodamage and bleaching, but
also to eliminate certain artifacts. Furthermore, in Chapter 6, we test siFLIM in a set of
biological experiments.
There is a range of questions in the invadosome field that can be answered taking advantage of fast lifetime imaging with siFLIM. One example is the transport of
metalloproteases to invadosomes. Precise delivery of metalloprotease-loaded vesicles to
invadosomes is crucial for the degradative activity of these structures. It has been shown
that the metalloprotease MT1-MMP undergoes rapid turnover in invadopodia that depends on the vesicular transport [132]. In Chapter 6, we show that siFLIM is particularly
well suited for measuring FRET in fast moving vesicles. Another question, particularly
well suited from siFLIM, would be observing gradients of Rho GTPase activity across
the moving rosettes of invadosomes.

There are two main techniques to measure FLIM, Time Correlated Single Photon Counting (TCSPC) [133] and frequency-domain (FD)-FLIM [134]. TCSPC is
usually implemented on confocal systems and therefore provides optical sectioning.
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Figure 1.12 – Example applications of caged compounds.
A. Uncaging of an active compound within a cell enables manipulation in a selected subcellular
location. B. Uncaging outside of a cell is useful to locally stimulate selected receptors as well as
to create a gradient of the active compound.

However, due to the low photon flux required, TCSPC is too slow for many biological processes as the acquisition of images with acceptable signal to noise (S/N)
ratio requires collection of many photons per pixel. On the other hand, frequencydomain FLIM is implemented on wide-field microscopes and provides much faster
imaging as all pixels are measured simultaneously. For a more detailed explanation
and comparison of above methods, please see Chapter 6.
However, even frequency domain FLIM is often not fast enough to follow rapid
cellular transitions and signaling events, which leads to artifacts in the calculated
lifetime values. Therefore, we set out to develop a method that would bring the
necessary speed to FRET-FLIM measurements while at the same time retaining
its quantitative benefits. We called this method Single Image FLIM (siFLIM)
and describe it in details in Chapter 6. We discuss possible future applications of
siFLIM in the Box: siFLIM as a promise for invadosome studies.

Using light as a tool
Light can be used not only to observe biological systems but also to manipulate them. Modern microscopes can easily deliver light of selected wavelength and
intensity to diffraction-limited spots at ms-temporal resolution. A beam of light
can thus be used to activate or deactivate small, biologically active molecules and
proteins in defined subcellular locations by photoconversion.
Most biomolecules need to be modified in order to make them photo-sensitive.
Activity of the photo-sensitive molecules is suppressed by introduction of photo30
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labile modifications which can be removed upon illumination at a defined wavelength. Photo-sensitive compounds are most often referred to as ’caged compounds’
although in the majority of cases this term is a misnomer, as the inactivating group
does usually not encapsulate the active compound. Photo-sensitive low-weight
compounds are produced by chemical synthesis [135], whereas light-sensitive proteins can be created by introducing genetic modifications (optogenetics). These
modifications are based on introducing naturally occurring light-sensitive domains
into the structure of the protein of interest.
Genetically-encoded photo-sensitive proteins may be targeted to the correct
subcellular compartments for photo-activation. In contrast, small caged compounds
need to be delivered into the cell compartment for activation. Fortunately, it is possible to develop neutral and lipophilic derivatives of photo-sensitive molecules that
become membrane-permeable [136]. Thus, it is possible to deliver them into a cell
and activate them selectively in defined subcellular compartments (Figure 1.12A),
which wouldn’t be possible with other techniques. On the other hand, uncaging
of an active compound outside of a cell (Figure 1.12B) makes it possible to selectively stimulate certain cells within a population, or to provide local stimulation
to a cell. It may also be used to create chemotactic gradients without need for
complex microfluidic devices [137].

Caged LPA and invadosome rosettes,
glimpse into Chapters 4 & 5
In Chapter 4 we show development of a new photo-activatable lipid - caged LPA (cgLPA).
cgLPA was synthesized with coumarin as the caging group. Coumarin is a fluorophore
itself which provides immediate feedback on the uncaging localization. In a series of
assays ranging from LPA receptor internalization to cell motility measurements, calcium
signaling, activation of Rho GTPase and neurite retraction we show the effectiveness of
this approach.
In Chapter 5 we use this potential to study invadosome rosettes. Owing to the fine
spatiotemporal control of cgLPA release, we were able to show that clusters of invadosomes need to be stimulated directly in order to develop into rosettes and governed
by local signals. Moreover we used cgLPA to create LPA gradients, which allowed us
to detect highly polarized development of invadosome rosettes in the direction of cell
migration.

Caged compounds appeared in biological research almost forty years ago, when
a seminal work introducing photoactivatable ATP was published [138]. Since then,
a broad range of other biologically active compounds has been caged, from ions,
low molecular weight molecules, peptides and nucleic acids to proteins [135]. On
the other hand, the first optogenetic experiments were reported in neurons with
the use of light-sensitive microbial opsins [139]. So far, neurobiology has benefitted
most from these techniques, but other fields are also starting to use them exten31
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sively [140–142]. We developed and characterized a caged version of LPA (cgLPA;
Chapter 4) and used it to facilitate our studies of invadosomes (Chapter 5; See
Box: Caged LPA and invadosome rosettes, a glimpse into Chapters 4 & 5 ).
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Scope of this thesis
The aim of this thesis is to investigate GPCR control over invadosome rosettes. To
understand this fascinating biological process we often had to stop, look around
and, when necessary tools were not readily available, we made an effort to develop
them. With every step that we took to understand invadosome rosettes, we never
went far away from lasers, lenses and image analysis algorithms. With every step
that we took to develop tools and techniques, we never forgot that the ultimate
goal is to understand the biological process.
In Chapter 2 we take a detailed look at the current understanding of the
molecular makeup of invadomoses with specific emphasis on organization of actin
networks within these structures. Moreover, we ask how these actin networks respond to mechanical features of the environment and raise the question as to
whether we accumulated enough prove to call invadosomes bona fide mechanosensors. In Chapter 3 we show that invadosome clusters rapidly develop into rosettes
under control of GPCR signaling. We address which signaling pathways are involved and show that the Gαi axis is dominant in this process. Furthermore, we
study the role of different Rho GTPases in this process. In order to be able to
study invadosome rosettes induced by localized stimuli we introduce caged LPA
in Chapter 4 and validate its potential in different biological assays. In Chapter 5 we capitalize on this development in the studies addressing the dynamic
behavior of rosettes. Moreover, we employ different image analysis algorithms to
quantitatively describe behavior of rosettes and their role in cell migration. Furthermore, we describe the architecture of rosettes in detail using Super Resolution
imaging. Finally, in Chapter 6 we present a new method to measure lifetime
of fluorophores - Single Image FLIM (siFLIM). We develop this method so that
molecular interactions in fast cellular processes, such as development of rosettes,
can be studied quantitatively.

33

1

I believe that we do not know anything for certain,
but everything probably.
Christiaan Huygens
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Abstract
Invadosomes are actin-based protrusions formed by cells in response to physical
obstacles in their microenvironment, especially basement membranes and dense interstitial matrices. A versatile set of proteins controls assembly and dynamics of the
actin networks at invadosomes and adhesive molecules link them with the extracellular matrix. Furthermore, polarized delivery of membrane-bound and secreted
proteases makes invadosomes degradative. Therefore, invadosomes have been classically viewed as specialized protrusions involved in cell migration and remodeling
of the microenvironment. Recent discoveries have considerably broadened this picture by showing that invadosomes respond to traction forces and can self-organize
into dynamic arrays capable of following the topography of the substrate. Although these findings suggest that invadosomes may function as mechanosensors,
this possibility has not been critically evaluated. In this review, we first summarize
the organization and dynamics of actin in invadosomes and their superstructures
with emphasis on force-production mechanisms. Next, we outline our current understanding of how mechanical cues from the extracellular matrix, as well as intracellular forces, impinge on invadosomes and modify their behavior. From this
perspective, we then provide an outlook of the outstanding open questions and the
main challenges in the field.
37

Chapter 2

2.1

2

Introduction

Invadosomes are column-like protrusions of eukaryotic cells that are built and
maintained by the actin cytoskeleton (Figure 2.1). In contrast to other actin-rich
cell protrusive organelles like sheet-like lamellipodia, cylinder-like lobopodia and
spike-like filopodia, the invadosomes are able to degrade components of extracellular matrix through localized accumulation and secretion of membrane-bound and
soluble lytic enzymes, mainly metalloproteases. Different cells utilize this degradative capacity for different purposes and therefore create invadosomes with slightly
different properties (see Box Ivadopodia, podosomes and rosettes). Invadosomes
can also be found arranged in groups of varying number and shape. These higherorder structures, such as clusters, circular arrays (rosettes) or belts, show collective
behavior and properties that go beyond those of single invadosomes. A classic example of a higher-order structure of invadosomes is the sealing zone of osteoclasts.
These cells organize belts of tightly packed invadosomes at their periphery in order
to confine resorption of the underlying bone to a precisely defined space, called
lytic lacuna (reviewed in [11]). A more recently described example are invadosome rosettes assembled by endothelial cells, which enable these cells to breach
the underlying basal membrane and mediate sprouting of new blood vessels [143].
To push, to grip, and to degrade – these three key functions of invadosomes are
encoded in their different zones. The source of protrusive power of invadosomes
is the massive actin polymerization located within their inner core. Surrounding
this actin-rich core is so-called invadosome ring, a circular domain enriched in adhesive proteins like vinculin, zyxin and paxillin. Interestingly, the adhesive rings
may turn out to rather consist of a set of sub-domains, as recently suggested by
super-resolution studies [85]. The mechanical attachment to the extracellular environment is provided by integrins and other receptors for matrix components, such
as CD44 [144, 145]. Finally, focal degradation of the extracellular matrix takes
place primarily in the invadosomes due to targeted delivery of vesicles transporting matrix-degrading enzymes. Importantly, “to push, to grip, and to degrade” is a
functional definition of invadosomes, and thus independent of their exact molecular
make-up. For example, anchor cells of C. elegans display bona fide invadosomes
despite the fact that Nematodes do not possess orthologs of major mammalian
invadosome components, such as cortactin, Tks4, Tsk5 and MT1 [146]. Thus, convergent evolution may have reinvented the same functional structures to fulfill
fundamental cellular and organismal needs more than once.
In the recent years multiple studies have addressed the function(s) and molecular makeup of invadosomes in a variety of physiological and pathological processes.
Moreover, several reviews have described the molecular composition of invadosomes [79, 87, 147], the different stages of their life cycle [50], their role in vivo
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Figure 2.1 – Invadosomes, molecular buildup and signaling.
A. Schematic representation of selected actin-interacting proteins that form and remodel invadosomes. B. Epidermal growth factor (EGF)- and integrin-mediated signaling cascade for the
production of invadopodia [38, 51, 108, 109]. Concomitant activation of EGFR and Integrin β1
activates Arg kinase, which phosphorylates cortactin. Phosphorylated cortactin facilitates the recruitment of N-WASP through NCK1. Moreover, cortactin binds to N-WASP and this complex
activates the Arp2/3 complex thus leading to the polymerization of branched actin filaments. In
addition, phosphorylated cortactin no longer inhibits its binding partner cofilin. Talin-mediated
recruitment of moesin and NHE1 increases the pH at invadosomes which further promotes cofilin
activation and ensuing formation of new barbed ends, which stimulate actin polymerization and
maturation of invadosomes. See text for details.

[148, 149] as well as in specific cell types [11, 150, 151]. By contrast, the mechanisms
regulating how form and function of invadosomes follow the mechanical properties of the environment and the putative role of invadosomes as mechanosensors
have received much less attention. In this review, we focus on these two emerging
topics in the invadosome field and summarize our current understanding of how
cells generate force within invadosomes to mechanically remodel the extracellular
matrix and dynamically respond to its physical properties. As the polymerization
of actin into filaments produces force within invadosomes, we will first make an
inventory of the actin-regulatory proteins and mechanisms that are at play within
invadosomes. Then, we will describe the mechanical interaction between single and
higher-order invadosomes with their microenvironment. As the term mechanosensor has been often used in the invadosome field to indiscriminately define both
the elements that respond to and those that sense the mechanical properties of
the ECM, we feel that it is important to bear in mind that a sensor is a device
that detects or measures a physical property and records, indicates, or otherwise
responds to it. Hence, we will also critically review the evidence suggesting that
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Invadopodia, podosomes and rosettes
Although invadosomes are divided into two groups, invadopodia and podosomes,
this distinction can be more readily justified by historical reasons, rather than by
real functional differences. Invadosomes came to the attention of the community
disguised as circular rosettes observed in Rous Sarcoma Virus (RSV) transformed
fibroblasts [34]. Subsequently, they were identified in other cell types and referred
to as actin foci in macrophages [71] and short protrusions forming rosettes in
osteoclasts [152]. The name ‘podosomes’ appeared for the first time in the context of RSV-transformed cells [153] and subsequently acquired a rather loose
meaning encompassing also the invadosome structures formed by malignant B
lymphocytes of chronic lymphocytic leukemia [154]. The nomenclature became
more complicated since 1989, when the term ‘invadopodia’ was coined to describe
the structures that were previously called podosomes in RSV-transformed cells
[155, 156].
In an attempt to reach a consensus in the field, many authors started to classify
as podosomes the invadosomes formed in non-malignant cells, and as invadopodia
the degradative structures of cancer cells [8, 49]. In this way, podosomes have been
found in dendritic cells [157], endothelial cells [158] or smooth muscle cells [159],
while invadopodia were found in breast [160], melanoma [161], astrocytoma [162],
head and neck [163], bladder [164] cancer cells, among others. Sometimes, it is emphasized that invadopodia are smaller, more protrusive and have a longer lifespan
than podosomes, and are found only in a small number (<10) in a single cell. On
the other hand, podosomes are abundant, contain a prominent adhesive ring and
form higher-order structures like rosettes or belts [8, 10]. Despite the differences
outlined above, podosomes and invadopodia share many functions and most of
the components. Collective terms such as ’podosome type adhesions’ (PTA) [8]
or invadosomes [9, 10, 165] have been proposed to emphasize this fact. Nowadays,
the term invadosomes is also exclusively used for the degradative structures observed in Src-transformed cells, which are difficult to classify as either normal or
cancer cells.
However, it should be noted that invadopodia and podosomes not always possess all the characteristics outlined above. For example, it has been reported that
podosomes can protrude when cells bearing them are put on pliable substrates
[166, 167]. Certain cancer cell lines, such as in neuroblastoma, have been shown
to produce a high number of invadopodia [168]. Furthermore, the adhesive ring,
once a domain of podosomes, has been visualized in the invadopodia of cancer
cells attaching to a new substrate [47, 169]. On the other hand, some authors describing invadosomes in new cell systems chose not to follow the ’invadopodia in
cancer and podosomes elsewhere’ rule of thumb. For example, invadosomes in the
non-malignant anchor cells of C. elegans go as invadopodia [16]. Other authors
chose not to take sides and report invadosomes on neuronal growth cones [86].

2

While the controversy about nomenclature is far from being settled, it is perhaps more important to establish a clear distinction between individual invadosomes and their higher-order arrangements. Although these circular arrays of
invadosomes are often referred to as podosomes, they have both different functions
and regulatory mechanisms as compared with single podosomes [151].
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invadosomes truly sense the mechanical properties of the ECM. Finally, we will
highlight the outstanding open questions and the main challenges in the field.
To avoid any confusion arising from nomenclature issues (see Box Invadopodia,
podosomes and rosettes), we will use the term invadosomes to describe the general
characteristic of these structures, and invadopodia, or podosomes, when referring
to distinctive features.

2.2

Force generation actin networks of invadosomes

Each invadosome, despite its limited size, represents a self-standing actin-based
protruding organelle. Molecular components that make up an invadosome include
proteins regulating actin dynamics, Rho family of small GTPases, components of
the adhesome, motor proteins, kinases and phosphatases, and proteinases [170].
The core of the invadosomes is composed mainly of filamentous actin (F-actin)
and a wide variety of actin assembly factors and actin remodeling factors, including actin bundling and severing proteins, have been shown to act in concert to
ensure a high level of structural plasticity and a dynamic behavior to this region
[170]. Although invadopodia can persist up to several hours, actin in the invadopodia core is rapidly turned over; even in the relatively short-lived podosomes of
macrophages (2 - 12 minutes), actin is exchanged two to three times before the
structure disassembles [79]. The rapid turnover of actin is triggered by mechanical and/or chemical external cues and involves highly choreographed activities of
many actin-regulatory proteins that control the formation, maturation and function of invadosomes. Below, we outline the key proteins and pathways regulating
actin dynamics within invadosomes.

2.2.1

Polymerization of actin at the base of invadosomes

Actin-related protein (Arp) 2/3 complex is the most extensively studied actin assembly factor of invadosomes. The Arp2/3 complex consists of two actin-related
protein (Arp2 and Arp3) and five additional subunits arranged in a stable, intrinsically inactive protein assembly. Upon activation, the Arp2/3 complex binds the
side of an actin filament and catalyzes the polymerization of an F-actin branch
with a typical angle of about 70◦ . As a result, Arp2/3-complex-mediated actin
polymerization generates the dendritic F-actin network found at the base of the
invadopodia [171] and the Arp2/3 complex is required for the formation of invadosomes [43, 172]. The mechanism of activation of the Arp2/3 complex involves
two co-factors, namely a pre-existing actin filament and a nucleation promoting
factor (NPF) [173]. Although all NPFs bind and activate the Arp2/3 complex,
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they can be grouped in two different classes according to the presence of some
distinctive domains (reviewed in [173]). Class I neural Wiskott-Aldrich syndrome
protein (N-WASP) and class II cortical actin binding protein (cortactin) are found
in the core of invadosomes where they may synergistically activate the Arp2/3
complex [174–177]. Moreover, both classes of NPFs are required for invadosomes
formation and subsequent matrix degradation [18, 21, 43, 178, 179]. Besides promoting nucleation, N-WASP and cortactin also act as adaptors for the recruitment
of proteins regulating actin dynamics at invadosomes, such as cofilin and gelsolin.
Like the Arp2/3 complex, N-WASP rests in an inactive conformation attained
through an intramolecular interaction between its Cdc42/Rac interactive binding
(CRIB) region and the VCA domain, which is located in the C-terminal region
of all class I NPFs. The VCA domain consists of a verprolin homology domain
(V) (also referred to as WASP homology 2 (WH2) domain (W)), a connector
region (formerly known as cofilin homology domain) (C), and an acidic region
(A) and functions as minimal tripartite element to activate the Arp2/3 complex
[180]. N-WASP auto-inhibition is released upon binding of activated Cdc42 to
the CRIB region that releases the VCA domain, which in turn binds to and activates the Arp2/3 complex [181]. Not surprisingly, Cdc42 was also shown to be
required for invadopodium formation and increased N-WASP activity was observed
at the base of invadopodia [120]. Interestingly, downregulation of Cdc42 inhibits
invadopodium formation more dramatically than that of N-WASP and the Arp2/3
complex, suggesting the existence of Cdc42-dependent pathway(s) controlling the
formation of invadopodia that do not involve either N-WASP or the Arp2/3 complex [43]. Nonetheless, biochemical studies have shown that N-WASP could also
accelerate actin polymerization from highly clustered filament barbed ends in an
Arp2/3-complex-independent manner [182]. Thus, N-WASP might also contribute
to invadosome development in an Arp2/3 complex-independent manner by directly
associating with tightly packed barbed-end clusters at the invadosome tip to promote filament elongation and ensuing invadosome extension. Moreover, given that
N-WASP is recruited as one of the first proteins at sites where invadosomes form
[120, 183], it might function to prime those sites to initiate invadosome assembly. The fact that depletion of N-WASP reduced invadopodium formation more
potently than the loss of Arp2/3 complex [43] lends support to the postulated
Arp2/3-complex-independent function(s) of N-WASP.
Cortactin appears early in invadopodia, even before the onset of actin polymerization [38, 184, 185] and its phosphorylation by Src and Arg kinases is a
key regulatory step controlling both the formation and the maturation of invadopodia. In fact, phosphorylation enhances cortactin’s ability to stimulate NWASP-Arp2/3 complex-mediated actin polymerization [38, 186, 187]. In addition,
phosphorylation of cortactin promotes the recruitment of N-WASP, Nck1, WASP42
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interacting protein (WIP) and cofilin to invadopodia and is required for the generation of functional invadopodia, matrix degradation and invasion in tissue culture
[179, 185, 188–190], and metastasis in vivo [191].
WIP interacts with both Nck1, N-WASP and cortactin and stimulates Arp2/3
complex-mediated actin polymerization [192–194]. Of note, WIP promotes Arp2/3
complex-dependent actin polymerization by activating N-WASP in synergy with
Cdc42 and phosphatidylinositol 4,5-biphosphate (PI(4,5)P2), whereas WIP on its
own has been found to inhibit Cdc42-induced activation of N-WASP [192]. Yet, it
has recently been proposed that WIP also attains N-WASP-independent roles in
invadopodium formation and maturation [190].
Two actin severing proteins, gelsolin and cofilin, have been shown to be involved
in invadosome formation. Gelsolin is one of the most potent actin severing proteins
and cuts actin filaments with almost 100% efficiency [195]. Yet, gelsolin seems to
have a cell-type-specific action as it is indispensable for the assembly of podosomes
in osteoclasts [196], but not for that of the invadopodia in cancer cells [197]. By
contrast, cofilin has been ascribed a more general role.
Cofilin is an actin filament severing protein promoting actin polymerization
and controlling the direction of cell motility [198]. It was initially proposed in the
dendritic-nucleation/array treadmilling model for the generation of lamellipodia
that cofilin promotes the depolymerization from pointed ends and perhaps also
the debranching of actin filaments in the proximal, older part of these protrusions
to replenish the G-actin pool and sustain actin polymerization taking place in
the distal part, namely the leading edge [199]. However, other studies suggested
that cofilin initiates branched actin polymerization and membrane protrusion as
its F-actin severing activity might create free barbed ends that upon rapid elongation will be amplified by the Arp2/3 complex. This notion is supported by the
observation that local activation of caged cofilin leads to the protrusion of lamellipodia [200]. However, it should be noted that the photoactivation procedure affected a cellular area with a diameter of three micrometers rather than the narrow,
nanometer-sized region close to the plasma membrane. In spite of this shortcoming,
the observation that RNAi-mediated depletion of cofilin in rat breast cancer cells
resulted in the formation of small, short-lived invadopodia with impaired matrix
degradation has been interpreted as evidence that cofilin initiates Arp2/3-complexmediated actin polymerization [43]. Nevertheless, mounting evidence challenges
this model and shows that it may not be universally applicable: both knockdown
and chromophore-assisted light inactivation (CALI) of cofilin in mammalian cells
resulted in enlarged lamellipodia and ruffles accompanied with increased F-actin
levels. Along the same lines, depletion of the cofilin ortholog in the anchor cells of
C. elegans resulted in massive accumulation of F-actin and loss of functional invadosomes [201]. Taken together, these new data suggest that cofilin may function
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primarily as an actin-depolymerizing factor that shapes actin networks. Consistent with this view, the actin nucleator mDia1 was recently shown to promote
the formation of lamellipodia and ruffles by polymerizing linear actin filaments
mediating initial activation of the Arp2/3 complex [202], whereas the knockdown
of cofilin in the same cell line did not have any inhibitory effect (T.I. and M.I., unpublished results). Thus, the following alternative model would reconcile the above
observations with the fact that cofilin is necessary for actin polymerization at invadosomes: as cofilin acts primarily on aged actin filaments [38] that are located far
from the plasma membrane where activation of the Arp2/3 complex takes place,
F-actin severing by cofilin may actually favor the recycling of actin monomers
rather than the Arp2/3-complex-mediated amplification of the resulting barbed
ends [38]. In light of the above controversies, the generation of a cofilin-activity
biosensor coupled with live-cell super-resolution microscopy would be instrumental in elucidating the precise contribution of cofilin during invadosome formation
and maturation in space and time. Whatever the case, these studies collectively
suggest that the role of the severing activity of cofilin is likely context-dependent
and thus requires further investigation.
At invadopodia, the activity of cofilin is regulated by two main mechanisms,
binding to cortactin and PIP2 , and phosphorylation. Direct binding of cofilin to
cortactin has been shown to inhibit the severing activity [38]. Interestingly, cortactin phosphorylation relieves this inhibitory effect without affecting the cofilincortactin interaction. However, it is unclear whether the phospho-cortactin-cofilin
complex exhibits F-actin severing activity in cells. By contrast, sodium-hydrogen
antiporter 1 (NHE1) mediates the release of the cofilin-cortactin inhibitory interaction by locally increasing the pH of invadopodia. As recruitment of NHE1
to invadopodia relies on cortactin phosphorylation and talin [51, 109] and the
inhibitory cofilin-PIP2 interaction is partially relieved at elevated pH [203], it
seems unlikely that the pool of cofilin bound to phospho-cortactin is active in
cells. Besides being regulated by cortactin, cofilin is inactivated by phosphorylation at serine 3 by LIM-kinases (LIMK) and testicular protein kinases (TESKs)
(reviewed in [204]). Interestingly, there appears to be an invadopodium-specific
cofilin-regulatory mechanism that relies on the Rho GTPase RhoC and its downstream effector Rho-associated protein kinase (ROCK) [122]. In fact, it has been
recently shown that RhoC activation by the guanine nucleotide exchange factor
p190RhoGEF activates the ROCK-LIMK pathway and results in the phosphorylation and inactivation of cofilin around the invadopodium cores. On the contrary,
cofilin is active inside the invadopodium core as RhoC is deactivated by the resident p190RhoGAP. Of note, loss of RhoC increased the degradative capacity
of invadopodia thereby suggesting that cofilin activity promotes ECM degradation [122]. However, the same cells also showed reduced invasive abilities thereby
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highlighting that actin dynamics and the degradative capacity must be properly
orchestrated to promote invasion.

2.2.2

Polymerization of actin
at the protruding tip of ivadosomes

The Arp2/3 complex is highly enriched in invadosomes but it does not localize to
their protruding tips [43, 172]. Consequently, bundles of unbranched F-actin predominates over the branched actin network at the invading front of invadosomes
[171]. In comparison to the dendritic actin network found at the base of the invadosomes, relatively little is known about polymerization and organization of linear
actin filament at invadosome’s distal end. Nevertheless, Formins and tandem actin
monomer binding proteins, actin nucleators that catalyze the formation of linear
actin filaments, are thought to play a pivotal role in the polymerization of actin
at the tip of invadosomes.
Formins function as dimers that nucleate and processively elongate linear actin
filaments while remaining attached to the barbed end [205]. Among the Forminfamily proteins, Diaphanous-related formins (DRFs) have been linked to the formation and maturation of invadosomes. In particular, mammalian homolog of Diaphanous (mDia) 1-3 and Formin homology domain-containing proteins 1 (FHOD1)
act downstream of Rho GTPases, and have been shown to be required for the
formation of invadopodia in several cancer cell lines [171, 206–208]. While both
mDia1 and mDia2 may accumulate within the invadosomes of breast cancer cells
expressing constitutively active Src [206, 209], FHOD1 did not localize to the
invadopodia of oral squamous carcinoma cells [207]. Interestingly, tumor suppressor TIS21/BTG2/Pc3 was recently shown to abrogate invadosome formation by
downregulating the mRNA levels of mDia1-mDia3 through the activation of Akt1
[210], adding another layer of complexity to pathways regulating actin dynamics
at invadosomes. Importantly, some Formins also display actin bundling capacities,
which may mediate the reorganization of single invadosomes into high-order structures (see section Mechanical support for invadosomes). Although a growing body
of evidence supports the importance of Formins in the making of invadosomes,
the mechanism(s) whereby Formins contribute to the formation and maturation
of invadosomes have not been fully addressed. In particular, future studies should
assess the relative contribution of the actin- and microtubule-regulatory activities of Formins and whether the Formins that do not reside within invadosomes,
such as FHOD1, affect the life cycle of these actin-based protrusions by means
of unconventional mechanisms. In this perspective, it is noteworthy that mDia1
has been shown to regulate both the cytosolic and the nuclear F-actin/G-actin
ratio and its effects on gene transcription [211], whereas mDia2 seems to promote
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One of the tandem actin monomer binding protein, Spire-1, localizes at invadosomes in fibroblasts expressing constitutively active Src [209]. Given that cooperation between different actin nucleators appears to emerge as a common strategy
to regulate actin dynamics [202, 213], it is not surprising that the overexpression
of Spire-1 in those fibroblasts potentiated the invadosomes’ ECM-degradation activity, whereas its downregulation had opposite effects [209]. Interestingly, Spire-1
may be recruited to invadosomes as part of a multimeric complex including Src,
mDia1 and actin [209], raising the hypothesis that co-recruitment could dictate
the cooperative action of specific pairs of actin nucleators. In addition, Spire-1
was shown to interact also with the small GTPase Rab3A, a key regulator of exocytosis that is present in the invadosomes. As matrix metalloproteases (MMPs)
are among the cargoes transported on exocytic vesicles, Spire-1 might enhance
invadosome-dependent matrix degradation by favoring the polarized delivery of
MMPs [209]. As Formin 2 (FMN2) has also been shown to partner with Spire in
regulating actin polymerization and vesicular trafficking [214, 215], it would be important to assess whether the mDia1-Spire-1 complex has an invadosome-specific
role or rather a more general function. Anyway, the effects of Spire-1 on actin dynamics at invadosomes were not systematically analyzed [209] and whether or not
Spire-1 has an actin-dependent role in the invadosomes requires further evaluation.

2.2.3

Remodeling of actin in invadosomes

Although site-restricted actin polymerization close to the plasma membrane creates an actin-rich micro-domain, only actin-bundling and crosslinking proteins can
provide the newly polymerized F-actin with sufficient mechanical stability and the
proper spatial organization needed to support invadosome function.
Invadosomes were originally discovered in Src activated cells and were characterized as structures containing actin and α-actinin [34]. α-actinin is an actin
cross-linking protein that produces a loosely packed network of F-actin and is
recruited at podosomes with kinetics that closely follow those of actin [216]. In
general, the binding of α-actinin to F-actin and that of proteins inducing much
tighter bundling of filaments are mutually exclusive. However, invadosomes seem
to be built of different actin networks thereby providing a reasonable explanation
for the presence of also tight actin bundlers like fimbrin [217, 218], supervillin [197]
and fascin [219]. Whatever the case, the role of α-actinin is not unique because
filamin, which also stabilizes the dendritic actin networks, has been recently implicated in the regulation of invadosomes. In fact, filamin was found in the actin-rich,
invadosome-like structures located at the periphery of highly aggressive prostate
cancer cells by means of a proteomic approach [220]. However, the identity of these
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actin-based structures as genuine invadosomes needs to be confirmed using specific
invadosome markers.

Given that the mechanical force produced by actin polymerization in the core
needs to be directed and focused to sustain the protrusion of invadosomes, F-actin
bundling is important for the extension of invadosomes into the ECM. In fact,
depletion of fimbrin in cancer cells reduced the penetration length of single invadopodia without affecting the number of invadopodia per cell [171]. In the same
vein, fascin was shown to play a pivotal role in both the formation and the stability of invadopodia. Moreover, cells depleted of fascin showed also reduced matrix
degradation as a result of a shorter invadopodium lifetime [171, 219, 221]. Interestingly, fascin and fimbrin may be implicated in the same regulatory pathways as
simultaneous depletion of both proteins had no additive effects on invadopodium
dynamics as compared to the knockdown of either protein [171]. Altogether, these
data suggest that bundling of actin oversees some of the fundamental features of the
invadosomes (i.e. lifetime, matrix penetration and matrix degradation) that enable
these protrusive organelles to exert their pathophysiological functions. In addition
to fimbrin and fascin, proteins belonging to the enabled/vasodilator-stimulated
phosphoprotein (Ena/VASP) family of actin filament elongators and bundlers
[222, 223] participate in the regulation of invadopodia [224]. In particular, a cancerspecific isoform of mammalian Enabled (MENA), referred to as MENAINV, has
been shown to stimulate EGF-induced invadopodium formation and cancer cell invasion more potently than the isoform expressed in normal cells [224]. Importantly,
MENA binds to and cooperates with mDia2 to regulate filopodial dynamics [223].
However, the potential interplay between these two actin-regulatory proteins in
invadosome formation and maturation has yet to be explored.

