UvA-DARE (Digital Academic Repository)

Advanced microscopy studies of invadosome rosettes
Kędziora, K.M.
Publication date
2016
Document Version
Final published version

Link to publication
Citation for published version (APA):
Kędziora, K. M. (2016). Advanced microscopy studies of invadosome rosettes. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

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

102

5

|

Dynamic behavior
of invadosome rosettes
with ventral lamellipodia

Katarzyna M. Kedziora1 , Daniela Leyton-Puig1 , Wouter H. Moolenaar1 , Metello
Innocenti2 , Kees Jalink1
1

Division of Cell Biology,
Division of Molecular Genetics,
The Netherlands Cancer Institute, Amsterdam, The Netherlands.
2

Manuscript in preparation

103

Dynamic behavior of invadosome rosettes with ventral lamellipodia

5

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
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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
108
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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
110
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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
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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
115
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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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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
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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
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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
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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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