Profilin is an actin-specific nucleotide exchange factor that replenishes the
pool of ATP-bound G-actin for filament growth and also prevents spontaneous
self-assembly of actin monomers [225]. Although it has been recently shown that
depletion of profilin stimulates the maturation of invadosomes [226], it should be
noted that its mechanism of action seems to be indirect. In fact, the effects of
profilin may be related to its PIP2 binding abilities [227] as depletion of profilin
increases the availability of free PI(3,4)P2 within invadosomes thereby favoring the
recruitment of Tks5. In addition to that, knockdown of profilin may also increase
Arp2/3 complex-mediated actin polymerization and concomitantly decrease the
activity of Formins and Ena/VASP family proteins [228].
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Signaling cascade for the formation and maintenance
of invadosomes

Over the last few years, the signaling cascade of epidermal growth factor receptor (EGFR)-induced formation of invadopodia has been dissected (Figure 2.1B):
when both the EGFR and integrin β1 are active, they induce the activation of
non-receptor tyrosine kinase Abelson-related gene Arg, which phosphorylates and
turns on both cortactin and N-WASP [108]. These events ignite N-WASP-Arp2/3
complex-mediated actin polymerization and promote the formation of invadopodia [108]. Moreover, activated Arg was also shown to recruit NHE1 through the
integrin-actin crosslinking protein talin [51]. Given that talin is a mechanosensor,
its interaction with α-actinin could endow invadosomes with the ability to sense
the mechanical properties of the surrounding environment. As MENA binds integrin α5 and regulates the outside-in signaling of the α5β1 heterodimers [229], it is
tempting to speculate that Ena/VASP proteins might have also actin-independent
functions within invadosomes. It is also possible that such an actin-independent
role may be a rather common property of the proteins regulating actin dynamics
at invadosomes. In this regards, it has been recently shown that mDia2 controls
gene expression also in an actin-independent fashion [212]. Finally, it is reasonable
to assume that the same or a similar pathway could also mediate the formation of
podosomes in non-transformed cells. For example, other receptor tyrosine kinases
may activate Src in cells that do not express the EGFR and Arg.

2.3

Mechanical support for invadosomes

Invadosomes contain a very dynamic, constantly treadmilling mass of actin filaments that needs mechanical support to counteract the resistance of the extracellular environment, as well as that of the plasma membrane, and to protrude.
Surprisingly, different types of invadosomes appear to employ different mechanisms
to protrude.
Podosomes and invadosomes in Src transformed cells seem to utilize the same
type of contractile actin network that mechanically supports the protrusive activity
of veil-like lamellipodia. The protrusion of lamellipodia depends on the contractile
force generated in the behind lamellar region upon attachment of focal contacts
and adhesions to the underlying substrate [230, 231]. In the podosomes, an actinbased region that surrounds the cores, referred to as the actin cloud [71], mimics
the function of the stress fibers attached to focal adhesions and the focal contacts.
The actin cloud is composed of G-actin subunits, whose storage enables fast treadmilling of the core, and radial actin fibers [45, 71]. In this respect “actin cloud”
may be considered a partial misnomer. Nevertheless, the radial actin fibers within
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the cloud link the apical region of invadosome cores to both the plasma membrane
and other neighboring cores (Figure 2.2). Although myosin decoration suggests
that the actin fibers are contractile, unbranched and organized in an antiparallel
way [82, 166], EM studies revealed that the majority of them shows the barbed end
oriented towards the core [45]. In analogy to focal adhesions and focal contacts,
the radial fibers are linked to the plasma membrane through elastic proteins like
vinculin and talin [85, 232]. Moreover, these latter two mechanosensors connect the
radial fibers to the extracellular matrix via integrins. In light of these analogies, it
is surprising that FRAP experiments showed that the radial actin fibers display a
dynamic behavior similar to the much thicker actin cores [79].

Figure 2.2 – Invadosomes within a rosette are interconnected by a network of radial
fibers.
Super-resolution image shows a rosette of invadosomes (grey – actin, red - cortactin) in a mouse
embryo fibroblast expressing active c-Src (SrcY530F). Zoom-in image shows a group of cortactinrich invadosome cores connected with each other by a dense matrix of actin fibers parallel to the
underlying substrate.
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The growing end of the radial actin fibers is preferentially linked with the top
of podosomes (also referred to as cap), which has a specific molecular make-up.
So far, two proteins have been shown to be enriched in the cap of podosomes, the
Formin FRL1 [233] and the actin-binding protein supervillin [234]. FRL1 probably
plays a role in the remodeling rather than in the polymerization of actin in the cap
as RNAi of FRL1 led to larger podosomes without affecting their actin content. As
the lack of FRL1 also strongly reduced the total number of podosomes, together
these observations suggest that FRL1 may function as an actin bundler that is
crucial for the existence of these protrusions [233]. On the other hand, supervillin
localizes to nascent podosomes and promotes the phosphorylation of myosin light
chain, which leads to increased local contractility and disassembly of supervillindecorated podosomes [234]. It is clear that this picture is far from complete and
further studies are necessary to address mechanism(s) of formation and regulation
of radial actin fibers.
The radial actin fibers are particularly important for both the formation and
the stability of higher-order podosome structures as they provide a means to connect individual podosomes cores to each other. The progressive rearrangement of
invadosomes into clusters, circular arrays (rosettes) and finally peripheral belts
(sealing zone) is iconized by maturing osteoclasts (reviewed in [11]). Not surprisingly, it is the actin cloud region that evolves drastically while podosomes are reorganized, whereas the cores remain largely unchanged. During the transition from
clusters to mature sealing zones, the amount of actin within clouds surrounding
single cores increases 20 times, fibers become more densely packed and start to
preferentially link neighboring cores instead of ending on the plasma membrane
[235].
Invadopodia achieve mechanical support for protrusion in a completely different manner. In fact, cancer cells often assemble invadopodia below the nucleus,
the biggest and most rigid cellular organelle and also a limiting factor for the
movement of cells in dense extracellular matrices [14]. The specific localization
of the invadopodia may be functionally linked to the requirement to translocate
the nucleus in such dense networks. In this regard, the finding that invadopodia
mechanically interact with the nucleus, causing indentation of the nuclear envelope in cells seeded on a stiff substrate, supports the above notion experimentally
[47]. Forces involved in this process are in the range of 1 nN and allow exerting
pressures of around 20 kPa, which are in the range of, or even higher than, the
stiffness of many tissues (see Table Forces in cell ). In this way, invadopodia may
be able to protrude not only in the right direction, namely into the extracellular
matrix, but also at the places where it matters most, under the nucleus. Unfortunately, the mechanisms mediating the assembly of invadopodia in the proximity
of the nucleus are largely unknown and future studies to fill this knowledge gap
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are much needed.
Finally, it is worth noting that invadosomes may also receive support from other
cytoskeletal systems. In fact, it has been shown that intermediate filaments not
only enter mature, highly protrusive invadosomes [171] but also are cross-linked
to the actin filaments by plectin. Conversely, microtubules seem to be specifically
excluded from the invadosome cores [47], although they are necessary for both the
maturation of invadosomes in many cell types [171, 236] and the stability of the
sealing zone of osteoclasts [79]. Therefore, while the stiff intermediate filaments
[171, 237] may provide mechanical support to the invadosomes, microtubules are
most probably linked to the transport of specific proteins and vesicles.

2.4

Response of invadosomes to mechanical cues
of their microenvironment

2.4.1

Mechanosensing

Glossary
Elastic modulus (Young’s modulus) – mechanical property of any given material characterizing how easily it undergoes elastic deformation under applied
force.
Mechanosensor – in mechanobiology, it is a molecule or cellular structure that
changes upon applied force (broad definition), or defined more narrowly, it is a
molecule or cellular structure that detects a physical property (force or displacement) and records, indicates or conveys its signal from the environment into a
cell.

Mechanical properties of the microenvironment are as important as signals of
soluble molecules for the proper execution of many cellular processes. For example, gene expression [238], cell proliferation [239], cell differentiation [240], cell
migration [241, 242] and degradation of the extracellular matrix by invadosomes
[243] are processes sensitive to the delicate mechanical equilibrium between cells
and their immediate environment. Moreover, it is not only well documented that
the mechanical properties of tissues change in many pathological conditions, such
as cancer [244], fibrosis [245] or atherosclerosis [246], but also that a certain mechanical property can by itself cause a disease. The observation that the density
of collagen fibrils promotes mammary tumor initiation and progression perfectly
exemplifies this concept [247].
For cells to respond to mechanical cues, they need to detect forces. Cells can detect external forces that simply act on the entire cytoskeleton, for example shear
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Table 2.1 – Forces in a cell.

Source
1
2
3
4
5

myosin
moving on actin
integrin
binding fibronectin
talin
unfolding
vinculin
connecting talin to actin
focal adhesion
tension

8
9
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Note

Ref.

3 – 10 pN

force
spectroscopy
(laser trap)

10 – 30 pN

optical tweezers

[248,
249]
[250,
251]

5 pN

single
stretching

2.5 pN

FRET sensor

[253]

2-5 nN/µm2

patterned elastomer
micropost array
calculated based on
nucleus identation,
melanoma cells

[254,
255]

invadosome

1 nN
(20 nN/µm2 )

protruding force

∼100 nN

invadosome
stress triggering
degradation

∼165 pN/µm2

6

7

Relevant
force/stress

invadosome rosette
traction force
smooth muscle cell
pulling force

molecule

AFM, macrophages
single cell invasion
assay
(TFM measuring
in z axis)

[252]

[47]

[83]

[256]

∼0.6 nN/µm2

6.5 kPa substrate

[257]

20 – 60 nN

micropost array

[258]
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and stretching stresses. Moreover, they can also actively probe the mechanical
properties of the microenvironment, including rigidity, by pulling on their underlying substrate and sensing by ‘active touch’ [259]. To this end, cells use actomyosinbased contractility as a force-generating system to exert a probing force on the
substrate. Interestingly, this system is capable to adapt to a wide range of conditions and it has been shown that the stiffer the matrix, the higher the intracellular
tension and cell-traction forces [260]. Although it was proven more than 35 year
ago that a single cell may exert probing forces towards the surrounding matrix
[261], there are still many open questions about the molecular mechanisms that
enable cells to detect parameters like stiffness or texture of the ECM.
The best understood molecular mechanisms of cellular mechanosensing are related to cell adhesion and assign the role of probing devices to focal adhesions
(FAs) [262]. FAs bind firmly to the substrate through integrins and other adhesion molecules and are connected to contractile actin stress fibers traversing the
cell so that any force generated within this structure is naturally balanced by the
entire cytoskeleton. Although the molecular details of how force is detected are
only beginning to be understood, it is well established that some proteins respond
to the applied forces by stretching (reviewed in [263]). Under tension, FA proteins
talin and p130Cas unfold to display otherwise hidden domains, recruiting binding partners and thus propagating the signal. Importantly, FRET probes have
allowed measuring the mechanical stress borne by these proteins and visualizing
their status at the single-protein level [232]). These studies revealed that signals
from individual FA are integrated and processed at the level of the entire cell,
rather than locally [264]. In spite of the fact that the same approach could be
in principle applied to the invadosomes, their putative mechanosensing properties
and signal processing abilities have not yet been investigated in sufficient detail.
Another well-established cellular response to applied force is opening of stretchactivated ion channels (reviewed in [265, 266]). Although, several ion channels have
been reported to localize to invadosomes [109, 168], mechanosensitive gating of ion
channels has not been observed within these structures so far.
Hence, are invadosomes genuine mechanosensors? They are generously granted
this term as they share a set of tension-sensitive proteins with FAs. Moreover, the
formation of invadosomes, their protrusive force and dynamic behavior are undoubtedly guided by the mechanical properties of the underlying substrate. However, a cellular mechanosensor should be a structure capable of detecting force
and transducing that signal into macromolecular interactions, chemical modifications or physico-chemical secondary messengers. To our best knowledge, no direct
observation of any force-sensitive protein has ever been presented to prove that
invadosomes are true mechanosensors. As long as such evidence is missing, we can
only discuss how invadosomes respond to the mechanical properties of the ECM.
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Table 2.2 – Most popular methods to measure forces at the cellular and the subcellular levels

Protrusion Force
Microscopy (PFM)

Traction Force
Microscopy (TFM)

Pliable
microposts
(micropillars)

2
Atomic Force Microscope Light microscope follows
(AFM) follows deforma- fiducial markers embedded
tion of the plasma mem- in polyacrylamide hydrobrane with cells on the gels on which cells are
other side.
seeded.
In all above methods, force is calculated based on
a material of known mechanical properties. For more
[83, 267, 268].

2.4.2

Light microscope follows
fluorescently labeled tops
of deformable micropillars
on which cells are seeded.
displacement of
information see

Individual invadosomes –
response to stiffness, forces and topography

It is well established that the level of tension experienced by the cytoskeleton determines the fate of adhesion structures. Nevertheless, it is also clear that different
types of adhesive structures respond differently to high vs. low tension regimes.
While FAs require tension for their formation and maturation, as mature, polarized FAs are not observed on soft matrices [262, 269] or in cells with impaired
actomyosin contractility [270], by contrast, the assembly of individual invadosomes
is promoted by globally or locally diminished actomyosin tension.
Four lines of evidence correlate a state of low cytoskeletal tension with the
formation of invadosomes. First, cytoskeletal relaxation can be promoted by a
specific substrate. For example, dendritic cells (DCs) make podosomes on compliant adhesive substrates that do not support the formation of FAs [271]. Moreover,
fibroblasts that normally produce prominent FAs on Arg-Gly-Asp (RGD)-coated
glass form instead invadosomes on fluid (RGD)-coated lipid surfaces [272]. Second
and at the global cellular scale, fibroblasts producing invadosome rosettes tend
to lose their prominent stress fibers [34]. Along the same lines, overexpression of
the ion channel TRPM7 has been shown to trigger the assembly of invadosomes
in neuroblastoma cells by increasing the phosphorylation of myosin heavy chain,
which results in a diminished intracellular tension [168]. Third and at the local scale, stimulated smooth muscle cells assemble podosomes in subcellular areas
characterized by reduced contractility [273]. Furthermore, many cell types produce
invadosomes in the vicinity of the nucleus, where the traction forces are significantly lower than at the cell edges [274, 275]. Fourth and by contrast, increased
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tension can lead to podosome dissolution as in prostaglandin E2-stimulated DCs
[276]. This regulatory mechanism is at play also in macrophages where increased
phosphorylation of myosin light chain, a signal that stimulates contraction, is detected in old podosomes just prior to dissolution [234].

2

Invadosomes in 2D – were we opportunistic or lucky?
Since their discovery in the early 80s, invadosomes have been mainly studied
in cells plated on glass coverslips. While this setup facilitates microscopy-based
experiments, it has also been the source of harsh criticisms. The long-standing
question in the field was whether or not these structures would have been produced also by cells in a three dimensional environment or in vivo.
Due to technical challenges raised by the imaging of tiny structures in vivo,
the ultimate proof of the existence of the invadosomes came relatively late
[17, 18, 26, 27]. However, as our understanding of the modes of cell movement
has increased with the technical advances of intravital microscopy methods [277–
279], the question as to the relevance of the invadosomes in 3D had to be reconsidered. Invadosomes were, indeed, described as structures facilitating migration
in three dimensional gels simulating the extracellular matrix [280, 281]. Under
those experimental conditions, they appeared to be necessary for the removal of
the fibers restricting cell movement [282–284]. Nevertheless, invadosomes are now
believed to play a major role also in 2D environments as 2D surfaces are abundant within the body. For example, the peritoneum covering internal organs, the
pleura covering lungs and thorax, and the surface of large blood and lymph vessels are recognized by cells as 2D environments and exploited extensively by cells
to move [277, 279]. Moreover, cells need to breach tissue boundaries in a variety
of physiological and pathological processes, such as intravasation, extravasation,
sprouting of new blood vessels and escape of carcinoma cells from the primary tumor. Notably, invadosomes help cells breach a 2D surface, often a dense basement
membrane [17, 27, 143].
In this context, studying invadosomes in cells that are spread on a glass surface
covered by a thin layer of extracellular matrix components does not seem to be
such a bad idea. However, it should be borne in mind that the glass is much
stiffer than any surface encountered by cells within the body, including bone.
This and the influence that the mechanical properties of microenvironment have
on invadosomes suggest that results should be interpreted with extreme caution.

However, the link between diminished actomyosin contractility and invadosome formation has been found in cells growing on a glass surface, a much stiffer
substrate that those encountered in vivo. When a range of more compliant substrates was tested, it became clear that the creation of invadosomes is suboptimal
on substrates that generate the lowest tension. When comparing side-by-side poly55
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Table 2.3 – Elastic modulus of selected tissues.

Tissue
1
2

2

3
4

Brain
Fibrogranular tissue
of breast
Aorta
Bone

Elastic
modulus
[nN/µm2 ]
∼0.3
∼3

Reference

∼100
∼20000000

[294]
[295]

[292]
[293]

acrylamide surfaces in the lower kPa range [285, 286] it was noted that invadopodia
form more readily at the high end of this range. However, when a broader range
of rigidities was tested, two optimal conditions for invadopodia production were
discovered, 30 kPa and 2 GPa [287]. Interestingly, these findings prove that cells
can also discriminate between extremely stiff substrates, in the range of MPa and
GPa. Surprisingly, it has also been observed that cells create invadopodia more
readily on the softer side of basement membranes (BMs), namely at the stromal
side. Thus, although invadosomes are often associated with stiff BMs (see Box
Invadosomes in 2D – were we opportunistic or lucky? ), BMs may actually inhibit
invadosome formation. Alternatively, this mechanism may allow cells to degrade
preferentially the weakest spots of a BM thereby greatly facilitating invasion. A
rather similar behavior has been observed in leukocytes traversing the endothelium: leukocytes first use their podosomes to palpate the endothelial surface [288]
and then choose softer junctional regions to invade [289, 290]. Furthermore, it has
been shown recently that sinusoidal endothelial cells in the liver form podosomes
preferentially on stiff matrices [291]. As fibrotic liver has an increased stiffness, it
would be interesting to investigate whether and how remodeling of the liver tissue
by these podosomes contributes to the onset and progression of liver fibrosis.
Individual invadosomes not only respond to the stiffness of the ECM but also
to traction forces. Compelling evidence shows that the microenvironment has profound effects on the mode of cell migration. In particular, the mesh size of a
given ECM contributes to regulating the switch between the amoeboid and the
mesenchymal mode of cell migration. As the former mode of migration is poorly
or not at all dependent on pericellular proteolysis, cells may readily move in an
amoeboid way through the pores of the extracellular matrix above a threshold
pore-size corresponding to about 10% of the cross-section area of the nucleus.
Below this value, the traction forces become inhibitory and impede cell movement unless cells are capable of turning on a matrix-degradation-based motility
program, such as the mesenchymal mode of cell migration [15]. In light of the
fundamental role of invadosomes in matrix degradation, it is not surprising that
they follow the same general principle. Recent sophisticated studies showed that
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a cancer cell migrating into a 3D matrix pulls away from it at many points and
focuses its compressive power in a single spot, which amplifies the load and maximizes the matrix-remodeling action. Only when the ECM exerts a compressive
stress on this invadopodium-like structure higher than 165 Pa, the protrusion becomes degradative. Interestingly, this compressive stress at the onset of invasion
seems to be independent of matrix stiffness [256]. The mechanisms regulating the
acquisition of the matrix-degradation abilities remain unknown, but they are likely
to be similar, if not identical, to those controlling the maturation of invadosomes.
Finally, there is a body of evidence showing that invadosomes also respond to
the topography of the microenvironment (Figure 2.3). For example, dendritic cells
align their podosomes along the ridges of printed micropatterns and are able to
sense ECM indentations as shallow as 100 nm [271]. Interestingly, prostaglandin
E2 fails to activate RhoA in DCs seeded on these stripped surfaces, which makes
podosomes resistant to dissolution [271]. Furthermore, different topologies of collagen seem to stimulate different types of invadosomes. Linear collagen fibers trigger
the formation of linear invadopodia, special invadosome structures that rely on collagen receptor discoidin domain receptor 1 for adhesion [296] and are independent
of integrin signaling [297]. On the other hand, dense fibrillar collagen promotes
the assembly of integrin-dependent invadopodia in breast cancer cells. Although
these discrepancies cannot be explained only by the mechanical properties of the
substrates, it is evident that the number of invadopodia within a single cell depends specifically on the degree of collagen crosslinking [298]. As a closing remark,
it is worth noting that it is often impossible to untangle the mechanical signals
from the chemical ones in the context of natural matrices. For example, cells exert
contraction forces on the ECM that can lead to force-regulated release of soluble
signals from a latent, matrix-bound state. A prime example of that is represented
by cytokine TGFβ [299, 300]. Thus, all studies employing reconstituted and synthetic matrices to study the properties of invadosomes have as a major caveat
that the observed effects might be biased by the matrix-specific activation of a
particular subset of invadosome-regulatory pathways.

2.4.3

Oscillating superstructures of invadosomes –
response in a new scale

Higher-order structures of invadosomes are also capable of responding to the mechanical properties of the environment. Single invadosomes are linked to each other
in these superstructures (see section: Mechanical support for invadosomes). Importantly, the structural continuity between individual invadosomes allows these
superstructures to behave as single functional units endowed with emergent prop57
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Figure 2.3 – Individual invadosomes and clusters follow the topography of the substrate.
A. A375M (melanoma) cells expressing active c-Src (SrcY530F) plated on scratched glass coverslips align their clusters of invadosomes (actin – green, cortactin – red, invadosomes visible as
yellow dots and clusters) with the scratches. B. Invadosomes respond to subtle mechanical clues
provided by stress fibers present in underlying cells. Neuroblastoma N1E-N115 cells expressing
TRPM7 and GFP-actin were seeded atop a monolayer of Rat1fibroblasts, which form prominent
stress fibers. Filamentous actin was visualized with phalloidin (red). Note that invadosomes (yellow) form in the neuroblastoma cell in correspondence to a stress fiber within the underlying
fibroblast.

erties. It has been observed that the individual podosomes of a cluster undergo
periodic oscillations in actin content, stiffness and pushing force, and such oscillations depend both on actin polymerization and myosin-based contractility [81–83].
Moreover, single podosomes synchronize their oscillatory behavior with their immediate neighbors, even if they are out of synchrony with podosomes located
farther than 2.5 µm [301]. These findings argue against the existence of an overarching mechanism governing the behavior of the whole structure. Rather, it is
likely that single podosomes within a cluster are constantly palpating the underlying surface in cycles of actin polymerization and depolymerization. The resulting
pulling action exerted on the adjacent actin radial fibers, which interconnect the
podosomes within a cluster, propagates the flow of information through the entire
assembly and allows the emergence of a collective, locally synchronized behavior.
Individual invadosomes show a highly dynamic behavior and can rapidly disassemble and reform in a new spot. However, they do not move significantly in lateral
58

Invadosomes, shaping actin networks to follow mechanical cues

direction and, consequently, cannot be used as a probe to drag over a surface and
monitor its local properties. By contrast, circular arrays of invadosomes, referred
to as rosettes, do move laterally and can potentially both sense and respond to
the environmental cues in a totally new scale. Although the properties of the invadosomes that compose a rosette remain rather constant on different substrates,
the rosettes move over a stiff surface faster and consist of more closely arranged
cores than on a flexible substrate [302]. Moving rosettes exert traction forces on a
substrate comparable in value to FAs, but, in contrast to FAs, their rotation can
generate also torsional traction [257]. The reverse effect is also true, as exerting
external force on a cell causes the displacement of invadosomes [257]. Interestingly,
the regulation of rosettes by tension seems to be more complicated than that of
individual invadosomes. The creation of rosettes correlates with the activation of
RhoA [35], a master regulator of actomyosin contractility that also localizes to
rosettes [303]. However, reduced actomyosin tension has been reported to have
either negative [302, 304] or positive [305, 306] effects on the stability of existing rosettes. This sharply contrasts with the behavior of individual invadosomes,
which are always stabilized upon cytoskeleton relaxation.
Due to their bigger size, invadosome superstructures have access to topographical information of the substrate at a length scale that is not available to single
invadosomes. Using osteoclasts as a model system, it has been shown that when
roughness of the substrate increases, rosettes become less motile, have increased
stability and start to mirror the topography of the underlying surface [307]. Although these rosettes, as well as the sealing zone into which they mature, cannot
form on non-adhesive substrate patches, thin non-adhesive strips can be sometimes bridged by a region enriched in radial actin fibers [52]. In summary, it is
evident that although some general principles in the behavior of invadosome superstructures can be identified, the specific features of different cell types govern
higher-order structures of invadosomes in a way that is not fully understood. A
new toolbox of molecular sensors and mathematical modeling are needed to characterize in full these superstructures and their emergent properties.

2.5

Conclusions and outlook

The “musculoskeletal system” of invadosomes is built and maintained by the orchestrated effort of proteins that assemble and remodel actin networks. However, it
is the tension generated within the actin core that allows both single invadosomes
and clusters to respond (directly or indirectly) to the mechanical properties of the
extracellular matrix. Unraveling the mechanisms underlying the mechanoresponsive, and possibly mechanosensitive properties of invadosomes goes far beyond the
boundaries of fundamental biology, as invadosomes are a promising therapeutic
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targets for new intervention strategies in diseases caused by aberrantly migrating
cells, first and foremost cancer metastasis [27, 308].

2

As presented in this review, recent findings have shed new light on how force
is generated within invadosomes, as well as on how they adapt to the changing
mechanical properties of the environment. We now know that the mechanical properties of a substrate define how many invadosomes will be produced in a cell, what
force a single protrusive core will generate and how fast a rosette of invadosomes
will move. Moreover, recent studies have revealed that invadosomes remain under
tensional stress, contain tension-sensitive proteins and are mechanically coupled
to the actomyosin cytoskeleton and nucleus. This work has resulted in a major
conceptual advance, namely that the mechanical and topological properties of the
ECM instruct the cell to deploy complex adaptive responses. The definition of invadosomes as mechanoresponsive structures is an important corollary of this breakthrough. Of note, the abilities to respond to and to sense a mechanical stimulus
do not necessarily go hand in hand. Unfortunately, direct evidence that information about the mechanical properties of the environment is received, collected and
decoded within invadosomes is still missing. Thus, the fundamental question as to
whether invadosomes are mechanosensors still awaits a firm answer. With regard
to this point, there are three crucial questions that need to be addressed. Do talin
and other mechanosensors undergo unfolding and activation in the ring surrounding the invadosome core? Which invadosome components are modified and how
in order to overcome the resistance of the environment? And, what proteins are
recruited in response to force, and when?
In addition, it is noteworthy that, at least in some cell types, invadosomes
may be considered as self-contained (internally balanced) structures owing to the
physical bonds between the core and the radial actin fibers attached to stretchable
proteins. Conversely, the signals arising in the FAs become automatically available for the entire cytoskeleton, as the force in the FAs is equilibrated by the
stress fibers. Does local force balance allow invadosomes to sense and process mechanical signals in a way not available for FAs? If we could generate a mechanical
signal within an invadosome, would this signal act locally to control the cytoskeleton or would it be integrated at the whole cell level alike the signals originating
in FAs? Along the same lines, would a stiff matrix region on one side of the cell
define the behavior of the invadosomes in another region of the same cell experiencing a different stiffness? Undoubtedly, recent development of the Protrusive
Force Microscopy (PFM) offers new opportunities to address these questions.
Beyond mechanobiology, the invadosome field still faces many challenging open
questions. First, the regulation of the life cycle of invadosomes remains puzzling.
How does a cell recognize that invadosomes have successfully performed their tasks
and are no longer needed in a particular spot? Is the local relief of tension enough to
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trigger the disassembly of invadosomes? If so, what is the molecular basis whereby
this signal is transduced? Alternatively, do the cleaved ECM components that
are recognized by the cell as instructive signals trigger invadosome disassembly?
How would such a signal be transduced and does it combine with the mechanical
inputs?
Second, it is unclear whether all invadosomes are functionally equal. The complex networks formed by the actin-regulatory proteins controlling the formation
of the invadosomes, along with some degree of redundancy among them, raise two
questions: Do different types of invadosomes endowed with unique functions exist?
If so, are they segregated temporally and/or spatially or do they rather form in
close proximity? We anticipate that these issues will be progressively solved as
our mechanistic understanding of the pathways regulating invadosome formation
is steadily increasing.
Third and related to the previous point, the molecular mechanisms enabling
cells to secrete ECM-degrading enzymes within invadosomes in response to the
resistance of microenvironment need to be elucidated [256]. Again, an exhaustive
mechanistic description of the pathway regulating invadosome biogenesis will be
instrumental in answering this question.
Fourth, we cannot conceptualize yet how the branched actin array assembled
by the Arp2/3 complex can be constrained into columnar structures like the invadosomes. The fact that Arp2/3-complex-dependent actin nucleation is usually
restricted on a membrane surface clashes with the actin-rich core being encased
by the actin ring, which in turn contacts the plasma membrane. Is there an
invadosome-specific mechanism to activate the Arp2/3 complex? Is this shape due
to spatially restricted actin polymerization or rather to the remodeling activity of
actin bundlers and cross-linkers? While the spatial control of cofilin activity may
play a role in this process [38, 51, 122], the controversies about its function [43, 309]
strongly suggest that much still needs to be discovered. Whatever the case, the fact
that linear actin filaments are the predominant F-actin species found in the distal part of invadosomes further threats this simple model. Future research aiming
at elucidating these mechanisms cannot exclude a deeper molecular understanding of the key actin regulatory proteins and interplay thereof within invadosomes
and live-cell super resolution microscopy to zoom in to the topology of the actin
cytoskeleton.
Fifth, untangling the mechanical and chemical signals that govern the behavior
of invadosomes perhaps represents the biggest challenge in the field. As we emphasized in the section Individual invadosomes – response to forces, stiffness and
topography, this point is an especially important issue for cells confronted with
substrates like collagen, which can both polymerize in different forms defining the
topography of the substrate and trigger outside-in signaling of adhesion receptors.
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Artificial fibrillary substrates of defined composition, architecture and mechanical properties are readily available in the field of tissue engineering (reviewed in
[310, 311]) and should be exploited to facilitate such studies.
Last but not least, which properties ascribed to invadosomes in tissue culture
hold in vivo? The rapid developments in the field of super resolution optical microscopy and intravital imaging make us hopeful that studying invadosomes in
living organisms at near-molecular resolution may soon provide compelling answers to this question.
In summary, the recent years have witnessed a rapid progress in our understanding of the regulatory mechanisms and biological function of invadosomes.
Although there is still a long way to go before we can conceptualize all the unexpected properties and somewhat mysterious behavior of these actin-based structures, we are sure that the integration of cell biology, biophysics, advanced imaging
techniques and mathematical modeling will greatly help us in this journey.
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Dans les champs de l’observation,
le hasard ne favorise que les esprits préparés.
Louis Pasteur

In the field of observation,
fortune favors the prepared mind.
Louis Pasteur
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Abstract
Invadosomes are actin-rich membrane protrusions that degrade the extracellular
matrix to drive tumor cell invasion. Key players in invadosome formation are c-Src
and Rho family GTPases. Invadosomes can reassemble into circular rosette-like superstructures, but the underlying signaling mechanisms remain obscure. Here we
show that Src-induced invadosomes in human melanoma cells (A375M and MDAMB-435) undergo rapid remodeling into dynamic extracellular matrix-degrading
rosettes by distinct G protein-coupled receptor agonists, notably lysophosphatidic
acid (LPA; acting through the LPA1 receptor) and endothelin. Agonist-induced
rosette formation is blocked by pertussis toxin, dependent on PI3K activity and
accompanied by localized production of phosphatidylinositol 3,4,5-trisphosphate,
whereas MAPK and Ca2+ signaling are dispensable. Using FRET-based biosensors, we show that LPA and endothelin transiently activate Cdc42 through Gi ,
concurrent with a biphasic decrease in Rac activity and differential effects on
RhoA. Cdc42 activity is essential for rosette formation, whereas G12/13 -mediated
RhoA-ROCK signaling suppresses the remodeling process. Our results reveal a
Gi -mediated Cdc42 signaling axis by which G protein-coupled receptors trigger
invadosome remodeling, the degree of which is dictated by the Cdc42-RhoA activity balance.
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Invadopodia are cancer-specific, actin-rich membrane protrusions that are associated with proteolytic degradation of the extracellular matrix (ECM), thereby
driving tumor cell invasion into surrounding tissues [49, 50, 170, 312, 313] Similar protrusive structures, termed podosomes, are found in various non-malignant
cells, notably osteoclasts, macrophages and endothelial cells [170, 313]; however,
invadopodia degrade the ECM more aggressively than do podosomes [314]. Recent studies have shown important roles for functional invadopodia/podosomes
in vivo, during tumor cell extravasation, metastasis and angiogenesis as well as
during morphogenetic movements in vivo [27, 143, 201, 315].
Invadopodia and podosomes, collectively called invadosomes, consist of a core
of F-actin and various actin-associated structural and regulatory proteins [49, 50,
170, 313]. One major player in the formation and maintenance of invadosomes is
the Src tyrosine kinase, which phosphorylates invadopodial substrates such as cortactin and the scaffold protein Tks5 [49, 316]. Therefore, cells expressing active
Src are a convenient system for studying the regulation of invadosomes. Additional key players in invadosome formation are the actin-regulatory Rho GTPases,
in particular Cdc42, Rac and RhoA [317, 318]. Active Cdc42 stimulates the formation of invadosomes [317], whereas Rac activity is thought to promote their
disassembly [123]. Other signaling molecules implicated in invadosome formation
are phosphoinositide 3-kinase (PI3K), ERK1/2/MAP kinase (MAPK) and cytosolic free calcium [314, 319]. The maturation of invadosome precursors into ECMdegrading structures is a dynamic process that is regulated by growth factors such
as epidermal growth factor (EGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and transforming growth factor β (TGF-β)
[50, 320–322].
Interestingly, individual invadosomes can assemble into higher-order ’rosettes’
consisting of giant circular arrays of F-actin. Rosettes are observed in some cancer
cells [305, 323], v-Src-transformed fibroblasts [34], osteoclasts [324] and endothelial
cells [35, 143]. Invadosome rosettes may remodel the ECM more efficiently and
in a more localized manner than do individual invadosomes [305]. Evidence for
invadosome rosettes in human tissues is emerging, for example in the vasculature
of lung tumors [143]. However, the signal inputs and pathways that drive the
remodeling of pre-existing invadosomes into rosettes remain largely unknown.
Here we examine how distinct GPCR agonists, notably lysophosphatidic acid
(LPA) and endothelin, influence the behavior of Src-induced invadosomes in human
A375M melanoma cells. LPA is a multifunctional lipid mediator and a major serum
constituent that signals through six distinct GPCRs (LPA1−6 ) [325, 326]. LPA is
produced by autotaxin (ATX), a secreted lysophospholipase D originally identified
68

Rapid remodeling of invadosomes by Gi -coupled receptors.

as a motility factor for melanoma cells [57, 327]. ATX-LPA signaling promotes
invasive cell migration and experimental metastasis [328–330], but little is known
how LPA may affect invadosome behavior. Endothelin is produced by stromal and
tumor cells and signals in an autocrine or paracrine manner to promote malignant
cell behavior; acting through the ETB receptor, endothelin is strongly implicated
in melanoma progression [331–333].
We show here that LPA and endothelin induce the rapid transition of ECMdegrading invadosome cluster into highly dynamic rosettes through Gi , and we
analyze the underlying signaling events with focus on Rho-family GTPases. By
using FRET-based biosensors, we monitor and dissect the agonist-regulated activities of RhoA, Rac1 and Cdc42 and find a key role for Gi-mediated Cdc42
activation with a likely modulatory role for Rac1 and an opposing role for RhoA.
Our results provide new insights into how certain GPCRs remodel invadosomes,
thereby rapidly redistributing ECM-degrading activity.

Results
c-Src Induces Functional Invadosomes in Melanoma Cells
Given the key role of c-Src in invadopodia formation, we examined various human tumor cells for their ability to produce invadopodia upon expression of active
c-Src and for their responsiveness to selected GPCR agonists. On the basis of
these criteria, we selected metastatic A375M melanoma cells as our main model
system. A375M cells showed characteristic actin-rich invadopodia that colocalized
with cortactin at the ventral plasma membrane (Fig. 3.1A). Expression of constitutively active Src(Y530F)(Fig. 3.1D) had only minor effects on cell morphology
(Fig. 3.1B), but led to a marked increase in the number of invadosomes that clustered predominantly at the cell periphery (Fig. 3.1C,E). These actin-rich clusters
contained the invadopodial marker Tks5, cortactin, vinculin and focal adhesion kinase (FAK) (Fig. 3.1C). Along with FAK, high levels of phosphotyrosine (pY) were
also found in these invadosomes (Fig. 3.1C). Of note, invadosome cluster formation
was not unique for A375M cells, since very similar structures were also observed
in Src(YF)-expressing MDA-MB-435 melanoma cells (Fig. 3.2D). As expected,
invadosome clusters disappeared upon addition of the Src inhibitor PP2 (results
not shown). The Src-induced invadosomes were stable and persisted in serumfree medium, indicating that their formation and maintenance is a cell-intrinsic
mechanism, not requiring exogenous growth factors, at least in the presence of
active c-Src. The invadosomes were functional in that they colocalized with sites
of robust gelatin degradation, a process that was inhibited by the metalloprotease
inhibitor GM6001 (Fig. 3.1F,G).
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Figure 3.1 – Functional invadosomes in A375M cells and effects of activated c-Src.
A. A375M cells produce punctate invadosome structures. Confocal images show colocalization of F-actin and cortactin. Scale bar, 10 µm. B. Phase-contrast images of A375M and
Src(YF)-expressing A375M(Src+) cells. Scale bar, 100 µm. C. Src-induced invadosome clusters
in A375M(Src+ ) cells. Confocal images show colocalization of actin and the indicated invadosomal markers (cortactin, vinculin, Tks5-GFP, FAK) and phosphotyrosine (pY) at the ventral
plasma membrane. Scale bar, 10 µm. D. Western blot showing c-Src expression in A375M
and A375M(Src+ ) cells. Actin was used as a loading control. E. Invadosomes in A375M and
A375M(Src+ ) cells quantified as a fraction of the ventral membrane area containing actin and
cortactin (about 100 fields from four separate coverslips). Error bars indicate SEM, two-tailed
p-values were determined by Wilcoxon signed-rank test, ***, p<0.001. F. Localized gelatin degradation by A375M(Src+ ) cells at the invadosome clusters. Representative confocal images show
fluorescent gelatin with and without metalloprotease inhibitor GM6001 (10 µM). Dark spots are
indicative of gelatin degradation. Scale bar, 10 µm. G. Quantification of gelatin degradation
in A375M versus A375M(Src+ ) cells ; GM6001 conc., 10 µM. Two-tailed p-values determined
by Wilcoxon signed-rank test; ***, p<0.001. Quantification was done of 100 fields from two
separate coverslips.
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Rapid Formation of ECM-Degrading Rosettes
by LPA and Endothelin through Gi
We tested a number of GPCR agonists for their ability to influence invadosome
abundance and organization in A375M(Src+ ) by monitoring actin remodeling using time-lapse confocal microscopy. Strikingly, LPA and endothelin induced the
rapid formation of highly dynamic invadosome rosettes (Fig. 3.2A,B; Suppl. Video
1). Agonist-induced rosettes displayed various dynamic behaviors, as they went
through phases of expansion and contraction (Suppl. Video 1), a behavior reminiscent of the formation of dynamic podosome rings in osteoclasts [79]. Other agonists
for which A375M cells express functional receptors (as determined by Ca2+ mobilization), including sphingosine 1-phosphate (S1P) and thrombin, showed little
or no rosette-inducing capacity. Receptor tyrosine kinase agonists, such as PDGF
and VEGF, left invadosome organization similarly unaltered (Fig. 3.2A). Thus, a
subclass of GPCRs mediates the rapidly remodeling of invadosome clusters into
rosettes.
Rosettes appeared within 1 min after LPA or endothelin addition and typically
evolved from already-existing invadosome clusters at the cell periphery, containing
Tks5, cortactin, vinculin, FAK and enhanced pTyr (Fig. 3.2B). The newly formed
rosettes degraded the ECM in a highly dynamic manner (Fig. 3.2C and Suppl.
Video 2). LPA-induced rosette formation from pre-existing invadosome clusters
was also observed in MDA-MB-435(Src+ ) melanoma cells (Fig. 3.2D).
A375M cells express endothelin ET(B) receptors [334], which are known to
couple to Gi and Gq [335]; furthermore, these cells were found to co-express three
distinct LPA receptors, namely LPA1 , LPA3 and LPA6 (Fig. 3A). The selective
LPA1/LPA3 antagonist Ki16425 inhibited LPA-induced rosette formation with
an IC50 value of 30 nM (Fig. 3.3B), at which dose the inhibitor antagonizes
activation of LPA1 but not LPA3 [336]. Moreover, LPA1 knockdown cells failed
to form rosettes in response to LPA (Fig. 3.3C). We conclude that LPA-induced
rosette formation is mediated by the LPA1 receptor in a non-redundant manner.
LPA1 is known to couple to Gi , G12/13 and Gq [326, 337]. Pretreatment of the
cells with pertussis toxin (PTX) blocked rosette formation by LPA and endothelin
(Fig. 3.3D), indicating that invadosome remodeling critically depends on Gi -linked
signaling pathways.

Dissection of Signaling Pathways:
PI3K, ERK/MAPK and Ca2+
In addition to Rho family GTPases, G protein-linked effectors and signals implicated in F-actin remodeling include the ERK/MAPK pathway, Ca2+ mobilization and phosphoinositide 3-kinase (PI3K). Like many melanoma cells, A375M
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Figure 3.2 – Agonist-induced remodeling of invadosome clusters into rosettes.
A. A375M(Src+ ) cells stimulated with the indicated agonists and examined for rosette formation
from invadosome cluseters. Graph shows percentage of cells showing clusters versus rosettes at
2.5 min after agonist addition stimulation. LPA, endothelin (ET) and S1P were used for further
studies. FCS, fetal calf serum; TRP, thrombin receptor-activating peptide; PDGF, plateletderived growth factor; VEGF, vascular endothelial growth factor. Error bars indicate SEM (n>6
coverslips, at least 150 cells scored per single experiment). Two-sided Student’s t test was used
to indicate significant differences from ctrl (unstimulated) cells; NS – non-significant; *, p<0.05;
**, p<0.01; ***, p<0.001. See also Suppl. Video 1. B. Rosette formation in A375M(Src+ ) cells
by LPA (5 µM; 2.5 min). Invadosomal markers as indicated. Scale bar, 10 µm. C. LPA-induced
degradation of fluorescent gelatin by a dynamic invadosome rosette in a single cell. Dark spots
indicate sites of gelatin degradation. Confocal images taken from a time-lapse experiment (see
Suppl. Video 2). A single invadosome rosette degrades gelatin as it advances. Scale bar, 20 µm.
D. Rosette formation in MDA-MB-435(Src+ ) melanoma cells by LPA (5 µM; 2.5 min). Scale
bar, 20 µm.

72

Rapid remodeling of invadosomes by Gi -coupled receptors.

0.75
0.50

A375M

0.25

A375M(Src+)

0.00
1

2

3

4

5

LPA receptors
1.25

*

0.25

shRNA 2

ctrl EV

shRNA 1

-8 -7

3

-6 -5 ctrl

log(Ki16425) [M]

D

- LPA

+ LPA

- ET

+ ET

**

shRNA 3
shRNA 4

**

0.00

1.25
1.00

NS

0.50

*

*
*

0.25

shRNA 3
shRNA 4

shRNA 2

0.00

1.2

LPA

0.9
0.6
0.3

***

0.0
ctrl PTX

1.2

rosettes [a.u.]

0.75

ctrl EV

rosettes [a.u.]

**

-9

ctrl

0.50

0

PTX

0.75

1.0
0.8
0.6
0.4
0.2
0.0

6

1.00

shRNA 1

LPAR1
expression [a.u.]

C

rosettes [a.u.]

B

rosettes [a.u.]

% of cyclophilin A
expression

A

ET

0.9
0.6
0.3

***

0.0
ctrl PTX
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cells express oncogenic B-RAF(V600E) resulting in constitutive activation of the
MEK-ERK/MAPK pathway [338]. Consistent with this, LPA could not further
enhance basal ERK activity (Fig. 3.4A). Inhibitors of B-RAF and MEK (PLX4720
and U0126, respectively) strongly reduced MAPK activity, without affecting preexisting invadosomes or LPA-induced rosette formation (Fig. 3.4A,B). LPA and
endothelin induced a rapid rise in cytosolic Ca2+ which was abrogated by cellpermeable BAPTA-AM (Fig. 3.4C, and results not shown). Ca2+ -buffered cells
showed fewer invadosome clusters (not shown), but the ability of LPA to induce
rosette formation was not affected (Fig. 3.4D). Furthermore, raising cytosolic
Ca2+ by thapsigargin did not affect rosette formation, nor did the protein kinase
(PKC) inhibitor GÖ6983 [339] (Fig. 3.4E-F). These findings rule out a critical
role for ERK/MAPK, Ca2+ and PKC in GPCR-induced invadosome remodeling.
PI3K generates phosphatidyl (3,4,5)-trisphosphate (PIP3 ) to activate downstream effectors such as Akt. LPA phosphorylated Akt in a PTX- and wortmanninsensitive manner (Fig. 3.4G). Wortmannin interfered with the maintenance of
invadosomes and caused the disassembly of newly formed rosettes (Fig. 3.4H),
indicating an indispensable role for basal PI3K activity. Using a PIP3 -specific
biosensor, pGRP1(PH)-EGFP [63, 107], we found that LPA stimulates PIP3 production at the ventral plasma membrane, specifically in the region of rosettes (Fig.
3.4I). We conclude that LPA activates PI3K through Gi resulting in localized PIP3
accumulation, serving as an essential signal for rosette formation.

Monitoring Rho GTPase Activities
Rho-family GTPases, particularly RhoA, Rac1 and Cdc42, are central regulators
of the actin cytoskeleton and implicated in invasive cell migration [340]. Cdc42 is
known to govern invadosome formation through its downstream effector N-WASP,
but much less is known about the role of RhoA and Rac1 in invadosome formation
and remodeling [317]. We measured the activation of RhoA, Rac1 and Cdc42 by
GPCR agonists in real-time, using newly developed FRET-based biosensors (see
Experimental Procedures).
As shown in Fig. 3.5A, LPA triggered the rapid co-activation of Cdc42 and
RhoA, with very similar kinetics, concurrent with a transient decrease in Rac1
activity. Endothelin, the strongest inducer of invadasome remodeling, similarly
enhanced Cdc42 activity with a concomitant reduction in Rac1 activity. Unlike
LPA, however, endothelin did not affect RhoA activity (Fig. 3.5A). Peak values
of Cdc42 activation and decreased Rac activity were reached at about 1 min (Fig.
3.5A), which coincides with the initiation of rosette formation. We also tested S1P,
which showed little or no effect on invadosome remodeling (Fig. 3.2A). When
compared to LPA and endothelin, S1P evoked a strikingly robust activation of
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Figure 3.4 – Dissection of signaling pathways in A375M(Src+ ) cells.
A. ERK activation, as measured by pERK levels. Cells were treated as indicated. B-RAF
inhibitor PLX4720 (1 µM, 2h); MEK inhibitor U0126 (10 µM, 1 hr). ERK is constitutively
active due to oncogenic B-RAF(V600E) . B. Normalized number of rosettes in LPA-stimulated
cells exposed to the indicated inhibitors as in A. Error bars indicate SEM, n=6. Student’s t test;
NS, non-significant. C. LPA-induced Ca2+ mobilization (Left) and its inhibition by BAPTA-AM
(Right). D. BAPTA-buffered cells show normal rosette formation by LPA. Error bars indicate
SEM, (quantification from 12 live-cell videos). Student’s t test; NS, non-significant. E. Raising
cytosolic Ca2+ by thapsigargin does not affect rosette formation, nor does PKC inhibition by
GÖ6983 F. Scale bar, 20 µm. Error bars in F indicate SEM, n=4. Student’s t test; NS, nonsignificant. G. Akt phosphorylation under the indicated conditions. LPA, 5 µM; wortmannin, 100
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Figure 3.5 – Agonist-induced activities of RhoA, Rac and Cdc42
monitored in real-time.
A. Activity of the indicated Rho GTPases upon stimulation with endothelin (ET), LPA or S1P,
as measured by FRET-based biosensors from the whole cells. The YFP/CFP ratio was set to
1.0 at the onset of the experiment. Traces show mean responses +/- SEM. Mutated inactive
biosensors served as negative controls (data not shown). For details see Experimental Procedures.
B. Left, quantification of Rho GTPases responses. Bar plots indicate average signal from 30 sec
to 120 sec after agonist addition. Error bars indicate SEM, as indicated in panel A. Right,
Agonist-induced rosettes formation; representative confocal images of F-actin at the ventral
plasma membrane at 2 min after agonist addition. Scale bar, 20 µm. Note correlation with
Cdc42 and inverse correlation with RhoA activation. C. Activity of the indicated Rho GTPases
upon LPA stimulation of A375M cells, as measured by FRET-based biosensors.

RhoA and a rather weak Cdc42 activation signal. In addition, S1P rapidly reduced
Rac1 activity for a prolonged period of time (>10 min) (Fig. 3.5A). The RhoA
response to S1P must be largely mediated by the S1P2 receptor, whose coupling
efficiency to the G12/13 -RhoA pathway is particularly strong [341, 342]. Fig. 3.5B
summarizes the distinct Rho GTPase responses, showing that Cdc42 activation
and Rac de-activation are strongly associated with invadosome remodeling while
RhoA activation is inversely correlated and hence may exert an opposing effect.
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Gi -mediated Activation of Cdc42 is Essential
for Rosette Formation
LPA-induced activation of Cdc42 was almost completely inhibited by PTX (Fig.
3.6A,B), indicating a key role for Gi . Wortmannin inhibited Cdc42 activation by
about 40%, indicating that both PI3K-dependent and PI3K-independent pathways
downstream of Gi lead to Cdc42 activation. LPA-induced Cdc42 activation was
inhibited by Ki16425, confirming LPA1 involvement (Fig. 3.6A,B). Upon stimulation, Cdc42 was activated predominantly within the rosettes themselves (Fig.
3.6C). Rosette formation was impaired upon Cdc42 knockdown using shRNA or
by expressing dominant-negative Cdc42(T17N) (Fig. 3.6D,E). Expression of constitutively active Cdc42(Q61L) or Cdc42(F28L) induced the formation of many
individual invadosomes, but it prevented LPA from reorganizing them into rosettes
(Fig. 3.6E,F). We therefore conclude that a tight spatiotemporal control of Cdc42
activity is critical for agonist-induced rosette formation.

Rac De-activation is Non-Gi -Mediated
The GPCR-mediated decrease in Rac activity is unexpected, since LPA and other
Gi -coupled receptor agonists normally enhance Rac activity as measured by pulldown assays (e.g. [337]). Remarkably, following PTX treatment the decrease in
Rac activity was more pronounced (Fig. 3.7A). It thus appears that the overall
Rac signal consists of two components mediated by distinct G proteins: the decrease in Rac activity is non-Gi -mediated and is superimposed by a Gi -mediated
increase in Rac activity. Recent evidence indicates that reduced Rac activity promotes invadosome stability, whereas elevated Rac activity drives invadosome disassembly [123]. Consistent with this, expression of constitutively active Rac(QL)
abrogated invadosome cluster formation and suppressed rosette formation by LPA
(Fig. 3.7B).

RhoA-ROCK Signaling Antagonizes Invadosome Remodeling
The magnitude of agonist-induced RhoA activation showed a marked inverse correlation with rosette formation, suggesting that enhanced RhoA activity suppresses
invadosome remodeling. Several lines of experimental evidence support this notion. First, cells expressing active RhoA(V14) lacked invadosome clusters and
rosettes (Fig. 3.7C). Second, the ROCK inhibitor Y27632 boosted rosette formation by LPA and endothelin, while it conferred rosette-inducing capacity to S1P
(Fig. 3.7D). Finally, prior stimulation of the cells with RhoA-activating S1P attenuated the ability of LPA and endothelin to induce rosettes (Fig. 3.7E). From
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non-significant; ***, p< 0.001. D. ROCK inhibitor Y27632 boosts rosette formation by LPA,
endothelin (ET) and S1P. Quantification of 100 fields from six separate coverslips. Error bars
indicate SEM; two-tailed p-values were determined by Wilcoxon signed-rank test; **, p<0.01,
***, p<0.001. E. Pretreatment of the cells with RhoA-activating S1P (2.5 min) attenuates subsequent rosette formation by LPA and endothelin (ET). Error bars indicate SEM, n=3, Student’s
t test *, p<0.05, **, p<0.01.
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Figure 3.8 – Scheme of invadosome remodeling by Gi -coupled receptors
in melanoma cells.
Active c-Src induces stable invadosome clusters in A375M and MDA-MB-435 cells that are rapidly
remodeled into rosettes by Gi -coupled receptor agonists. See text for RhoGTPase signaling
details.

these results, we conclude that the G12/13 -linked RhoA-ROCK pathway counteracts Gi -Cdc42-mediated rosette formation.

Discussion
Unraveling the signaling inputs and pathways that drive the formation, maintenance and remodeling of invadopodia is essential to better understand tumor
cell invasion into the ECM and surrounding tissues, which is a first step in the
metastatic cascade. Numerous molecular components of invadosomes have been
identified and increasing evidence points to their importance in vivo [27, 143, 201,
315]. Yet relatively little is still known about how pre-existing invadopodia are
reassembled into giant rosettes by extracellular cues. Rosette formation is usually
assumed to be a spontaneous self-assembly process, but our results indicate that
this is not necessarily true.
Our results reveal a previously unknown role for Gi -coupled receptors in driving rosette formation. The use of newly developed FRET-based biosensors allowed
us to monitor the kinetics of Rho GTPase responses during agonist-induced rosette
formation with high temporal resolution. In our melanoma cell system, active Src
promotes invadosome formation and clustering, but did not induce rosette formation by itself. Melanoma-relevant GPCR agonists, notably LPA (acting through
the LPA1 receptor) and endothelin (acting via the ETB receptor), signal through
a Gi -Cdc42 axis to remodel stable Src-induced invadosomes in a highly dynamic
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manner (Fig. 3.8). Our results exclude a role for Ca2+ mobilization and MAPK
activity in the formation of rosettes. Active Cdc42(QL) produced individual invadosomes, but failed to form organized rosettes, which emphasizes the importance
of a tight spatiotemporal control of Cdc42 activity upon receptor stimulation. The
newly formed rosettes rapidly redistribute the ECM-degrading activity, which may
help tumor cells to invade the ECM and surrounding tissues in a more efficient and
dynamic spatio-temporal manner than stable invadosomes can do. A recent study
has implicated EGF as an inducer of rosettes in carcinoma cells [343], altough
those rosettes lacked ECM-degrading activity
LPA stimulated PI3K-mediated PIP3 production at the ventral membrane,
specifically in the region of rosettes. Localized PIP3 accumulation may serve as an
essential signal for rosette formation by recruiting PH-domain-containing proteins
including GEFs for Rho-family GTPases. PI3K exists in distinct isoforms. GPCR
agonists activate mainly the β-isoform, so it seems likely that PI3K-β is the main
player in our cell system [344, 345]. We find that Gi -mediated Cdc42 activation
is regulated by both PI3K-dependent and PI3K-independent pathways. This is
consistent with the fact that Cd42 activation occurs through multiple pathways,
involving both PIK3K/PIP3 -driven recruitment of specific GDP/GTP exchange
factors (GEFs) and direct interaction of G(βγ) subunits with specific GEFs [345–
347]. Given the multitude of Cdc42/Rac-specific GEFs in most cell types, it is too
early to speculate about the identity of the GEF(s) involved.
Gi -mediated activation of Cdc42 was accompanied by a rapid fall in Rac activity. This unexpected Rac response could be dissected into two components: a
Gi -mediated increase in Rac activity and a non-Gi -mediated decrease in Rac-GTP.
The latter phase was dominant over the first. RhoA and Rac are known to oppose
each other at multiple levels, and their activity balance orchestrates cell shape, migration and invasion [348–350]. Active RhoA can inhibit Rac through activation
of a GTPase-activating protein [351]. However, the decrease in Rac activity observed here cannot be attributed to RhoA activation, since endothelin lowered Rac
activity without activating RhoA. Therefore, it is more likely that Rac is inhibited
through Gq -mediated phospholipase C (PLC) activation, a scenario that needs to
be further explored. Whatever the mechanism of Rac de-activation, our results are
consistent with recent evidence suggesting that decreased Rac1 activity is necessary for maintaining invadosome stability [123]. The finding that active Rac(QL)
prevents rosette formation lends further support to this view. We therefore propose
that de-activated Rac cooperates with active Cdc42 to promote rosette assembly.
Finally, we show that the well-established G12/13 -RhoA-ROCK signaling pathway
antagonizes invadosome remodeling. Thus, GPCR agonists that do not activate
the G12/13 -linked RhoA activation are predicted to be most efficient inducers of
rosette formation, as we indeed find here for endothelin.
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In conclusion, our study reveals Gi -couped receptor agonists, notably LPA
and endothelin, as potent inducers of rosette formation in the context of active
c-Src. The degree of invadosome remodeling is dictated by the Cdc42-RhoA activity balance, with a likely modulatory role for Rac de-activation. Precisely how
the activities of the distinct Rho GTPases are regulated and coordinated during
agonist-induced invadosome remodeling remains a challenge for further studies.

3

Methods
Reagents
LPA (1-oleyl) and S1P were from Avanti Polar Lipids. Endothelin, thrombin receptor-activating peptide
(TRP) from Sigma. Fura Red-AM, Oregon Green 488, Phalloidin-Alexa488, Phalloidin-Alexa568 were
from Invitrogen-Molecular Probes (Eugene, OR, USA). SuperScript RT, OG gelatin from Invitrogen.
GeneJet RNA purification kit from ThermoScientific. Pertussis toxin from Gibco. FastStart Universal
SYBR Green Master (Rox) from Roche. Ki16425 from SantaCruz Biotechnology, and PLX4720 from
Selleckchem. Antibodies used: polyclonal rabbit anti-p44/42 and monoclonal anti-phospho-p44/42
MAPK (Cell Signaling), anti-actin (Sigma), anti-Cdc42 (Santa Cruz), anti-Akt and anti-pAkt (Cell
Signaling). Secondary antibodies conjugated to HRP (Dako). Plasmids used: GRP1-GFP [107]; Tks5eGFP was a gift from Dr. Sara Courtneidge.

Cells and Transfections
A375M, MDA-MB-435 and HEK293 cells were cultured in DMEM (10% FCS) and antibiotics (penicillin
and streptomycin), in 5% CO2, 37◦ C. Cells were transfected using Lipofectamine2000. Src(Y530F)
(chicken) and GFP-actin were stably introduced into A375M cells by retroviral transduction. cSrc(Y530F) was introduced into LZRS-Neo vector with BamHI/NotI; GFP-actin was used in the LZRSZeo vector. Viral particles were created in AmphoPack293 cells. Cells were selected with 1mg/ml G418
(LZRS-SrcYF) or 1mg/ml zeocin (LZRS-GFP-actin). Empty vectors (LZRS-Neo and LZRS-Zeo) were
used as controls. In MDA-MB-435 cells, active c-Src(YF) was introduced by transient transfection.

Immunofluorescence Analysis
Primary antibodies used: cortactin 1:200 (Millipore), FAK 1:200 (Transduction Laboratories), vinculin
1:400 (Abcam, Cambridge UK), pY20 1:200 (BD Biosciences, Erembodegem, Belgium). Secondary
antibodies used: goat-anti-mouse Alexa 488 IgG 1:200 (Molecular Probes), goat-anti-mouse Alexa 532
IgG 1:200 (Molecular Probes). Cells were seeded on glass uncoated coverslips (24mm, #1.5) for 48h,
serum starved for >2h, stimulated, washed with PBS, fixed with 4% paraformaldehyde in PBS (10
minutes), permeabilized with 0.1% triton X-100 in PBS (2 minutes), blocked in 3% BSA (PBS, RT 1
h) and stained with selected antibodies (in 3% BSA in PBS). F-actin was detected using phalloidinAlexa488 or phalloidin-Alexa568 (1 U/ml).

Knockdown Experiments
LPAR1 shRNAs (#1: GCCATCGTTATGGGTGCTATA, #2: CCTATTGGTCATGGTGGCAAT, #3:
GCCTATGAGAAATTCTTCCTT, #4: CGGGATACCATGATGAGTCTT). Cdc42 shRNAs (#1: CGGAATATGTACCGACTGTTT, #2: CCTGATATCCTACACAACAAA, #3: CAGATGTATTTCTAGTCTGTT, #4:CCCTCTACTATTGAGAAACTT). Hairpins were introduced using the pLKO lentiviral vector (empty pLKO vector as a negative control). Viral particles were produced in HEK293 cells transfected with calcium phosphate. Transduced cells were imaged or harvested for total mRNA extraction
after 48h.
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Matrix Degradation Assay
Coverslips were coated with gelatin as described previously [72]. To determine degradative capacity,
100.000 cells / coverslip were seeded in SF DMEM (+/- GM6001). After 48 hours, coverslips were
washed with PBS, fixed with 4% paraformaldehyde and cells were stained with phalloidin. Gelatin
degradation was determined from confocal images of >20 fields of view per coverslip, using 2 coverslips
/ condition in 2 independent experiments (4 coverslips / condition). For time lapse imaging, cells
expressing GFP-actin were plated on coverslips coated with gelatin-ATTO-633 for 24 h.

Live-Cell Imaging
Cells were seeded on glass coverslips (24 mm, #1.5) for 24-72 h in DMEM (10% FCS) and serum
starved >2 h before experiments. Cells were imaged in DMEM-F12 at 37◦ C in a humidified chamber
at 5% CO2 using a TCS SP5 confocal (Leica Microsystems) with 63x 1.4 N.A. oil-immersion objective.
The pinhole was set to 1.5 Airy unit and focus was set to the ventral membrane of the cells. We took
great care to excite at minimal laser intensity to avoid photobleaching or phototoxicity.

Wide-Field FRET Experiments
Experiments were performed in HEPES buffered saline (containing 140 mM NaCl, 5 mM KCl, 1 mM
MgCl2,1 mM CaCl2, 10 mM glucose, 10 mM HEPES) pH=7.2 at 37◦ C. Cells plated on uncoated
coverslips and transfected 24 h before experiments with indicated biosensors were placed on a thermostatted (37◦ C) inverted Nikon Diaphot microscope and excited at 425 nm. Donor and acceptor
emission was detected simultaneously with two photomultipliers, using a 505 nm beamsplitter and
optical filters: 470±20 nm (’CFP channel’) and 530±25 nm (’YFP channel’). FRET was expressed as
the ratio between acceptor and donor signals, set at 1 at the onset of the experiment.

Rho GTPase Biosensors
The design of FRET-based biosensors of Rac1, Cdc42 and RhoA was based on the design of the Raichu
sensors [118, 131] and FLARE-RhoA [129] (details to be described elsewhere). Briefly, the complete
amino acid sequence of a given Rho GTPase was positioned at the C-terminus of a single polypeptide
chain to preserve its interaction with GDI and other regulatory proteins. A FRET pair consisting of
Cerulean3 and circularly permutated Venus was used. The CRIB domain of PAK and HR1 region of
PKN were used as the effector domain for activated Rac1/Cdc42 and RhoA, respectively. In control
biosensors, point mutations (H83,86D in PAK, and L59Q in PKN) were introduced to generate bindingdeficient effector domains, so that FRET ratios remain at the basal level regardless the activation state
of the Rho GTPases.

Confocal FRET Experiments
Cells transfected with a given biosensor were imaged on the TCS SP5 confocal using a Leica 63x 1.4 N.A.
’lambda-blue’ oil-immersion objective. Excitation was with 458 nm and FRET ratio was determined
from emission images acquired simultaneously at 465-510 nm (CFP channel) and at 520-600 nm (YFP
channel) and expressed as ratio (YFP/CFP). After smoothing, cells were segmented based on intensity
and the signal was divided in exterior (3.2 µm wide region) and interior (the remainder of the cell).
Average FRET ratios in exterior and interior regions were determined 30 sec - 3 min after stimulation.

Ca2+ Imaging
Intracellular [Ca2+ ] was detected essentially as published [168]. Experiments were done in SF DMEMF12, using a Leica SP5 confocal microscope with excitation at 488 nm and emission at two channels
(495-550 nm and 560-650 nm). The confocal pinhole was fully openend and recordings were normalized
by setting basal levels to 1.0.

83

3

Chapter 3

Image Analysis
Invadosomes were detected by intensity- and size segmentation of collocalizing actin and cortactin
signals after manual thresholding using Fiji software [352] and normalized to control cells. At least 3
independent experiments were analysed for every condition (18 f.o.v./condition, 5-10 cells per /f. o v.,
>100 cells/condition).

Western Blotting

3

Cells were plated in 6-well plates, serum-starved overnight, treated with inhibitors (U0126 10 uM for 1h,
PLX4720 1 µM for 2h, wortmannin 100 nM for 15min, PTX 200 ng/ml overnight) and stimulated with
agonists as indicated. Whole-cell lysates were prepared by scraping PBS-washed cells in denaturing
conditions in RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% Sodium
deoxycholate, 0.1% SDS), supplemented with a protease inhibitor cocktail (or for detection of p-Akt
in JS lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 5 mM EGTA, 1% glycerol,
1% Triton X-100, ) supplemented with NaO3V4 5 µM, NaF 1 µM and protease inhibitor cocktail).
Membranes were blocked in the 3% BSA and incubated with primary antibodies (1:1000), followed by
HRP conjugated secondary antibodies (1:10000).

LPA Receptor Expression Analysis
LPAR1−6 expression levels were determined by RT-qPCR reactions on cDNA derived from cell lysates
(total mRNA isolation was followed by SuperScript cDNA synthesis), using power SYBR-green with
specific primers: LPAR1 fw: AATCGGGATACCATGATGAGT, LPAR1 rv: CCAGGAGTCCAGCAGATGATAAA; LPAR2 fw: CGCTCAGCCTGGTCAAAGACT, LPAR2 rv: TTGCAGGACTCACAGCCTAAAC; LPAR3 fw: AGGACACCCATGAAGCTAATGAA; LPAR3 rv: GCCGTCGAGGAGCAGAAC; LPAR4 fw: CCTAGTCCTCAGTGGCGGTATT, LPAR4 rv: CCTTCAAAGCAGGTGGTGGTT; LPAR5 fw: CCAGCGACCTGCTCTTCAC, LPAR5 rv: CCAGTGGTGCAGTGCGTAGT; LPAR6
fw: AAACTGGTCTGTCAGGAGAAGT, LPAR6 rv: CAGGCAGCAGATTCATTGTCA). Expression levels were normalized to the expression of cyclophilin-A (cycloA) fw: CATCTGCACTGCCAAGACTGA, cycloA rv: TTGCCAAACACCACATGCTT), and calculated according to the cycling
threshold method.
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Supplementary Material

Supplementary Videos
For the following supplementary videos, the reader is directed to the online article:
http://www.jbc.org/content/291/9/4323/suppl/DC1
Video1. LPA-induced development of invadosome rosettes.
A375M(Src+ ) cells containing GFP-actin were seeded on glass coverslips for 72
h and then serum-starved for 3 h. The actin cytoskeleton was imaged by confocal microscopy every 5 s. After acquiring a baseline for 130 s (stable clusters of
invadosomes are visible at the periphery), cells were stimulated with 5 µM LPA
causing rapid development of dynamic invadosome rosettes that develop mainly
from the initial clusters. Scale bar, 25 µm. Timer (upper left corner) indicates
min:s.
Video2. Gelatin degradation by LPA-induced invadosome rosettes.
A375M(Src+ ) cells containing GFP-actin were seeded on coverslips coated with
Atto633-gelatin for 24 h and then serum starved for 2 h and imaged every 45
s. After about 10 min of baseline acquisition, cells were stimulated with 5 µM
LPA. Lower panel shows quantification of the intensity profile along a wide line
(indicated by the rectangle) in the centre of the movie. As the rosette swipes
through this region (red signal), the signal from the gelatin monolayer (green)
disappears, showing fast degradation of the gelatin substrate by the invadosome
rosettes. Actin is visualized with a red-hot lookup-table. Gelatin is in green. Scale
bar, 20 µm. Timer (upper left corner) indicates h:min.
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Abstract
Lysophosphatidic acid (LPA) is secreted by a large variety of cells and binds to
a variety of different G-protein-coupled receptors to trigger an exceptionally wide
range of biological effects, including cell survival and differentiation, cancer cell
migration and embryonic development. Here we introduce caged LPA (cgLPA),
a photolyzable coumarin-masked derivative of LPA. We demonstrate that illumination of caged LPA with 405 nm light instantaneously liberates bioactive LPA
to evoke Ca2 + signaling, Rho activation, and cytoskeletal contraction. In addition, we developed an ‘optotaxis’ assay to attract melanoma cells through a stable
chemotactic gradient by repeated liberation of LPA through local photolysis of
extracellular cgLPA.
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Introduction

4

Lysophosphatidic acid (LPA) is a bioactive phospholipid that induces a wide range
of physiological effects, including cell survival, proliferation [353], embryonic development [354], wound healing [355], vascular remodelling [356] and cancer cells
invasion [357]. LPA is produced by autotaxin [57, 58], a phospholipase D, and
present in high concentrations in malignant ascites and plasma of ovarian cancer patients [358, 359]. Abnormal LPA production and LPA receptor expression
have been linked cancer progression and metastasis formation [330]. LPA exerts
its pleiotropic effects by binding to at least six specific G-protein-coupled receptors (LPA1−6 ) that trigger various signalling pathways [56, 326]. The six LPA
receptors are characterized by differences in affinities and differences in G-protein
coupling, and they also display differences in expression over various cell types.
In the intact organism, cells frequently experience local gradients in LPA concentration [64]. Thus, the effects of LPA depend not only on its concentration, but
also on the exact timing and the localization of the cell’s exposure to LPA. In an
experimental setting, it is technically challenging to control these parameters precisely because of the lipophilic nature of LPA and the fact that it can be rapidly
degraded by cells [360, 361].
One of the fastest ways to make biologically active compound available with
high temporal and spatial resolution is its photochemical release from an inactive
precursor (‘uncaging’) [138]. This technique has been successfully applied to various biomolecules and second messengers, including calcium [362, 363], nucleotides
[364], neurotransmitters [365], enzymes [366] and lipids [367, 368]. Specifically,
caged lipids were synthesized by covalently attaching a photosensitive protecting
group at a position critical for their function, which renders them biologically
inert [369]. So far, lipids have been predominantly caged with either nitroveratroyl or coumarin-based groups [370]. While both caging groups proved useful
in cell-based experiments, they each have advantages for specific applications.
Nitroveratroyl-caged compounds are preferred when cyan or green fluorescent proteins or other low wavelength dyes are used in the same experiment as they are
non-fluorescent and may be removed with UV light between 350 and 375 nm.
Diethylaminocoumarin-based cages are removed with longer wavelengths (normally around 400 nm, but even longer wavelengths up to 490 nm are possible with
thiocoumarin [371, 372], are compatible with 2-photon uncaging experiments, and
provide faster photolysis kinetics [373–375]. Moreover, the intrinsic fluorescence of
coumarin allows the visualization and tracking of the precursor lipid in the living
cells.
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Figure 4.1 – Synthesis of coumarin caged lysophosphatidic acid.
A. Structure of caged LPA (1). B. Synthesis of 1: i) Oleic acid, DCC, DMAP, 69%; ii) Et3SiOTf,
EtN(iPr)2; iii) I2, NaHCO3 (aq.), 65% (two steps); iv) FmocCl, Pyr., 66%; v) FeCl3, MeOH,
82%; vi) 7, tetrazole; vii) peracetic acid, 92% (two steps); viii) Me2NEt, 73%; C. photochemical
reaction releasing LPA.

Results
Synthesis
We here describe a caged derivative of lysophosphatidic acid (cgLPA), based on introduction of a coumarin group at the phosphate moiety (Fig. 4.1). The synthesis
of caged LPA is dominated by the problem of acyl chain migration. For this reason, the liberation of a protected sn2 hydroxy group should only happen in the last
synthetic step. We therefore started with commercially available, enantiopure 2,3O-isopropylidene-sn-glycerol (2) and introduced a suitable fatty acid (oleic acid)
as a sn1 ester. The fully protected ester 3 was subjected to a ring-opening reaction that provided the sn3-triethylsilyl intermediate 4 as was previously described
[376, 377]. Subsequent protection of the secondary alcohol afforded the Fmocprotected compound 5. The silyl group was removed and the primary alcohol 6
was reacted with the phosphoramidite 7, introducing the Fm-protected caged phosphate group to the sn3-OH group after oxidation. This fully protected caged LPA
derivative 8 was freed of the Fm and the Fmoc group in the presence of Me2 NEt.
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No substantial migration of the sn1 fatty acid was observed after purification of 1
and upon storage for up to 6 month in the freezer (Fig. 4.5). CgLPA proved to be
soluble in water or PBS buffer up to at least 100 µM and shows the characteristic
absorbance and emission behaviour of 7-diethylaminocoumarin derivatives (Fig.
4.6). The stability and acyl migration of phosphorylated lysophospholipids has
been reported to be slow at neutral pH and the equilibrium of acyl migration, if
present at all, was shown to lie mainly on the sn1 ester [378].

Photo activation of cgLPA allows the spatio temporal control
of LPA activation

4

To evaluate the effect of cgLPA on living cells, we carried out experiments addressing a number of well characterized biological LPA effects (Fig. 4.2A). Initially, we
studied mobilization of cytosolic Ca2+ in N1E-115 neuroblastoma cells. This process involves stimulation of LPA2 receptors that couple to Gαq to activate PLC.
PLC in turn generates the second messenger IP3 which liberates Ca2+ from internal stores. Addition of cgLPA in concentrations up to 10 µM to cells loaded
with the calcium-sensitive fluorescent indicator Oregon Green BAPTA/AM had
no effect, indicating that cgLPA is unable to bind to GPCRs (data not shown).
Uncaging of cgLPA (1 µM) with a brief pulse of 405 nm light immediately evoked
calcium transients (Fig, 4.2B) of very similar magnitude as those induced by bulk
addition of LPA to the medium (Fig. 4.2B’). Interestingly, whereas bulk addition of LPA desensitizes the cells to further stimulation, cells responded to the
second photolysis of cgLPA with repeated Ca2+ mobilization (Fig. 4.2B). This
is likely due to rapid dilution of LPA after termination of the light stimulus and
demonstrates that LPA uncaging provides tight temporal control over the stimulus. Furthermore, spatial control of stimulation is also provided by cgLPA, as
local uncaging close to selected single cells within a given field of view caused local
responses with no noticeable effects in neighbouring cells (Fig. 4.7).
We next tested effectiveness of cgLPA uncaging to evoke other signalling pathways in N1E-115 cells. Both LPA2 and LPA6 receptors expressed in these cells
efficiently couple to Gα12/13 to activate the small GTPase RhoA. RhoA activation
causes rapid contraction of the actomyosin cytoskeleton which in turn causes cells
to round up. Indeed, local photo release of LPA at individual cells caused selective
and rapid contraction of cell somata (Fig. 4.2C and suppl. movie 1). Cell contraction was accompanied by immediate activation of RhoA, as visualized using
a FRET-based ratio metric biosensor (Fig. 4.2D-G) [379]. Furthermore, repeated
photo release of LPA also caused internalization of GFP-tagged LPA1 receptors
similar to that seen following addition of LPA to the medium (Fig. 4.3).
In single-cell Ca2+ assays, signals often display all-or-nothing behavior due
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Figure 4.2 – Downstream effects of LPA.
A. Overview of LPA signalling. B. LPA induced calcium transients in N1E-115 neuroblastoma
cells. Cells were loaded with the calcium indicator Oregon Green BAPTA and stimulated by
brief illumination with 405 nm light in the presence of 1 µM cgLPA. No desensitization of
the cells was observed. Final calibration was achieved by adding 5 µM ionomycin and 5 mM
calcium. B’. N1E-115 stimulated by adding 1 µM of LPA to the medium. Note that the cells
were insensitive to the second stimulation. C. Release of cgLPA caused morphological changes in
N1E-115 neuroblastoma cells. N1E-115 cells (1 µM cgLPA in the medium) before and after the
cell marked with red was exposed to 405 nm light. In the stimulated cell all the neurites retracted
and the soma became rounded, whereas neighbouring cells remained spread. Graph below shows
area change of the stimulated cell. D. N115 neuroblastoma cells expressing FRET-based RhoA
sensor before and after illumination with 405 nm light in the presence of cgLPA (data collected
with 442 nm illumination, CFP channel: 450-500 nm, YFP channel: 510-560 nm, FRET signal
was calculated as ratio between YFP and CFP channels). E. FRET ratio traces acquired from
individual cells transfected with RhoA biosensor, stimulation at t = 0. E’. FRET ratio traces
acquired from individual cells transfected with inactive RhoA biosensor (mutation in the PKN,
RhoA binding domain prevents the sensor from closing). Uncaging of cgLPA failed to evoke
FRET changes. F. FRET ratio traces showing RhoA activation after illuminating cells in the
presence of 1 µM cgLPA with increasing power of light. F’. Quantification: integrated RhoA
activation within the first 2 minutes after stimulation is plotted for an increasing light dose (data
based on the experiment shown in F, error bars indicate SEM). G. FRET ratio traces showing
RhoA activation after illuminating the cells with 30 µW, 405 nm light in the presence of various
concentrations of cgLPA. G’. Total activation of RhoA within first 2 minutes after stimulation
in the presence of increasing concentrations of cgLPA (based on the FRET traces shown in G,
error bars indicate SEM).
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Figure 4.3 – LPA receptor internalization.
In HeLa cells transiently transfected with LPA1 -eGFP, uncaging of cgLPA causes receptor internalization as detected by time lapse confocal imaging. Upper panels: control response to 1 µM
LPA, middle panels: effect of photolysis of 1 µM cgLPA. Lower panels: control exposure to 405
nm light in the absence of cgLPA. Graphs show a normalized number of LPA1 -positive vesicles
inside the cells. Scale bar 20 µm.
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to the presence of positive feedback loops [380]. In contrast, activation of RhoA
as detected with the FRET sensor appeared dose sensitive, and we therefore established dose-effect relationships for cgLPA uncaging with the latter assay (Fig.
4.2F-G). These experiments revealed that the amount of released LPA is highly
reproducible and can be adjusted by either varying the concentration of cgLPA
in the medium for a given light dose (Fig. 4.2F), or the dose (power) of uncaging
light at a fixed cgLPA concentration (Fig. 4.2G).

Light mediated cell migration
Having established cgLPA photolysis as a powerful tool to deliver precise doses
of LPA in a spatially and temporally defined manner, we next set out to test the
feasibility of using the photolysis of cgLPA for directional migration studies, an
approach we termed ‘optotaxis’. We turned to melanoma cells as these cells often
exhibit chemotaxis towards LPA [64]. With cgLPA (1 µM) present in the medium,
intermittent light pulses (30 µW, every 40 s) of the 405 nm laser line were used
to liberate LPA in a cell-free area of ∼400 µm2 in the centre of the field of view.
Indeed, nearby cells rapidly formed lamellipodia facing the chemotractant. Cells
moved towards the uncaging spot over several hours (Fig. 4.4 and suppl. movie
2).

cgLPA

4h of LPA
uncaging

before
stimulation

merge

Figure 4.4 – Cell Migration.
Time lapse confocal experiment showing creation of a chemotactic gradient of LPA by repeated
uncaging in the central part of the selected field of view. A375M Src+ cells stably expressing
GFP-actin migrated towards the site of LPA release. Positions of the cells before (upper panel)
and 4 h after pulsed LPA uncaging (lower panel) with a frequency of one flash (20 ms) every 40
s. Scale bar 20 µm.
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The above experiment demonstrates that optotaxis facilitates the creation of chemotactic LPA gradients without the need for gradient chambers or other specialized
equipment. This significantly increased the throughput of our experiments and
allowed conducting many different experiments within the same dish. We note
that LPA optotaxis should also be readily applicable in 3D migration assays (e.g.,
in excised tumors, organoid and spheroid cultures) in which well-defined gradients
are otherwise hard to establish. These experiments will significantly benefit from
two-photon photolysis. In addition, a major field of application should be in neurobiology. In the central and peripheral nervous system LPA evokes a variety of
responses, including membrane depolarization, neurite remodelling, differentiation
and long-term potentiation [326, 381]. Moreover, the effects of LPA are known to
depend critically on its concentration. For example, growth cones of neurons show
repulsive turning when exposed to low concentrations of LPA, whereas higher
concentrations cause growth cone collapse [382]. Neurons, astrocytes, oligodendrocytes, microglia and Schwann cells all express LPA receptors, and the pattern
of their expression changes with age and cells activation status [381]. We therefore
anticipate that the possibility to selectively stimulate brain slices at sub-cellular
level will become a valuable tool to expand our knowledge on the pleiotropic effects
of LPA in the nervous system. In addition, recent studies proved the value of caged
receptor ligands, (e.g. fMLF and ATP) to build up chemical gradients by photo
release and enabled automated screening of motility parameters [383]. We assume
that the method can be expanded to a vast diversity of chemotractants which will
allow to determine motility phenotypes in complex mixtures of different cells. In
conclusion, we present caged LPA as a highly valuable tool for studying signalling,
chemotaxis and cell migration in cell biology with the potential to applications in
tumor biology, neurobiology and diagnosis.

Significance
Cells react with a multitude of responses towards the stimulation with bioactive
compounds. The ability to control the timing, the amount and the precise position of the active molecule facilitates the investigation of downstream effectors
of the stimulus. We herein present the synthesis of coumarin caged lysophosphatidic acid (LPA), which enables to control the source of bioactive LPA molecules
by local photo release upon illumination with 405 nm light. In addition to the
stimulation of individual cells and the study of single cellular responses such as
Ca2+ -signalling and RhoA activation, we show the migration of cells towards the
source of LPA photo release. We coined the term ’Optotaxis’ for the optical control
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of a chemotactic gradient.

Materials and methods
All chemicals were obtained from commercial sources (Acros Organics, Sigma Aldrich, TCI Europe or
Alfa Aesar) and were used without further purification. Solvents for chromatography were obtained
from VWR and dry solvents were obtained from Sigma. Ionomycin was obtained from CalbiochemNovabiochem (La Jolla, CA, USA). LPA (oleoyl-L-α-lysophosphatidic acid sodium salt) and fatty
acid free BSA from Sigma-Aldrich (St. Louis, 146 MO, USA). Oregon Green 488 BAPTA/AM was
from Invitrogen – Molecular Probes (Eugene, OR, USA). Dulbecco’s MEM, DMEM/F12 (no phenol
red), fetal calf serum, penicillin and streptomycin were from Life Technologies – Invitrogen. Detailed
synthesis procedures for cgLPA are provided in the supporting online information.

Cells and transfections

4

A375M (A375M(Src+ ) GFP-actin), HeLa, and N115 cells were cultured in DMEM (10% FCS) supplemented with antibiotics (penicillin and streptomycin) in 5% CO2, 37◦ C. Src(Y530F) and GFP-actin
were stably introduced into A375M cells by retroviral transduction [384]. Cells were transiently transfected using polyethylenimine (PEI, 3 µg/ml).

Live-cell imaging
Cells were seeded on glass coverslips (24 mm, #1.5) for 24-48 h in DMEM (10% FCS) and serum starved
overnight (A375M Src+ , N115) or for 4h (HeLa) before experiments. Cells were imaged in DMEM-F12
at 37◦ C in a humidified chamber at 5% CO2. Images were taken with a Leica TCS SP5 confocal (Leica
Microsystems) equipped with 63x 1.4 NA oil-immersion objective, using LAS-AF acquisition software.
Focus was set to the ventral membrane of the cells in the optotaxis and RhoA activation experiments
and 1 µm above the coverslip in the LPA1 internalization experiment. We took great care to excite
at minimal laser intensity to avoid any photobleaching or photo toxicity. In control experiments cells
were stimulated with 1 µM LPA.

Ca2+ imaging
Cells were incubated for 30 min with Oregon Green 488 BAPTA/AM (0.5 µg in 100 µl), followed by 15
min recovery in SF DMEM-F12 medium. Measurements were performed in SF DMEM-F12, with the
confocal microscope, excitation 488 nm, pinhole set to 6 AU. Recordings were normalized by setting
basal levels to 1.

Confocal FRET experiments - RhoA activation
The construction of FRET sensor for RhoA was based on the published designs of FLARE-RhoA with
details to be described elsewhere (manuscript in preparation) [129, 379]. A FRET pair consisting of
Cerulean3 and circularly permutated Venus was used. The HR1 region of PKN were used as the effector
domain for activated RhoA. In control a sensor, a point mutation (L59Q in PKN) was introduced to
generate binding-deficient effector domains so that FRET ratios remain at the basal level regardless of
the activation state of RhoA. N115 cells were prepared as described above (live cell confocal imaging)
and transfected with a RhoA biosensor. Imaging conditions were as described above, except that a
Leica 63x 1.4 N.A. ‘lambda-blue’ oil-immersion objective was used. Cells were excited with the 442
nm laser line and emission pictures were acquired simultaneously at 450-500 nm (CFP channel) and at
510-560 nm (YFP channel) every 5 s. Ratio images were calculated by dividing the YFP channel by
the CFP channel. Thereafter, images were smoothed with a Gaussian kernel and cells were segmented
based on intensity.
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Light dosage
Uncaging of cgLPA was performed via a 405 nm laser beam on a Leica SP5 confocal microscope with
the following settings: calcium imaging (global uncaging) – 90 µW for 2s over 246 µm square field of
view; LPA1 internalization (global uncaging) – 170 µW for 12 s distributed over 8 frames within 70 s,
over 246 µm square field of view; RhoA activation (global uncaging) – 170 µW for 1.7 s, over 189 µm
square field of view; optotaxis (local uncaging) – 30 µW pulses of 20 ms every 40 s, over 20 µm square
field of view; calcium signals in single cells (local uncaging) – 90 µW for 0.4 s, over 20 µm square area
on top of selected cells; rounding assay (local uncaging) – 1 µW laser beam parked for 5s on top of
selected cells.
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Figure 4.5 – 1 H-NMR spectra of cgLPA in deuterated methanol.
Stability of caged lyosophophatidic acid upon storage at -20 ◦ C.

Figure 4.6 – Absorbance and emission spectra of caged lyosophophatidic acid.
Absorbance (left) and emission spectra (right) of caged lyophosphatidic acid. Conditions: 33
µM cgLPA in PBS at room temperature; λ(ex) 405 nm, λ(em) = 415-650 nm, slit(ex) = 2.5 nm,
slit(em) = 2.5 nm). Spectra are corrected for PBS.
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Figure 4.7 – Calcium transients in selectively stimulated cells.
N115 cells were loaded with calcium sensitive Oregon Green BAPTA and incubated with 1 µM
cgLPA. In three subsequent experiments only single selected cells (marked 1-3 in the image) were
stimulated by illumination with 405 nm laser light. Graphs in the right column show calcium
transients that were repeatedly restricted only to the illuminated cells, no response was observed
in the neighbouring cells. Scale bar 50 µm.
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Supplementary Videos
For the following supplementary videos, the reader is directed to the online article:
http://www.sciencedirect.com/science/article/pii/S2451945616301015
Video1. Rounding of individual neuroblastoma cells
stimulated with photolysed cgLPA.
N115 neuroblastoma cells were incubated with 1 µM cgLPA in a serum free
medium. For stimulation, individual cells were illuminated with 405 nm parked
laser beam ( 1 µW) for 5 s. Time lapse with frames acquired every 3 s by confocal microscope (SP5, Leica Microsystems). Timer in the upper left corner shows
min:s. Scale bar, 20 µm.
Video2. Optotaxis – migration of melanoma cells
in the gradient of LPA created by repeated photolysis of cgLPA.
A375M melanoma cells (stably expressing GFP-actin and an active form of Src
kinase - SrcY530F) were incubated in serum-free medium in the presence of 1 µM
cgLPA. A square (20 x 20 µm) was repeatedly illuminated with 405 nm laser line
( 30 µW pulses of 20 ms) every 40 s in the middle of the field of view to build a
stable LPA gradient. Time lapse with frames acquired every 10 s at the confocal
microscope (SP5, Leica Microsystems), every 10th frame was used in the movie.
Timer in the upper left corner shows h:min. Actin cytoskeleton close to the ventral
membrane is visualized with ‘Fire’ lookup-table (ImageJ). Scale bar, 25 µm.
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Но изучая, экспериментируя, наблюдая,
старайтесь не оставаться у поверхности
фактов. Пытайтесь проникнуть в тайны их
возникновения.
Иван Петрович Павлов

While you are experimenting, do not remain content
with the surface of things. Don’t become a mere
recorder of facts, but try to penetrate the mystery of
their origin.
Ivan Petrovich Pavlov
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Abstract
Invadosomes are actin-based cellular protrusions that can locally degrade the extracellular matrix. Invadosomes can arrange into higher order structures, such
as clusters and circular rosettes in which individual invadosomes show coordinated behavior. We have previously reported that stimulation of Src-transformed
melanoma cells with lysophosphatidic acid (LPA) causes invadosomes to rapidly
transform into dynamic invadosome rosettes. Here we combine a new tool, caged
LPA, with advanced microscopy techniques to characterize the architecture and
dynamic movements of LPA-induced invadosome rosettes in detail. Using automated image analysis, we show that LPA induces rosettes at nanomolar concentrations in a dose-dependent manner. Furthermore, local photolysis of caged LPA
demonstrates that activation of LPA receptors in a small region of the cell suffices
to locally evoke rosettes, and that cells present in a gradient of LPA form rosettes
in a highly polarized manner. We find that rosettes are often accompanied by a
dynamic ventral lamellipodium that appears to lead the dynamic behavior of the
invadosomes rosettes, providing a candidate-mechanism to start explaining the
coordinates movement of invadosomes within the rosette.
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In order to fulfill their specific functions in the organism, cells need to interact with
each other as well as with the extracellular matrix (ECM). These interactions often
depend on specialized actin-based cellular protrusions, such as spike-like filopodia
that probe the environment, flat protrusive lamellipodia and invadosomes, columnar structures that are perpendicular to the substrate. Among these, invadosomes
stand out in that they not only are able to adhere to but also to mechanically
remodel and enzymatically degrade the ECM [8, 9, 150, 313]. Their complex architecture is crucial to fulfill these two functions [147]. Invadosomes consist of a
central protrusive core that is rich in actin and actin polymerizing and remodeling
proteins, and a surrounding adhesive ring. The latter contains domains that house
adhesive proteins such as ECM-binding integrins as well as vesicles involved in targeted delivery of the metalloproteases that are responsible for ECM degradation.
Individual invadosomes are dynamic in that they turn over (i.e., develop, grow and
disappear) on a timescale of minutes to hours. In cancer cells, invadosomes are
often referred to as invadopodia to reflect their role in invasive migration, whereas
they are called podosomes in non-transformed cells.
Podosomes are often organized into higher order structures including clusters,
circular arrays (rosettes) and invadosome belts at the periphery of cells. These
higher-order structures enable podosomes to fulfill specific roles, such as sealing of
the bone-resorbing zone in osteoclasts [79] and they have been linked to migration
in these cells [385]. Podosome rosettes have also been described in stimulated
macrophages [386] and sub-confluent endothelial HUVEC cells [387], and they have
been associated with transmigration of cells through monolayers [80] in vitro as well
as with sprouting of new blood vessels [143] in vivo. In contrast, most studies have
targeted function and architecture of individual invadopodia. However, rosettes
of invadopodia have also been observed in several metastatic cancer cells [305,
323, 388]. It is also interesting to note that invadosomes were first described in
Src-transformed fibroblasts [34, 153] in the form conspicuous clusters and rosettes.
Perhaps the most intriguing aspect of rosettes is that they appear to be more
than just a collection of individual invadosomes. While the life cycles of invadosomes do not appear to be synchronized across the entire cell, they certainly are
not completely independent. For example, in macrophages the growing and shrinking of individual invadosomes is strikingly coordinated with their close neighbours
[301]. This behavior has been termed ‘meso-scale’ organization, and it indicates
that the signals (either physical links or chemical cues) that control turnover extend spatially beyond the individual invadosome. Meso-scale coordinated behavior
of invadosomes may serve to expand their functions. For example, formation of
rosettes has been reported to increase the efficiency of extracellular matrix degra106
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dation [305].
We recently reported that Src-transformed melanoma (A375M(Src+ )) cells produce prominent clusters of invadosomes that are fully capable of ECM degradation.
More importantly, stimulation with GPCR agonists such as lysophosphatidic acid
caused the striking and rapid transformation of invadosome clusters into highly dynamic invadosome rosettes (Chapter 3 and [384]). Within minutes, these rosettes
are seen to form, expand and laterally migrate along the basal membrane of the
cell to eventually collapse or disappear. Like in macrophages or dendritic cells
[271, 301] this behavior appears to require a high degree of coordination of the
lifecycles of individual invadosomes, but the underlying principles that govern coordinated behavior are poorly understood. LPA is a serum-borne lipid mediator
that plays major role in many cellular processes, including migration and dispersal of metastatic melanoma cells [64, 389]. We showed that LPA controls rapid
creation of rosettes through the LPA1 receptor, which triggers the Gαi signaling
pathway resulting in activation of the RhoGTPase Cdc42 and production of the
phospholipid Phosphatidylinositol (3,4,5)-trisphosphate (PIP3 ) [384].
In this study we set out to provide a detailed description of the dynamic behavior of LPA-induced rosettes in A375M(Src+ ). We combine super-resolution
microscopy and confocal live cell imaging with automated image analysis procedures to characterize the architecture and movement of invadosome rosettes. We
also utilize our new tool, caged LPA (Chapter 4 and [390]) which enables us to precisely control stimulation with LPA spatially and temporally at a subcellular scale.
We show that LPA-induced rosette formation is dosage-dependent, starting at low
nanomolar concentrations and peaking at micromolar levels. We also demonstrate
that rosette development requires local receptor signaling and that rosettes are
created in a highly polarized way in LPA gradients. Strikingly, detailed analysis
by confocal and super-resolution microscopy reveals that LPA-induced rosettes
consist of two structures: a circular array of invadosomes is often accompanied by
a clearly visible ventral lamellipodium. As we reported before, the Cdc42 – NWASP signaling axis is indispensable for the creation of invadosome arrays, but the
adjacent ventral lamellipodium seems less dependent on Cdc42 signaling, instead
appearing enriched in PIP3 . Importantly, image analysis reveals that the ventral
lamellipodium is not created independently but rather selectively precedes the expanding rosette regions. As we observe that the ventral lamellipodium appears to
lead the way for expanding invadosome belts we propose that it is an interesting
candidate to explain, at least in part, the meso-scale coordinated development of
these dynamic structures.
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Results
Dynamic invadosome rosettes develop in a dose-dependent
fashion upon LPA stimulation

5

First, we set out to provide a detailed description of the dynamic behavior of
LPA-induced invadosome rosettes in A375M(Src+ ) cells using live-cell confocal
microscopy of cells stably expressing GFP-actin. LPA-induced rosettes displayed
various dynamic behaviors, as they went through phases of expansion and contraction (Fig. 5.1A). Occasionally, rosettes were seen to disappear during the
expansion phase, usually when reaching the cell periphery. Furthermore, we observed splitting up of a single rosette into two daughter rosettes, but also fusion of
two rosettes into a single bigger one (Fig. 5.1A). This behavior is reminiscent of
the formation of dynamic podosome rings in osteoclasts [79]. However, in contrast
to the reported behavior of podosome rosettes in osteoclasts, in A375M(Src+ ) we
never observed stabilization of rosettes into peripheral belts of invadosomes, as
the invadosome rosettes either collapsed into clusters or disassembled completely
(Fig. 5.1A). Similar observations were also made when actin was visualized using
LifeAct GFP.
To visualize the dynamics of LPA-induced rosette formation, we quantified the
spatiotemporal behavior of actin-rich structures from time-lapse series, as illustrated in Fig. 5.1B. For each pair of frames in the sequence, we summed the area
of newly formed actin-rich regions and regions in which actin disappeared. Averaging the responses of dozens of cells (Fig. 5.1C) revealed that rosette formation
started within seconds after addition of LPA and peaked at 2-3 min. The initial
phase of rosette induction was followed by a prolonged phase characterized by
ongoing, albeit diminished dynamic activity that lasted for >30 min (Fig. 5.1CD,
Supplementary Video 1). Dose-response analysis revealed discernible effects at
concentrations as low as 5 nM whereas half-maximal responses were observed at
LPA concentrations of ∼50 nM and maximal effects at 5 - 10 µM (Fig. 5.1D,E).
From these analysis, we conclude that the dynamics of invadosome rosettes is
governed by the strength of underlying stimulus.

Rosette formation depends on localized receptor signaling
Next, we wondered whether development of rosettes may reflect a global signal in
LPA-stimulated A375M(Src+ ) cells or alternatively, whether it depends on local
signaling events. To address this question we used caged LPA (cgLPA), a new
tool that we recently developed (Chapter 4 and [390]). In caged LPA (cgLPA),
the phosphate moiety of LPA that is crucial for biological activity [391] is masked
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Figure 5.1 – Dynamics of LPA-induced rosette formation.
A. Representative images from a time-lapse experiment, showing dynamics of individual rosettes
within 10-min time slots in LPA-stimulated cells. From the top: rosette disappearing by collapse;
rosette disappearing in expansion phase; fission of a single rosette, and fusion of rosettes. Scale
bar, 10 µm. B. Quantification of rosette dynamics. Actin images (1st column) were segmented
to detect rosettes (green in the 1st and red in the 2nd time point). Applying the XOR operator
between consecutive pairs of images preserves the area lost (green) and gained (red) between
images, while the region present in both frames (yellow) is discarded. For quantification, the
sum of green and red areas was normalized to the total area occupied by cells. C. Rosette
dynamics after stimulation with LPA (5 µM). Thin black lines show the results of 5-10 cells
each in separate f.o.v.. The green line indicates the average response of the population. Note
that an initial peak of highly dynamic behavior is followed by a prolonged phase of reduced
dynamics. See also supplementary Video1. D. Rosette dynamics in cells stimulated with LPA at
the indicated concentrations (3 independent experiments, 6 f.o.v./experiment, curves show mean
response). E. LPA dose-response of the rosettes dynamics (measured as average signal of the
initial response, taken between 45 and 270 s after LPA stimulation). Half-maximal response is
observed at ∼50 nM LPA.
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by a photolabile coumarin group, rendering it biologically inert. We showed that
brief illumination with a 405 nm UV laser suffices to instantaneously liberate
bioactive LPA in a spatially confined manner (Chapter 4 and [390]).
As rosettes typically develop from invadosome clusters in A375M(Src+ ) cells
(Chapter 3 and [384]), for these experiments we selected cells that presented clusters of invadosomes at (at least) two distinct sides of the cell body. As expected,
addition of cgLPA at concentrations up to 2 µM had no discernible effect on actin
in these cells. Localized uncaging of LPA in invadosome clusters resulted in the
selective development of rosettes only in the spots of stimulation (Fig. 5.2A).
Spatial analysis of GFP-actin content showed a concomitant loss of actin in the
opposite cluster(s) (Fig. 5.2A). A single 0.5 s pulse of UV light sufficed to trigger
a rosette which, after a brief phase of expansion, collapsed back into the original
invadosome cluster (Fig. 5.2B). Strikingly, LPA-induced rosette formation did not
desensitize: repeated stimulation of the invadosome cluster evoked development of
rosettes with comparable dynamics for several times (Fig. 5.2B). To exclude the
possibility of receptor-independent effects of cgLPA photolysis, we repeated the
experiment in the presence of the LPA receptor inhibitor Ki16425. Under these
circumstances no formation of rosettes was observed (Supplementary Fig. 5.7).
Thus, development of invadosome rosettes appears to depend on stimulation of
LPA receptors present locally near the invadosome clusters.

Rosettes form preferentially in the direction
of chemotactic migration
Having established that rosettes develop upon local stimulation, we next asked
whether they may develop preferentially in the direction of cell migration during chemotaxis. Apart from inducing rosette formation, LPA is also a potent
chemoattractant for melanoma cells [57, 64]. Indeed, A375M(Src+ ) cells were
dose-dependently attracted by LPA in Boyden Chamber assays (Fig. 5.3A). To
observe possible rosette formation during chemotaxis, we set up a gradient of LPA
on the confocal microscope by repeated photolysis of cgLPA in a region outside of
the cells (Fig. 5.3B). In such a gradient, A375M(Src+ ) cells were seen to migrate
towards the source of LPA (Fig. 5.3B, see also Chapter 4). Strikingly, migrating
cells appeared to produce invadosomes and rosettes predominantly in the direction
of the gradient.
To study this quantitatively, we acquired confocal time-lapse image series of
the ventral membrane of migrating cells during chemotaxis (Supplementary Video
2). Rosettes were segmented based on high actin content and analyzed using polar
plots (Fig. 5.3C). In these plots, the zero axis is defined by the line connecting
the LPA source with the center of the migrating cell. The direction of this axis
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Figure 5.2 – Creation of rosettes upon local stimulation.
A. Representative images showing development of invadosome rosettes upon local LPA stimulation. Cells were incubated with caged LPA and locally illuminated in the center of indicated
clusters with a 405nm laser beam. Scale bar, 15 µm. Graphs show actin signal (normalized to
the initial value) within stimulated and unstimulated clusters/rosettes. Accumulation of actin in
the developing rosettes is accompanied by loss of actin in the unstimulated clusters. B. Repeated
creation of rosettes upon stimulation of a single cluster by locally uncaged LPA. Actin images
show development of rosettes in example cells in 3 subsequent time-lapse experiments with local
stimulations (time between stimulation ∼310s). Graphs show actin signal (normalized to the
initial value) for each stimulation for 3 individual cells (cell 1 is shown in the pictures above).
Scale bar, 10 µm.
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is determined for each individual cell and updated for every frame in the series,
and the direction of rosette formation is determined relative to this axis (for a
detailed description, see Materials and Methods, Analysis of polarized rosettes).
This analysis showed that rosette formation is highly polarized in the direction of
the LPA gradient and, thus, of migration (Fig. 5.3C, Supplementary Video 3).
In contrast, when cells were stimulated uniformly with LPA at the onset of the
experiment no directional preference was observed (Fig. 5.3D). In summary, in
migrating A375M(Src+ ) cells invadosome rosettes are created preferentially at the
leading edges.

Architecture of invadosome clusters and LPA-induced rosettes
at super-resolution

5

We next set out to investigate the structure of invadosome clusters and rosettes in
more detail. Dual-color GSDIM (Ground State Depletion Microscopy Followed by
Individual Molecule Return [392]) was used to visualize the architecture of actin
and localization of invadosome markers. As shown in Fig. 5.4A, the actin-rich
cores of invadosomes within clusters were often irregular in shape. These cores
are embedded in a region in which actin appeared more homogenous, with sporadically discernible small actin fibers. This architecture resembles that reported
for podosome clusters in osteoclasts and monocytic cells [85, 216, 235], although
it appears much less regular.
In LPA-induced rosettes, on the other hand, the (semi-)circular array of invadosome cores were spaced more widely, and in the embedding actin belt short
connecting actin filaments (Fig. 5.4B) were often visible. Strikingly, rosettes of
invadosomes were often accompanied by an adjacent lamellipodium-like structure
with prominent protruding filopodia-like spikes. These lamellipodia-like structures
were not restricted to the periphery of the cell but also extended below the cell
body (Fig. 5.4A). As they strongly resemble the ventral lamellipodia described in
endothelial cells [289] we will refer to them as ventral lamellipodia.
Next, we used dual-color GSDIM to study the distribution of other invadosome components in relation to actin in both invadosome clusters and rosettes.
As expected, we observed distinct spatial distributions for different invadosome
components. Cortactin, a known regulator of actin polymerization, has a strong
preference for the inner centers of actin cores (Fig. 5.4B). On the other hand,
the actin-binding protein alpha-actinin localized to the actin cores, but was not
restricted to inner centers (Fig. 5.4B). The invadosome markers and Src substrates Tks4 and Tks5 [24, 30] were enriched in invadosome actin cores but not
excluded from the surrounding regions as strongly as cortactin and alpha-actinin
(Fig. 5.4B). In contrast, vinculin, which is found in cell-cell and cell-matrix junc112
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Figure 5.3 – Polarized development of rosettes in migrating cells.
A. Migration of A375M and A375M(Src+ ) induced by LPA or 10% FCS in Boyden Chamber
assays detected at 24 h. Graphs show average and SD of n=4 independent experiments. B.
Migration of A375M(Src+ ) GFP-actin cells over 2 h 40 min time period towards the LPA source
(release of LPA from cgLPA in the middle of the field as indicated in the scheme). Scale bar,
20 µm. See also supplementary Video2. C. Polarized creation of rosettes in the LPA gradient.
Left image – an example cell exposed to the LPA gradient (source of LPA is at the right at the
0◦ axis). Rosettes were segmented based on high actin content and color-coded based on the
time of appearance within the experiment (total time, 90 min). Scale bar, 20 µm. Right polar
plot - quantification of creation of rosettes in the example cell (for details see M&M). Lower
polar plot – quantification of rosettes in 22 cells (from 7 independent experiments) exposed to a
LPA gradient (transparent blue). The average response (red) shows strong preference towards the
LPA source (0◦ axis). See also supplementary Video3. D. Creation of rosettes upon uniform LPA
stimulation (5 µM) at the onset of the experiment. Details as in C (17 cells from 5 independent
global stimulation experiments).
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Figure 5.4 – Super-resolution imaging of invadosome clusters and rosettes with ventral lamellipodia.
A. Upper panels, Total Internal Reflection Fluorescence microscopy (TIRF) images showing Factin in clusters in unstimulated cells (1st column) and in rosettes in LPA-stimulated (2nd and
3rd column) A375M(Src+ ) cells. Yellow squares indicate regions imaged by super-resolution
microscopy (GSDIM). Scale bar, 10 µm. Lower panels, super-resolution images of actin in clusters and rosettes. Note that the array of invadosomes within rosettes is accompanied by a
lamellipodium-like region with filopodia. Scale bar, 5 µm. B. Dual-color GSDIM images showing localization of invadosome components and actin within invadosomes present in clusters (ctrl,
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against Tks5-GFP, Tks4-GFP and alpha-actinin-GFP. Scale bars, 1 µm. Representative images
are shown.
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tions, was present in clusters and rosettes but appeared to be excluded from invadosome actin cores (Fig. 5.4B). Finally, the ECM receptor integrin β1 was present
in-between invadosome cores but appeared to have no strong preference for associating with invadosome rings (Fig. 5.4B). Interestingly, we did not observe
differences in the distribution of individual invadosome components between invadosome clusters and rosettes (Fig. 5.4B). Thus, LPA-induced dynamic rosettes
consist of ventral lamellipodia and circular arrays of invadosomes, which share
nanoscale architecture with the stationary invadosomes.

Differential sensitivity of invadosomes and ventral lamellipodia to Cdc42 – N-WASP activity
As LPA-induced rosettes of invadosomes in A375M(Src+ ) cells consist of circular arrays of invadosomes and adjacent ventral lamellipodia, we next set out to
determine whether these two structures are regulated in the same way. Cdc42
activation is necessary for the development of rosettes and we previously reported
that in A375M(Src+ ) cells, overexpression of a dominant negative form of Cdc42
(Cdc42 dn) abrogates development of rosettes [384]. However, detailed analysis
revealed that in cells expressing moderate levels of Cdc42 dn, formation of ventral lamellipodia-like structures could still often be observed (Fig. 5.5A), typically
adjacent to clusters of invadopodia. As the resulting structures only occasionally contain some dispersed invadosomes but lack circularly arranged invadosome
arrays, we called them empty rosettes (Fig. 5.5E).
Can we differentiate between the signals that are essential for formation of
invadosome arrays and those that drive lamellipodium formation? Neural WiskottAldrich Syndrome Protein (N-WASP) is one of the proteins through which Cdc42
controls actin polymerization. To evaluate the role of N-WASP in the development
of invadosome rosettes we expressed an N-WASP mutant that lacks the capacity
to induce actin polymerization (N-WASP ∆VCA) in A375M(Src+ ) cells. These
cells failed to produce clusters of invadosomes and did not develop rosettes upon
LPA stimulation (Fig. 5.5B). However, due to the absence of initial invadosome
clusters it was not possible to unequivocally determine whether rosette-associated
ventral lamellipodia developed in these experiments.
In an attempt to disrupt the Cdc42-N-WASP signaling axis in a more subtle
way we next overexpressed the CRIB domain of N-WASP. This domain is responsible for the interaction between N-WASP and Cdc42 and its overexpression
functions to at least partially sequester active Cdc42 within the cells [393]. Cells
overexpressing CRIB showed a milder phenotype than those overexpressing the
polymerization-deficient N-WASP mutant. In unstimulated cells, clusters of invadosomes were commonly observed. However, when stimulated with LPA part of
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Figure 5.5 – Formation of invadosome arrays depends on Cdc42-N-WASP signaling.
A. Expression of dominant negative Cdc42 (Cdc42 dn) interferes with LPA-induced rosette formation. Representative images of cells expressing Cdc42 dn (green) show either no rosettes (high
Cdc42 dn expressors) or ‘empty’ rosettes (transfected cells with low Cdc42 dn expression, white
arrows). B. N-WASP is necessary for formation of both invadosome clusters and rosettes. Upper
panels, cells expressing a dominant-negative mutant of N-WASP, N-WASP ∆VCA, (anti-myc
staining, green) fail to form clusters. Lower panels, N-WASP ∆VCA- expressing cells (anti-myc
staining, green) do not form rosettes upon LPA stimulation. C. The N-WASP CRIB domain
affects rosette formation upon stimulation with LPA. Upper panels, unstimulated cells expressing
the isolated CRIB domain of N-WASP (anti-myc, green) can create invadosome clusters. Lower
panels, CRIB(N-WASP) - expressing cells (anti-myc, green) form empty rosettes upon LPA. In
panels A-C, 5 µM of LPA was used where indicated, and actin is visualized with the Red Hot
lookup table. Scale bars, 20 µm. D. Quantification of rosettes with invadosomes and ‘empty’
rosettes after LPA stimulation in cells expressing GFP (ctrl), CRIB (N-WASP) or Cdc42 dn.
Quantification was based on n > 3 independent experiments, > 40 cells per experiment. Error
bars indicate s.e.m. One-tailed p-values were determined by Student’s t-test. NS, non-significant;
**, p<0.01; ***, p<0.001. E. Example of an ‘empty’ rosette formed in a cells expressing Cdc42
dn. Left image, TIRF image of the actin cytoskeleton in Cdc42 dn expressing cell upon LPA
stimulation, scale bar 10 µm. Right, SR detail image of the yellow square; scale bar 1 µm. Note
scattered actin-rich invadosome cores. F. ‘Empty’ rosette in cells expressing CRIB(N-WASP)
domain. Technical details as in E.
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Figure 5.6 – A PIP3 -rich ventral lamellipodium leads the array of invadosomes in
LPA-stimulated A375M(Src+ ) cells.
A. Example frames from a time-lapse confocal experiment showing dynamics of an invadosome
rosette and the accompanying ventral lamellipodium. Upper panels, confocal images (green,
actin as detected by LifeAct-mCherry; red, PIP3 detected by pGRP1(PH)-EGFP). Lower panels,
segmentation of the data for rosettes (high actin content, green) and lamellipodia (high PIP3
content, red). Onset of the series is ∼30 min after LPA (5 µM) stimulation. Scale bars, 20 µm.
See also supplementary Video4. B. Cross-correlation analysis between PIP3 and actin (for details
see M&M). Black lines are data for individual cells (n=8), the red line represents the mean of
all analyzed cells. Note that all curves skew to the left, indicating that the actin signal follows
the PIP3 signal in time.

these cells produced empty rosettes (Fig. 5.5C, F) comparable to those formed
in cells expressing dominant negative Cdc42 (Fig. 5.5D). The above observations
suggest that the ventral lamellipodium can propagate independently of invadosome
arrays.

Ventral lamellipodia lead the way
Finally, we were interested in the possible role of ventral lamellipodia in the development of invadosome rosettes. In endothelial cells ventral lamellipodia are
reportedly involved in closing the gaps left by leukocytes migrating through cell
layers. In order to efficiently fulfill this role, they must be very dynamic [289]. To
investigate whether the formation and dynamics of ventral lamellipodia around
invadosomes are correlated with the expansion and lateral movement of rosettes,
we first set out to find a marker that is preferentially enriched in ventral lamellipodia. We previously reported that invadosome rosettes in A375M(Src+ ) cells are
enriched in phosphatidylinositol 3,4,5 trisphosphate (PIP3 ) [384], a signaling phospholipid that is known to stimulate actin polymerization in lamellipodia [394, 395].
To assess the presence of PIP3 in ventral lamellipodia, we expressed pGRP1(PH)EGFP, a PIP3 -specific fluorescently-tagged plecstrin homology domain, together
with the actin marker LifeAct-mCherry, in A375M(Src+ ) cells and performed confocal time-lapse experiments. Indeed, detailed analysis of cells stimulated with
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LPA revealed that PIP3 was abundantly present in the ventral lamellipodia associated with rosettes (Fig. 5.6A and Supplementary Video 4).
Next, we segmented PIP3 -rich (ventral lamellipodium) and actin-rich (invadosome belt) regions of the rosettes in the acquired time series and studied the crosscorrelation between both signals (see Materials and Methods, Cross-correlation
analysis). This analysis showed that PIP3 -rich ventral lamellipodia appear to lead
the way for actin-rich invadosome arrays (Fig. 5.6B) in that they specifically preceded their migration in space. In contrast, a second rosette present in the cell
lacked PIP3 enrichment and disappeared over time. Statistical analysis of results
from eight timelapse series showed that ventral lamellipodia specifically accompany expanding invadosome arrays. Thus, the ventral lamellipodium appears to
lead the way for the developing rosettes.

Discussion

5

We find that LPA-induced invadosome rosettes in A375M(Src+ ) cells are highly
dynamic and consist of circular arrays of interconnected invadosomes that are often
surrounded by ventral lamellipodia. Moreover, our data suggest that the formation of ventral lamellipodia precedes and guides formation and directed movements of rosettes. Invadopodia rosettes and ventral lamellipodia have hitherto
been described as separate structures in different cell types. Spontaneous formation of rosettes has been found in Src-transformed fibroblasts [34, 305], cancer cells
[305, 323] and maturing osteoclasts [79]. Moreover, various other cell types form
rosettes upon stimulation, including bone marrow derived macrophages treated
with the growth factor CSF-1 [386], endothelial cells treated with PKC activating
agents [304], and smooth muscle cells A7r5 co-stimulated with PKC activators
and nicotine [396]. On the other hand, ventral lamellipodia have so far been only
described in wounded endothelial cells where they appear to play a role in closing
the gaps left by transmigrating leukocytes [289].
At first sight, ventral lamellipodia somewhat resemble actin waves, integrindependent adhesive actin fronts that propagate specifically at the ventral membrane of cells including fibroblasts, leukocytes and Dictyostelium discoideum [397–
399]. However, unlike ventral lamellipodia, actin waves do not have a continuous
leading edge or plasma membrane protrusions until they reach the cell periphery
[398].
Rosettes move by creation of new invadosomes at the leading rim and dissolution of invadosomes at the trailing rim [79, 80]. In Src-transformed cells, rosettes
may have a lifespan from minutes to hours [305]. Changes in phosphorylation
[80] or contractile status [305] of cells can alter their dynamic behavior, but the
induction of highly orchestrated and motile behavior by agonists, such as that
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induced by LPA in A375M(Src+ ), has not been observed. In these cells, static
clusters of invadosomes rapidly transform into dynamic rosettes that keep developing and disassembling at the plasma membrane for up to 90 minutes. Similarly,
in maturing osteoclasts clusters of podosomes can also be stable for hours before
spontaneously and rapidly (∼2 µm/min) expanding into rosettes [79]. However,
rosettes in osteoclasts have not been reported to contain lamellipodium-like structures.
LPA is a chemoattractant for melanoma cells, and using UV photolysis of
caged LPA we found that in a gradient of LPA, invadosome rosettes are formed in a
highly polarized manner in the direction of cell migration. In migrating osteoclasts,
podosome rosettes form preferentially in the direction of movement [385] and these
have been implicated in the generation of forces enabling the characteristic 90◦
turns during migration of these cells [11, 385]. Polarized creation of podosomes
has also been described in polarized macrophages [234]. In contrast, formation of
rosettes in Src-transformed fibroblasts appeared not correlated with the direction
of migration [302].
It has been speculated that the dynamic behavior of invadosome rosettes may
play an inhibitory role in degradation of ECM [343]. Static rosettes degrade ECM
in many cell types [303, 304, 396], sometimes more efficiently than individual
invadosomes [305]. Dynamic rosettes in osteoclasts reportedly also degrade ECM
[80], but those formed in metastatic breast cancer MDA-MB-231 cells stimulated
with EGF appear to lack degradative capacity, despite the fact that these cells
are readily capable of producing functional invadopodia [343]. These dynamic
rosettes in MDA-MB-231 may either move too fast to cause visible degradation
of fluorescently labeled ECM components or lack fully functional invadopodia. In
contrast, we previously reported that in some cases, rapidly moving rosettes in
LPA stimulated A375M(Src+ ) left behind a visible trail of degradation [384]. We
hypothesize that alternatively, formation of very dynamic rosettes may present
the cells with an effective manner to survey the ECM environment for weak spots
that may facilitate their migration. Clearly, further studies are needed to describe
the link between invadosome dynamics and matrix remodeling across different cell
types.
The dynamic behavior of the actin cytoskeleton is controlled by the activity
of Rho GTPases like Rac, Rho and Cdc42. In particular Cdc42 appears to play
a major role in the formation of invadosomes and their higher order structures
[304, 400, 401]. Downstream effectors like N-WASP and its hematopoietic family
member WASP are indispensable for formation of invadopodia [18, 43] and podosomes in macrophages [20], respectively. In this study, we confirmed this role
of the Cdc42 – N-WASP signaling axis in the creation of invadosome rosettes in
melanoma cells. We showed that LPA-induced formation of invadosome rosettes
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appears more sensitive to disruption of Cdc42- N-WASP signaling than the development of ventral leading lamellipodia. In general, activation of Rac1 [116]
has been associated predominantly with the protrusion of lamellipodia, whereas
it has been implicated both in disassembly of invadopodia [123] as well as in development of rosettes [343]. In melanoma cells, interfering with Rac1 by either
expression of a hyperactive Rac1 mutant or knockdown of wild-type Rac1 disrupts
normal formation of invadopodia and reduces ECM degradation [402]. One mechanism of Rac1 activation is through PIP3 -sensitive exchange proteins like P-rex
[403]. We observed enrichment of PIP3 specifically in the ventral lamellipodia
that accompany invadosome rosettes. However, we previously found [384] that
LPA stimulation of A375M(Src+ ) cells leads to a transient drop in Rac1 activity, at least when measured at the whole cell level. Finally, Rho signaling has
been implicated in both formation of lamellipodia and dissolution of invadosomes
[276, 404]. The involvement of different Rho GTPases in the functioning of invadosomes and rosettes significantly complicates the story. Similarly, all three Rho
GTPases play a major role in the development of lamellipodia, with RhoA initiating the structure and Rac1 and Cdc42 being involved in its stabilization [130].
The detailed disentanglement of these signals is not within the scope of this study.
Our super-resolution microscopy studies into the internal architecture of invadosomes that are present either in clusters or in rosettes did not reveal gross
differences in the localization of major invadosome markers. Cortactin localized
to the center of the actin cores, in agreement with previous studies [184, 405].
A-actinin also localized to the invadosome cores but was seen to cover somewhat
larger areas and appeared to be slightly excluded from the most central regions.
Interestingly, α-actinin was previously reported to localize to either the podosome
core in osteoclasts [216] or to the podosome ring in smooth muscle cells [172].
Vinculin appeared excluded from the invadosome core, in agreement with the organization reported previously in podosomes [85, 405], while the distribution of
integrin β1 resembled that of integrin αMβ2 in the podosomes of dendritic cells
[85]. Finally, the localization of Tks4 and Tks5 follow that of actin in invadosomes,
with no preference for the central or peripheral regions of the cores. Recent superresolution studies indicate that the classical core-ring invadosome model is too
simple [85, 87]. For example, invadosome ‘rings’ actually appear to consist of a
series of discrete domains, and many invadosome proteins have their own distinct
localization patterns. Our studies underpin this notion and strongly suggest that
the internal architecture of invadosomes seems to be preserved in different cells,
as well as between invadosome clusters and rosettes.
In summary, we combined live-cell imaging, super-resolution microscopy, automated image analysis and localized UV photolysis to characterize the response
of A375M(Src+ ) cells to LPA. Our data show that invadosome rosettes associate
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with ventral lamellipodia in a highly dynamic joint response to the chemotactic
agent. Several questions remain to be answered. For example, how is coordination
between invadosome rosettes and ventral lamellipodia controlled? Is there a mechanical link between the two, or alternatively, are biochemical cues present in the
expanding lamellipodia that favor formation of invadosomes? Can this response
be generalized to other cell types? Further studies linking the dynamic behavior of rosettes to their degradative capacities across different cell types are also
warranted.

Materials and methods
Reagents, plasmids and antibodies
Reagents used: LPA (Oleoyl-L-α-lysophosphatidic acid sodium salt), sodium borohydrate (NaBH4),
fatty acid free BSA - from Sigma-Aldrich (St. Louis, MO, USA). Lipofectamine2000, PhalloidinAlexa647 from Invitrogen – Molecular Probes (Eugene, OR, USA). Phalloidin was prepared as methanol
solutions. Dulbecco’s MEM, DMEM/F12 (no phenol red), fetal calf serum, penicillin and streptomycin
- from Life Technologies – Invitrogen. Ki16425 inhibitor from SantaCruz Biotechnology. Diff-Quick
stain kit from Medion Diagnostics. Plasmids were described previously: N-WASP ∆VCA (amino acids
1-446) and GBD(CRIB) (amino acids 200-273) [406], Cdc42 dn mutant [407], pGRP1(PH)-EGFP
[107]. Tks5-eGFP and Tks4-GFP construct were a gift from prof. Sara Courtneidge, α-actinin-GFP
was a gift from dr. Jeroen Middelbeek. The following primary antibodies were used: cortactin 1:200
(Millipore), vinculin 1:400 (Abcam, Cambridge UK ) , integrin β1 (ts2/16 from hybridoma, a gift from
prof. Arnoud Sonnenberg, NKI Amsterdam), anti-GFP antibody (a gift from prof. Geert Kops, UMC
Utrecht), c-myc (9E10, Covance Research Products); secondary antibody: goat-anti-mouse Alexa 532
IgG 1:200 (Molecular Probes).

Cells and transfections
A375M (A375M(Src+ ), A375M(Src+ ) GFP-actin) cells were cultured in DMEM (10% FCS) and antibiotics (penicillin and streptomycin), in 5% CO2 ,37◦ C. Cells were transfected using Lipofectamine2000.
A375M(Src+ ) and A375M(Src+ ) GFP-actin were described previously [384].

Migration assay
Cell migration was measured in a 48-well chemotaxis chamber (Neuro Probe, Inc.) with upper and lower
compartments divided by an 8 µm-pore polycarbonate membrane coated with fibronectin (10 µg/ml).
50.000 cells were added in upper compartment while LPA or FCS were added to the lower compartment.
Fatty acid-free BSA (1 mg/ml) was used as lysophospholipid carrier. Migration was measured after 24
or 40h (with no relative differences observed) . Migrated cells were fixed in Diff-Quik Fix and stained
using Diff-Quik II. Migration was quantified by intensity measurements of scanned membranes using
Fiji [352]. Experiments were repeated 4 times with 2 wells/condition (>7 spots/condition were used
for quantification).

Live-cell imaging
Cells were seeded on uncoated glass coverslips (24 mm, # 1.5) for 24-48 h in DMEM (10% FCS) and
serum starved >2 h before stimulations. DMEM-F12 was used as imaging medium. Cells were kept
at 37◦ C in a humidified chamber 5% CO2 during imaging. Images were taken with a Leica TCS SP5
confocal (Leica Microsystems) equipped with 63x 1.4 N.A. oil-immersion objective, using LAS-AF and

121

5

Chapter 5

MatrixScreener acquisition software. The pinhole was adjusted to 1.5 A.U. and focus was set to the
ventral membrane of the cells. No photobleaching or phototoxicity was observed during imaging.

Super-resolution microscopy

5

Cells were seeded and cultured on # 1.5 uncoated coverslips. After indicated treatment cells were
washed with PBS, incubated in 0.3% Glutaraldehyde + 0.25% Triton in cytoskeleton buffer (10 mM
MES pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, and 5 mM MgCl2) for 2 min (RT) and
subsequently incubated with 0.5% glutaraldehyde in the same buffer for 10 min RT. The samples were
treated with 0.1% NaBH4 in PBS (freshly prepared) for 7 min RT to quench glutaraldehyde [408].
Samples were washed with PBS and blocked with 5% BSA for at least 1 hour at RT. Actin staining was
with Alexa-647-Phalloidin 0.6U in 5% BSA in PBS. Primary antibodies against invadosome components
(vinculin, integrin β1 and cortactin) and GFP (to detected GFP-tagged Tks4, Tks5 and α-actinin)
(see immunofluorescence section) were detected with secondary antibodies coupled to Alexa532. Cells
were imaged in the presence of an Oxygen Scavenging System (OSS; 10% Glucose, 0.5 mg/ml Glucose
Oxidase, 40 µg/ml Catalase, 100 mM MEA). Imaging was carried out on a SR-GSD 3D [392] microscope
(Leica Microsystems) equipped with an HCX PL APO 160x NA 1.43 objective, 488 nm, 532 nm and
642 nm lasers and an EM-CCD camera (iXon DU-897, Andor). Images were taken in TIRF mode
at 100 frames per second. Colors were sequentially imaged in decreasing wavelength order. The
epifluorescence filter cube (642HP-T) for imaging with the 642 nm laser consisted of an excitation
filter (zet405/642x), a dichroic mirror (t405/642rpc) and emission filters (et710 100lp and ET650LP).
The epifluorescence filter cube (532HP-T) for imaging with the 532-nm laser consisted of an excitation
filter (zet405/532x), a dichroic mirror (t405/532rpc) and emission filters (et600/100m and ET550LP).
Acquired images were post processed and corrected as follows. First, a temporal median filter
for structured background correction was applied [409] to the raw blinking movies using home-built
software (available on request). The background subtracted movies were processed using the imageJ
[410] plugin ThunderSTORM [411]. Drift in XY direction was corrected using Thunderstorm. Images
were rendered with a final pixel size of 20 nm using only localizations of high localization precision.
Chromatic aberration was corrected using an affine transformation matrix constructed with the ImageJ
plugin Image Stabilizer [412] from 0.1 µm diameter Tetraspec microspheres (Invitrogen) images.

Caged LPA
Concentration of cgLPA and amount of light (405nm) used for uncaging varied between the experiments
depending on desired strength of stimulation. Unless indicated differently, 1 µM cgLPA was used.
Development of local rosettes (Fig. 5.2A) – parked laser beam (1.8 µW) within the invadosome clusters
for 500ms in the presence of 2 µM cgLPA. Repeated stimulation (Fig.5.2B) – uncaging within a square
of 8x8 µm containing invadosome cluster (8.3 µW, 2.5 s), time between stimulations 5 min. Migration
of cells (Fig.5.3B) - uncaging within a square of 20x20 µm in the center of the field of view every 40s
(30 µW pulses of 20 ms). Polarized rosettes (Fig. 5.3C) - uncaging within a square of 20x20 µm in the
center of the field of view every 40s (30 µW pulses of 20 ms) or in the square of 16x16 µm every 30s
(30 µW pulses of 20 ms). These series didn’t show any difference and therefore were pooled together
for the analysis of polarized rosettes.

Dynamic rosettes – image acquisition and analysis
The dynamics of rosettes were derived from confocal live cell time lapse series (45 s interval) of GFPactin expressing cells. 6 fields of view were followed simultaneously within a single experiment using
MatrixScreener software. Focus was set to the ventral membrane of the cells. Image analysis procedures
were implemented in Fiji [352]. After removal of image position jitter (ImageJ ImageStabilizer plugin
[412]) and smoothing by Gaussian blur, rosettes were segmented based on high GFP-actin signal with
manual threshold adjustment. Rosette dynamics was measured as the surface area of the exclusive
disjunction (XOR) of subsequent images. At least 3 independent experiments were analyzed for every
condition (in total the average curves present response of 18 f.o.v./condition, 5-10 cells per /f. o v.,
>100 cells/condition).
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Polarized rosette formation
To quantify the polarized development of rosettes in A375M(Src+ ) cells in a gradient of LPA, seven
independent time-lapse experiments were analyzed. In each experiment a sparse group of cells was
selected surrounding an empty spot in which LPA was repeatedly released from cgLPA to create a persistent gradient. Images of cells were taken every 10 s for 1.5 h (540 images total). For analysis only cells
creating rosettes were selected analyzed (22 cells analyzed). Both cells and rosettes were segmented by
manual thresholding of the actin signal. The masks corresponding to cells and rosettes were transformed
into polar coordinates using Fiji Polar Transformer plugin (http://rsb.info.nih.gov/ij/plugins/polartransformer.html). The zero axis was determined for every cell in every frame separately as the line
that links the center of mass of the analyzed cell to the LPA uncaging spot. Peripheral rosettes where
emphasized in the analysis by multiplication of the cell mask with a radial gradient with the cell center
equaling zero, and the far protrusions of the cell periphery set to one. For every angle the values of
pixels present in the rosette mask were summed, yielding an array of 360 measurements. The procedure
was repeated for every image frame, producing a matrix of 360 (number of angles) by 540 (number of
frames) measurements. Finally, the results were displayed in polar coordinates as a single line per cell
representing a sum of all frames for every angle normalized to the sum of all measurements.

Cross-correlation analysis of the appearance of rosettes (actin)
and ventral lamellipodia (PIP3 )
To quantitate the temporal relationship of trailing invadosome rosettes and leading ventral lamellipodia, time-lapse series of actin (LifeAct-mCherry) and PIP3 (pGRP1(PH)-EGFP)) present at the basal
membrane were acquired in confocal experiments. Cells were starved for 6 h and then stimulated with
LPA (5 µM). Individual cells were selected based on the creation of rosettes with a visible ventral lamellipodium and imaged between 0 and 45 min after LPA stimulation for at least 10 min every 10s. The
intensity of both channels was then normalized to correct for possible bleaching. The series were subsequently processed with Rolling Ball Background Subtraction Filter (ImageJ) and segmented to create
masks of rosettes and ventral lamellipodia with user-adjusted thresholds. Temporal cross-correlation
of the masks corresponding to lamellipodia and rosettes was carried out by step-wise shifting of only
one of the image series over the indicated time range (- 200 to + 200 s), and the magnitude of cross
correlation was expressed as the integrated overlap in area between both masks, normalized to the
total actin signal coming from that time window.
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Supplementary Material
Supplementary Figure
uncaged LPA

ctrl

before
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5

Figure 5.7 – LPA released from cgLPA acts through LPA receptors.
A375M(Src+ ) GFP-actin cells before (left column) and after (right column) LPA uncaging
(405nm, whole field of view illumination). Upper panels – control, lower panels - LPAR inhibitor, Ki16425. Cells develop rosettes only in the absence of the inhibitor (white arrows in the
upper right panel). Scale bar, 20 µm.
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Supplementary Videos
For the following supplementary videos, the reader is directed to the OSF storage:
https://osf.io/42frx/?view_only=b42cf0cfad614d7482a1e724673c4255
Video1. Quantification of rosettes dynamics.
A375M(Src+ ) GFP-actin cells were seeded on glass coverslips for 48 h, serum
starved before the experiment for 3 h and the basal actin cytoskeleton was imaged every 45 s. In unstimulated cells stable invadosome clusters are visible at the
periphery. After 5 min of baseline acquisition, cells were stimulated with 5 µM
LPA. Invadosome clusters and rosettes were segmented from the images as regions
of high actin signal (semi-transparent red overlay on top of the grey scale actin
signal) and the total changed area of the segmented regions between subsequent
frames was quantified (see Figure 5.1). The graph (right) represents data from the
example movie (left). Timer (upper left corner) indicates min:s. Scale bar, 20 µm.
Video2. Rosettes and cell migration in LPA gradient.
A375M(Src+ ) GFP-actin cells migrating towards LPA uncaged upon repeated illumination of the center of the field of view. Cells were starved overnight before
the onset of the experiment. Timer (upper left corner) indicates h:min. Scale bar,
25 µm.
Video3. Quantification of polarized rosette formation.
A375M(Src+ ) GFP-actin cells were exposed to LPA gradient created by repeated
uncaging of LPA in the middle of the field of view (indicated by the black square).
Rosettes in individual cells were segmented based on high actin content and visualized with different colors. Polar plot in lower right corner shows quantified
signal from segmented rosettes in every frame (as opposite to figure 5.3C where
average signal from 90 min experiment is presented). Note that for every cell axis
0◦ is defined as a line linking LPA source with their center of mass. Timer (upper
left corner) indicates h:min:s. Scale bar, 20 µm.
Video4. PIP3 -rich ventral lamellipodium leads the way.
Time-lapse confocal experiment showing basal membrane of A375M(Src+ ) cell
expressing LifeAct-mCherry (green) and pGRP1(PH)-EGFP (red) producing dynamic invadosome rosettes. LPA stimulation (5 µM) ∼30min before the onset of
the experiment. Note that PIP3 -rich region marks ventral lamellipodium that is
not restricted to the cell periphery and defines the direction of development for
the rosette. Timer (upper left corner) indicates min:s. Scale bar, 20 µm.
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Abstract
We developed single-image FLIM, a method to acquire quantitative lifetime images from just a single exposure. siFLIM takes advantage of a new generation
of dedicated cameras that simultaneously record two 180◦ phase-shifted images
and allows for video-rate lifetime imaging with minimal phototoxicity and bleaching. siFLIM is also inherently immune to artefacts stemming from rapid cellular
movements and signal transients.
129

Chapter 6

Introduction

Fluorescence Lifetime Imaging Microscopy (FLIM) records the fluorescence lifetimes τ of fluorophores. FLIM is an intrinsically quantitative technique with many
applications in cell biology, including detecting the lifetime of so-called ’FLIM reporter dyes’, which report on local physicochemical parameters such as pH, ionic
strength, radical stress or membrane potential [413–416]. FLIM is also a robust
detection method for Fluorescence Resonance Energy Transfer (FRET) [417, 418].

6

One technique to image fluorescence lifetimes is frequency-domain FLIM (fdFLIM) [134]. In fdFLIM, which is commonly implemented on wide-field microscopes, the intensity of the excitation light is modulated at high frequency, typically tens of MHz for lifetimes of a few nanoseconds [419, 420]. Consequently, the
sample emits modulated fluorescence signals that lag behind in phase and exhibit
diminished modulation depth due to the finite lifetime of the fluorophores (Supplementary Fig. 6.4a). The phase shift ϕ and demodulation M of the fluorescent
signal can be calculated using a set of images taken at regularly spaced detector
phases (φ) using a CCD camera equipped with electronically modulated image
intensifier (Supplementary Fig. 6.4b-e). Sample fluorescence lifetimes for each
pixel can then be calculated based either on the phase shift (τϕ ) or on the demodulation (τmod ) [420]. Minimally three phase images are required, but for reasons
of accuracy, typically 12 images are recommended. While fdFLIM is generally
quantitative and robust, improvements are needed in terms of photon efficiency
and speed. Moreover, sequential acquisition of the phase images may give rise to
artefacts due to incoherent phase data, e.g. when imaging rapidly moving vesicles
(a movement artefact) or fast changing signals (a transient-artefact).
Recently, we and others developed dedicated all-solid-state cameras with onchip phase-sensitive detection that simultaneously record two images shifted by π
radians in phase (Supplementary Fig. 6.4f-h) [421–423]. These cameras are much
simpler and have better spatial resolution than intensifier-based systems; they
are resilient to overexposure and decode the high-frequency phase- and amplitude
information with twice the light efficiency. In this report we use our ModulatedFLIM camera (MEMFLIM) to demonstrate that with a simple calibration, acquisition of a single frame suffices to quantitatively track lifetime changes in live-cell
time-lapse experiments. This approach, which we named single-image FLIM (siFLIM), eliminates motion artefacts and transient artefacts from calculated lifetimes because the π-shifted image pairs needed to calculate lifetimes are recorded
simultaneously.
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Figure 6.1 – siFLIM time-lapse experiment.
a. Phase-pair image and the corresponding siFLIM image of HeLa cells expressing a cAMP
FRET-FLIM sensor. Red and green bars indicate the two registers of the MEMFLIM camera
(see also Supplementary Fig. 6.4). Scale bar, 10 µm. b. Lifetime of the cAMP sensor in the
encircled cell in a, as determined from MEMFLIM time-lapse image series from six different
(30◦ -spaced) phase pairs. For comparison, the 12-phase time-lapse fluorescence lifetimes (τϕ as
calculated by 12-phase fdFLIM from the same data) are shown in black. The gray dotted line
is a sigmoidal fit through the combined data of 12-phase + one siFLIM lifetime. The bottom
panel (residual traces, i.e., the difference between the fit and the six siFLIM traces) shows that
siFLIM-recorded lifetimes remain within 0.5% of those gathered by 12-phase acquisitions. c.
Quantification of residuals, i.e., bias + RMS noise value for the six siFLIM data traces and the
12-phase lifetime data. Data are compared to the fit.

Results
To demonstrate calculation of siFLIM, 12-phase image stacks were recorded as 6
MEMFLIM image pairs from a cell expressing a dedicated FLIM-FRET sensor for
cAMP [424] (Figure 6.1). At t = 15 s the cell was stimulated with cAMP-raising
agents IBMX and Forskolin, causing a drop in FRET and, thus, an increase in lifetime. In such a time series, siFLIM lifetimes can be calculated for every π-shifted
image pair, along with conventional 12-phase lifetimes for comparison (See Materials and Methods, Calculation of siFLIM data). Calculation of siFLIM lifetimes
is straightforward. First, for each 180◦ phase-shifted image pair the normalized
e (i.e., the difference in intensity between the two phase images dicontrast I(t)
vided by their summed intensity) is calculated (Fig. 6.1a)[425]. Subsequently, the
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e is computed as the change relative to the
differential normalized contrast ∆I(t)
e = 0). Analysis showed that for most choices of detector phase
starting values I(t
e and conventional 12-phase lifetime τϕ [420] can
Φ the relationship between ∆I(t)
be well-approximated by a linear function for a broad range of sample lifetimes
(see Supplementary Fig. 6.4 – 6.9, and Supplementary Note 1). Thus, for a given
Φ a simple two-point calibration suffices to determine the relationship between
e and 12-phase τϕ . For this calibration, two 12-phase lifetimes are taken at
∆I(t)
any time points t1 and t2 that exhibit different lifetimes, e.g. at the onset of the
experiment and at the end, or even from a different experiment. As Figure 6.1
shows, the siFLIM lifetimes are in almost perfect agreement with the 12-phase
data, deviating by only 10 ps (< 0.5%, combined bias and noise) over a wide
range of Φ. However, a proper choice of Φ remains crucial. In Supplementary
Note 2, we show for various commonly encountered experimental configurations
how to select Φ so as to optimize siFLIM in terms of accuracy and signal-to-noise
ratio.

6

To show how well siFLIM works we imaged Ca2+ levels in HeLa cells (Fig.
6.2a,b; Supplementary Video 1). After addition of histamine, which triggered
increases in Ca2+ levels that may rise from baseline to micromolar levels within
1 second, we observed tiny oscillations in Ca2+ levels ( 2.5 s periods) [426, 427].
Such small and rapid transients would go completely unnoticed when recorded by
conventional fdFLIM. In the lifetime kymograph (Fig. 6.2b), the vertical lines
of the oscillations are observed to bend slightly to the right, indicating that the
Ca2+ oscillations originate near the plasma membrane and then travel towards
the nucleus (see also Supplementary Video 1). Note that, like conventional FLIM,
siFLIM is insensitive to the severe loss of fluorescence due to ongoing leakage of
dye and bleaching.
Histamine receptors desensitize rapidly after exposure to their ligand [428]. To
investigate whether the complex response in cytosolic Ca2+ levels reflects changes
in receptor activity, e.g. due to ongoing receptor desensitization, we prepared a
novel FLIM sensor that records activity of the G-protein Gαq (see Methods). In
this dedicated FLIM sensor, the donor mTurquoise2 transfers energy to the nonfluorescent YFP mutant sREACh [429]. Following addition of histamine siFLIM
recorded a lasting increase in lifetime (from 3.16 ± 0.02 ns to 3.32 ± 0.02 ns)
in cells expressing the Gq FLIM sensor, indicating sustained activation of the Gprotein (Fig. 6.2c). The onset of this response was extremely rapid, with full
activation typically in 1 s and in some experiments as fast as < 0.5 s. Neither
oscillatory Gαq activity nor desensitization were observed in our experiments.
We next set out to characterize siFLIM performance under the most challenging
conditions. Figure 6.3a shows spontaneous regenerative Ca2+ action potentials in
cultured HL-1 cardiomyocytes [430]. Such Ca2+ transients are likely the fastest
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Figure 6.2 – siFLIM detection of histamine-induced alterations in Gαq activation
and Ca2+ concentration in cultured HeLa cells.
a. Intensity traces of the image pair at Φ = 60◦ are recorded with the MEMFLIM camera from
Oregon Green BAPTA1-loaded cells. Cells are stimulated with histamine (t = 20 s) and with
ionomycin (t = 210 s), followed by addition of extra Ca2+ (3 mM at t = 220 s). Sampling rate
is 6 Hz. b. The siFLIM fluorescence lifetimes corresponding to the traces shown in a. The inset
shows a zoomed-in view of Ca2+ oscillations (interval of 2.5 s) that are clearly resolved at 6
Hz. The lower panel shows a kymograph of siFLIM values taken along the line indicated in a. c.
Lifetime changes following dissociation of the heterotrimeric G protein Gq . Cells were stimulated
with histamine. Right, detail of the rising phase, showing fast activation of Gαq .
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Figure 6.3 – Pushing siFLIM to its limits.
a. Spontaneous Ca2+ spikes in HL-1 cardiomyocytes sampled at 20 Hz. At t = 135 s, ionomycin
(1 µM) is added. Calibration is with 5 µM ionomycin and 3 mM Ca2+ (t = 200 s). b. Left
and middle panels are taken from a. In right panel, transient artifacts (arrows) are detected by
12-phase fdFLIM analysis (from six MEMFLIM image pairs; red trace), not in siFLIM analysis
(black trace). c. Left, lifetime of mTurquoise2 in motile intracellular vesicles in U2-OS cells
resulting from 12-phase FLIM (top; note spurious lifetime values) and siFLIM (bottom). Scale
bar, 500 nm. Right, quantification of 12-phase FLIM and siFLIM lifetimes of motile vesicles
(>70 per condition) with (Chloro) and without (ctrl) chloroquine. d. Lifetimes (12-phase FLIM
and siFLIM values) and FRET efficiency of vesicles containing either GFP-Rab7 alone or GFPRab7 and mRFP-RILP (see Supplementary Video 2). Left, lifetime data (>800 per condition)
in motile vesicles. Right, FRET efficiency (1 - τGF P &RF P /τGF P ) in motile (+) and nonmotile
(-) vesicles (mean ± s.e.m.). All box plots depict median value, first and third quartile and s.d.
(whiskers). ***P < 0.001.

134

siFLIM

changes in cytosolic messenger levels described, and indeed siFLIM is fast enough
to record them without artefacts (Fig. 6.3b) even when cells were stimulated
with a low concentration of ionomycin to increase the beating rate by 5-fold.
In contrast, if at all detected by conventional multi-phase FLIM, fast transients
may lead to erroneous values (spike-like transient artefacts, Fig. 6.3b). It is also
noteworthy that the high photon efficiency of siFLIM allowed recording from these
very light-sensitive cells for prolonged times.
Another quite challenging experiment is to follow lifetimes (or FRET) of fluorescent reporters that move rapidly within cells. For example, we followed chloroquineinduced pH changes by recording lifetime changes of a reporter construct (see
Materials and Methods) in vesicles. Endocytic vesicles may travel up to 3 µm/s
in U2-OS cells [431], generating marked ‘motion artefacts’ in calculated lifetime
when imaged by conventional FLIM (Fig. 6.3c, left panels). In contrast, our
siFLIM lifetimes, even though attained with six-fold less exposure, appeared completely immune to such motion artefacts (Fig. fig:siFLIM3c), dramatically reducing spread and readily revealing a significant effect of chloroquine treatment (3.29
± 0.04 versus 3.83 ± 0.03 (mean ± SEM), n>70, p<0.001). siFLIM also proved
superior to detect interactions between separate proteins in motile vesicles. For
example, the interaction between RILP and Rab7 is essential for recruitment of
late endocytic vesicles to the dynein motors that transport them rapidly along microtubules [432]. Previously, in FLIM and ratiometric detection of FRET between
GFP-RILP and mRFP-Rab7, data from fast moving vesicles had to be excluded
[432], possibly biasing the results by selection of an immotile subpopulation close
to the Golgi complex. Again, in those moving vesicles siFLIM recorded a statistically significant difference in lifetime between control cells and cells expressing
both constructs (Fig. 6.3d) where 12-phase FLIM analysis failed due to high variance. The apparent negative FRET efficiency for motile vesicles in the 12-phase
lifetimes originates from extreme lifetime values, which caused the average lifetime
in FRET vesicles to be larger than that of GFP. In conclusion, siFLIM is immune
to transient- and movement artefacts and enables quantitative functional imaging
microscopy with a time resolution down to 50 ms.

Discussion
Fast readout of FRET biosensors has hitherto been mainly the domain of intensity
ratio imaging, but siFLIM presents an attractive alternative. siFLIM capitalizes
on the ability of new cameras such as the MEMFLIM to collect two π-shifted phase
images simultaneously. We have shown by mathematical analysis, computer simulations and experimentation that with a simple calibration, siFLIM reliably tracks
lifetimes over a range wide enough to cover the vast majority of FRET sensors.
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siFLIM has the advantages of true lifetime imaging, i.e. it is quantitative, does not
suffer from beamsplitter-related pixel shifts or wavelength-dependent focal differences, and is resistant to fluorophore bleaching, light scattering or inner filtering
effects. Moreover, siFLIM is not affected by frame-to-frame noise related to instrumentation and biological fluctuations (see also Supplementary Fig. 6.10 and
Supplementary Discussion). Aimed at timelapse experiments, siFLIM has several
advantages over conventional fdFLIM in that it completely eliminates motion artefacts and transient artefacts, and it allows for video-rate lifetime recording over
prolonged times and with minimal exposure.

6

Given that the vast majority of biosensors are read out by FRET changes, the
pressing need for faster FLIM systems is reflected in the number of publications
documenting efforts to achieve fast time-domain (see Supplementary Discussion)
and frequency-domain [433, 434] FLIM. siFLIM builds on early instrumentation
and analysis algorithms reported by Schneider and Clegg [425]. These authors first
proposed the normalized-differences method (see Materials and Methods eq.6.2) to
provide fast lifetime contrast. Based on two consecutively acquired phase images,
their approach lacked siFLIM advantages like immunity to motion- and transient
artefacts and ultimate photon efficiency. Esposito and colleagues [422] first pointed
out the potential of phase-pair cameras for FLIM detection and used a Swiss
Ranger low resolution distance-sensitive camera to record single-shot normalized
phase-pair differences at video rate. They also demonstrated immunity to motion
artefacts by imaging a fluorescent bead during rapid lateral translation. The rather
limited resolution of the camera, and the fact that no attempt was made to relate
normalized differences to conventional fdFLIM lifetimes τϕ or τmod perhaps are
the reasons that normalized differences have seen no follow-up in the life sciences
literature.
Nonetheless, siFLIM stands out among these methods. The (essentially) singlechip solution provided by the MEMFLIM camera is mechanically simple, very
photon efficient and does not require hardware tuning when different lifetimes
are to be detected. The above features also make siFLIM the method of choice
for integration with optical sectioning approaches including spinning-disk confocal systems and total-internal reflection microscopy, as well as with Structured
Illumination super resolution Microscopy (SIM) and Selective Plane Illumination
Microscopy (SPIM). siFLIM also readily takes advantage of a new generation of
dedicated FLIM sensors that feature dark acceptors [424, 435]. Dark acceptors free
up part of the spectrum, allowing wide-band detection of the donor emission for
increased signal-to-noise ratio (SNR) and opening up possibilities for simultaneous
detection of more than one FRET pair in a single cell.
It should be noted that siFLIM cannot fully replace multi-phase fdFLIM analysis. For example, conventional analysis remains the method of choice for robust
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’single-button’ quantification in large series of cells or with widely differing lifetimes. In addition, high-end fdFLIM applications such as multi-frequency analysis
of complex fluorescence decays [436], and polar-plot analysis [437] will remain the
exclusive domain of conventional fdFLIM. However, for live-cell time lapse experiments siFLIM is a uniquely powerful tool because of its excellent SNR, photon
efficiency, speed and unique immunity to lifetime artefacts.

Materials and methods
Calculating siFLIM data
Upon excitation with sinewave-modulated light, the intensity of an image acquired
by a phase-sensitive detector with detection phase set to Φ follows:
I(Φ) = I0 (1 + M sin(Φ + ϕ))

(6.1)

with steady-state signal I0 , lifetime-induced phase shift Φ and modulation depth
M [438]. Using two images of a single MEMFLIM exposure, I(Φ) and I(Φ + π),
the normalized phase-pair contrast Ie is defined as:
e t) = I(Φ) − I(Φ + π)
I(Φ,
I(Φ) + I(Φ + π)

(6.2)

e is calculated:
Subsequently, differential normalized contrast ∆I(t)
e t) = I(Φ,
e t) − I(Φ,
e t = 0)
∆I(Φ,

(6.3)

∆Ie depends on phase shift and demodulation of the signals and thus encodes information on changes in (complex) sample lifetime, but it effectively rejects lifetimeindependent intensity changes such as bleaching or dye leakage (see Supplementary
Fig. 6.4).
As the relationship between the differential contrast and the commonly used
τϕ can be approximated as linear (see Supplementary Figs. 6.4 - 6.9 and Supplementary Note 1), we define a linear calibration to calculate τsiF LIM :
τsiF LIM = τ12−phase,t=0 + c∆Ie

(6.4)

with calibration coefficient c:
c(Φ) =

τ12−phase,t2 − τ12−phase,t1
Iet2 (Φ) − Iet1 (Φ)

(6.5)

where τ12−phase,t1 and τ12−phase,t2 are 12-phase lifetimes at any time points t1 and
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t2 that exhibit different lifetimes.

Cell culture
HeLa cervical cancer cells (ATCC) and U2-OS osteosarcoma cells, a gift from J. Neefjes, were grown
in Dulbecco’s Modified Eagle Medium (DMEM, PAA Laboratories, Austria) supplemented with 10%
FCS and penicillin, streptomycin and L-glutamine (Invitrogen, USA). HL-1 murine cardiomyocytes
[430], a gift from W.C. Claycomb, were grown on gelatin-fibronectin-precoated flasks in Claycomb
medium (Sigma-Aldrich) supplemented with 5% (HL-1 approved) FCS, penicillin–streptomycin (100
µg/ml), norepinephrine (0.1 mM) and 2 mM L-glutamine. Cells were cultured at 37◦ C in a 5% CO2
incubator. Cells were free of mycoplasma, as tested with MycoAlertTM Mycoplasma Detection Kit
(Lonza). After plating on 24-mm cover slips, cells were transiently transfected with 1 µg cDNA and
3 µg polyethylenimine (Polysciences, USA). 1–3 days after transfection the fluorescence lifetime was
measured with FD-FLIM and/or MEMFLIM.

FLIM

6

FLIM data were obtained with LI-FLIM software (Lambert Instruments, the Netherlands), modified by
the company to be able to grab data from the MEM-FLIM3 digital CCD-camera.12-phase MEMFLIM
stacks were acquired in conventional FLIM mode of the software, whereas for siFLIM, images were
acquired in ‘live-cell’ mode of the LI-FLIM software. The phase could be set to arbitrary values by
means of a separate driver. The camera was attached to the microscope (Leica DMIRE2, Germany)
using an optical zoom adaptor and cells were imaged with a 63x, N.A. 1.3 glycerine-immersion objective.
For CFP donors, a 442-nm 1W LED was modulated at 40 MHz, and emitted light (480 ± 15 nm)
was collected from selected cells expressing the FRET constructs. For the Oregon Green dye a GFP
filter cube was used (excitation 470 nm/40, dichroic 500 nm, emission 525 nm/50) and excitation was
with a 1W 470 nm LED. Reference solutions containing either Erythrosin B (τ 0.069 ns at 37◦ C) or
Rhodamine6G (τ 3.83 ns at 37◦ C; Sigma-Aldrich) were recorded with an I3 filtercube (Leica).

Imaging of cells
Cells were imaged in HEPES-buffered saline (140 mM NaCl, 5 mM KCl,1 mM MgCl2, 1 mM CaCl2,
10 mM glucose and 10 mM HEPES, pH 7.4) at 37◦ C. cAMP measurement (Fig. 6.1). In this experiment, 12 phases were detected as 6 (180◦ -spaced) image pairs, allowing calculation of siFLIM
and 12-phase FLIM for the same timelapse data. HeLa cells expressing cAMP FRET-FLIM sensor
(mTurquoise2-EPAC-black cpVenus-black cpVenus)[424] were treated with cAMP-raising agents 100
µM IBMX (Calbiochem-Novabiochem Corp., USA) and 25 µM Forskolin (sc-3562, Santa Cruz Biotechnology, USA). Calcium measurements (Fig. 6.2a,b). HeLa cells were serum starved for four hours,
loaded with Oregon Green BAPTA-1-acetoxy-methyl ester (O-6807, Invitrogen, USA) for 30–60 min
and washed twice with PBS before imaging. 10 nM Histamine (Sigma-Aldrich) was used to induce
oscillations in intracellular Ca2+ concentrations and ionomycin (Invitrogen) was added at 5 µM with
4 mM excess calcium for endpoint calibration. Gq measurements (Fig. 6.2c). HeLa cells were cotransfected with the biosensor and the mCherry-tagged Histamine 1 receptor one day before performing
the experiment. The Gq biosensor consists of Gαq -mTurquoise2 and sREACh-Gγ2 (sREACh was
a gift from R. Yasuda, Addgene plasmid # 21947), separated by an IRES sequence (sREACh-Gγ2IRES-Gαq-mTurquoise2). Cells were stimulated with 200 µM Histamine. Calcium measurements (Fig.
6.3a,b). HL-1 cells were loaded with Oregon Green BAPTA-1-acetoxy-methyl ester as described for
HeLa cells. Cells were stimulated with 1 µM ionomycin. Final calibration as in Figure 6.2b. fdFLIM
imaging (Fig. 6.1b, right panel). Calcium dye loading of HeLa cell and final calibration as in Fig.
2. Stimulation with Bradykinin 1 µM (Sigma). Chloroquine experiment (Fig. 6.3c). The reporter
construct consists of a membrane anchor (the residues 1–29 of p63RhoGEF) fused to mTurquoise2
(Addgene plasmid # 36209). The fluorescence lifetime of this construct was observed to change upon
addition of chloroquine; details will be published elsewhere. U2-OS cells expressing the construct were
treated with 100 µM chloroquine for 30 min. Interaction between RILP and Rab7 (Fig. fig:siFLIM3d).
HeLa cells were transfected with GFP-Rab7 or GFP-Rab7 together with mRFPRILP21 24 h before
fdFLIM experiments.
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Image analysis
All acquired images were analyzed in ImageJ (http://imagej.nih.gov/ij/, version 1.50) using custommade macros for generating the fluorescence-lifetime images recorded with either 2 phases or 12 phases.
The analysis of motile vesicles (Fig. 6.3) was done in ImageJ as follows. Detection and segmentation
of vesicles were achieved by consecutively normalizing the intensity of the different phase images in
12-phase stacks, performing a maximum intensity projection, filtering the images using a difference
of Gaussians filter (of 0 and 4 pixels radius) to enhance the vesicles, and finally creating a mask by
thresholding. The 12-phase lifetimes (τϕ ) of vesicles with an area larger than 3 pixels were extracted.
Because the time resolution of the 12-phase data does not allow tracking of individual vesicles, vesicles
were categorized into a motile and stationary pool based on thresholding the s.e.m.lifetime in the pixels
of each vesicle. The mean 12-phase lifetimes of the stationary vesicles with and without chloroquine
(Fig. 6.3c) and GFP-Rab7 and GFP-Rab7 + mRFP-RILP (Fig. 3d) served as calibration points for
the calculation of siFLIM lifetimes in those experiments. For siFLIM analysis, only two of the phases
of the 12-phase stacks (here 30◦ and 210◦ ) were used. Segmentation of the vesicles was carried out in
the same manner. All vesicles having at least 2 pixels overlap with their 12-phase counterparts were
included. In the 12-phase vesicle lifetime data, outliers were removed in the analysis (<0 ns and >20
ns for Fig. 3c and <–30 ns and >30 ns for Fig. 6.3d).
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Figure 6.4 – Principles of fdFLIM, the MEMFLIM camera and siFLIM
A. Time-domain FLIM. Following excitation with a brief pulse of light, fluorescence of a population of fluorophores decays exponentially. FRET increases the decay rate. Decay kinetics can be
followed by sampling of the intensity signal using e.g. fast gated detectors or Time-Correlated
Single Photon Counting. τD , lifetime of the FRET donor; τDA , lifetime of the donor in complex
with the acceptor. FRET efficiency E is defined as E=1-τDA /τD . B. Conventional intensifierbased fdFLIM setup. Shown are the wide-field microscope, sinemodulated light source, image
intensifier, CCD detector and associated electronics. The intensifier gain is modulated by the
signal from an adjustable phase-shifter. C. Phase-lag and demodulation in fdFLIM. The black
line depicts the intensity of the modulated LED light source. Fluorescence has a finite lifetime
and therefore emission lags the excitation by phase-shift ϕ and also displays demodulation M.
D. Diagram showing emission intensity (black) and intensifier gain (gray) along with the accumulated signal (in red, purple and blue). When emission and intensifier gain are in phase (upper
panel) a bright image is accumulated on the CCD chip (integral of red areas during many cycles).
When partly out of phase, fewer photons reach the CCD chip (middle panel, purple area) and
when the emission and intensifier gain are completely out of phase, very little light is detected
by the CCD-chip (lowest panel, blue area). E. Accumulated light signals for 12 different phases
of the intensifier allow determination of phase and demodulation of the emission signal. By comparing these data to those of a reference sample with known fluorescence lifetime, the sample
fluorescence lifetime is obtained for each pixel. The lifetime can be independently computed
either from the phase shift or from the demodulation, yielding two apparent lifetimes τϕ and
τmod . For further detail, see supplemental material. F. MEMFLIM principle: The MEMFLIM
chip records two π-spaced phase images simultaneously by transferring photo-electrons to one of
two different storage areas (red and green buckets) depending on the phase of a high-frequency
digital clock signal (here indicated as a sine wave in analogy to the intensifier-based system).
G. Representation of the emission before and after a change in lifetime. In siFLIM, just two
intensity images are recorded, I(Φ) and I(Φ + π). The phase shift causes one image to become
brighter, whereas the other image becomes dimmer by the same amount. H. siFLIM system
using the MEMFLIM camera. Modulation and phase shift of excitation are determined by the
MEMFLIM camera under control of the PC. The selected phase Φ needs adjustment for optimal
SNR and accuracy just once (see Supplemental Note 1). I-L. Principle of siFLIM, illustrated with
time-lapse data from the experiment in Figure 6.1(main text). A single cell expressing a FRET
sensor for cAMP is stimulated with IBMX and forskolin and the ensuing increase in [cAMP]i
diminishes FRET, leading to an increase in donor lifetime from 2.6 to 3.4 ns. I. Intensities in
the timelapse series of 12-phase image stacks (6 pairs of images, I(Φ) and I(Φ + π), with detector
phase Φ chosen every 30 degrees) as recorded with the MEMFLIM camera. Also shown (right
panel) are two examples of 12 phase data, taken at the onset and end of the experiment. From
12-phase data, modulation M and phase shift ϕ can be derived to calculate τϕ and τm od. Just
four factors govern the brightness of I(Φ) in the traces in the left panel: M and ϕ, which both
depend on lifetime and contain information needed to calculate τ , and two lifetime-independent
factors, namely donor-(de)quenching and experimental imperfections (e.g., bleaching, illumination fluctuations). In this experiment, donor dequenching appears the dominant factor affecting
I(Φ). J. The normalized difference Ie(Φ, t) (see main text) effectively rejects factors like donor
dequenching and bleaching. Obviously, the magnitude of e
(I) critically depends on the choice of
Φ. K. The differential normalized contrast ∆Ie, i.e. the ongoing changes in Ie for each of the
six pairs as determined by subtraction of the initial value. Again, the magnitude of the signals
varies strongly as a function of Φ. L. The relationship between ∆Ie and simultaneously acquired
τ 12-phase is very close to linear over the full range of lifetimes of the EPAC sensor. The dependence of the magnitude of ∆Ie on the exact choice of Φ is reflected in the differing slopes.
Therefore, a simple two-point calibration suffices to determine the relationship between ∆Ie and
τϕ in time-lapse experiments. M. siFLIM in practice: lifetime image calculated from MEMFLIM
image pair of U2-OS cells expressing cAMP EPAC sensor.
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Note1. Mathematical description of siFLIM
and selection of the optimal measurement phase
In this supplementary note, we provide a mathematical framework to study the
accuracy and precision of the siFLIM technique. Moreover, we derive guidelines
for the selection of detector phase Φ so as to achieve optimal linearity and sensitivity in siFLIM. We also compare the performance of siFLIM in some commonly
encountered experimental scenarios.
In fdFLIM, fluorophore lifetimes are calculated based on either the phase shift
or the demodulation of the sine-modulated emission signal, as:

6

τϕ =

1
tan(ϕF )
ω

τmod

1
=
ω

s

1
−1
MF2

(6.6)

(6.7)

where ϕF is the phase, MF is the demodulation of the fluorescent signal due
to the finite lifetime of the fluorophore, and ω is the angular frequency of the
light source modulation (ω = 2πf ). For fluorescent proteins, with lifetimes of a
few nanoseconds, f is typically 40 MHz [134, 419, 423, 425]. In case the sample
shows single-exponential decay, τϕ and τmod are identical. In practice, biological
preparations show decay with multiple exponents, necessitating repeated measurements at multiple frequencies to resolve the individual components quantitatively
[436]. This procedure is time consuming and harsh for living cells, and for the
large majority of biological questions it suffices to measure at a single frequency.
In this case, τϕ and τmod quantify a weighted average of all decay constants in the
sample, but note that both values differ slightly, with τϕ < τmod . For this reason,
τϕ and τm od are often referred to as apparent lifetimes [420]. Similarly, τsiF LIM
is an apparent lifetime. We calibrated τsiF LIM to approach τϕ (it may equally
well be calibrated to approach τmod ), but it is important to realize that all three
parameters provide an average measure in case of multi-exponential sample decay. Nevertheless, it is straightforward to derive analytical expressions that relate
τsiF LIM to either of the other two.
siFLIM records fluorescence lifetimes by tracking the changes in normalized
contrast, defined as (eq. 6.2 Material and Methods):
e t) = I(Φ) − I(Φ + π) = M sin(Φ + ϕ)
I(Φ,
I(Φ) + I(Φ + π)

(6.8)

The detected modulation depth M and phase shift ϕ comprises both system
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parameters and sample parameters. System parameters are easily recorded with a
reference sample of known lifetime. When the lifetime is zero (for example, using
reflected excitation light) the modulation is maximal (M=M0 ) and the phase shift
is minimal (ϕ = ϕ0 ). Finite lifetimes in the sample will decrease the modulation
by a factor MF , where | MF | ¬ 1, and introduce a phase shift ϕF according to:
e
I(Φ)
=M0 MF sin(Φ + ϕ0 + ϕF ) =
M0 sin(Φ + ϕ0 )MF cos(ϕF ) + M0 cos(Φ + ϕ0 )MF sin(ϕF )

(6.9)

or:
e
I(Φ)
= A(Φ)S + B(Φ)G

(6.10)

with:
A = M0 cos(Φ + ϕ0 )
B = M0 sin(Φ + ϕ0 )
S = MF sin(ϕF )

(6.11)

G = MF cos(ϕF )

6

Note that in this expression, system parameters (A and B) are uncoupled from
lifetime-dependent parameters (S and G). In general,
S=

X
i

G=

X
i

αi ωτi
1 + ω 2 τi2

(6.12)

αi
1 + ω 2 τi2

(6.13)

with τi the ith lifetime present in the sample and αi the fractional contribution of
that lifetime to the steady-state intensity [134]. The above shows explicitly how
Ie relates to sample lifetime(s). However, S and G depend on both MF and ϕF ,
e is not sufficient to determine these parameters
and therefore a single data point, I,
quantitatively, necessitating the use of a calibration step.
As mentioned in the main text and further corroborated hereafter, the relationship between the normalized contrast Ie and fluorophores lifetimes is in principle
not linear, but it closely approximates linearity, provided that the measurement
(detector) phase Φ is carefully selected. This parameter affects both the accuracy
and the precision of siFLIM measurements, with the accuracy being governed by
the linearity and the sensitivity mainly depending on the steepness of changes in
Ie with fluorophore lifetime.
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Considering, for the sake of this analysis, a sample with a single lifetime τ ,
we will first investigate at what values of Φ the relationship between Ie and τ is
maximally linear. Normalized contrast can be approximated by a Taylor series
expansion according to:
e
e τ ) = I(Φ,
e τ0 ) + (τ − τ0 ) ∂ I(Φ, τ ) + ...
I(Φ,
∂τ

(6.14)

From that, it follows that the normalized contrast is most linear when the absolute
value of the function
e
e τ ) − I(Φ,
e τ0 ) − (τ − τ0 ) ∂ I(Φ, τ )
F (Φ, τ ) = I(Φ,
∂τ

(6.15)

is minimal. In this case, the condition is satisfied when:
∂F (Φ, τ )
=0
∂τ

(6.16)

Which in turn is true when:
e τ)
∂ 2 I(Φ,
=0
∂2τ

6

(6.17)

Substitution of (6.10) into (6.17) yields:
A(Φ)

∂ 2 S(τ )
∂ 2 G(τ )
+
B(Φ)
=0
∂τ 2
∂τ 2

(6.18)

Using the definitions of A and B (see 6.11), from (6.18) it follows that:
∂ 2 S(τ )

B(Φ)
2
= − ∂ 2∂τ
tan(Φ + ϕ0 ) =
G(τ
)
A(Φ)
2

(6.19)

∂τ

Therefore, the measurement phase that maximizes linearity, Φl , can be defined as:

Φl = −arctan

∂ 2 S(τ )
∂τ 2
∂ 2 G(τ )
∂τ 2

!
− ϕ0

(6.20)

Second, the maximal lifetime sensitivity is achieved when the slope:
e τ)
∂ I(Φ,
∂S(τ )
∂G(τ )
= A(Φ)
+ B(Φ)
∂τ
∂τ
∂τ
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is maximal. Normalized contrast Ie has an extreme value when:
e τ)
∂ I(Φ,
=0
∂τ

(6.22)

Therefore the measurement phase that maximizes local contrast, Φc , is found 90◦
shifted from the extreme value, at:
!
∂S(τ )
Φc = −arctan

∂τ
∂G(τ )
∂τ

− ϕ0 ± 90◦

(6.23)

Note2. siFLIM accuracy and sensitivity in commonly encountered experimental scenarios
According to the phase fluorometry theory [439], parameters S and G can be
defined as:
S=

X
i

G=

X
i

αi ωτi
1 + ω 2 τi2

(6.24)

αi
1 + ω 2 τi2

(6.25)

For a fully defined experimental system (i.e., all initial lifetimes τi and partial
contributions αi are known), choices for optimal phases Φc and Φl can be found
analytically. In most real life experiments this information is missing. Therefore,
for a set of four scenarios likely to be encountered in laboratory practice, we have
checked:
- What accuracy and precision can be expected from siFLIM experiments?
- What range of measurement phases will yield accurate and precise measurement
of lifetimes?

Monoexponential model (set1)
In this set, the all fluorophores decay monoexponentially and display the same
change in lifetime during the experiment. In this case, an analytical solution is
readily available as:
S=

ωτ
1 + ω2 τ 2

(6.26)
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G=

1
1 + ω2 τ 2

(6.27)

Partial derivatives are calculated as:

6

∂S
ω(1 − ω 2 τ 2 )
=
∂τ
(1 + ω 2 τ 2 )2

(6.28)

−2ω 2 τ
∂G
=
∂τ
(1 + ω 2 τ 2 )2

(6.29)

2τ ω 3 (ω 2 τ 2 − 3)
∂2S
=
∂τ 2
(1 + ω 2 τ 2 )3

(6.30)

∂2G
2ω 2 (3ω 2 τ 2 − 1)
=
∂τ 2
(1 + ω 2 τ 2 )3

(6.31)

and substitution in (6.20) and (6.23), yield optimal measurement phases for linearity and contrast, respectively:

Φl = −arctan


Φc = arctan

ωτ (ω 2 τ 2 − 3)
3ω 2 τ 2 − 1

1 − ω2 τ 2
2ωτ




− ϕ0

(6.32)

− ϕ0 ± 90◦

(6.33)

Visualization of this model system is presented in Supplementary Figure 6.5
and 6.6. We created an artificial data set (set1) that represents a homogenous
population of fluorophores with monoexponential decay rate, with lifetime changing linearly during the in silico experiment (100 time steps) from 3.0 ns to 3.75
ns (Supplementary Fig. 6.6 A). In this time course, the intensity was made to increase linearly by 25%, reflecting fluorophore de-quenching. For each time point,
the output intensity was calculated for 120 different, equally-spaced phases Φ, (i.e.
every 3 degrees) with a Python script (for details on construction of the dataset,
see Simulation Methods).
We used the conventional 12-phase FLIM analysis (see Simulation Methods) to
find phase ϕ, modulation M and the average intensity of the signal (Supplementary
Fig. 6.6 Ba-c) in set1. As expected for monoexponential fluorescence decay, the
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calculated lifetimes based on phase (τϕ ) and modulation (τmod ) (Supplementary
Fig. 6.6 Bd) are equal.
Panel C in Supplementary Figure 6.6 presents the transformations of the signal
detected in siFLIM method and examines its linearity with the fluorophore lifetime
changes. The signal I(Φ,τ ) is shown in panel Cb in a form of the color-coded 2D
plane. Each row in this plane represents a single time point in the simulation with
time running from top to bottom and fluorophore lifetimes changing accordingly
from 3.0 to 3.75 ns. Each column shows the values of the signal detected at the
indicated measurement phase Φ. One can notice the overall increase in intensity
during the simulation due to fluorophore dequenching.
For every pair of π-shifted intensities I(Φ,τ ), I(Φ + π,τ ) the normalized contrast Ie is presented in the panel Cc. This panel clearly visualizes the decrease in
modulation due to the longer lifetimes at later time points, and also shows that
lifetime-independent intensity changes due to dequenching are eliminated by the
normalization. Of note, this normalization step would also readily remove other
lifetime-independent fluctuations in intensity, like bleaching and illumination fluctuations, that real life experiments often suffer from. Example values of Ie from
the start- and end point of this simulation are presented in panel Ca. Colored dots
denote six choices of Φ (every 30◦ ) to be used in panel Cd (linearity study).
The differential contrast ∆Ie visualizes the change in Ie over the course of the
e
experiment by subtracting the initial signal, I(Φ,
τ0 ), from the entire data set (Supe
plementary Fig. 6.6 Cd). Note that ∆I varies very little at Φ=∼50◦ throughout
the simulated experiment, a consequence of the combination of phase shift and
demodulation in this particular data set. On the other hand, at choices for Φ of
∼125◦ , variations in the differential contrast are maximal, in line with equation
6.33 (See Supplementary Fig. 6.5).
The relationship between ∆Ie and τv arphi is presented for the indicated phasepairs (see panel Ca and Cd) in the plot of panel Ce. ∆Ie and τϕ relate almost
linearly for a range of measurement phases Φ, indicated by the high R2 values
for linear fits (Supplementary Fig. 6.6 Cf). As mentioned in the main text, this
e
rationalizes the choice for a two-point calibration to relate τϕ to ∆I.
To assess the accuracy of τsiF LIM , we next plotted the values of the 12-phase
lifetimes (Supplementary Fig. 6.6 Da, note that the values are independent of the
measurement phase) and calculated siFLIM lifetimes (τsiF LIM ) for all choices of
Φ (panel Db). Panel Dc shows the absolute difference between τϕ and τsiF LIM
to visualize the magnitude of the bias between the two. From Db and Dc it is
apparent that for a range of values of Φ, τsiF LIM closely follows τv arphi. A white
dotted line in panel Dc represents the phases for the most linear measurements as
determined analytically (Eq. 6.32).
Panel E addresses the sensitivity of the siFLIM method. The local siFLIM
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contrast (defined as the difference between differential contrast Ie at time points n
and n+1) is presented in panel Ea. The black dotted line indicates the analytically
found phases of maximal contrast, Φc (Eq. 6.33). Panel Eb shows the performance
of siFLIM when the signal consists for 0.5% of Poisson noise, which corresponds
to high quality fluorescence images (see Simulation Methods). The in silico data
represented in Ea were regenerated 250 times with differing random noise, and the
variability was expressed as the standard deviation of calculated siFLIM lifetimes.
This analysis reveals broad phase zones where variability is minimal, and those
zones overlap largely (but not completely) with the zones of minimum bias and
optimal contrast.
Close inspection of the data presented in panels D and E reveals that siFLIM
performs very well with respect to both accuracy and precision over a wide range of
measurement phases, even though Φl and Φc are not identical (see Supplementary
Fig. 6.5). A Best Phase Zone (BPZ, indicated by the green dashed rectangle), the
width of which was arbitrarily set to 60◦ , was picked to encompass both optima
for accuracy (Φl ) and precision (Φc ). For any Φ within this BPZ siFLIM achieves
maximal lifetime precision (panel Dc) while simultaneously keeping bias to below
20 ps (panel Eb). Conversely, for phases around 50◦ (red dashed line in panels D
and E, corresponding to the cross-over region of the two sine waves in panel Ca),
lifetimes cannot be reliably determined by siFLIM. Finally we tested how well
siFLIM performs, in comparison to 12-phase fdFLIM, at different levels (0.1-10%)
of Poisson noise. The precision of lifetime determination was operationally defined
as the median value of the distribution of deviations within the entire BPZ in 250
simulated experiments (panel Ec). These data show that, while requiring 12-fold
less exposure, siFLIM reaches a variance close to that of τ12P hase for noise levels up
to a few % (i.e., at >500 photons/pixel, when background noise is negligible). Only
for highly noisy data (> 5%) the 12-phase method has considerable advantage. In
this situation, binning or averaging of the siFLIM signal should be considered.
Monoexponential model with background (set2)
This data set represents set1 with an additional background fluorescence (Supplementary Fig. 6.7 A). Two populations of molecules are present in this model
- the first one (70%) showing fluorescence lifetime changing between 3.0 ns and
3.75 ns (monoexponential decay rate) and the second one (30%) with a constant
lifetime of 1 ns (representing short-lived cellular autofluorescence). All analyses
were carried out exactly as described in the previous section. In accordance with
the multi-exponential decay, 12-phase lifetimes calculated based on phaseshift (τϕ )
and demodulation (τmod ) are no longer identical (Supplementary Fig. 6.7 Bd). Yet
the overall performance and robustness of siFLIM is not deteriorated.
Because information on the exact value of background fluorescence is in the
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Figure 6.5 – The optimal phases for contrast, Φc , and linearity, Φl , as a function of
ωτ , for the mono-exponential decay model.

normal practice not readily available we calculated the phases for optimal linearity
(Φl ) and maximum contrast (Φc ) assuming monoexponential decay (eq. 6.32 and
6.33). They are indicated respectively in panels Dc and Ea as white and black
dotted lines. Despite this assumption, the calculated Best Phase Zone overlaps
very well with the in silico experimental data.

Two populations model (set3)
In this model we tested the behavior of a population of molecules that each individually switch from a ’high-FRET’, 3.0 ns lifetime (100% molecules at the beginning
of the simulation) to a 3.75 ns ’low-FRET’ state (100% molecules at the end of
the simulation) over 100 time steps (Supplementary Fig. 6.8 A).
Interestingly, in this model the expected bias in calculations of siFLIM lifetime(Supplementary Fig. 6.8 Dc) appears independent of choice of phase Φ. At
first glance, this would seem to release the constraints on choices of Φ, but note
that noise considerations (Supplementary Fig. 6.8 Eb) dictate that we still take
proper care. For the sake of simplicity we once again determined the Best Phase
Zone based on the assumption of the monoexponential model. Again, siFLIM
performs well.
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Two populations model with background (set4)
Here we created a data set that represents set3 in the presence of background
fluorescence (Supplementary Fig. 6.9 A). In this model 70% of molecules switches
from 3.0 to 3.75 ns over the course of the simulation, whereas 30% exhibits a
constant short-lived ’auto-fluorescence’ with a lifetime of 1ns.
It can be appreciated from this figure that the background fluorescence does
not change the fact that the siFLIM lifetime bias in this two-state model is independent of the selected recording phase Φ (panel Dc). Moreover, the Best Phase
Zone calculated based on the monoexponential model once again provides reliable
measurements of the siFLIM lifetimes.
Conclusions

6

In summary, inspection of the data presented in Supplementary Figures 6.6-6.9 in
detail allow us to conclude that:
- overall, the presence of moderate levels of background fluorescence does not
dramatically degrade the performance of siFLIM. - in all cases, it is possible to
determine a comfortably wide Best Phase Zone for the measurement phase Φ,
which simply can be based on the assumption of monoexponential decay. The
BPZ represents a good initial pick for optimal performance of siFLIM, and showed
to be rather consistent for the different models.
- Additional considerations, e.g., when exceptionally large increases or decreases
in lifetime are expected, may be used to refine that choice and obtain an even
better precision, but how exactly will be somewhat dependent on the experimental
scenario.

Simulation Methods
Software
All analysis was performed with scientific-oriented Python Distribution - PythonXY (ver. 2.7.5), which
included the libraries - Numpy (ver. 1.7.1), Scipy (ver. 0.12.0) and Matplotlib (ver. 1.2.1-1), using the
interactive development environment Spyder (ver. 2.2.0). The computations were set up to simulate
all aspects of an experiment, including reference corrections.

Data sets
Data sets were created as follows: a sine (input) function A = A0 sin(ωt + ϕ) (where ω denotes angular
frequency, ω = 2πf with f = 40MHz) was convolved with an exponential decay function to create the
output fluorescence signal. Fluorescence decay functions for different data sets were defined as follows:
set1: I = I0 e−t/τ , τ ∈ {3.0, ..., 3.75}
set2: I = I1 e−t/τ 1 + I2 e−t/τ 2 , τ1 ∈ {3.0, ..., 3.75}, τ2 = 1.0, I1 = 0.7, I2 = 0.3
set3: I = I1 e−t/τ 1 + I2 e−t/τ 2 , τ1 = 3.0, τ2 = 3.75, I1 ∈ {1.0, ..., 0.0}, I2 ∈ {0.0, ..., 1.0}, I1 + I2 = 1.0
set4: I = I1 e−t/τ 1 + I2 e−t/τ 2 + I3 e−t/τ 3 , τ1 = 3.0, τ2 = 3.75, τ3 = 1.0, I1 ∈ {0.7, ..., 0.0},
I2 ∈ {0.0, ..., 0.7}, I1 + I2 = 0.7, I3 = 0.3
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A ’detector phase set’ of 120 sines (with angular frequency ω, domain between ϕ0 and ϕ0 + 2π)
was generated to model the oscillating sensitivity of the detector at different values of Φ. The starting
phase ϕ0 was chosen at 35◦ purely for visualization purposes. The output signal was defined as the
dot product of the fluorescence signal and the detector phase data set, as a function of Φ.
Each data set consists of 100 simulated time points. As changes in lifetime normally affect the
emission intensity, the average value of the signal (A0) was made to increase linearly by 25% within each
data set. A reference data set was generated by convolving a sine input signal with a monoexponential
decaying lifetime of 0.069 ns (τref , simulating the lifetime of erythrosine reference dye) and used to
calculate the reference output signal using the same detector set.

Calcultation of lifetimes in the simulations
To calculate conventional lifetimes based on 12-phases, a set of 12 evenly distributed phase points was
selected from the original data set. This signal was normalized to its average value and fitted to sine
function using the Levenberg-Marquardt algorithm to determine amplitude and phase. Lifetimes based
on the phase and modulation were calculated as follows:
τϕ =

1
tan(ϕ − ϕref + ωτref )
ω

τmod

1
=
ω

r

2
Mref

M2

2 )−1
(1 + ω 2 τref

(6.34)

(6.35)

6

The siFLIM lifetime was calculated as described in the Materials and Methods section.

Noise analysis
For the sensitivity analysis, Poisson noise was superimposed to all data points as follows. First, for
each data point in the data matrices, intensities were calculated deterministically. These values were
replaced by noisy values, drawn from a Poisson distribution with mean value equal to the deterministic
value. For example, a noise level of 1% corresponds to the poisson noise of a signal with on average
10,000 photons. Note that the indicated noise levels are expressed related to the average intensity of
the initial sine (the first data point in the simulated time lapse experiment) for all data sets. This
means e.g. that following donor dequenching, the image becomes brighter and consequently noise levels
drop below 1%. It also means that within a single sine (collection of measurements for different phases
representing a single “time point”) the dim images have more than 1% noise and the bright images have
less than 1% noise. For display in the graph, each sinewave/timepoint was normalized. To calculate
standard deviations of calculated lifetimes, this simulation was repeated 250 times for all data sets.
Standard deviations of siFLIM data were calculated within the Best Phase Zone, which was between
93◦ - 153◦ in sets 1 and 3, and 102◦ - 162◦ in sets 2 and 4.

Supplementary Discussion
Fluorophores that are commonly used in biomedical research, including smallmolecule reporter dyes and fluorescent proteins such as GFP, have lifetimes in
the low (1-5) nanosecond range. Lifetime changes are often only a fraction of a
nanosecond, and recording such sub-nanosecond changes requires dedicated and
expensive equipment and methodology. Two main implementations (compare Supplementary Fig. 6.4) include Time Correlated Single Photon Counting (TCSPC)
[440] on confocal microscopes and frequency-domain fdFLIM [134] which is predominantly implemented on wide-field fluorescence microscopes . In TCSPC, flu151
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orophores are excited with a brief pulse of dim laser light and the time delays
of individual fluorescent emission events are measured precisely. Many sequential
readings need to be collected to estimate the fluorescence lifetime even for a single
pixel, hence recording of a high resolution lifetime image by TCSPC may take up
to several minutes. Wide-field fdFLIM is typically much faster than TCSPC-FLIM
because it records fluorescence lifetimes in all pixels of the image in parallel.

6

The number of publications on efforts to achieve fast time-domain and frequencydomain FLIM illustrates the scientific interest in fast lifetime imaging. In addition
to the work on fdFLIM instrumentation mentioned in the main text [422, 434],
it’s worth discussing briefly some of the most important developments in tdFLIM
[441–446]. All of these systems have been realized with dedicated hardware and
they all come with their own advantages and disadvantages. For example, TCSPC
has been speeded up dramatically by repeatedly recording just a single line on
confocal systems [441], of course sacrificing image information in the orthogonal
direction. Furthermore, custom-build optical bench systems that use pulsed excitation and gated detection, along with either a segmented gated detector [445] or
a clever optical offset mechanism [446] have produced FLIM images at up to 100
Hz, albeit at considerable excitation power. SPAD-array sensors also offer very
fast detection of lifetimes, but these typically have low numbers of pixels and a
very limited sensitivity due to low fill-factor of the arrays [443, 444]. Finally, the
photon efficiency of time-gating [445, 447] is inherently low because the gating
process is designed to reject a large part of the photons. In conclusion, for specific
applications fast tdFLIM solutions have been implemented but these systems have
not become available for the broad user community in cell biology.
The single-chip siFLIM solution enabled by the MEMFLIM camera provides
a mechanically simple, robust and extremely photon-efficient method. Compared
to 12-phase fitting, the siFLIM algorithm can be computed much more efficiently,
allowing real-time analysis even at high speed, and speed is further enhanced
because computer-controlled stepping of the phase of the light source and detector
are no longer needed. Compared to fast tdFLIM implementations, siFLIM does
not require hardware tuning when different lifetimes are to be detected.
In conventional fdFLIM, a minimum of three images (when bleaching occurs,
minimally four) are needed to calculate lifetimes [448]. For reasons of accuracy
and to avoid aliasing problems when higher harmonics are present in the detected
signal, this number is often taken higher, e.g. 12 images. Our theoretical framework and experiments show that despite being twelve times more photonefficient,
siFLIM-recorded lifetimes in living cells are within 0.5% of those gathered by
12-phase acquisitions. This excellent noise performance may be partly explained
because siFLIM is inherently immune to frame-to-frame noise related to instrumentation as well as to noise due to fluctuations in the number of fluorophores in
152
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each pixel (e.g.. biological noise due to rapid diffusion of fluorescent proteins).
Our method in theory relies on excitation with reasonably pure sine wave modulation. Higher harmonic frequencies in the excitation signal make theoretical
analysis much more complicated. However, even if the exact profile of the excitation light is not known, it is straight-forward to collect additional calibration
data that compensate for this lack of information. In these cases too, measuring
the fluorescence lifetime exactly using a full 12-phase image stack at the onset of
the experiment and again at the end of the experiment provides data for calibration. We also stress that it is important to acquire low-noise 12-phase calibration
data, e.g. by averaging those acquisitions a few times. Alternatively, for a given
biosensor a low-noise calibration pair (or a look-up table that relates phaseshifts to
fluorescence-lifetime) may be generated in separate calibration experiments. Assuming that FLIM hardware and biosensor are stable over time, this look-up table
is then valid for all consecutive experiments.
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Figure 6.6 – Computational analysis of siFLIM using a mono-exponential data set
(set 1).
A. Visualization of data set 1 - a homogeneous population of fluorophores showing monoexponential decay of fluorescence with lifetimes changing from 3.0 ns to 3.75 ns. The increased lifetime is
associated with an increase in fluorescence intensity by 25%. B. 12-phase based characterization
of the data set - changes in phase (Ba), modulation (Bb) and average intensity (Bc). Bd shows
12-phase lifetimes calculated based on phase (τϕ ) and modulation (τmod ). C. siFLIM characterization of the data set. Ca. Initial and final sine of the data set with color coded dots indicating
the signal values at the phases analyzed in panel Ce. Cb. Raw signal, color-coded for intensity.
Changes of the intensity of the sines (120 phases, x-axis) during the experiment are presented
from top to bottom. 12-phase calculated τϕ increases linearly with time and is indicated on the
y-axis. Cc. Normalized contrast values calculated as the difference in intensity between two π
shifted phases divided by the sum of the two intensities. Cd. Differential contrast calculated
by subtracting the normalized contrast value at the initial time point from the entire data set.
Ce. Scatter plot showing the near linear relationship between the differential signal ∆Ie and
12-phase calculated τϕ for selected pairs of phases. Cf. Coefficient determination showing how
well the values of the differential signal fit a linear model. D. Accuracy of the siFLIM lifetimes.
Da. Phase lifetimes calculated using the standard 12-phase method - note no dependency on the
measurement phase. Lifetimes are color-coded with a look-up table ranging from 2.9 ns to 3.85
ns. Db. siFLIM calculated lifetimes. Note that in contrast to the 12-phase lifetimes, the calculated siFLIM lifetimes depend on the measurement phase (x-axis). Dc. Bias between siFLIM and
12-phase lifetimes. The absolute difference between siFLIM lifetimes and τϕ is color coded from
0 to 200ps. The white dotted line indicates the analytically determined measurement phases of
minimal bias. E. Signal to noise ratio (SNR) of siFLIM-calculated lifetimes. Ea. siFLIM contrast
calculated as a difference of the differential contrast between the consecutive time points. The
black dotted line indicates the analytically determined measurement phases of maximal contrast.
Eb. Standard deviation of the calculated siFLIM values in Φ and time (lifetime) space for the
signal degraded by 0.5% noise. The standard deviation values are color coded between 0 and 100
ps. The green rectangle indicated in panels D and E encloses a 60 degree wide zone were the
bias of siFLIM lifetimes is minimal and the precision of measurement is expected to be maximal
(centered on the average value between minimum bias and maximal contrast for the first time
point of this simulation). Red dashed line marks a region were significant bias and minimal contrast of the siFLIM values can be expected. Ec. Comparison of SNR of siFLIM versus 12-phase
method for noise levels between 0.1% and 10%.
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Figure 6.7 – Computational analysis of siFLIM using a mono-exponential data set
with the background fluorescence (set 2).
A. Visualization of data set 2 - 70% of the fluorophores show the mono-exponential decay of
fluorescence with lifetimes between 3.0 ns and 3.75 ns, 30% of the fluorophores represent the
short-lived background fluorescence with the lifetime of 1 ns. The increased lifetime is associated
with an increase in the fluorescence intensity by 25%. B. 12-phase based characterization of
the data set - changes in phase (Ba), modulation (Bb) and average intensity (Bc). Bd shows
12-phase lifetimes calculated based on phase (τϕ ) and modulation (τmod ). Note that the decay
in this set is no longer mono-exponential and therefore τϕ and τmod are not identical. C. siFLIM
characterization of the data set. Ca. Initial and final sine of the data set with color coded dots
indicating the signal values at the phases analysed in panel Ce. Cb. Raw signal, color-coded
for intensity. Changes of the intensity of the sines (120 phases, x-axis) during the experiment
are presented from top to bottom. 12-phase calculated τϕ increases linearly with time and is
indicated on the y-axis. Cc. Normalized contrast values calculated as the difference in intensity
between two π shifted phases divided by the sum of the two intensities. Cd. Differential contrast
calculated by subtracting the normalised contrast value at the initial time point from the entire
data set. Ce. Scatter plot showing the relationship between the differential signal ∆Ie and 12phase calculated τϕ for selected pairs of phases. Cf. Coefficient determination showing how
well the values of the differential signal fit a linear model. D. Accuracy of the siFLIM lifetimes.
Da. Phase lifetimes calculated using the standard 12-phase method - note no dependency on
the measurement phase. Lifetimes are color-coded with a look-up table ranging from 2.9 ns to
3.85 ns. Db. siFLIM calculated lifetimes. Note that in contrast to the 12-phase lifetimes, the
calculated siFLIM lifetimes depend on the measured phase (x-axis). Dc. Bias between siFLIM
and 12-phase lifetimes. The absolute difference between siFLIM lifetimes and τϕ is color coded
from 0 to 200ps. The white dotted line indicates the analytically determined measurement phases
of minimal bias (as calculated for the mono-exponential system). E. Signal to noise ratio (SNR)
of siFLIM-calculated lifetimes. Ea. siFLIM contrast calculated as a difference of the differential
contrast between the consecutive time points. The black dotted line indicates the analytically
determined measurement phases of maximal contrast (as calculated for the mono-exponential
system). Eb. Standard deviation of the calculated siFLIM values in Φ and time (lifetime) space
for the signal degraded by 0.5% noise. The standard deviation values are color coded between
0 and 100 ps. The green rectangle indicated in panels D and E encloses a 60 degree wide zone
were the bias of siFLIM lifetimes is minimal and the precision of measurement is expected to be
maximal (centered on the average value between minimum bias and maximal contrast for the
first time point of this simulation). Red dashed line marks a region were significant bias and
minimal contrast of the siFLIM values can be expected. Ec. Comparison of SNR of siFLIM
versus 12-phase method for noise levels between 0.1% and 10%.
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Figure 6.8 – Computational analysis of siFLIM using interconverting populations
with two different lifetimes (set 3).
A. Visualization of data set 3 - molecules are switching from 3.0 ns lifetime (100% molecules
at the onset of the simulation) to 3.75 ns (100% molecules at the end).The increased lifetime is
associated with an increase in fluorescence intensity by 25%. B. 12-phase based characterization
of the data set - changes in phase (Ba), modulation (Bb) and average intensity (Bc). Bd shows
12-phase lifetimes calculated based on phase (τϕ ) and modulation (τmod ). Note that the values
of τϕ and τmod are the same only for the first and the last time point in this experiment when
all the molecules have the same lifetime and the decay of fluorescence is mono-exponential. C.
siFLIM characterization of the data set. Ca. Initial and final sine of the data set with color
coded dots indicating the signal values at the phases analyzed in panel Ce. Cb. Raw signal,
color-coded for intensity. Changes of the intensity of the sines (120 phases, x-axis) during the
experiment are presented from top to bottom. 12-phase calculated τϕ increases linearly with time
and is indicated on the y-axis. Cc. Normalized contrast values calculated as the difference in
intensity between two π shifted phases divided by the sum of the two intensities. Cd. Differential
contrast calculated by subtracting the normalized contrast value at the initial time point from
the entire data set. Ce. Scatter plot showing the relationship between the differential signal ∆Ie
and 12-phase based τϕ for selected pairs of phases. Cf. Coefficient determination showing how
well the values of the differential signal fit a linear model. D. Accuracy of the siFLIM lifetimes.
Da. Phase lifetimes calculated using the standard 12-phase method - note no dependency on the
measurement phase. Lifetimes are color-coded with a look-up table ranging from 2.9 ns to 3.85
ns. Db. siFLIM calculated lifetimes. Note that in contrast to the previous sets, the calculated
siFLIM lifetimes don’t depend on the measurement phase (x-axis). Dc. Bias between siFLIM and
12-phase lifetimes. The absolute difference between siFLIM lifetimes and τϕ is color coded from
0 to 200 ps. The white dotted line indicates the analytically determined measurement phases of
minimal bias (as calculated for the mono-exponential system). E. Signal to noise ratio (SNR)
of siFLIM-calculated lifetimes. Ea. siFLIM contrast calculated as a difference of the differential
contrast between the consecutive time points. The black dotted line indicates the analytically
determined measurement phases of maximal contrast (as calculated for the mono-exponential
system). Eb. Standard deviation of the calculated siFLIM values in Φ and time (lifetime) space
for the signal degraded by 0.5% noise. The standard deviation values are color coded between
0 and 100 ps. The green rectangle indicated in panels D and E encloses a 60 deg wide zone
were the bias of siFLIM lifetimes is minimal and the precision of measurement is expected to be
maximal (centered on the average value between minimum bias and maximal contrast for the
first time point of this simulation). Red dashed line marks a region were significant bias and
minimal contrast of the siFLIM values can be expected. Ec. Comparison of SNR of siFLIM
versus 12-phase method for noise levels between 0.1% and 10%.
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Figure 6.9 – Computational analysis of siFLIM using interconverting populations
with two different lifetimes with the background fluorescence (set 4).
A. Visualization of data set 4 -70% of the molecules switch from 3.0 ns lifetime (70% of the
molecules at the onset of the simulation) to 3.75 ns (70% of the molecules at the end). 30% of
the fluorophores represent the short-lived background fluorescence with the lifetime of 1 ns. The
increased lifetime is associated with an increase of fluorescence intensity by 25%. B. 12-phase
based characterization of the data set - changes in phase (Ba), modulation (Bb) and average
intensity (Bc). Bd shows 12-phase lifetimes calculated based on phase (τϕ ) and modulation
(τmod ). Note that the values of τϕ and τmod are not the same as the system cannot be characterized by a single mono-exponential decay of fluorescence. C. siFLIM characterization of the
data set. Ca. Initial and final sine of the data set with color coded dots indicating the signal
values at the phases analysed in panel Ce. Cb. Raw signal, color-coded for intensity. Changes of
the intensity of the sines (120 phases, x-axis) during the experiment are presented from top to
bottom. 12-phase calculated τϕ increases linearly with time and is indicated on the y-axis. Cc.
Normalized contrast values calculated as the difference in intensity between two π shifted phases
divided by the sum of the two intensities. Cd. Differential contrast calculated by subtracting
the normalized contrast value at the initial time point from the entire data set. Ce. Scatter plot
showing the relationship between the differential signal ∆Ie and 12-phase based τϕ for selected
pairs of phases. Cf. Coefficient determination showing how well the values of the differential
signal fit a linear model. D. Accuracy of the siFLIM lifetimes. Da. Phase lifetimes calculated
using the standard 12-phase method - note no dependency on the measurement phase. Lifetimes
are color-coded with a look-up table ranging from 2.9 ns to 3.85 ns. Db. siFLIM calculated
lifetimes. Note that in contrast to data sets 1 and 2, the calculated siFLIM lifetimes don’t depend on the measurement phase (x-axis). Dc. Bias in calculating siFLIM lifetime. The absolute
difference between siFLIM lifetimes and τϕ is color coded from 0 to 200 ps. The white dotted
line indicates the analytically determined measurement phases of minimal bias (as calculated for
the mono-exponential system). E. Signal to noise ratio (SNR) of siFLIM-estimated lifetimes. Ea.
siFLIM contrast calculated as a difference of the differential contrast between the consecutive
time points. The black dotted line indicates the analytically determined measurement phases
of maximal contrast (as calculated for the mono-exponential system). Eb. Standard deviation
of the calculated siFLIM values in Φ and time (lifetime) space for the signal degraded by 0.5%
noise. The standard deviation values are color coded between 0 and 100 ps. The green rectangle
indicated in panels D and E encloses a 60 deg wide zone were the bias of siFLIM lifetimes is
minimal and the precision of measurement is expected to be maximal (centered on the average
value between minimum bias and maximal contrast for the first time point of this simulation).
Red dashed line marks a region were significant bias and minimal contrast of the siFLIM values
can be expected. Ec. Comparison of SNR of siFLIM versus 12-phase method for noise levels
between 0.1% and 10%.
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Figure 6.10 – Noise in siFLIM measurements
A. Simultaneous acquisition yields reduced noise, as compared to consecutively acquisition.
Shown are (blue) average siFLIM lifetimes, calculated from subframes Φ(t) and (Φ + π)(t), in
a small region of interest from a time-lapse series of MEMFLIM images (50 ms exposure time).
The cell expresses the membrane-localized construct GFP-CAAX. In red, the same data were
re-analyzed, but now by simulating consecutive acquisition, i.e. by calculating “siFLIM” from
subframes shifted 100 ms with respect to each other: Φ(t) and (Φ + π)(t). Simultaneous acquisition leads to a 16% decrease in frame-to-frame noise. B. Pixel-to-pixel variance comparison of
siFLIM and 12-phase lifetime data. Data are taken from a homogeneous region (3000 pixels)
of a cell expressing mTurquoise-EPAC-cpVenus-Venus at a moderate level. Note that despite
acquiring 6 times less exposures the standard deviation of the siFLIM lifetime is only 1.5 times
worse than that of 12-phase lifetimes. C. Comparison of measured precision in 12-phase lifetimes
and siFLIM lifetimes for different S/N ratio. For cells expressing mTurquoise-EPAC-cpVenusVenus to different levels, ranging from extremely low to quite high levels, both 12-phase and
siFLIM data were recorded and analyzed. The obtained 12-phase lifetime data was fitted with a
sigmoidal curve, similar to Figure 6.2 in the main text. The bars indicate the Root Mean Square
(RMS) differences between the obtained lifetime data (displayed for siFLIM Φ = 30◦ , siFLIM
Φ = 60◦ and 12-phase) and the fit. Signal-to-noise levels (S/N) of these cells are defined as the
mean signal in a homogeneous area divided by the standard deviation of the signal. The latter
comprises of photon noise as well as other noise sources, such as camera read out noise. The
graph shows that for all S/N levels the siFLIM RMS difference is roughly 1.5 times worse than
the 12-phase RMS difference.
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Supplementary Videos
For the following supplementary videos, the reader is directed to the online article:
http://www.nature.com/nmeth/journal/v13/n6/full/nmeth.3836.html#videos
Video1. Rapid Ca2+ oscillations as detected by siFLIM.
Lifetime data are calculated from the MEMFLIM image pair recorded at Φ = 60◦ .
HeLa cells loaded with fluorescent calcium indicator were stimulated with histamine (t = 20 s), with ionomycin (t = 210 s) followed by addition of extra Ca2+
(3 mM at t = 220 s). The intensity line-plots are taken from the ROIS with corresponding colors. The kymograph shows lifetime data taken from the rectangle
indicated in white. Sampling rate is 6 Hz.
Video2. siFLIM is immune to movement artefacts.

6

Lifetime data recorded by 12-phase frequency-domain FLIM (left) and by siFLIM
(right) from HeLa cells expressing GFPRab7 and mRFP-RILP. Note that fastmoving vesicles display artefacts in the 12-phase data but not in the siFLIM results.
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Science is not perfect, it is often misused. It’s only
a tool, but it is the best tool we have. Self correcting,
ever changing, applicable to everything.
Carl Sagan
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Invadosomes among other cellular protrusions
To interact with and to move through the extracellular environment, eukariotic
cells display a whole range of actin-based structures at their peripheries. This versatile group comprises lamellipodia, filopodia, lobopodia, blebs, peripheral ruffles,
circular dorsal ruffles, actin waves and finally invadosomes. Invadosomes themselves come in different shapes and flavors, from podosomes, relatively big (0.5
– 1 µm) and constantly palpating their environment, invadopodia, more slender
and protrusive and invadosomes in Src-transformed cells to peripheral belts and
dynamic rosettes the signaling (Chapter 3) and dynamics (Chapter 5) of which
are the subject of this thesis. This wealth of forms can be displayed due to the
great flexibility of the actin cytoskeleton. Constantly rearranged and bundled
nanometer-thick actin fibers are the subject of complex regulation that not only
enables their remodeling into columns, veils or rods at a micrometer scale but also
facilitates their orchestrated movement at even larger scales.
In Chapter 2 we reviewed the current understanding of actin networks within
invadosomes. Although column-like invadosomes more closely resemble the protrusive filopodia than the veil-like lamellipodia, invadosomes contain both bundled
actin fibers, characteristic of filopodia and branched actin networks characteristic
of lamellipodia. It is therefore only natural that invadosomes also share many characteristic actin organizing proteins with both of the above structures. Although
a lot is known about the actin arrangement and regulation within invadosomes
themselves, our understanding of these processes is far from complete and new
studies are constantly adding different players to the emerging picture. For example, during preparation of this thesis, two reports were published that describe new
actin bundlers regulating structure and function of invadosomes. Hoffmann and
colleagues identified cystein-rich protein 2 (CRP2) to be responsible for formation
of thick actin bundles in extended actin cores of invadopodia of invasive breast
cancer cells [449]. They reported CRP2 to be specific for the invasive structures
as the knockdown of this protein targeted the invasive potential of the cells but did
not alter their 2D migration patterns [449]. Furthermore, Van Audenhove and colleagues showed that the known actin bundler fascin is accompanied in invadopodia
by another bundler, L-plastin [450]. Interestingly, fascin and L-plastin cooperate
but cannot compensate for each other as fascin creates thick bundles that provide
rigidity and strength to invadopodia, while L-plastin-dependent bundles are thin,
less packed and promote flexibility of the elongating invadopodium core [450].
A lot can be learned about invadosomes and their higher order structure also by
looking at how they relate to actin-based protrusions other than the well-studied
lamellipodia and filopodia. For example, invadosome rosettes share many features
with circular dorsal ruffles (CDRs) which are created by growth factor-stimulated
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7

Chapter 7

fibroblasts, smooth muscle cells and epithelial cells [451]. Interestingly, the same
types of cells that display CDRs are capable of creating podosome rosettes. However, as the name indicates, circular dorsal ruffles are created at the dorsal side
of the cells, which means that they do not meet rosettes confined to the basal
membrane. CDRs are important for processes such as micropinocytosis, receptor
internalization and cell motility [452, 453]. In contrast to invadosome containing rosettes, CDRs are not adhesive [451], which could suggest that they are free
to move faster. However, both podosome rosettes and CDRs show similar dynamic behavior at a timescale of minutes [313], including for example oscillatory
behavior and annihilations upon collision [302, 454, 455]. It means that both
of these structure share features of waves propagating in an excitable medium.
The same description can be for example used for impulses circulating within the
nervous system [302, 454]. Other interesting actin-based structures that share features with invadosome rosettes are ventral F-actin rosettes described in growth
factor-stimulated breast cancer cells [343]. These non-degradative cortactin-rich
rosettes correlate with membrane protrusions similarly to invadosome rosettes created upon LPA stimulation (Chapter 3 & 5), but interestingly they do not contain
invadopodia. The lack of invadopodia within these rosettes is surprising as this
kind of invasive adenocarcinoma cells spontaneously produce invadopodia at their
ventral membrane.

7

It is not uncommon that different actin-based structures cooperate with each
other. Examples of such cooperation include ruffles that protrude from the extending lamellipodium [456], podosomes that form preferentially in the lamella, which is
an actin-rich region that localizes directly beyond the lamellipodium [218] or actin
waves that accompany ventral lamellipodia [289]. Along this line, in Chapter5 we
show that LPA-induced invadosome rosettes contain a PIP3 -rich structure with all
the characterstics of ventral lamellipodia. We demonstrate that the formation of
this ventral lamellipodium strongly correlates with the expansion and directional
movement of rosettes. Undoubtedly, future studies will unravel new surprising
connections between invadosomes and other actin-based structures. Moreover, our
growing understanding of the molecular organization of invadosomes (Chapter 2)
and actin–rich structures in general will hopefully provide a mechanistic insight
into the nature of these connections.
Cellular protrusions are not only built up from the actin cytoskeleton. For
example, microtentacles are structures of circulating tumor cells that depend on
microtubules [457]. It has been shown that these structures enhance the metastatic
potential of breast tumor cells by helping them to reattach to endothelial cell layers
[457]. Interestingly, invadopodia and microtentacles are differentially regulated by
Src kinase [458]. While invadopodia require activity of Src for proper functioning,
microtentacles are produced upon inhibition of Src [458]. This thus presents a
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clear example of differential regulation of two kinds of cellular protrusions that
both are implicated in invasive behavior.

Invadosomes and mechanical signaling
In Chapter 2 we describe not only the actin organization of invadosomes but
also how these structures respond to the mechanical features of the environment.
Mechanobiology is a dynamic field of study that thrives at the interface between
biology, physics and material sciences. During preparation of this thesis, several
interesting studies were published that strengthen the link between formation and
function of invadosomes and mechanical properties of cellular microenvironment.
For example, using microfluidic devices it was shown that endothelial cells, that
can form rosettes upon growth factor stimulation, form instead podosome clusters
when placed in confined slits (∼3 µm high) [459]. The same cells formed small
podosome rosettes upon entering or exiting the confined space, suggesting that
a switch between invadosome clusters and rosettes may not only be controlled
by chemical signaling (Chapter 3) but also by the forces applied to cells [459].
Furthermore, two detailed review articles have been published recently that summarize our understanding of mechanosensitivity of podosomes [150] and invadopodia [460]. Although multiple lines of evidence suggest that invadosomes may be
spots of local mechanical signaling, further studies are necessary to directly unravel
molecular events within invadosomes subjected to local forces. These future studies will be possible thanks to the creation of the new FRET-based tension sensors
[461, 462], to lessons learnt from focal adhesions, the classical mechanosensitive
structures [463], and to the development of sophisticated methods to exert force
locally on subcellular regions [464]. Moreover, as other actin based structures, for
example CDRs, have also been shown to respond to the mechanical properties of
the cellular environment [465], it will be interesting to unravel a possible correlation between their behavior and the behavior of invadosomes upon application of
different mechanical stimuli.

The palette of invadosome-type structures and Src
Starting with the initial discovery of podosomes and rosettes in Src-transformed
fibroblasts [34, 153], macrophages [71] and osteoclasts [152], the number of cell
types that have been shown to produce invadosomes has grown significantly in
recent years. To name a few rather unexpected examples, the invadosome family has been expanded by podosomes at the neuromuscular junction [466], actin
nodules in platelets [467] and actin-rich foci that drive fusion of muscle cell into
171
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a multinucleated myoblast [468]. One thing remains constant for many different
types of invadosomes: they depend on Src signaling.
In order to study invadosome rosettes (Chapter 3 & 5) we used Src-transformed
melanoma cell lines, mainly invasive A375M cells. Through Src transformation,
we created a model system that enabled us to learn about signaling and dynamics
of invadosomes. For example, we described the role of the Gαi - PI3K pathway in
the formation of invadosome rosettes upon GPCR agonists stimulation (Chapter
3). Recent studies suggest that the role of this pathway in invadosome creation is
not restricted to the selected model system. For instance, Hwang and colleagues
have shown that LPA-dependent invadopodia in PC3 prostate cancer cells also
depend on Gαi signaling [469].
Nevertheless, the choice for Src-transformed cells has been debated. Although
it has been repeatedly shown that Src is aberrantly activated in many types of
cancer, it is rarely due to a genetic mutation [470, 471], and thus using a mutated
form of Src may seem artificial. Yet, despite substantial progress in understanding
Src-related pathways in cancer, the exact spatiotemporal regulation of Src in invadosomes and invasive migration in general remains elusive [316]. In this respect,
introduction of active Src conveniently substitutes for a multitude of Src activating
events encountered in the organism. For example, Src may be activated by a lack
of balance between receptor tyrosine kinases and cytoplasmic phosphatases [471],
by reactive oxygen species signaling [472], by trafficking of Src protein [473] and by
miRNAs regulation [474]. New Src activating mutations are also being discovered
[475]. Finally, as Src-specific inhibitors (Dasatinib, Saracatinib, Bosutinib, etc.)
are actively pursued in clinical trials, evidence emerges on the beneficial role of
combination therapies targeting Src simultaneously with other signaling pathways
[476]. Thus, studying cooperation of Src signaling with other signaling pathways
seems even more important.

LPA and cancer
We unraveled the role of certain GPCR agonists in the rearrangement of invadosome clusters into rosettes in Src-transformed melanoma cells (Chapter 3 &
5). LPA is one of the most potent inducers of invadosome rosettes. LPA is also
involved in invadopodia production in other cancer cells, like fibrosarcoma cells
[65], ovarian cancer cells [66] or prostate cancer cells [469]. However, formation of
invadosomes is not the only link between LPA and cancer progression and metastasis. For example, melanoma cells are capable of producing LPA gradients that
promote their dissemination [64], while breast cancer cells can stimulate activated
platelets to release LPA, which promotes proliferation and cytokine-dependent
bone resorption activity of the same cancer cells [477]. Moreover, overexpression
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of selected LPA receptors in ovarian cancer cells promotes tumor outgrowth and
metastasis [478]. Interestingly, although, overexpresssion of LPA receptors alone
does not have a transforming effect on fibroblasts, it potently increases transformation potential of the c-Myc oncogene [479].
Autotaxin (ATX), an LPA producing enzyme, has also been implicated in cancer progression. It has been shown that cancer cells overexpressing ATX form
osteolytic bone metastases more efficiently [480]. Furthermore, although ATX
overexpressing fibroblasts have limited metastatic potential, introduction of ATX
into ras-transformed cells significantly increased tumorigenesis and metastatic potential of these cells [481]. It is noteworthy that the overexpression of both ATX
and LPA receptors often augments other pro-oncogenic events [330, 479]. In line
with the above studies, we observed that LPA induces production of invadosome
rosettes only in cells primed by the overexpresssion of activated Src (Chapter
3). Our knowledge of the LPA signaling in cancer progression and metastasis is
expanding. Future studies will undoubtedly address the contribution of invadosomes to the increased metastatic potential of cancer cells with upregulated LPA
signaling. Furthermore, it will be interesting to investigate whether the newly
discovered LPA-producing enzyme GDE4 [482] affects invadosome formation.

Potential of new technologies development of cgLPA

7

In Chapter 4 we presented the development of a new caged form of LPA (cgLPA).
Caged LPA is a photolabile compound that remains biologically inert until it is
illuminated with near-UV light. Therefore it can be used as a source of active
LPA in a tightly controlled spatiotemporal manner in a microscopy experiment.
We used cgLPA to look at the creation of invadosome rosettes upon subcellular
stimulation and within stable LPA gradients (Chapter 5). We discovered that the
rearrangement of invadosome clusters into rosettes requires targeted stimulation of
LPA receptors and as a consequence of this spatially-restricted signaling, rosettes
can develop preferentially at the leading edge of the cells migrating within LPA
gradients (Chapter 5).
Future applications of cgLPA will undoubtedly include studies of invadosomes,
as more cell types are being discovered to produce these invasive structures in
an LPA-dependent manner. Moreover, cgLPA may also become a valuable tool
to study the nervous system, where the spatiotemporal distribution of different
LPA receptors critically defines the response of this complex multicellular system.
Photolysis of cgLPA will provide the crucial control over both concentration and
spatiotemporal delivery of LPA (see also discussion in Chapter 4).
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Potential of new technologies development of siFLIM
In Chapter 5 we studied the dynamical aspects of the LPA-induced rearrangement of invadosome clusters into rosettes. Immediately after LPA stimulation we
observed a very rapid expansion of rosettes, which was followed by a prolonged
phase of moderate activity. The fast expansion of rosettes is one of those processes
that provide a challenge for microscopy, especially for functional imaging. For fluorescence lifetime imaging of fast cellular processes, the limited sampling rate of a
microscope may be the source of artifacts in the acquired data. In Chapter 6 we
present the development of a fast new technique to study such signals: siFLIM.
siFLIM enables following changes in lifetimes of fluorophores in fast paced
time-lapse experiments. Based on a new phase-sensitive camera (MEMFLIM)
and a straightforward calibration step, siFLIM enables acquisition of quantitative
lifetime data with speed up to 20 Hz and quality comparable with standard FLIM
experiments. We envision that siFLIM will become a valuable tool for biologists to
study a whole range of fast cellular processes. In the field of invadosomes, siFLIM
could be used to look at the protein interactions in fast moving vesicles that
deliver matrix degrading enzymes to podosomes and invadopodia. Moreover, as it
has been shown that proteins like paxilin, integrins and cortactin are recruited in
a defined manner to both form and disassemble invadosomes within seconds [216],
siFLIM has the potential to provide insight into the time-orchestrated interactions
of these proteins within those structures.

Concluding remarks
Invadosomes, invadopodia, podosomes, invadosome rosettes and belts together
comprise a family of actin-based cellular protrusions that facilitate invasive migration of cells in both normal and pathological processes. As such, they might
become targets of new therapies for a range of diseases. However, to control any
aspect of cellular behavior successfully, we have to deeply understand the underlying mechanisms. The work presented in this thesis aims to contribute both
to our understanding of the signaling pathways of invadosomes as well as to the
development of new techniques that may benefit invadosome studies in the future.
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Advanced microscopy studies of invadosome rosettes
English summary

&

In this thesis we present studies that unravel the signaling and dynamic behavior of
invadosomes, actin based structures that play an important role in cell migration.
Moreover, we describe the development of new techniques with the potential to
facilitate studies of both invadosomes and other dynamic biological processes.
Many cell types within a multicellular organism need to move around in order to
perform their specific functions. For example, newly born neurons migrate from
their birthplace to their final position in the brain, macrophages, which belong
to the immune system, are constantly patrolling tissues in pursuit of invading
pathogens, while osteoclasts travel towards bones before they can break down and
remodel their surface. All these processes would be impossible without cellular
migration. Unfortunately, the mechanism of migration is often hijacked by invasive
cancer cells, which disseminate throughout the body in the process of metastasis.
In order to be able to move and migrate, cells first need to adhere to and then
push through the extracellular matrix in which they are embedded. Interaction
with the extracellular matrix is made possible by different types of cellular protrusions that are based on the internal musculoskeletal system of cells – the actin
cytoskeleton. Among the different types of actin-based protrusions that are important for migrating cells, invadosomes are the ones that are the subject of this
thesis. Invadosomes are unique in their ability not only to exert force, but also to
secrete enzymes degrading extracellular matrix. This degradation step is necessary
in the process of migration when cells are neither able to squeeze through nor to
mechanically remodel tightly woven regions of extracellular matrix. Only certain
cell types are capable of producing invadosomes and degrading extracellular matrix, these are for example patrolling cells of our immune system or metastasizing
cancer cells.
Invadosomes can be rapidly remodeled following chemical and mechanical cues
coming from the extracellular environment. It is possible due to the versatile
group of proteins that are constantly building and rearranging actin networks
within invadosomes. As our knowledge about invadosomes, their function and
remodeling has expanded in recent years, in Chapter 2 we review the current
understanding of these structures. In this review we specifically focus on the
internal actin-based architecture of invadosomes and their capacity to adjust to
mechanical properties of the extracellular matrix.
Interestingly, invadosomes often do not function alone. They can arrange themselves into higher order structures like static clusters, dynamic circular rosettes or
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belts at the periphery of cells. Acting together, they can exercise functions that
they cannot on their own. For example, they can effectively follow topography of
a substrate and increase their degradative properties. So what are the signaling
steps controlling arrangement of invadosomes into their higher order structures?
We addressed this question in a study presented in Chapter 3.
In order to understand signaling events behind the rearrangement of invadosome clusters into dynamic invadosome rosettes we used melanoma cells transformed with a potent oncogene (Src), as these cells spontaneously produced prominent clusters of invadosomes at their periphery. We observed that when these cells
were stimulated with certain agonists that bind a specific class of receptors (G protein coupled receptors), the stable clusters were rapidly remodeled into fast moving
invadosome rosettes. We focused our studies on one of the rosettes-inducing agonists, lysophosphatidic acid (LPA) because it is a signaling lipid that plays a
prominent role in migration and dissemination of many kinds of cancer cells, including melanoma cells. We found that LPA stimulates development of rosettes
acting specifically through the previously characterized LPA1 – Gαi – PI3K signaling pathway. This pathway activates Cdc42, a small protein that can promote
rearrangement of actin networks to form invadosomes. Interestingly, LPA simultaneously stimulated RhoA, a protein which showed an inhibitory effect towards
rosettes. Therefore, our results revealed that the development of rosettes in Srctransformed melanoma cells is controlled by a fine balance between stimulatory
and inhibitory signals.
We also found that LPA-induced rosettes are extremely dynamic. In order
to study and understand the principles of their dynamic behavior we developed
and characterized a tool that allows us to stimulate cells in a precisely controlled
way: caged LPA (Chapter 4). Caged LPA is a chemically modified form of LPA
that becomes biologically active only when illuminated with a specific wavelength
(color) of light. As light of a defined wavelength can be easily delivered to a
selected spot in a microscopy experiment, cgLPA allowed us to stimulate cells
with unmatched precision.
Using caged LPA we studied the dynamic behavior of invadosome rosettes in
Src-transformed melanoma cells (Chapter 5). For example we observed that invadosome rosettes developed only at spots that were directly stimulated by LPA,
and that cells migrating towards a source of LPA preferentially produced rosettes
at their leading edges. These observations suggest a specific role of rosettes in
LPA-induced migration. Most importantly we observed that rosettes in their expansion and directional movement were guided by a thin veil of actin – the ventral
lamellipodium. This kind of cooperation between invadosome rosettes and ventral
lamellipodia is an interesting example of how different actin-based structures team
up to enable cells to migrate.
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Finally, in Chapter 6 we described the development of a new technique, siFLIM that will be useful to study fast and dynamic biological processes like the
expansion of invadosome rosettes. siFLIM (Single Image Fluorescence Lifetime
Imaging Microscopy) makes it possible to acquire lifetime data with a very high
speed. FLIM enables measurement of the physicochemical properties of the cellular
environment, for example pH or can even provide information about interactions
between different proteins. FLIM measurements can be challenging when conditions change quickly in dynamic biological processes. We demonstrate that in
these demanding conditions siFLIM provides reliable lifetime data.
Our studies elucidate selected aspects of signaling and dynamic behavior of
invadosomes. Hopefully, this will contribute towards controlling cell migration
in disease, for example in cancer. Furthermore, we envision that the new tools
presented in this thesis, caged LPA and siFLIM will be useful for future studies in
the field of invadosomes and beyond.
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Invadosoomrosetten bestudeerd
met geadvanceerde misroscopie
Nederlandse samenvatting
In dit proefschrift beschrijven we studies die de signaaltransductie en het dynamische gedrag ontrafelen van invadosomen, op actine gebaseerde structuren die een
belangrijke rol spelen bij cel migratie. Daarnaast beschrijven we de ontwikkeling
van nieuwe technieken die nuttig kunnen zijn bij het bestuderen van invadosomen
en andere dynamische biologische processen.
Veel celtypen in multi-cellulaire organismen moeten zich verplaatsen om hun
specifieke functies uit te oefenen. Pasgevormde neuronen, bijvoorbeeld, migreren
van hun geboorteplaats naar hun vaste plek in het brein, macrofagen – cellen van
het immuunsysteem – patrouilleren constant in weefsels op jacht naar binnendringende pathogenen, terwijl osteoclasten afreizen naar botten om hun oppervlak af
te breken en te herstructureren. Al deze processen zouden onmogelijk zijn zonder cellulaire migratie. Helaas wordt het mechanisme van migratie vaak gekaapt
door invasieve kankercellen, die zich in het lichaam verspreiden in een proces dat
metastase heet.
Om te kunnen migreren moeten cellen allereerst hechten aan de extracellulaire
matrix (ECM) waarin ze zijn ingebed, en zich hier vervolgens een weg door banen.
De interactie met de extracellulaire matrix geschiedt door middel van verscheidene
typen uitstulpingen van de cel, die berusten op het musculoskeletale systeem van
de cel: het actine cytoskelet. Invadosomen, het onderwerp van dit proefschrift,
vormen één zo’n type uitstulping. Uniek voor invadosomen is dat ze niet alleen
kracht uitoefenen op de extracellulaire matrix, maar ook enzymen uitscheiden die
de matrix afbreken. Deze degradatiestap is vaak nodig bij migratie, als cellen
ECM tegenkomen die zo dicht is dat ze er niet doorheen kunnen kruipen of opzij
kunnen duwen. Niet alle celtypen kunnen invadosomen maken en de extracellulaire
matrix afbreken; dat is beperkt tot celtypen zoals de patrouillerende immuuncellen
of metastaserende kankercellen.
Een uiteenlopende groep van eiwitten verzorgen de opbouw en structuur van de
actinenetwerken in invadosomen. Deze zorgen ook dat invadosomen snel kunnen
reageren op ECM signalen van chemische of mechanische aard. De afgelopen
jaren is ons begrip van structuur, functie en dynamica van invadosomen flink
toegenomen. Daarom geven we in Hoofdstuk 2 een overzicht van de huidige
staat van kennis van deze structuren. In deze review focussen we specifiek op
de interne actinestructuur van invadosomen en hun vermogen om de mechanische
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eigenschappen van de extracellulaire matrix aan te passen.
Invadosomen werken meestal niet alleen. Ze kunnen hogere-orde structuren
vormen, zoals stabiele clusters, dynamische ronde rozetten of gordels aan de buitenkant van de cel. Zulke hogere-orde structuren kunnen functies uitoefenen waarover losse invadosomen niet beschikken. Ze kunnen bijvoorbeeld doeltreffend de
topologie van een substraat volgen en de ECM veel efficiënter afbreken. Welke
signaleringstappen coördineren de ordening van invadosomen in hogere orde structuren? Deze vraag hebben we bestudeerd in Hoofdstuk 3.

&

Om te begrijpen welke signaaltransductiestappen de transformatie van statische invadosoomclusters naar dynamische invadosoomrozetten teweeg brengen
hebben we melanoomcellen getransformeerd met een krachtig oncogen (Src), omdat de cellen dan spontaan markante invadosoomclusters aan hun buitenrand produceren. We hebben gezien dat na stimulatie met een agonist die bindt aan een
specifieke receptorklasse (G-proteïne gekoppelde receptoren) de stabiele clusters
snel werden omgevormd tot heel bewegelijke invadosoomrozetten. Hierbij hebben
we ons voornamelijk gericht op één van de rozet-producerende agonisten, lysofosfatidinezuur (LPA), omdat deze signaaltransductielipide een prominente rol speelt
bij migratie en disseminatie van vele soorten kankercellen, waaronder melanoomcellen. We hebben gevonden dat LPA specifiek rozetformatie stimuleert via het
eerder gekarakteriseerde LPA1– Gαi – PI3K signaaltransductiepad. Hierbij wordt
Cdc42 geactiveerd, een klein eiwit dat herstructurering van actinenetwerken bevordert. Opmerkelijk genoeg stimuleert LPA gelijktijdig RhoA, een eiwit dat juist
een remmend effect op rozetten heeft. Onze resultaten onthullen dus dat de ontwikkeling van rozetten in Src-getransformeerde melanoomcellen beheerst wordt
door een subtiele balans tussen bevorderende en belemmerende signalen.
We hebben ook gezien dat LPA-geïnduceerde rozetten extreem dynamisch zijn.
Om de principes van hun dynamische gedrag te doorgronden hebben we een manier ontwikkeld en gekarakteriseerd waarmee cellen op gecontroleerde wijze kunnen
worden gestimuleerd: ’caged LPA’ (cgLPA) (Hoofdstuk 4). cgLPA is een chemisch gemodificeerde vorm van LPA dat alleen biologisch actief wordt wanneer het
wordt blootgesteld aan UV licht. cgLPA stelt ons in staat cellen te stimuleren met
ongeëvenaarde precisie. We hebben dit gebruikt om het gedrag van invadosoomrozetten in Src-getransformeerde cellen in detail te bestuderen (Hoofdstuk 5). Uit
deze studies bleek dat rozetten alleen ontstaan op de plekken die rechtstreeks gestimuleerd werden met LPA, en dat cellen die in een gradiënt van LPA migreren bij
voorkeur rozetten produceren aan hun leading edges. Deze observaties suggereren
dat rozetten een rol spelen in LPA-geïnduceerde migratie. Noemenswaardig is dat
de groeiende rozetten begeleid werden door een dunne sluier van actine – het ventrale lamellipodium. Deze samenwerking tussen invadosoomrozetten en ventrale
lamellipodia is een interessant voorbeeld van hoe verschillende actinestructuren
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hun krachten bundelen tijdens celmigratie.
Ten slotte beschrijven we in Hoofdstuk 6 de ontwikkeling van een nieuwe
techniek, siFLIM, die van nut zal zijn om snelle en dynamische biologische processen te bestuderen, zoals expanderende invadosoomrozetten. siFLIM (single image
Fluorescence Lifetime Imaging Microscopy) maakt het mogelijk om de fluorescentie levensduur van indicatoren snel en efficiënt te meten. Met FLIM kunnen
fysisch-chemische eigenschappen van de cellulaire omgeving worden bepaald (zoals
pH, zuurstofconcentratie etc.) en interacties tussen eiwitten in kaart gebracht. In
het verleden was het lastig om bij dynamische biologische processen dit soort data
te meten. We demonstreren hier dat siFLIM ook in deze veeleisende condities
betrouwbare levensduurdata oplevert.
Ons werk belicht diverse aspecten van de signaaltransductie en het dynamisch
gedrag van invadosomen. De resultaten leveren een bijdrage aan het begrip – en
hopelijk uiteindelijk ook de beheersing – van celmigratie bij ziekten, bijvoorbeeld
bij kanker. Bovendien verwachten we dat de nieuwe gereedschappen die gepresenteerd worden in dit proefschrift, caged LPA en siFLIM, gebruikt gaan worden in
toekomstige studies in het invadosoomveld en daarbuiten.
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